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a  b  s  t  r  a  c  t

Amylose  inclusion  complexes  were  prepared  from  jet-cooked  aqueous  mixtures  of  high  amylose  corn
starch  and  1-hexadecylamine  (HDA).  Slow-cooling  produced  torus/disc-shaped  spherulites,  whereas
aggregates  of  smaller  spherulites  were  obtained  by  rapid-cooling  in ice.  The  morphologies  and  61V  X-ray
diffraction  patterns  of these  spherulites  were  similar  to  those  of  spherulites  obtained  previously  with
eywords:
tarch
et cook
pherulites

palmitic  acid,  indicating  that spherulite  morphology  is  influenced  largely  by the  hydrophobic  structure
of  the  carbon  chain  of the  complex-forming  ligand  and  to a lesser  extent  by the nature  of  the  more  polar
head  group.  Water  soluble,  cationic  amylose  inclusion  complexes  were  prepared  by adding  an  aqueous
solution  of  the  HCl  salt  of  HDA  to a jet-cooked  dispersion  of  high  amylose  starch.  The cationic  nature  of
these  HDA·HCl  complexes  suggests  possible  applications  as flocculating  agents  for  water  purification  and
as retention  aids  in  papermaking.
. Introduction

Steam jet-cooking at high temperature and pressure is a rapid
nd continuous process that is widely used to prepare aqueous
tarch dispersions for commercial applications (Klem & Brogley,
981). We  have used this processing method to prepare amylose

nclusion complexes from fatty acids and fatty acid salts and have
haracterized the spherulites that are formed when the dispersions
re cooled (Fanta, Felker, Shogren, & Salch, 2006; Fanta, Felker,
hogren, & Salch, 2008; Fanta, Kenar, Byars, Felker, & Shogren,
010). To our knowledge, there has been only a limited amount
f research related to the formation of inclusion complexes from
mylose and organic amines. Kuge and Takeo (1968) reported that
iethylamine, triethylamine, diphenylamine and triphenylamine
ailed to give complexes with amylose. These results are not sur-

rising, since the alkylamines tried are quite soluble in water,
hile the bulky nature of the aromatic amines may  have inhib-

ted complex formation. The formation of inclusion complexes

� Mention of trade names or commercial products in this publication is solely for
he purpose of providing specific information and does not imply recommendation
r  endorsement by the U.S. Department of Agriculture. USDA is an equal opportunity
rovider and employer.
∗ Corresponding author. Tel.: +1 309 681 6663; fax: +1 309 681 6685.
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im.kenar@ars.usda.gov (J.A. Kenar), frederick.felker@ars.usda.gov (F.C. Felker).
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ttp://dx.doi.org/10.1016/j.carbpol.2013.06.028
Published by Elsevier Ltd.

from amylose and dodecylamine was recently reported by Li and
coworkers (Li, Li, Zang, & Zou, 2012). Although a longer-chain
organic amine was used in this study, the use of steam jet-cooking
to prepare amylose complexes from fatty amines and fatty amine
salts in quantities large enough to study their properties and poten-
tial applications has not been described.

In this study, we have investigated the steam jet-cooking of
aqueous mixtures of high amylose starch and 1-hexadecylamine
(HDA). HDA is a fatty amine of low water solubility composed of a
hydrophobic C16 alkyl chain which can be complexed by amylose.
HDA is a weak base with a pKa of 9.9, and the amine group can be
protonated by a strong acid (such as HCl) to give the correspond-
ing hexadecylamine hydrochloride salt (HDA·HCl), which is more
water soluble due to its positive charge (Slabaugh & Cates, 1955;
Sonntag, 1964).

The differences in spherulite morphology that result from slow-
cooling vs. rapid-cooling of the hot, jet-cooked dispersions will
be described, and the spherulites formed will be compared with
those previously obtained when palmitic acid was used as the
complex-forming ligand. Since HDA and palmitic acid both have
similar C16 saturated carbon chains, but differ in the chemical
nature of the polar head group (i.e., amine vs. carboxylic acid), com-
parison of the spherulites formed from these two ligands would

enable us to determine the influence of the head group of the
complex-forming ligand on the morphologies of the spherulites
that form in these cooled, jet-cooked dispersions. The prepara-
tion and properties of a water soluble amylose inclusion complex

dx.doi.org/10.1016/j.carbpol.2013.06.028
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.carbpol.2013.06.028&domain=pdf
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rom the hydrochloric acid salt of HDA will also be described. The
mylose complex formed from this ligand will have cationic prop-
rties analogous to those of cationic starches that are prepared by
hemical reaction of the hydroxyl groups of starch with cationic
eagents, and that are used as flocculating agents for water treat-
ent and as retention aids in papermaking. Although Eliasson and

oworkers have prepared cationic amylose inclusion complexes
rom hexadecyltrimethylammonium bromide and have studied
heir properties (Eliasson, 1988; Eliasson, Finstad, & Ljunger, 1988;
undqvist, Eliasson, & Olofsson, 2002), the properties of these qua-
ernary ammonium complexes differ from those prepared from
DA·HCl. The water-soluble HDA·HCl ligand within the amylose
elix is converted to water-insoluble HDA under alkaline condi-
ions, and this transformation results in an increase in solution
iscosity followed by precipitation of the complex as micrometer-
ize spherulites at high pH.

The large number of industrial processes and wastewater man-
gement issues in which flocculation serves an important purpose
as resulted in many research efforts aimed at exploring more
ost-effective, efficient, and biodegradable flocculants. Among the
road categories of inorganic salts, synthetic polymers, and natural
rganic materials, covalently modified starch has received much
ttention, as detailed in several recent reports (Ghimici & Nichifor,
010; Lin et al., 2012; Pal, Sen, Ghosh, & Singh, 2012; Shi, Ju, &
hang, 2012; Zou, Zhu, Wang, Sui, & Fan, 2011; and references
herein). The ability of cationic, water-soluble inclusion complexes
f amylose with fatty amine salts to be produced from readily
vailable feedstocks by continuous thermomechanical processing
ould provide a potentially useful alternative to the costly chemi-

al modification of starch, or to the use of synthetic polymers.

. Materials and methods

.1. Materials

High-amylose corn starch (AmyloGel 03003) containing 70%
pparent amylose and a moisture content of 10% was a prod-
ct of Cargill, Minneapolis, MN.  Percent moisture was calculated
rom weight-loss after drying at 100 ◦C under vacuum, and all
tarch weights are given on a dry weight basis. Starch was  defat-
ed by extraction with 85% methanol–water followed by refluxing
5% n-propanol-water (Fanta, Felker, & Shogren, 2002; Morrison

 Coventry, 1985). 1-Hexadecylamine (HDA), 98%, was purchased
rom Aldrich, Milwaukee, WI.

.2. Preparation of amylose–HDA complexes by steam jet-cooking
nd isolation of spherulites from cooled, jet-cooked dispersions

Mixtures of high amylose corn starch and HDA were prepared
y dissolving 3.15 g of HDA in 20 mL  of ethanol and then mixing
he solution with 60.0 g of high amylose corn starch. The ethanol
as then allowed to evaporate at room temperature. This weight of
DA corresponds to 7.5% of the weight of amylose in 60 g of starch
ith an apparent amylose content of 70%. The starch–HDA mix-

ures were dispersed in 1200 mL  of water, and the dispersions were
assed through a Penick & Ford Laboratory Model steam jet-cooker
Penford Corp., Englewood, CO) operating under excess steam con-
itions (Klem & Brogley, 1981). Temperature in the hydroheater
as 140 ◦C, the steam back pressure was 380 kPa (40 psig), and

he steam line pressure from the boiler was 550 kPa (65 psig).
umping rate through the jet-cooker was 1 L/min. The jet-cooked

ispersion was collected in an insulated Dewar flask that was  pre-
iously heated with 100 ◦C water from the jet-cooker. The wt%
f solids in the jet-cooked dispersion was determined by freeze-
rying weighed portions of dispersion. Values for % solids were
lymers 98 (2013) 555– 561

on the order of 4%; however, variations in % solids were observed
due to dilution of the mixtures with varying amounts of condensed
steam.

To form spherulites under slow-cooling conditions, the insu-
lated Dewar flask containing the jet-cooked dispersion was  allowed
to stand at ambient room temperature without stirring for 22 h.
Temperatures during cooling were recorded with an OMB  Temp-
Book/66 thermocouple data acquisition system (Omega, Stamford,
CT). Initial and final temperatures were 93 ◦C and 53 ◦C, respec-
tively. After the 22 h cooling period, the dispersions were cooled to
30 ◦C and then diluted with water to give a 10-fold reduction in con-
centration. Spherulites were isolated from the diluted dispersions
by centrifugation (Sorvall Legend centrifuge equipped with Fiber-
lite F14-6X250 rotor, Thermo Fisher Scientific, Hanover Park, IL).
Centrifugation time was 30 min  at 3500 rpm (1900 × g). To remove
soluble starch, the spherulites were washed twice by dispersing
in 100 mL of fresh water followed by centrifugation. The washed
spherulites were then freeze-dried. In addition to the spherulites,
some small particulate material was also observed in these prepa-
rations, and this material was separated by dispersing the solid in
water and then allowing the larger spherulites to settle, leaving
the small particles in suspension. The weight of small particulate
material was  1–2% of the total weight of solid.

To form spherulites under rapid-cooling conditions, the hot, jet-
cooked dispersions were transferred to a 2 L beaker and cooled to
25 ◦C in an ice-water bath. The time required for cooling was 10 min.
The cooled dispersions were diluted 10-fold with water, and the
spherulites were isolated as described above.

2.3. Preparation of the hydrochloric acid salt of HDA (HDA·HCl)
and preparation of amylose complex by addition of a water
solution of HDA·HCl to jet-cooked high amylose corn starch

A water solution of HDA·HCl was  prepared by dispersing 2.625 g
of HDA in 108.7 g of 0.1 N HCl (the theoretical amount of HCl needed
to convert HDA to HDA·HCl). This weight of HDA corresponds to
7.5% of the weight of amylose in 50.0 g of starch with an apparent
amylose content of 70%. The mixture was  then stirred and heated
to 95 ◦C to obtain a clear solution.

High amylose starch (50.0 g) was  dispersed in 900 mL  of water
and the dispersion was jet-cooked under the operating conditions
described above. The hot, jet-cooked starch dispersion was col-
lected in a pre-weighed Waring stainless steel blending container
(Waring Products Division, New Hartford, CT) that was  previously
heated with 100 ◦C water from the jet cooker. Excess water was
passed through the jet-cooker to maximize the recovery of starch,
and the wt.% of starch solids in the cooked dispersion was deter-
mined by freeze-drying weighed portions of the dispersion. Based
on the weight of starch dispersion collected and the % solids in the
collected dispersion, 97% of the initial weight of starch was  col-
lected. The hot solution of HDA·HCl was added to the hot starch
dispersion in the blending container, and the dispersion was slowly
stirred for 1 min. The dispersion was then transferred to a 2 L beaker
and rapidly cooled in ice-water to 25 ◦C. The cooled dispersion
was centrifuged (1 h at 10,000 rpm; 15,300 × g) to remove a small
amount of insoluble solid, equal to 0.36% of the total weight of solid
in the dispersion. A portion of the centrifuged dispersion was saved
for titration, and the remainder was  freeze-dried for use in future
experiments.

2.4. Potentiometric titration of the amylose–HDA·HCl complex
with 0.02 N NaOH
Jet-cooked high amylose starch-HDA·HCl dispersion, previously
centrifuged to remove insoluble solid, was  diluted with water
to obtain 200 g of dispersion with a solids content of 1.0 wt.%.
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xamination of the dispersion (pH 3.54) by phase contrast light
icroscopy confirmed the absence of insoluble material. The mix-

ure was stirred with a magnetic stir bar and titrated at 25 ◦C
ith 0.02 N NaOH. The pH during the titration was measured
ith an Orion Research pH/millivolt meter 811 (Orion Research,

nc., Cambridge, MA)  using a glass electrode (Number 910400
rom Thermo Orion, Thermo Fisher Scientific, Waltham, MA).
he viscosity of the dispersion during the titration was  moni-
ored with a Brookfield Synchro-Lectric Viscometer, Model LVT
Brookfield Engineering Laboratories, Stoughton, MA), operating
t 30 rpm, with a number 2 spindle. When the titration was com-
lete at pH 9.42, the mixture was centrifuged for 1 h at 10,000 rpm
15,300 × g). The settled solid was washed twice by re-dispersing
n fresh water followed by centrifugation. The washed solid was
solated by freeze-drying, and the weight of precipitated solid was
etermined.

A 1% solution was also prepared by dispersing 2.00 g of freeze-
ried high amylose starch–HDA·HCl in water to give a total weight
f 200 g, heating the dispersion for 5 min  at 65 ◦C and then cooling
he dispersion to 25 ◦C. Examination of the cooled dispersion by
hase contrast light microscopy confirmed the absence of insoluble
aterial. The dispersion was titrated at 25 ◦C with 0.02 N NaOH, and

he precipitated solid was isolated as described above.

.5. Conversion of complexed HDA in amylose–HDA spherulites
o HDA·HCl and determination of water-solubility of the resulting
roduct

Spherulites used in this experiment were those isolated from
he rapidly cooled, jet-cooked starch–HDA dispersion obtained
ith non-defatted high amylose starch. A dispersion of freeze-
ried spherulites was prepared by dispersing 1.00 g of freeze-dried
pherulites in 100 g of water that contained the theoretical amount
f HCl needed to convert complexed HDA to the hydrochloride
alt. The dispersion was heated at 65 ◦C for 5 min  and then cooled
o 25 ◦C. When the resulting dispersion was centrifuged for 1 h at
0,000 rpm (15,300 × g), 79% of the initial weight of spherulites was
ecovered as an insoluble solid.

.6. Microscopy

For scanning electron microscopy (SEM), 100 �L of an aqueous
ispersion of spherulites was added to 20 mL  of absolute ethanol,
nd the spherulites were allowed to settle overnight at room tem-
erature. The settled spherulites were washed by re-suspending in
thanol followed by overnight settling, and the ethanol-wet settled
olid was critical point dried with CO2 onto aluminum stubs. Dried
pecimens were sputter coated with gold and were examined and
hotographed with a JEOL 6400 V scanning electron microscope
JEOL, Peabody, MA).

For light microscopy, aqueous dispersions of spherulites were
bserved and photographed with a Zeiss Axioskop light micro-
cope equipped with an Axiocam ICc digital camera (Carl Zeiss,
nc., Thornwood, NY) using phase contrast optics. For the exami-
ation of aqueous dispersions of amylose–HDA·HCl complexes, the
icroscope slides and cover slips used were washed with 0.5 N HCl

ollowed by distilled water. If this washing procedure was not used,
isual artifacts were observed due to neutralization and precipita-
ion of the acidic amylose–HDA·HCl complex onto the relatively
lkaline glass surfaces.
.7. X-ray diffraction

X-ray diffraction patterns of freeze-dried samples were
btained as previously described (Fanta, Shogren, & Salch, 1999).
lymers 98 (2013) 555– 561 557

3. Results and discussion

Amylose inclusion complexes were prepared from high amylose
corn starch (70% apparent amylose) and HDA by steam jet-cooking
mixtures of the two  components at high temperature and pres-
sure. Experiments were carried out with both defatted starch and
starch that still contained native lipid. The amount of HDA  used was
7.5%, based on the weight of apparent amylose in the starch sam-
ple. Spherulites were formed from the amylose–HDA complexes
when the hot, jet-cooked dispersions were cooled, and the sizes
and morphologies of these spherulites depended on whether the
dispersions were allowed to slowly cool or whether they were
rapidly cooled in ice. Slow-cooling of the dispersions was carried
out by collecting the hot dispersions in an insulated Dewar flask
and then allowing them to cool from 93 ◦C to 53 ◦C over a period
of 22 h without stirring. The yields of spherulites obtained under
these conditions, based on the starting weight of starch, were 60%
with defatted high amylose corn starch and 67% with high amy-
lose starch that still contained native lipid. The higher yield of
spherulites obtained with native high amylose starch could be due
to the higher total percentage ligand available for complex forma-
tion (i.e., native lipid plus HDA).

Light micrographs and SEM images of the spherulites formed
from defatted- and native high amylose starch under slow-cooling
conditions are shown in Fig. 1, along with images that show the
birefringence of these spherulites when viewed with polarized
light. The spherulites formed from native high amylose starch
were larger than those formed from defatted starch, and maltese
cross birefringence patterns can be readily seen in these larger
spherulites. Although the spherulites formed from native high amy-
lose starch were larger than those formed from defatted starch,
similar torus/disc morphologies were observed in these two prepa-
rations. A small percentage of the amylose–HDA spherulites (not
shown in SEM images) were larger than the rest and exhibited a
more spherical morphology. However, due to aggregation of indi-
vidual particles, no attempt was made to fractionate these mixtures
according to particle size.

The morphologies of the amylose–HDA spherulites resembled
the morphologies previously observed for the spherulites formed
in jet-cooked, slowly cooled mixtures of starch and palmitic acid
(Fanta et al., 2008). The absence of major differences in morphol-
ogy between the spherulites formed from HDA and those formed
from palmitic acid indicates that spherulite morphology is influ-
enced mainly by the structure of the hydrophobic carbon chain
of the complex-forming ligand (e.g., chain length and degree of
unsaturation), and not by the chemical nature of the polar head
group (e.g., amine vs. carboxylic acid). The 61V X-ray diffraction pat-
terns obtained for the spherulites formed from HDA (Fig. 2) showed
reflections at 7.5◦, 13◦ and 20◦ 2� and resembled the scattering
patterns previously observed for the 61V spherulites obtained with
palmitic acid (Fanta et al., 2008).

Rapid-cooling of the hot, jet-cooked dispersions was  carried out
by stirring the dispersions in an ice-water bath, and a final tem-
perature of 25 ◦C was  reached in 10 min. The yield of spherulites
was 73% with defatted high amylose starch, and 79% with high
amylose starch that still contained native lipid. Yields greater than
the 70% apparent amylose content of high amylose starch could
be due to entanglement and hydrogen bonding between amy-
lose and amylopectin under the rapid-cooling conditions used. In
contrast to the slow-cooling experiments, rapid-cooling produced
aggregates of micron-sized spherulites with surface morpholo-
gies suggesting that they may  have been formed by aggregation

of smaller nanometer-size particles. Light micrographs and SEM
images of these spherulites are shown in Fig. 3. Native- and defatted
high amylose starch produced spherulites with similar morpholo-
gies; and because of their small size, polarized light revealed no
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ig. 1. Micrographs of amylose–HDA spherulites obtained from native- and defatte
mages. (B) and (E) were photographed under polarized light. (C) and (F) are SEM im
tarch.  (D), (E) and (F) are images of spherulites obtained from defatted high amylo

pparent birefringence. The 61V X-ray diffraction patterns for these
mylose–HDA spherulites are shown in Fig. 4A and B. The broader
iffraction peaks in Fig. 4, compared with those shown in Fig. 2,
ould be due to the formation of smaller crystallites in the rapidly
ooled samples.

In a second phase of this study, a water solution of the HCl
alt of HDA was combined with a hot, jet-cooked dispersion
f high amylose starch to determine whether a water soluble
mylose–HDA·HCl complex could be prepared by this method.

 similar procedure was successfully used to prepare inclusion
omplexes from high amylose starch and sodium palmitate
Fanta et al., 2010). The expected amylose–HDA·HCl complex
as indeed formed under these conditions, as confirmed by the

1V X-ray diffraction pattern of a freeze-dried sample (Fig. 4C).
his scattering pattern was similar to the scattering patterns
bserved for the spherulites isolated from jet-cooked mixtures of

tarch and HDA under rapid-cooling conditions. The freeze-dried
mylose–HDA·HCl complex could be easily re-dissolved in water at
5 ◦C, since the complexed fatty amine salt gives the amylose com-
lex the properties of a cationic polyelectrolyte, and retrogradation
 amylose corn starch under slow-cooling conditions. (A) and (D) are phase contrast
. (A), (B) and (C) are images of spherulites obtained from native high amylose corn
n starch.

is inhibited due to electrostatic repulsion between amylose helices.
Water-solubility of dried samples of these cationic complexes is
an essential property of these materials if they are to find use as
flocculating agents and as retention aids in papermaking. Initial
experiments carried out with 1% dispersions of talc and kaolin clay
confirmed the functionality of these complexes as flocculants.

To determine whether aqueous solutions of amylose–HDA·HCl
could also be prepared from acidified samples of freeze-dried
starch-HDA spherulites, a 1% dispersion of spherulites (isolated
from a rapidly-cooled, jet-cooked dispersion) was heated for
5 min  at 65 ◦C in a water solution containing an amount of HCl
sufficient to convert complexed HDA to HDA·HCl. When the
dispersion was  cooled, 79% of the starting material was recovered
by centrifugation as an insoluble solid, indicating that water
solutions of amylose–HDA·HCl cannot be prepared in this manner.
Apparently, the hydrogen bonding between amylose helices

that occurs when the amylose–HDA spherulites precipitate from
solution and are then freeze-dried inhibits their re-solubility, even
when the complexed HDA is converted to a water-soluble acid
salt.
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Fig. 2. X-ray powder diffraction scans of spherulites obtained under slow-cooling
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onditions from: (A) defatted high amylose corn starch and (B) native high amylose
orn starch.

Since increases in viscosity were previously observed when
queous solutions of amylose–sodium palmitate complexes were
itrated with 0.02 N HCl (Byars, Fanta, Kenar, & Felker, 2012; Fanta
t al., 2010), titrations of the amylose–HDA·HCl complex were car-
ied out with 0.02 N NaOH to determine whether similar increases
n viscosity would be observed. Solutions at solids concentrations
f 1% were prepared by dissolving a freeze-dried sample of the
omplex and also by diluting an un-dried, jet-cooked dispersion. A

rookfield viscometer was used to rapidly monitor the changes in
iscosity during the titrations. Increases in viscosity were indeed
bserved, and the titration curves and viscosities observed in
hese two experiments are shown in Fig. 5. The pH changed

ig. 3. Micrographs of amylose–HDA spherulites obtained from native- and defatted high
mages;  (B) and (D) are SEM images. (A) and (B) are images obtained from native high am
Fig. 4. X-ray powder diffraction scans of spherulites obtained under rapid-cooling
conditions from (A) defatted high amylose corn starch and (B) native high amylose
corn starch. (C) X-ray powder diffraction scan of freeze-dried amylose–HDA·HCl.

gradually during these titrations, and large increases in viscosity
were observed between pH 8.35 and 8.5. The viscosity increase
observed when complexed HDA·HCl is partially neutralized is
consistent with increased hydrogen bonding between complexed
amylose helices, caused by a reduction in electrostatic repulsion

resulting from partial conversion of complexed HDA·HCl to water-
insoluble HDA. When the titrations were complete at pH 9.4, the
yields of insoluble complex precipitated from solution due to the
conversion of complexed HDA·HCl to water-insoluble HDA  were

 amylose corn starch under rapid-cooling conditions. (A) and (C) are phase contrast
ylose starch; (C) and (D) are images obtained from defatted high amylose starch.
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Fig. 5. Titrations of 1% solids dispersions of amylose–HDA·HCl with 0.02 N NaOH
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t  25 ◦C. (A) Dispersion prepared by diluting an un-dried jet-cooked dispersion. (B)
ispersion prepared by dissolving a freeze-dried sample of amylose–HDA·HCl.

9.8% from the diluted, undried jet cooked solution and 78.9% from
he re-dissolved freeze dried sample. The 61V X-ray diffraction
atterns of the precipitated solids isolated from these two  titra-
ions (not shown) showed reflections at 7.5◦, 13◦ and 20◦ 2� and
losely resembled the scattering patterns shown in Fig. 4 for the
mylose–HDA complexes isolated from rapidly cooled, jet-cooked
ispersions. Yields higher than the 70% apparent amylose content
f the starting starch indicates that a portion of the amylopectin was
recipitated along with amylose, possibly due to the formation of

nclusion complexes with the outer branches of amylopectin, or to
hain entanglement or hydrogen bonding with amylose.

. Summary and conclusions

Amylose inclusion complexes were prepared from high amy-
ose corn starch and HDA by steam jet-cooking mixtures of the
wo components, and the spherulites formed from these com-
lexes were isolated and characterized. Experiments were carried
ut with both native- and defatted high amylose starch. The sizes
nd morphologies of the spherulites formed in these experiments
aried, depending on how rapidly the jet-cooked dispersions were
ooled. The morphologies of these spherulites resembled the mor-
hologies of spherulites previously obtained from palmitic acid
nder similar conditions. The absence of major differences in mor-
hologies between the amylose–HDA spherulites and those formed
rom palmitic acid suggests that spherulite morphology is influ-
nced mainly by the structure of the hydrophobic carbon chain of
he complex-forming ligand, and not by the chemical nature of the
olar head group (e.g., amine vs. carboxylic acid). The similar 61V X-
ay diffraction patterns observed for the spherulites prepared from

DA and those obtained from palmitic acid is consistent with this
onclusion.

Water soluble amylose–HDA·HCl inclusion complexes were pre-
ared by adding water solutions of the HCl salt of HDA to hot,
lymers 98 (2013) 555– 561

jet-cooked dispersions of high amylose corn starch. Formation of
the complex was  confirmed by the 61V X-ray diffraction pattern
of a freeze-dried sample. The water solubility and cationic nature
of the amylose–HDA·HCl complex suggests possible applications
as flocculating agents for water purification and as retention aids
in papermaking. In contrast to the cationic starches currently pro-
duced by chemically reacting the hydroxyl groups of starch, the
amylose inclusion complexes prepared in this study are obtained
by the more environmentally friendly method of steam jet-cooking
followed by blending with a cationic, complex-forming ligand.
Sharp increases in viscosity were observed when water solutions
of the amylose complex were titrated with 0.02 N NaOH, and com-
plete neutralization at high pH caused the amylose complex to
precipitate from solution. An attempt to prepare a water solution of
amylose–HDA·HCl by heating a freeze-dried sample of starch–HDA
spherulites in dilute HCl was  unsuccessful, and 79% of the spherulite
sample remained insoluble. The associations between complexed
amylose helices when these spherulites precipitate from solution
and are dried are apparently strong enough to inhibit solution, even
when the complexed HDA is converted to the water-soluble acid
salt.
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