ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2019, No. 6, pp. 113-120 113

UDC 544.773.432;547.995.1

O.A. Kostyk, O.H. Budishevska, V.B. Vostres, Z.Y. Nadashkevych, S.A. Voronov

CATIONATION OF STARCH WITH AN AMINATING REAGENT BASED ON

TRIETHYLAMINE AND EPICHLOROHYDRIN

Lviv Polytechnic National University, Lviv, Ukraine

This article presents a simplified method for the preparation of cationic starches with a
different degree of substitution using triethylamine and epichlorohydrin as starting materials.
The optimal conditions for a starch cationation by a semi-dry method have been determined.
The cationic starch with quaternary ammonium cation groups was prepared by the interaction
of an aminating reagent with corn starch in the presence of sodium hydroxide. The aminating
reagent, 3-chloro-2-hydroxypropyltriethylammonium chloride, was synthesized by the
one-pot interaction between triecthylamine and HCI followed by the reaction with
epichlorohydrin in the presence of cetyltrimethylammonium bromide as a catalyst. The
cationic starches were fabricated with the degree of substitution of hydrogen atoms in
starch hydroxy groups equal to 0.02—0.45. The effects of molar ratios of sodium hydroxide
to the aminating reagent and the aminating reagent to starch (with respect to a
D-glucopyranose unit) in the initial reaction mixture on the degree of substitution were
investigated. It was shown that the cationic starch with the highest degree of substitution
was formed at an optimal starting molar ratio of sodium hydroxide to the aminating
reagent that is equal to 1.2—2.0. An increase in the molar ratio of aminating reagent to
starch significantly increases the degree of substitution when the content of sodium hydroxide
is less than the optimal value. The reaction efficiency of the cationation of corn starch
decreases with an increase in the molar ratio of aminating reagent to starch (in the test
range of 1.0 to 6.0).
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Introduction

Natural raw materials, such as carbohydrates
(cellulose, starch, chitin, chitosan, etc.) are of great
interest to create new materials. Annually, the plants
produce around 10! tons of polysaccharides via
photosynthesis. Since the resources are abundant and
renewable, it is reasonable to modify them to obtain
biodegradable materials that conform to the
environmental safety regulations better than synthetic
materials.

Amino carbohydrates are the most interesting
with respect to their application in food, cosmetic,
pharmaceutical industries, agriculture and medicine;
they include such polysaccharides as chitin, chitosan
[1] and cationic starches [2,3]. The presence of amino
groups provides ability to form complexes with heavy
metals and toxins [4], harmlessness, biocompatibility,
and good clinical and bactericidal properties [5].

There are currently some methods for the
production of cationic starches, which are mainly
used as colloid flocculants in paper and textile
manufacture. Polyelectrolyte complexes for the
formation of hydrogels and dispersions are prepared
by a combination of cationic polysaccharides with
anionic polyelectrolytes [6]. However, the modified
starches with amino groups did not widely used in
food, cosmetic and pharmaceutical industries.

Thus, it is important to search for new simple
and effective methods for the synthesis of cationic
starches and materials on their basis, which are
relevant to cosmetics and medicine.

In general, the reagents which can be used for
the starch cationation are quaternary ammonium salts
with a reactive terminal group, e.g. 3-chloro-2-
hydroxypropyltrimethylammonium chloride,
2,3-epoxypropyltrimethylammonium chloride [3,7],
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and 2,3-epoxypropyltrimethylammonium acetate
[8,9]. They are commercially available either in a
chlorohydrin or in a reactive epoxide form. However,
it is necessary to mention that the above reagents
are too expensive. That is why the development of
new economically attractive methods for the starch
cationation is still an actual problem.

The purpose of this work is to simplify the
existing methods for the preparation of highly
substituted starches with the use of triethylamine
and epichlorohydrin as starting materials.

Materials and methods

Corn starch (Optima) was used as received.
Epichlorohydrin (ECH) (Aldrich) was used without
any purification. Triethylamine (TEA) (Aldrich) was
dried over KOH and distilled. Isopropyl alcohol
(Aldrich) was distilled prior to use. Sodium hydroxide
(NaOH) was used as 2.0 N solution in water.
Hydrochloric acid (HCI) was used as a solution in
water.

The aminating reagent, 3-chloro-2-
hydroxypropyltriethylammonium chloride (AR), was
prepared by the reaction of triethylammonium
chloride with ECH in the equimolar ratio. TEA and
distilled water were placed at a 1:10 molar ratio in a
reactor equipped with a reflux condenser and stirrer.
35.4% hydrochloric acid was added in the ratio of
TEA to HCI=1:1.1 and the mixture was further stirred
at 20°C for 30 minutes. ECH was poured into the
reactor at 30°C in an equimolar ratio with respect to
triethylammonium chloride followed with the
addition of cetyltrimethylammonium bromide as a
phase-transfer catalyst (5 wt.% with reference to the
total reagent weight). The reaction mixture was
agitated at 30°C and pH 8.0—8.5 for 7 hours.
Subsequently, the excessive water and volatile
compounds were removed in vacuo at room
temperature; the reaction mixture weight was nearly
the theoretically value.

The starch sample with quaternary ammonium
cation groups (St—O—AR) was fabricated by the
interaction of starch with the AR in the presence of
NaOH by a semi-dry method.

1.0 g of starch was introduced into a reactor
equipped with a mechanical stirrer; then, the
calculated amount of the AR was inserted and the
mixture was agitated for 10 minutes. The calculated
amount of a 2.0 N aqueous solution of sodium
hydroxide was added afterwards and the reaction

mixture was stirred at 40°C for 7 hours. The reaction
mixture was further neutralized by a 20% aqueous
solution of HCI and washed by isopropyl alcohol.
The settled product was centrifuged at 2500 rpm for
15 minutes after each washing.

Thus, the St—O—AR was purified from
unreacted reagents and low molecular side products
by treble sedimentation. The obtained St—O—AR
was either dried or dispersed in a calculated amount
of water.

The nitrogen content was determined by the
Kjeldahl method [10].

The degree of substitution (DS) of the replaced
hydrogen atoms in the hydroxy groups of starch with
amino containing fragments was defined as:

162N
1400 194N’

where N is the nitrogen content, wt.%.
The effectiveness of the amination (ER, %)
was calculated by the formula:

DS

ER, % =————-100%
AR :GU ’

where AR:GU is the AR:D-glucopyranose unit molar
ratio in the initial reaction mixture.

The IR spectra were recorded using a Specord-
80M instrument in the range of 4000 to 400 cm™!
(film, KBr).

SEM microphotographs were obtained through
a measuring raster electron microscope REM-1061
(Selmi, Ukraine) with a high-vacuum cell using a
secondary electron recording sensor at 20.0 kV
accelerating voltage. The copper sputtered starch and
reaction mixture samples for the SEM study were
placed on copper plates.

Results and discussion

The synthesis of the AR with a quaternary
ammonium cation group occures through the
interaction of ECH with triethylammonium chloride
(1).

The resulting AR is used to introduce the amino
fragment into a starch macromolecule. The principal
reaction of starch with the AR in the presence of
NaOH may be illustrated as follows (2).

Sodium hydroxide in a certain relative amount
to the AR acts as a catalyst and promotes the

CoHs CoHs
®| e catalyst | Q
CoHs——NH cl + C<27CH—CH2C| —_— CoHs ——N— CH,— CH— CHJCI Cl (1)
CoHs (0] CoHs OH
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OH CoHs

formation of 3,4-epoxypropyltriethylammonium
chloride (3) which forms an ether linkage with starch
4) 9].

Together with the principal reaction of a starch
cationation, an excess of NaOH may cause the
formation of a by-product, diol (5), (6).

The hydrolysis of the final product in an excess
of sodium hydroxide may proceed according to the
following scheme (7).

All reactions (5)—(7) reduce the effectiveness
of a starch cationation.

IR spectroscopy

IR spectra of the AR, intact and the cationic
starch were recorded to determine the structure of
the cationic starch. The IR spectrum of the aminating
reagent, 3-chloro-2-hydroxypropyltriethylammo-
nium chloride, (Fig. 1) shows absorptions at 1472
and 1396 cm™! that can be assigned to vibrations of
groups such as —CH,— and —CH,, which are present
in the 2-hydroxypropyltriethylammonium chloride
moiety. The similar vibrations appear in the spectrum
of the cationic starch (Fig. 2), these are absent in
intact starch.

The absorptions at 1308, 742 and 700 cm™" are
attributed to —CH,—Cl [11], the lack of these

OH OH C2Hs

absorptions in the spectrum of the purified cationic
starch confirms the reaction of ether formation (2).
The bands at 2930 and 2828 cm™! arise from the
presence of —CH,— groups along with 3320 cm™!
from C—H vibrations. The absorptions at 1264 and
1089 cm™! are due to —OH secondary groups. The
absorptions at 3480 and 3376 cm™!' suggest the
presence of —OH polyassociations (wide bands
between 3400 and 3200 cm™') [11]. Vibrations that
appear at 2110 and 1640 cm™! refer to —OH
associations with water molecules remaining after
drying.

The absorption at 930 cm™' in the spectrum of
intact starch results from C—O—C oscillations of an
o-1,4-glycosidic linkage inherent in amylose and
amylopectin molecules as well as an a-1,6-glycosidic
linkage in amylopectin ones [12,13]. Similar
vibrations (i.e. at 940 cm™') are present in the St—
O—AR spectrum showing the C—O—C stretching
mode of a glycosidic linkage. It is important that
the absorptions in the regions of 1200—950 cm™
and 1500—1200 cm™! in the spectrum of intact starch
and in the spectrum of the St—O—AR (Fig. 2, A, B)
are strongly overlapped; therefore a clear definition
is complicated. The bands at 1150, 1089 and 1030 cm™
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Fig. 1. The IR spectrum of the aminating reagent 3-chloro-2-hydroxypropyltriethylammonium chloride
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Fig. 2. The IR spectra of intact starch (curve A) and cationic
starch (curve B)

in the spectrum of intact starch, in addition to the
corresponding ones at 1150, 1080 and 1020 cm™ in
the spectrum of the St—O—AR, are typical of the
C—0 vibrations. The absorptions at 1150, 1089 cm™!
(Fig. 2, A) and 1150, 1080 cm™' (Fig. 2, B) suggest
the presence of C—O—H. The absorption at 1020 cm™!
in both spectra results from the O—C vibrations of
the pyranose form [13,14].

At the same time, it is evident that the intensity
of the bands at 1150 cm™' (the signal splits badly)
and 1080 cm™ in the spectrum of the St—O—AR
decrease when compared with those in the spectrum
of intact starch. This can be used to substantiate the
formation of ether linkages with the -2-
hydroxypropyltriethylammonium chloride moiety.

The confirmation that the bonds are related to
the —CH,OH group originates from the badly split
bands in the region of 1400 to 1300 cm™!, namely:
1450, 1412, 1365 and 1242 cm™'. Alterations occur
in this region in the spectrum of the St—O—AR (1400
to 1300 cm™) after the modification of intact starch:
the band broadens and more intense bands at 1456
and 1396 cm™' emerge due to both the methylene

scissoring and the methyl asymmetric bending modes
which are present in the -2-hydroxypropyltriethyl-
ammonium chloride moiety [12]. Analogous bands
are present in the spectrum of 3-chloro-2-
hydroxypropyltriethylammonium chloride (Fig. 1)
and absent in the spectrum of intact starch. The
absorptions of even low intensity at 1643 cm™' in
the spectrum of intact starch and 1648 cm™ in the
spectrum of the St—O—AR suggest the affinity of
the samples for water [12].

Both the spectra exhibit the broad absorption
between 3400 and 3200 cm™' consistent with an —
O—H stretching mode due to intermolecular
hydrogen bonding. Slight shifting and widening of
this band in the spectrum of the St—O—AR (3352—
3240 cm™") can be observed when compared with
the spectrum of intact starch (3370 cm™). This is
due to the deviations of the configuration by forming
new hydrogen bonding and cleaving existent ones as
well as the influence of adjacent functional groups.
The absorption resulted from C—H stretching is seen
at 2936 cm™! in the spectrum of intact starch. The
respective absorption in the spectrum of the St—O—
AR at 2936 cm™! is revealed in more wide and intense
shape; it argues for new —C—H in the -2-
hydroxypropyltriethylammonium chloride moiety [7].

To estimate the interaction of the AR with corn
starch in the presence of sodium hydroxide by the
above mentioned semi-dry method, the following
criteria were used: the degree of substitution of the
replaced hydrogen atoms in the hydroxy groups of
starches with amino containing fragments (i.e. the
degree of cationation) with ether formation, and the
effectiveness of this reaction. The dependences of
the DS and the ER as functions of the relationships
between the content of AR, NaOH and the D-
glucopyranose unit (GU) were scrutinized at constant
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temperatures and the duration of the reaction.
Effect of sodium hydroxide
Sodium hydroxide itself acts either as a catalyst
in the reactions (2), (4), and (7) or as an initial
reagent. Fig. 3 represents the plot of the DS vs. the
NaOH:AR ratio in the starting reaction mixture at
different ratio of the AR to the GU.

0,45 -

0,4
0,35 / 3
031 A

0,25

—e— AR:GU=1.0

—=— AR:GU-4.0

—A&— AR:GU=6.0

DS

0,2

0,15 -
0,1

0,05

NaOH:AR molar ratio

Fig. 3. The dependence of the DS on the NaOH:AR molar

ratio in the starting reaction mixture at the different AR:GU

molar ratios. The reaction conditions are as follows: duration
of 7 hours and temperature of 40°C

It is evident from Fig. 3 that the DS appreciably
depends upon the NaOH:AR ratio at any AR:GU
ratio. When the NaOH:AR ratio is less than 1.2, the
DS has a little value. As the NaOH:AR ratio
increases, the DS increases and some optimal
NaOH:AR ratio is observed. The optimal NaOH:AR
ratio is within the range of 1.2 to 2.0 at almost each
ratio of the AR to the GU. If the NaOH:AR ratio is
higher than the optimal one, the DS decreases
accordingly. This can be explained by the fact that
an increase in the NaOH excess causes both an
increase in the share of hydrolytic reactions (5), (6)
and (7) and a decrease in the effectiveness of the
starch cationation.

Effect of the AR:GU molar ratio

It is evident that an increase in the AR:GU
ratio (within the investigated ratio range of 1.0 to
6.0) is accompanied by an increase in the DS. At
the same time, it is important to note that the above
mentioned relationship is especially pronounced at
NaOH:AR=1.0 (when this ratio is less than the
optimal value, 1.2): the DS increases from 0.14 to
0.35 (Table, Fig. 3).

At NaOH:AR=2.0 (more than the optimal
value, 1.2), an increase in the DS is insignificant
and practically constant, although the ratio AR:GU
increases from 1.0 to 6.0 (Table, Fig. 3). At a further
increase in the NaOH:AR ratio (NaOH:AR is more
than 2.0), the DS decreases antibatically to AR:GU

117
(Fig. 3).
Dependence of the DS upon the initial AR:GU molar
ratio*®
) DS
AR:GU. molar 0, G AR=10, | NaOH:AR=20,
ratio . .
molar ratio molar ratio
1.0 0.14 0.23
2.0 0.20 0.22
4.0 0.25 0.24
6.0 0.35 0.30

*Note: — The reaction conditions are as follows: duration of
7 hours and temperature of 40°C

It is clear (Fig. 4) that the most effective
cationation proceeds at the lowest ratio AR:GU=1.0
(in the researched range of the AR:GU). This can
be attributed to bot the need for some NaOH excess
in the reaction mixture and the steric peculiarities
of the interaction between the starch and the AR.

—e— ARIGU=1.0
—=— AR:GU=2.0
—&— AR:GU=4.0

0 2,5 5 7,5 10
NaOH:AR moilar ratio

Fig. 4. The dependence of the ER on the NaOH:AR molar
ratio

When performing the reaction by a semi-dry
method, the interaction of the AR occurs on the
surface of starch granules accompanied by the gradual
diffusion of the reagent into underlying layers. It is
known that starch contains two major fractions: linear
amylose and branched amylopectin that, in turn,
forms the amorphous-crystalline structure of starch
granules [8,15]. It is considered that a starch
cationation occurs mainly within half-packed
amorphous areas, which branched from amylopectin
forms [8]. These amylopectin chains are more
sterically available. When the concentration of the
AR is high at the first moment, the active interaction
occurs with the hydroxy groups of the glucopyranose
form. Subsequently, the amount of the accessible
hydroxy groups decreases.

The -2-hydroxypropyltriethylammonium
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Fig. 5. SEM images of unmodified starch previously kept in distilled water at 40°C for 2 hours and the cationic starch samples in
the reaction mixture at AR:GU=1.0 and NaOH:AR=1.2. The reaction duration is 2 hours

chloride fragments, which are connected to the
glucopyranose cycles by ether linkages, create steric
hindrance to further cationation [13]. Moreover, an
increase in the NaOH amount leads to the hydrolysis
of the final product (7) and to the side reactions (5)
and (6).

Scanning electron microscopy was used to
visualize the change in the starch granules and
reactive media during cationation. Figure 5 (A and
C) show the images of unmodified starch previously
kept in distilled water at 4°C for 2 hours and the
cationic starch in the reactive medium.

One can see that the intact corn starch granules
are round and polygonal in shape with a good
distinctive surface. In the course of the interaction
with the AR, the starch granules lose their well-
defined form; the granules diminish in their size,
disintegrate and begin to dissolve (Fig. 5,B and D).

Conclusions

1. The aminating reagent, 3-chloro-2-
hydroxypropyltriethylammonium chloride, was
prepared by the interaction of triethylammonium
chloride with epichlorohydrin in the presence of
cetyltrimethylammonium bromide as a catalyst.

2. In the course of the interaction of 3-chloro-
2-hydroxypropyltriethylammonium chloride with
corn starch via a semi-dry method in the presence
of sodium hydroxide, the cationic starch was obtained
with a degree of substitution equal to 0.02—0.35. It
was shown that the cationic starch with the highest
degree of substitution was fabricated when the
NaOH:AR molar ratio in the starting reaction mixture
was equal to 1.2—2.0.

3. The highest effectiveness of cationation was
achieved when the AR and the GU were in 1:1 molar
ratio in the starting reaction mixture.
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KATIOHYBAHH{ KPOXMAJIIB AMIHYIOYM
PEATEHTOM HA OCHOBI TPUETUJIAMIHAY I
ENIXJIOPTIAPUHY

0.4. Kocmuk, O.I. Bydimeecoka, B.b. Bocmpec,
3.4. Hadawreeuu, C.A. Boponos

Y oaniti pobomi cnpowenum memodom odepicano KamiouHi
KPOXMAAL 3 DI3HUM CMYNEHeM 3aMIWeHHA 3 BUKOPUCMAHHAM mpue-
Mmusaminy ma enixaopeiopury K eUxXioHux peazeHmie i 00cAi0NceHO
[ ONMUMI308GHO YMOBU KAMIOHYB8AHHA KPOXMANK) <«HANIBCYXUM Me-
modom». Kamionnuii kpoxmans 3 4emeepmuHHUMU AMOHILIHUMU
KAMIOHHUMU 2PYRaMU 00epiucy8anu 83aeMO0I€r0 aMIHYIO4020 pe-
azeHmy 3 KYKypyO3siHUM KpPOXMAnem y npUcymuocmi Hampitl eiopo-
Kcudy. Aminyrouutl peacenm 3-x10po-2-2idpokcunponismpuemuna-
MOHIL XA0pUd 00epicano 00OHOPeaKmopHUM Memooom 83aEMO0IE0
mpuemunaminy 3 XA0pUOHOK KUCAOMOK 3 HACMYNHON Peaxyiero
MPUeMUAaMOHill XA0pudy 3 enixaopeiOpuHom y NpUcymHocmi Ka-
manizamopa mpumemuauemuiamoHit 6pomidy. Bzaemodiero 3-xaopo-
2-2i0pokcunponinmpuemusamoniu xaopudy 3 KyKypyo3sHum Kpox-
manem y ApucymHocmi Hampii 2iopokcudy 00epicaHo KamiouHi
Kpoxmani i3 cmynenem 3amiwenHs amomie Tiopoeeny 6 eidpokcuns-
Hux epynax kpoxmanto 0,02-0,45. Jocaidxuceno eniue moavHoeo
cniggioHoweHHss Hampiu 2idpokcud:aminyouuil peazenm ma
ChiBBIOHOWEHHS AMIHYIOMULL peaceHmM:Kpoxmans (nanku D-entoko-
nipano3u) y GuXiOHill peakuyiunili cymiui Ha CMYNiHb 3AMillyeHHs.
Tloka3zano, w0 KAMiOHHULL KPOXMAAb 3 HALIGUWUM CIYNEHeM 3aMi-
WeHHs YMBOPIOEMbCS NPU NOYAMKOBOMY ONMUMAALHOMY CHIBGIOHO-
weHHi Hampitl 2idpokcud:aminyrouuli peacenm, pieHomy 1,2—2,0.
36inviuenHs cniggiOHOWEHHS AMIHYIOYULL DeazeHm:Kpoxmanb npu
emicmi Hampitl 2iopoKcudy MeHule ONMUMANbHO20 CYMMEBO 30inbULyE
cmynins 3amiwenns. Egpekmuenicmo peakuyii kamionyeanus KyKy-
DYO35HO20 KPOXMAAI 3MEHULYEMbC NPU 30iAbUWeHH] MOAbHO2O
ChiBBIOHOWEHHS! AMIHYIOUUI peazeHm Kpoxmans (Y 00CAi0NCyeaHo-
my inmepeani 1,0—6,0).

KnrouoBi cioBa: KaTioOHHMI KpOXMajb, aMiHYIOUYUA
peareHT, CTyMiHb 3aMillleHHS, TPUETWIAMiH, eITiXJIOPTiIprH.

CATIONATION OF STARCH WITH AN AMINATING
REAGENT BASED ON TRIETHYLAMINE AND
EPICHLOROHYDRIN

0.A. Kostyk, O.H. Budishevska ", V.B. Vostres,
Z.Y. Nadashkevych, S.A. Voronov

Lviv Polytechnic National University, Lviv, Ukraine
* e-mail: budishevska@gmail.com

This article presents a simplified method for the preparation
of cationic starches with a different degree of substitution using
triethylamine and epichlorohydrin as starting materials. The optimal
conditions for a starch cationation by a semi-dry method have been
determined. The cationic starch with quaternary ammonium cation

groups was prepared by the interaction of an aminating reagent with
corn starch in the presence of sodium hydroxide. The aminating
reagent, 3-chloro-2-hydroxypropyltriethylammonium chloride, was
synthesized by the one-pot interaction between triethylamine and
HCI followed by the reaction with epichlorohydrin in the presence of
cetyltrimethylammonium bromide as a catalyst. The cationic starches
were fabricated with the degree of substitution of hydrogen atoms in
starch hydroxy groups equal to 0.02—0.45. The effects of molar ratios
of sodium hydroxide to the aminating reagent and the aminating
reagent to starch (with respect to a D-glucopyranose unit) in the
initial reaction mixture on the degree of substitution were investigated.
It was shown that the cationic starch with the highest degree of
substitution was formed at an optimal starting molar ratio of sodium
hydroxide to the aminating reagent that is equal to 1.2—2.0. An
increase in the molar ratio of aminating reagent to starch significantly
increases the degree of substitution when the content of sodium
hydroxide is less than the optimal value. The reaction efficiency of
the cationation of corn starch decreases with an increase in the
molar ratio of aminating reagent to starch (in the test range of 1.0 to
6.0).

Keywords: cationic starch; aminating reagent; degree of
substitution; triethylamine; epichlorohydrin.
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