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Abstract

Debranched Canna edulis Ker starch (DCEKS) was effectively esterified in 1-butyl-
3- methylimidazolium chloride (ionic liquid) to shorten the esterification time of
phthalic anhydride and enhance the substitution degree. The results indicated that
the esterification of phthalic anhydride obviously improved the thermal stability
of CEKS, while the debranching slightly increased the thermal stability of CEKS.
DCEKS was still a semicrystalline polymer like CEKS, and its crystalline structure
was not changed by the debranching, but phthalate debranched Canna edulis Ker
starch (PDCEKS) was almost an amorphous polymer due to the high esterification
in the ionic liquid. The esterification decreased the average size of DCEKS, whereas
the debranching increased the average size. The esterification was unevenly com-
pleted on DCEKS particles. Both debranching and esterification could result in a
decrease in the freeze—thaw stability, swelling power and viscosity of CEKS. The
stretching vibration of benzene rings appeared at the wave numbers of 1598 cm™',
1077 cm™" and 640 cm™!.

Keywords Canna edulis ker starch - Esterification - Debranching - Structure -
Property

Introduction

Starch is one of the most abundant polysaccharides in nature [1], and widely used
as a thickener, colloidal stabilizer, gelling agent, bulking agent, and water retention
agent in food, medical and industrial fields [2, 3]. Starch consists of amylose, which
is essentially a linear molecule containing glucose unit linked by a-1, 4 linkages
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with a few branches, and amylopectin, which is highly a-1, 6 branched and has
the large molecular weight [4]. Canna edulis Ker starch (CEKS) is extracted from
C. edulis, which is cultivated in many regions [5]. Consequently, CEKS like other
starches is able to be modified physically, chemically, biologically and radioactively
in order to get a wider application [6, 7]. Although a single modified starch satisfies
the functional properties required in some applications, it still does not overcome
some undesirable properties. Therefore, the compound modification is adopted fur-
ther to improve the undesirable characteristics of starch.

The debranching is one of enzyme modifications, by which the ratio of amylose
to amylopectin is able to be fundamentally changed. The debranching is completed
at o-1, 6 linkages by the debranching enzymes such as isoamylase and pullulanase,
which specifically cleaves a-1,6-glucosidic bonds in glucans containing both a-1,4
and a-1,6 linkages [8]. As a result, the debranched starch will have some functional
properties that the ordinary starch does not have as increasing the debranching
degree. Accordingly, it is often used as a fat replacer, coating material and medi-
cine excipient [9]. As reported, the debranching improves the film-forming property,
anti-digestibility, gel performance of starch, but decreases its viscosity, freeze—thaw
stability, water holding capacity, swelling capacity, etc.

The esterification belongs to one of chemical modifications which generally
include the oxidation [10], cross-linking [11], esterification [12], etherification [13],
acidolysis [14] and graft [15]. The common esterifying agents are usually sodium
tripolyphosphate [16], acetic anhydride [17], maleic anhydride [18], vinyl acetate
[19], octenyl succinic anhydride [20], chlorosulfonic acid [21] and so on. The esteri-
fied starch shows the different functional performances due to the introduction of
the different groups and the increase in the substitution degree. Normally, the high
esterification of certain compounds such as acetic anhydride, octenyl succinic anhy-
dride and phthalic anhydride can improve the plasticity and hydrophobicity of starch
[12, 22]. However, compared with other esterified starch, phthalate starch can have a
better adhesion to aromatic polyesters and will become a promising enteric coating
material.

Recently, many researches indicated that the high modification of starch had to
be achieved in organic solvents, and the process took a long time to do so. The ionic
liquids (ILs) as the most promising solvents can well replace the volatile organic
reagents commonly used in various processes and syntheses owing to its odorless,
non-flammability, very low vapor pressure, good thermal and chemical stability, and
significantly enhance the reaction efficiency [23].

In this work, a combination modification of pullulanase debranching and phthalic
anhydride esterification in 1-butyl-3-methylimidazolium chloride was chosen to
functionalize CEKS in order to improve well CEKS performances. Meantime, the
influence of debranching and esterification on the structure and properties of CEKS
was investigated so that phthalate debranched Canna edulis Ker starch (PDCEKS)
could be well utilized in some special fields.
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Materials and methods
Materials

Canna edulis Ker starch (Amylose content=28.9%) was supplied by the Zhenkang
Shengyuan Economy and Trade Co, Ltd (China), and it was purified using the previ-
ously published procedure [24]. 1-butyl-3-methylimidazolium chloride (ionic liquid)
was supplied by CAS Lanzhou Institute of Chemical Physics. Pullulanase was sup-
plied by Cangzhou Xia Sheng Enzyme Biotechnology Co. Ltd. Phthalic anhydride
was supplied by Tianjin Damao Chemical Reagent Factory (China). Other reagents
such as sodium hydroxide, hydrochloric acid, iodine, potassium iodide, ethanol and
potassium bitartrate were analytical.

Preparation of phthalate debranched canna edulis ker starch (PDCEKS)

The emulsions with a mass concentration of 10% (w/w) was produced blending
35 g Canna edulis Ker starch (CEKS, Water content=13.7%, the water content was
measured by an Ohaus MB25 Quick moisture analyzer) with 0.2 mol/L citric acid-
sodium citrate buffer (pH=4.5) in a 500-mL three-necked flask equipped with a stir-
rer, heated to 90 °C in a water bath and kept the constant temperature for 40 min
until starch was completely gelatinized. After the paste was cooled to 55 °C, 800
U/g pullulanase (Based on dry Canna edulis Ker starch) was added into the paste.
After 3 h of debranching, the paste was heated to 100 °C for 30 min to inactivate the
enzyme. A certain excess anhydrous ethanol was added to precipitate the debranched
starch. Afterward, the debranched Canna edulis Ker starch (DCEKS) was acquired
by a centrifugation, washing, drying, crushing, sieving [25].

36 g 1-butyl-3- methylimidazolium chloride (ionic liquid) was accurately
weighed and placed in a 100-mL three-necked flask equipped with a stirrer, heated
to 120 °C in an oil bath, and then 3 g DCEKS (DE=0.21) was added into the ionic
liquid. After mechanically stirring for 30 min, a certain amount of phthalic anhy-
dride (the percent ratio of phthalic anhydride to dry DCEKS was 250%) was added
into the mixture. After 4 h of the reaction, the excess distilled water was added into
the mixture to precipitate the product. The phthalate debranched Canna edulis Ker
starch (PDCEKS) was got by a centrifugation, washing (3—4 times), drying, crush-
ing, sieving [26].

The schematic diagram of debranching and phthalic anhydride esterification was
as follows:
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Determination of debranching degree and substitution degree

The debranching degree of CEKS was evaluated with the dextrose equivalent (DE),
which was determined by a DNS (3, 5-dinitrosalicylic acid) colorimetry method [27].
The functional relationship between absorbance (Y) and glucose content (x) was as
follows:

Y = 0.00314 + 1.287x (1)

The DE of samples was calculated as the following formula:

_ Reducing sugar in starch hydrolysate (expressed as glucose)

DE x 100 (2)

Total solids content of starch hydrolysate

The degree of substitution (DS) of PDCEKS was determined according to a previ-
ously mentioned method [28]. 1.00 g dry PDCEKS and 10 mL 75% (v/v) ethanol solu-
tion were added into a conical bottle. After evenly dispersing, 10 mL 0.1 mol/L NaOH
solution was added, and the saponification was carried out at 30 °C for 4 h. Then, a few
drops of phenolphthalein as indicator was added into the suspension, next, 0.1 mol/L.
HCl solution was titrated into the suspension until the red color disappeared. The blank
titration of the same amount of DCEKS was carried out as the above operation. The DS
was calculated by the following formula:

_149C vy —vy)

_ 1
P= Toooxw X 00% )
162W,
DS = 4)
129 % (100 — Wp)

where, W is the content of phthalate substituted (%), C is the concentration of
hydrochloric acid solution (mol.L™!), V,, and V, are the volumes of hydrochloric
acid solution consumed by DCEKS and PDCEKS during titration (mL), W is the
weight of sample (g).

Freeze-thaw stability, blue value and swelling power

80 g 4% (w/w) milk was accurately produced mixing 32 g dry sample and 48 g distilled
water in a beaker, heated to 95 °C in water bath and kept the constant temperature for
20 min (Keeping the total weight unchanged during the gelatinization), and then slowly
cooled to 25 °C. Afterward, the paste was poured into five pre-weighed 10 mL centrifu-
gal tubes, and weighed. These centrifugal tubes were placed in a refrigerator and frozen
at —20 °C for 24 h, and thawed in water at 30 °C for 2 h, and centrifuged at 3000 r/min
20 min. The freeze—thaw stability (Measured by syneresis rate) was calculated accord-
ing to following formula [29]:

Syneresis rate = M X 100% ()
m
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where, m; is the mass of separated water after thawing (g), m is the mass of the
paste before freezing (g).

50 mL 0.5 mg/mL emulsion was prepared in a conical flask and heated in
water bath until the sample was completely gelatinized, and cooled to the room
temperature. 1 mL paste was pipetted and placed in a 50-mL volumetric flask,
0.07-0.1 g potassium tartrate and 0.5 mL iodine solution (2 mg/mL iodine,
20 mg/mL potassium iodide) were added into the paste, and then suitable water
added to the total volume of 50 mL. Finally, the absorbance of the mixture was
measured at 600 nm, and the blue value was calculated according to following
formula [30]:

4 X Absorbance
Blue value = 10X C 6)
where, C is the concentration of sample (mg/L).

50 g 4% (w/w) emulsion was produced to determine the swelling power of
samples, heated to 85 °C and kept the constant temperature for 30 min, and then
put four graduated centrifuge tubes and centrifuged at 3000 r/min for 30 min.
The precipitate was separated from the supernatant. And then the precipitate and
supernatant were collected separately in a Petri dish, dried to the constant weight
and accurately weighed. The swelling power of samples was calculated according
to following formula [31]:

A
S=—x100
W % ™
Swelling power(% ) = rn(Plle(jOS) (8)

where, S is the solubility (%); A is the mass of dried residue of supernatant (g); P is
the mass of sediment paste (g); m is the mass of dry sample (g).

Characterization

An IR Prestige-21 infrared spectrometer (Shimadzu Corporation, Japan) was used
to record FTIR spectra of samples within the range of 4000-400 cm™' [32]. A
Q50 V20.10 Build 36 thermogravimetric analyzer (TA Instruments, US) was used
to perform the thermal properties of samples [33]. A MCR102 rheometer (Anton
Paar, Austria) was used to determine the pasting characteristics of samples with
a mass concentration of 4% (w/w). The initial speed of blender in first 10 s was
960 rpm, the speed of blender was maintained at 160 rpm [34]. A MiniFlex600
X-ray diffractometer (Rigaku Corp, JP) was used to analyze the crystalline struc-
ture at voltage 40 kV, current 15 mA, scanning rate 2°/min and scanning angle
range 5-50° [35]. The XRD curves were analyzed by MDI Jade 6.5 software. The
crystalline degree of samples was calculated as following equation.
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A
X. = € x100
©AL+A, ®)

where, X is the crystalline degree (%), A, is the area of crystallization zone (mm?),
A, is the area of amorphous zone (mm?).

A Hitachi S-3400 N scanning electron microscope was used to observe the mor-
phology of samples [36]. A Mastersizer 3000 (Malvern Panalytical Ltd., UK) was
used to measure the size distribution of samples by a dry method [37].

Results and discussion

Effect of esterification time, amount of phthalic anhydride, esterification
temperature and amount of ionic liquid on DS

The effect of esterification time, amount of phthalic anhydride, esterification temper-
ature and amount of ionic liquid on DS was shown in Fig. 1. The amount of phthalic
anhydride and ionic liquid was defined as the percentage mass ratio of phthalic anhy-
dride and ionic liquid to dry DCEKS. From Fig. 1a, the amount of phthalic anhy-
dride had a great influence on the DS of PDCEKS. The DS of PDCEKS increased
as increasing the amount of phthalic anhydride. When the amount of phthalic anhy-
dride was more than 350%, the increase in DS of PDCEKS became slow. It should
relate to the steric hindrance effects of benzene ring gradually appearing as increas-
ing DS of PDCEKS. Considering the use of PDCEKS, the amount of phthalic anhy-
dride was chosen as 250%.

From Fig. 1b, when the esterification time was less than 4 h, the DS of PDCEKS
increased as increasing the esterification time. When the esterification time was
greater than 4 h, the DS of PDCEKS did not increase. It was suggested that the
esterification time of 4 h could meet the esterification of DCEKS in the ionic liquid.
Therefore, the suitable esterification time was 4 h. Although the esterification time
was longer than that provided by literature, the solvent used in the modification of
PDCEKS was completely different from the solvent used in this literature [38].

From Fig. lc, the effect of esterification temperature on the DS of PDCEKS was
similar to that of esterification time. The esterification temperature 120 °C is the
inflection point on the relationship curve between esterification temperature and
DS of PDCEKS. Interestingly, when the esterification temperature was greater than
120 °C, the DS of PDCEKS did not change. Therefore, the suitable esterification
temperature was 120 °C.

From Fig. 1d, the effect of the amount of ionic liquid on the DS of PDCEKS
was less than that of esterification time and amount of phthalic anhydride, and the
DS of PDCEKS only varied from 0.568 to 0.761 within the change range of ionic
liquid. When the amount of ionic liquid was less than 1200%, the DS of PDCEKS
increased as increasing the amount of ionic liquid. When the amount of ionic liquid
was greater than 1200%, the DS of PDCEKS decreased as increasing the amount of
ionic liquid. Therefore, the suitable amount of ionic liquid was 1200%.
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Fig. 1 Effect of amount of phthalic anhydride (a), esterification time (b), esterification temperature (c)
and amount of ionic liquid (d) on DS

Effect of debranching and esterification on freeze-thaw stability, blue value
and swelling power of CEKS

The freeze—thaw stability, blue value and swelling power of CEKS, DCEKS
(DE=0.21) and PDCEKS (DE=0.21, DS=0.760) were shown in Table 1. From
Table 1, after the debranching and esterification of CEKS, the syneresis rate of its
derivatives increased, confirming that the debranching and esterification reduced the
freeze—thaw stability. The reduction in the freeze—thaw stability caused by debranch-
ing and esterification should relate to the increase in the short linear chains and
introduction of hydrophobic groups into the molecular chains of starch because the
increase in short linear chains and introduction of hydrophobic groups weakened the
water holding capacity. In fact, the result of poor water holding capacity caused by
short linear chains was also given in the literature [39]. The debranching increased
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Table 1 Effect of debranching and esterification on freeze—thaw stability, blue value and swelling power

Samples Synersis rate /% Blue value Swelling power  Swelling power  Swelling
65°C) /% (75°C) 1% power (85
C) 1%
CEKS 53.0 0.268 9.3 13.9 15.8
DCEKS 79.7 0.316 6.3 79 8.6
PDCEKS 96.7 0.036 2.1 2.5 2.7

the blue value of CEKS, while the esterification significantly reduced the blue value.
The swelling power of CEKS, DCEKS and PDCEKS increased as increasing the
temperature, and the debranching and esterification decreased the swelling power
of CEKS. The latter should be related to the increase in the short chains caused
by debranching and the introduction of hydrophobic groups due to the esterifica-
tion. Compared with long starch chains, the short linear chains were beneficial to
the aggregation to form a gel leading to a reduction in starch swelling power. The
result of the change in swelling power caused by debranching was consistent with
the result observed in the literature [40].

Analysis of infrared spectroscopy

The FTIR spectra of CEKS, DCEKS (DE=0.21) and PDCEKS (DE=0.21,
DS=0.760) were shown in Fig. 2. From Fig. 2, the stretching vibration of O—H and
C-H bonds showed the absorption peaks at 3407 cm-1, 2923 cm-1, respectively.
The stretching vibration peaks of the C—O—C bonds and bending vibration peaks of
the C—O-H bonds showed at 1163 cm—1, 1070 cm—1, separately. PDCEKS FTIR
included two characteristic peaks, namely the stretching vibration of carbonyl bonds
and phenyl groups. The stretching vibration of C=0 groups appeared at 1720 cm™!,
and its intensity was the strongest among all peaks. The similar observation was

Fig.2 FTIR spectra of CEKS, 100
DCEKS and PDCEKS
PDCEKS CEKS
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reported in the literature [41]. The stretching vibration of benzene rings showed at
1598 cm™!, 1077 cm™! and 640 cm™!. The result was in accordance with the result
reported in the literature [42]. The absorption peak at 1288 cm™! and 1024 cm™!
should be in-plane bending vibration of C—H bonds in benzene ring. It proved that
the phthalate groups were successfully introduced into DCEKS molecular chains.
The intensity of all absorption peaks of DCEKS became weaker than that of CEKS,
especially the intensity of absorption peak at 991 cm™! was very weaker. It con-
firmed that the crystalline structure of DCEKS was completely different from that of
CEKS, namely the debranching changed the crystalline structure of CEKS.

SEM analysis

The SEM photographs of CEKS, DCEKS (DE=0.21) and PDCEKS (DE=0.21,
DS=0.760) were shown in Fig. 3. From Fig. 3, the surface of CEKS was smooth

Fig.3 SEM photos of CEKS (a), DCEKS (b) and PDCEKS (c)
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except for some very small particles, and most of CEKS particles were elliptical.
After the debranching of CEKS, the surface of some DCEKS particles became very
rough, while the surface of other particles was still smooth. DCEKS particles were
irregular, and some particles were larger in size than the native CEKS. After the
esterification of DCEKS, many small particles appeared, but some large particles
could be still seen. The surface of some particles became rougher than DCEKS,
while the surface of other particles remained smooth. It was suggested that the ester-
ification was uneven.

Analysis of TGA and XRD

The TGA and XRD curves of CEKS, DCEKS (DE=0.21) and PDCEKS (DE=0.21,
DS =0.760) were shown in Fig. 4. From Fig. 4 a, the debranching and esterification
changed the thermal properties. The water loss section of DCEKS and PDCEKS was
clearly different from that of CEKS. Interestingly, the water loss section of PDCEKS
was an oblique line, confirming that water in PDCEKS was not easily evaporated as
increasing the temperature. The debranching and esterification move TGA curves of
DCEKS and PDCEKS to the left. As a result, the initial decomposition temperature
of DCEKS and PDCEKS was reduced. Meanwhile, the debranching and esterifica-
tion also slowed down the slope of rapid decomposition stage, confirming that the
thermal stability of DCEKS and PDCEKS was greater than that of CEKS. Further-
more, the TGA thermodynamics key parameters of CEKS, DCEKS and PDCEKS
were calculated and listed in Table 2 to analyze further these curves.

From Table 2, the debranching lowered the onset decomposition temperature and
end decomposition temperature of CEKS. However, the esterification enhanced the
onset decomposition temperature and end decomposition temperature of DCEKS. In
addition, the sequence of mass loss rate was: CEKS >DCEKS > PDCEKS, that is,
the sequence of the thermal stability was PDCEKS > DCEKS > CEKS. It was sug-
gested that the effect of the debranching on the thermal stability was inconsistent
with that of the esterification.

100
mDCEKS /DCEKS
N
E 80 | ,~ CEKS
<
= PDCEKS
S 60 z ¢
72}
S =
b 2
& 40 - PDCEKS =
1) e
o]
5] CEKS
# oa0f \
a b
0 1 1 1 1 1 1 J 1 1 Il 1 1
0 100 200 300 400 500 600 700 0 10 20 30 40 50
Temperature /°C Difraction angle/°

Fig.4 TGA (a) and XRD (b) curves of CEKS, DCEKS and PDCEKS
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Table2 TGA thermodynamics
key parameters of CEKS,
DCEKS and PDCEKS

Samples CEKS DCEKS PDCEKS

Onset decomposition temperature /°C  307.0  222.1 244.0
End decomposition temperature /°C ~ 335.2  293.1 346.4
Mass loss rate /% 500 478 424

From Fig. 4b, the diffraction peaks of CEKS appeared at diffraction angles of
17.1°, 19.7°, 22.2°, 23.9°, 26.3°, 31.2°, 34.4°, respectively, and confirming that the
crystalline structure of CEKS was typically a B-type. The result was consistent with
the result provided in the literature [43]. The diffraction peaks of DCEKS were same
as those of CEKS except for the different intensities of some peaks, confirming that
the crystalline structure of DCEKS was changed by debranching. However, after the
esterification, the crystalline structure of PDCEKS was transformed into an amor-
phous structure. The result was consistent with the result described by the literature
[44]. Furthermore, the crystalline degree of CEKS, DCEKS and PDCEKS was cal-
culated to be 15.6%, 19.2%, 0, separately.

Effect of debranching and esterification on gelatinization properties

The gelatinization curves of CEKS, DCEKS (DE=0.21) and PDCEKS (DE=0.21,
DS =0.760) were shown in Fig. 5. From Fig. 5, the gelatinization curve of CEKS
was distinctly affected by the debranching and esterification. The viscosity of
DCEKS was significantly lower than that of CEKS. The result was consistent with
the result reported in literature [45]. The viscosity of CEKS hardly decreased during
the gelatinization, which was different from that of corn starch and potato starch.
After the conclusion of the constant temperature of 95 °C, the viscosity of CEKS
increased rapidly as lowering the temperature. The viscosity of DCEKS hardly
changed during the gelatinization, while the viscosity of PDCEKS changed. The
viscosity of PDCEKS increased like CEKS after the constant temperature of 95 °C
was over. The key gelatinization parameters of CEKS, DCEKS and PDCEKS were
given in Table 3 to deeply discuss the effect of debranching and esterification on the
gelatinization properties.

From Table 3, the breakdown of CEKS was only 30.3 cP, but its setback reached
a value of 785.3 cP. It was confirmed that the paste of CEKS had a very high shear
resistance and strong retrogradation. The peak viscosity, final viscosity, breakdown
and setback of PDCEKS were all larger than DCEKS except for the trough viscos-
ity. It was suggested that the esterification enhanced the breakdown and setback of
DCEKS. In addition, the low viscosity of DCEKS should relate to its high amylose
content composed of original amylose and amylose from debranching.

Effect of debranching and esterification on size distribution

The size distributions of CEKS, DCEKS (DE=0.21) and PDCEKS (DE=0.21,
DS=0.760) were shown in Fig. 6 and Table 4. From Fig. 6, the debranching and
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Fig.5 Gelatinization properties of CEKS (a), DCEKS (b) and PDCEKS (c¢)
Table 3 Key parameters of CEKS, DCEKS and PDCEKS gelatinization curves
Samples  Pasting Peak viscosity Trough Final viscosity Breakdown /cP  Setback /cP
temperature /cP viscosity  /cP
/°C /cP
CEKS 69.4 1030.0 999.7 1785.0 30.3 785.3
DCEKS - 9.5 5.8 8.7 3.7 2.9
PDCEKS - 17.5 5.4 26.8 12.1 214

esterification evidently widened the particle size distributions of DCEKS and
PDCEKS. The esterification moved the particle size distributions of PDCEKS to the
left and lowered the peak intensity. From Table 4, the sequence of DV (10) and DV
(50) was in order of DCEKS, CEKS and PDCEKS, while the sequence of DV (90)
was in order of DCEKS, PDCEKS and CEKS. And the DV (10) of PDCEKS was
only 6.69 pm, which was much less than the DV (10) of DCEKS and CEKS, and
the DV (90) of PDCEKS reached unexpectedly166.0 pm, which was far greater than
DV (90) of DCEKS, but was much smaller than DV (90) of DCEKS. It proved that
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Fig.6 Size distribution of
CEKS, DCEKS and PDCEKS
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Table 4 Key parameters of size

distribution of CEKS, DCEKS Samples  Specific Dv(10) /pm  Dv(50) /um  Dv(90) /um
4 PDCEKS surface area /
an m’kg~!
CEKS 185.9 26.0 424 66.9
DCEKS 80.5 38.8 116.0 262.0
PDCEKS 576.1 6.69 41.7 166.0

the introduction of phenyl groups into the DCEKS molecular chains hindered the
regroup of the molecular chains. Moreover, according to the specific surface area,
the order of the average size was DCEKS > CEKS > PDCEKS.

Conclusions

The debranching was able to lead to the increase in the blue value, but a reduction
in the freeze—thaw stability and swelling power. The esterification could reduce the
blue value, freeze—thaw stability and swelling power. The debranching reduced the
thermal stability of CEKS, whereas the esterification improved the thermal stabil-
ity. The esterification of phthalic anhydride was unevenly completed on the DCEKS
granules. The debranching and esterification improved the thermal stability of
CEKS. The debranching apparently lowered the onset decomposition temperature
and end decomposition temperature of CEKS, while the esterification significantly
increased these two temperatures. The debranching significantly decreased the vis-
cosity of CEKS. The esterification enhanced the breakdown and setback of DCEKS.
The peaks of C=0 groups appeared at 1720 cm™' and benzene rings appeared at
1598 cm™', 1077 cm™', 640 cm™ indicated that the phthalate groups were success-
fully inserted into DCEKS molecular chains. The crystalline structure of CEKS
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and DCEKS was typically a B-type, and the crystalline structure of PDCEKS was
an amorphous structure. The phenyl groups hindered the regroup of the molecular
chains according to the size of PDCEKS particles.
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