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Abstract

High esterification of acidolysis carboxymethyl sesbania gum was successfully
accomplished by using 1-butyl-3-methylimidazolium chloride (ionic liquid) as a
solvent, octenyl succinic anhydride as an esterifying agent, pyridine as a catalyst.
The goal derivatives were characterized by FT-IR, TGA, SEM, XRD and so on. The
experimental results indicated that octenyl succinate acidolysis carboxymethyl ses-
bania gum as a novel hydrophobic material had a very well emulsifying capacity
(79.5%) and stability (78.9%). The effect of acidolysis on the crystalline structure
of sesbania gum (SG) was different from the carboxymethylation. The esterifica-
tion entirely destroyed the crystalline structure. The surface of SG particles would
become rougher and rougher with the successive completion of carboxymethylation,
acidolysis and esterification. The energy storage modulus of SG and SG derivatives
increased with the increase in angular frequency, but the energy storage modulus of
carboxymethyl sesbania gum increased in a different way. The peaks of C=0 and
C=C bonds appeared at 1735.0 cm~! and 1630.0 cm™! due to introduction of the
carboxymethyl and octenyl succinate groups into SG molecular chains. Not only
does SG show excellent performance in promoting the hydrophilicity and perme-
ability due to containing large amounts of hydroxide radicals, but also SG is non-
toxic and biodegradable.
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Introduction

Sesbania gum (SG) is one of the most commonly used plant polysaccharides, which
have been employed widely in food, medicine and other fields owing to their thick-
ening, binding, stabilizing and gelling performances [1-3]. The molecular weight
of SG is about 500,000 g/mol [4]. Due to its similar chemical structure and phys-
icochemical properties to guar gum and low cost, it is often viewed as a substitute
for guar gum in many fields [5]. SG originates from the seed endosperm of sesbania
grandiflora grown in the low latitude tropics. SG is soluble in water, but insoluble in
organic solvents [6]. It is composed of f (1-4) glycosidic linkage to mannose and a
(1-6) glycosidic linkage to galactose, and the molar ratio of galactose to mannose is
1:2 [7]. Although SG has some advantages of being environment-friendly, non-toxic
and readily degradable, it cannot well meet the practical applications due to some
weak points, such as the high content of water-insoluble substances, strong hydro-
philicity, poor viscosity stability and long decomposition process with the more and
more application requirements [8, 9]. The improvement of functional characteristics
for some polymers can be realized effectively by the chemical modifications, such as
the oxidation [10], cross-linking [11], hydroxypropylation [12], esterification [13],
etherification [14] and so on. SG is also chemically modified like guar gum, cellu-
lose and starch in order to make full use of its basic skeleton and retain some of its
original basic performances. The carboxymethylation, which belongs to an etherifi-
cation, is one of the most common chemical modifications at present. It can intro-
duce the carboxymethyl groups into the molecular chains of the polymers by the
hydroxyl groups in polymer reacting with monochloroacetic acid or monochloro-
acetic acid sodium [15]. The carboxymethylation is able to enhance the viscosity
and water solubility of natural polymers such as starch and tara gum, and insert the
electric charges into the molecular chains [16, 17].

The acidolysis is usually used for the modification of natural polymers in order
to mainly reduce their viscosity through cleaving the long molecular chains into
the short molecular chains. Although the acidolysis in the cutting chain is similar
to the enzymolysis, the acidolysis is stochastic, whereas the enzymolysis is highly
selective.

The esterification is also one of the most common modifications. According
to the requirements of the different performances, however, the esterification of
natural polymers such as guar gum, cellulose and starch is achieved selecting
acetic anhydride, octenyl succinic anhydride, maleic anhydride and sodium met-
aphosphate as the esterifying agents. The esterification of octenyl succinic anhy-
dride (OSA) chiefly improves the hydrophobicity of modified polysaccharides
by means of the introduction of octenyl succinate groups into the corresponding
molecular chains. Consequently, the natural polysaccharides esterified by OSA
have become increasingly popular because of their low price, good hydrophobic-
ity and strong emulsifying capacity [18], and have been applied in various fields
for more than semi-centuries [19].

At present, SG is modified by oxidization [20], phosphorylation [21], carboxy-
methylation [22, 23], graft [24], hydroxypropylation, cross-linking [25] and so
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on, while its esterification of OSA is not reported. The high degree of modifi-
cation of polysaccharides usually needs to be accomplished in organic solvent
or ionic liquid. Due to their unique characteristics such as low vapor pressure,
non-combustibility, high chemical stability and good thermal stability, the ionic
liquids as green solvents are selected by many researchers to prepare starch-
based materials with high substitution degree or others instead of organic solvent,
although the cost of ionic liquids is higher than that of organic solvent. Further-
more, the recovery of ionic liquid will also reduce its use cost.

The main goal of this work was to reasonably tailor SG functionalities by means
of the combination modifications consisting of carboxymethylation, acidolysis and
OSA esterification to prepare octenyl succinate acidolysis carboxymethyl sesbania
gum (OSA-ACMSG) with the high emulsifying capacity and good thickening per-
formances. On this basis, the influence of the carboxymethylation, acidolysis and
esterification on the structure and properties of SG was investigated by infrared
spectrometer, SEM, X-ray diffractometer, laser particle size meter, differential ther-
mal analyzer and so on. The first attempt was made to perform high esterification of
acidolysis carboxymethyl sesbania gum in an ionic liquid (1-butyl-3-methylimidazo-
lium chloride) to achieve the high hydrophobicity of OSA-ACMSG. Compared with
organic solvents, the advantages of ionic liquids were that the reaction time would
be greatly shortened and the reaction efficiency was high in addition to unique char-
acteristics. However, the cost of preparing OSA-ACMSG with high substitution
degree was higher that of preparing OSA-ACMSG with low substitution degree or
products obtained by other methods.

Materials and methods
Materials

Sesbania gum (SG, the size of SG particles ranged from about 8 pm to 295 pm, and
its average size was 69.1 pm. The specific surface area of SG was 342.1 m*kg. The
viscosity of SG aqueous solution was 1092.0 mPa s at a mass concentration of 2.0%)
was provided by Xiangshui Unified Guar Gum Co. Ltd (China). Sodium hydroxide,
chloroacetic acid, 1-butyl-3-methylimidazolium chloride (ionic liquid), pyridine,
octenyl succinic anhydride (OSA), hydrochloric acid and ethyl alcohol were analytic
grade.

Preparation of CMSG and OSA-ACMSG

30.0% (w/w) suspension was produced by mixing 10.0 g of dried SG (water con-
tents =9.81%) with 95.0% (w/w) ethanol solutions in a three-necked flask equipped
with an electric mixer and a reflux device, stirred, heated to 35.0 °C in a water bath.
10.0 mL 5.0 mol/L sodium hydroxide aqueous solutions were added into the sus-
pension. After the alkalization for 1.0 h, 0.3 g of chloroacetic acid was added into
the suspension and the carboxymethylation was carried out for 4.0 h. The mixture
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was treated by filtering, washing with 50.0% ethanol solutions three times, drying,
smashing and sieving by 80 meshes in order to obtain carboxymethyl sesbania gum
(CMSG, carboxyl contents=1.13%) [26].

Since its high viscosity was not beneficial to the dissolution in following ionic lig-
uids, CMSG needed to be partially hydrolyzed by acid to reduce its viscosity. 10.0 g
of dried CMSG (water contents=25.30%, carboxyl contents=1.13%) was blended
with 95.0% (w/w) of ethanol solutions in a three-necked flask to form a mixture with
a mass concentration of 30%, stirred and heated to 45.0 °C in a water bath. After
that, 30.0 mL 6.0 mol/L HCI was put into the flask, and the acidolysis was allowed
to proceed for 4.0 h. Finally, the mixture was treated as the above-mentioned opera-
tion to obtain acidolysis carboxymethyl sesbania gum (ACMSG) with the fluidity of
89.0 mL (The fluidity of ACMSG was determined at a mass concentration of 5.0%)
[27].

3 g of dried ACMSG (fluidity =89.0 mL, carboxyl contents = 1.13%) was blended
with a certain ionic liquid in a ratio of 1:14 in a three-necked flask. The mixture
was heated to 120.0 °C in the oil bath and stirred for 30 min. 7.5 g of OSA (The
mass ratio of OSA to dry ACMSG was 1:2.5) was added into the mixture after the
ACMSG was completely dissolved in the ionic liquid. After that, 0.6 mL of pyridine
as an organic base catalyst (The amount of pyridine added was 0.2 mL per gram of
dried ACMSG) was added into the mixture, and the esterification was conducted for
90.0 min. The crude product was precipitated with 250.0 mL of 60.0% ethanol solu-
tions and then filtered, washed with 50.0% ethanol solutions four times, dried and
smashed. Finally, octenyl succinate acidolysis carboxymethyl sesbania gum (OSA-
ACMSG) with high substitution degree was obtained [28]. The schematic diagram
of carboxymethylation, acidolysis and OSA esterification was as follows:
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Determination of carboxyl content, degree of substitution (DS) and acidolysis
degree

The degree of carboxymethyl etherification was measured with the carboxyl
content, which was determined by a previously published method [29]. 1.0 g of
dried CMSG was placed in a 100.0 mL flask. The powders were first wetted with
a few drops of ethanol, subsequently mixed with 25.0 mL of 0.1 mol/L HCI, and
kept stirring for 30 min. After that, the suspension was filtered by a vacuum. The
obtained cake was washed with 60.0% (w/w) ethanol solution until chloride ions
in the cake were totally removed. At last, the filter cake was placed in a conical
flask with 300.0 mL distilled water and a few drops of phenolphthalein, and the
mixture was titrated with 0.1 mol/L. NaOH to the terminal point. The content of
carboxyl groups was calculated using Eq. (1).

(V, = V) x0.045 x 0.1

m

COOH = x 100% (€))
where V| and V|, are the volume of 0.1 mol/L. NaOH solution consumed for the sam-
ple and blank (mL), respectively. The m is the mass of samples (g).

The degree of substitution (DS) was defined as the average numbers of
hydroxyl groups substituted per glucose unit. The degree of esterification was
measured with degree of substitution and determined by a previously published
method [30]. 0.5 g of sample (dry base) and 10 mL of 75.0% (w/w) ethanol
solution were placed in a 100.0 mL iodine flask, and then 10.0 mL of 0.5 mol/L
NaOH and a few drops of phenolphthalein were added into this flask for saponi-
fication and titration. At this time, the color of paste would be immediately
transformed into a pink. The paste was wobbled for 5.0 h at 50.0 °C after the
iodine flask was covered by lid. Next, the lid and neck of the flask were washed
with a little distilled water, and then the mixture was titrated with 0.5 mol/L HCI
until its pink disappeared. 10.0 mL 0.5 mol/L NaOH was titrated as blank. The
degree of substitution (DS) was calculated using following Eq. (2) and Eq. (3).

210X 05X (V; = V)

- 100
VA To00xaw < 100% 2
162 X Wiy
S= 3)
210 % (100 — Wy, )

where the V| and V, are the volume of 0.5 mol/L HC] consumed by sample and
blank (mL), respectively. The W represents the sample mass (g), the Wy, represents
the content of octenyl succinate groups (%).

The degree of acidolysis of CMSG and ACMSG was evaluated with the fluid-
ity [31].
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Determination of freeze—thaw stability, swelling power, acid and alkali resistance

The freeze—thaw stability, swelling capacity, acid and alkali resistance were deter-
mined by previously published literature [32—35]. The freeze—thaw stability of sam-
ples was evaluated by measuring the syneresis rate for five times at a mass con-
centration of 1.0% (w/w). The freezing conditions were: temperature of — 18 °C,
freezing time of 24 h at every turn. The swelling power was measured at a mass
concentration of 1.5% (w/w), temperature of 80 °C, and the corresponding formula
was as follows:

s="4 %100
= @
Sl iy = Mo X100
cliin OWer =
welling power ) = 100 5) )

Here, S is the solubility (%), m, is the mass of dried residue of supernatant (g),
mp is the mass of sediment paste (g), mg is mass of dry sample (g).

The acid and alkaline resistance of samples was evaluated by the viscosity change
rate at the pH of 3 and 10, respectively. The corresponding measurement conditions
were: temperature of 25 °C, mass concentration of 2.0% (w/w). The viscosity was
completed by an NDJ-8S rotary viscometer (Shenzhen Lida Xinyi Instrument Co.
LTD., China).

Determination of particle size distribution and hydrophobicity

The size distribution of SG and SG derivative granules was determined by a MAS-
TERSIZER3000 (Malvern, UK) [36].

The hydrophobicity of SG and SG derivatives was evaluated by the contact
angle. If the contact angle <90.0°, the solid surface was hydrophilic; if the contact
angle>90.0°, the solid surface was hydrophobic. The samples were pressed into a
slice to measure their contact angle with water. The slice was placed on the glass
slide and moved the glass slide to the center of lens. The micro-syringe was slowly
descended until the water drops contacted with the slice, and then the micro-syringe
was raised rapidly. Finally, the water droplets were left on the solid surface to take
photographs, and the contact angle was determined using the five-point fitting
method [37].

Fourier transform infrared (FT-IR), rheology, X-ray diffraction (XRD), scanning
electron microscope (SEM) and thermogravimetric analysis (TGA)
FT-IR spectra of samples were recorded using an IR Prestige-21 infrared spectrome-

ter (Shimadzu Corporation, Japan) within the range of 4000—-400 cm™! [38, 39]. The
rheological characteristics of samples were measured using a MCR102 rheometer in
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the modes (ACMSG and OSA-ACMSG based on first mode, SG and CMSG based
on second mode. First mode: low viscosity fluid, temperature of 25.0 °C, the gap
0.5 mm, initial shearing rate 1.0 s~! final shearing rate 100.0 s~!: Second mode: vis-
coelastic fluid, temperature of 25.0 °C, the gap 1.0 mm, initial shearing rate 0.1 s~
final shearing rate 100.0 s71 [40, 41]. XRD patterns were obtained using a Bruker
D8 ADVANCE X-ray diffractometer (Bruker AXS GmbH, Germany) in the reflec-
tion mode (The angle range from 10.0 to 90.0°, steps of 0.03°) [42, 43]. The parti-
cle morphology was observed by a Hitachi S-3400 N scanning electron microscope
(Hitachi Inspire the Next, Japan) [44—46]. The TGA curves of samples were deter-
mined by a Q 50 V 20.10 Build 36 thermogravimetric analyzer (TA Instruments,
US) within the temperature range of 20.0-600.0 °C at a heating rate of 10.0 °C/min
[47].

Determination of emulsifying capacity and stability

The paste was prepared by blending 0.5 g dried samples with 35.0 g distilled water
in a 100.0 mL beaker, and heated in a water bath until the paste was entirely uniform,
and then cooled to the room temperature. After that, 15.0 g salad oil was added into
the paste, and the mixture was homogenized by an IKA Color Squid White magnetic
mixer at 1500 r/min for 30.0 min. Four 10.0 mL mixtures were taken and placed
into four 10 mL graduated centrifuge tubes, respectively, and centrifuged at 3000 r/
min for 15.0 min. The emulsifying layer height (H) and total liquid height (H) were
recorded, and the emulsifying capacity (EC) was calculated by following formula.
The results were averaged.

EA—HOx100‘7 6
=7 o 6)

The emulsifying stability of samples was determined by same operations as
above. Four 10.0 mL homogenized mixtures were taken and placed into four
10.0 mL graduated centrifuge tubes, respectively. After standing for 24.0 h, these
centrifuge tubes were centrifuged at 3000 r/min for 15.0 min. The corresponding
emulsification layer height (H,) and total liquid height (H) were recorded, and the
emulsifying stability (ES) was calculated by following formula [48].

Es—HOme 7
=7 o @)

Determination of potato starch gelatinization characteristics

The gelatinization characteristics of potato starch and potato starch containing SG or
its derivatives were measured by a MCR102 rheometer (Anton Paar, Austria). The
mass concentration of potato starch and potato starch containing SG or its deriva-
tives was 5.0% (w/w), and the amount of adding SG or its derivatives was 0.2%
(the mass percentage ratio of SG or its derivatives to dry potato starch). Measuring
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Fig. 1 Effect of esterification conditions on DS of OSA-ACMSG

conditions: held at 50.0 °C for 1 min, heated to 95.0 °C at 6.0 °C/min, held at
95.0 °C for 5.0 min, cooled down to 50.0 °C at 6.0 °C/min, held at 50.0 °C for 2.0

min [49].
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Results and discussion
Effect of esterification conditions on DS of OSA-ACMSG.

The effect of esterification conditions, such as reaction time, reaction temperature,
amount of OSA, amount of pyridine and amount of ionic liquid, on the DS of OSA-
ACMSG is presented in Fig. 1. Here, ACMSG (dry, fluidity=89.0 mL, carboxyl
contents=1.13%) was held at 1.3 g during the esterification. The amount of OSA,
pyridine and ionic liquid was defined as the mass percentage ratio of OSA, pyridine
and ionic liquid to dry ACMSG, respectively. From Fig. 1a, the DS of OSA-ACMSG
was increased with the increase in reaction time when it was below 1.5 h. When the
reaction time exceeded 1.5 h, however, the DS of OSA-ACMSG decreased. This
phenomenon can be explained as follows: Since the alkaline environment generated
by pyridine as a catalyst was favorable for the esterification to proceed in opposite
direction under a long time, the DS of OSA-ACMSG was reduced. In fact, the reac-
tion time of 1.5 h was much less than that reported in the literature [50].

From Fig. 1b, the effect of the reaction temperature on DS of OSA-ACMSG
increased first and then decreased from 110.0 to 130.0 °C, and the DS reached a
maximum value of 0.76 at 120.0 °C. The result was consistent with the esterification
temperature of starch laurate reported in reference [51]. When the reaction tempera-
ture was above 120.0 °C, the increase in the reaction temperature was unfavorable to
the esterification. It should associate with the increase in the side reactions caused
by high temperature.

From Fig. lc, the effect of amount of OSA on DS of OSA-ACMSG was similar
to that of reaction temperature. The DS had an optimum value when the amount
of OSA was from 150.0 to 350.0%. The reduction in DS should be related to the
growth of the side reaction, namely a part of OSA was converted to salt so that the
esterification efficiency decreased.

Pyridine acted as a catalyst during the esterification [52]. The effect of pyridine
on the reaction could be clearly seen from Fig. 1d. A small amount of pyridine could
greatly enhance the efficiency of esterification, while a large amount of pyridine
caused a slight reduction in the DS. This should be that the more pyridine hindered
the contact between OSA and SG. During the esterification, furthermore, the DS

Table 1 Freeze-thaw stability, swelling power, acid and alkali resistance of SG, CMSG, ACMSG and
OSA-ACMSG

Samples SG CMSG ACMSG OSA-ACMSG
Syneresis rate/% 752 67.9 36.2 16.0
Swelling power/% 15.8 17.6 39 1.3
Viscosity/mPa s 1092.0 1082.0 17.5 8.9
Viscosity (pH=3)/mPa s 958.0 934.0 12.3 8.3
Variation rate of viscosity (pH=3)/% 12.2 22.7 29.7 6.7
Viscosity (pH=10)/mPa s 1407.0 1806.0 19.8 10.0
Variation rate of viscosity (pH=10)/% 28.9 49.5 13.1 12.4
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Fig.2 FTIR of SG, CMSG, 100
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of OSA-ACMSG could reach a value of 0.76 at the amount of pyridine of 30.0%.
Therefore, according to the variation tendency of the curve, the required amount of
pyridine was not less than 20.0% to obtain OSA-ACMSG with high DS.

From Fig. le, the influence of ionic liquid on the esterification was similar to
that of reaction time. The low amount of ionic liquid could lead to more ACMSG to
be insoluble so that the DS was reduced, whereas an excess of ionic liquid diluted
the concentration of OSA in this system so that it slightly influenced the contact
between OSA and ACMSG.

Above all, the suitable esterification conditions were as follows: reaction tem-
perature 120.0 °C, reaction time 1.5 h, amount of OSA 250.0%, amount of pyri-
dine 30% and amount of ionic liquid 1400.0%.

Effect of carboxymethylation, acidolysis and esterification on freeze-thaw
stability, swelling power, acid and alkali resistance.

The freeze—thaw stability, swelling capacity, acid and alkali resistance of SG,
CMSG (carboxyl contents=1.13%, the same below), ACMSG (carboxyl con-
tents=1.13%, fluidity=89.0 mL, the same below) and OSA-ACMSG (carboxyl

Intensity
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J 0 1 1 1 1
0 20 40 60 80 100 0 100 200 300 400 500 600
Temperature /° C

Diffraction angle /°

Fig.3 XRD a and TGA b cureves of SG, CMSG, ACMSG and OSA-ACMSG
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contents=1.13%, fluidity=89.0 mL, DS=0.76, the same below) are shown in
Table 1. As far as the frozen products were concerned, the freeze—thaw stability of
SG and SG derivatives was very important to guarantee the quality of the products
added by SG or SG derivatives during the freezing storage process. After the car-
boxymethylation, acidolysis and esterification of SG, the syneresis rate of SG deriv-
atives was evidently less than that of SG. The syneresis rate of OSA-ACMSG was
the lowest, indicating that the freeze—thaw of OSA-ACMSG was the best among
these derivatives, and OSA-ACMSG could be used well for the frozen products
in this regard. The swelling capacity of SG derivatives was less than that of SG
except for CMSG. Interestingly, the viscosity of SG, CMSG and OSA-ACMSG all
decreased when the pH of their paste was 3.0, while the viscosity of SG, CMSG and
OSA-ACMSG all increased at the pH of 10.0. Furthermore, according to the vari-
ation rate of the viscosity, we could obtain that the acid resistance was in order of
OSA-ACMSG > SG > CMSG > ACMSG, and the alkali resistance was in order of
OSA-ACMSG > ACMSG > SG>CMSG.

Analysis of Fourier transform infrared (FT-IR), X- ray diffraction (XRD), TGA, size
distribution and particle morphology

The FT-IR of SG and SG derivatives are shown in Fig. 2. The FT-IR of CMSG,
ACMSG and OSA-ACMSG were clearly dissimilar to that of SG. A new peak
at 1735.0 cm™! which belonged to the stretching vibration of the C=0 bonds
appeared on CMSG, ACMSG and OSA-ACMSG FT-IR curves. The difference
was that the peak intensity of the C=0 bonds was different on these curves. The
similar results about the peak position of the C=0 bonds were also reported in the
literature [53]. It confirmed that SG was successfully etherified by chloroacetic
acid, and the carboxymethyl groups in CMSG, ACMSG were also influenced by
the esterification. Moreover, the discernible peaks at 1148.0 cm™! were attributed
to the asymmetric stretching vibration of C—O-C bonds and confirmed that the
carboxymethylation, acidolysis and esterification did not destroy the basic struc-
ture of SG. However, the stretching vibration peak of C—H bond in OSA-ACMSG
FT-IR was also different from others. Due to the influence of the high contents
of octenyl succinate groups, it was split into two peaks at the wave numbers of
2929.0 cm™!, 2860.0 cm™', separately. The occurrence of two peaks should be

Table2 The key groups and

. 1 Groups Wave numbers/cm™"
position of corresponding peaks
C=0 1735.0
C-0-C 1148.0
C-H in methyl groups 2929.0
C-H in methylene groups 2860.0
H-O-H 1647.0
c=C 1630.0
RCOO~ 1568.0
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Fig.4 Sixe distribution of SG 100
and its derivatives
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Table 3 The TGA thermodynamics data of SG, CMSG, ACMSG and OSA-ACMSG

Samples SG CMSG ACMSG OSA-ACMSG
Onset decomposition temperature/°C 282.4 294.6 290.0 243.7
End decomposition temperature/°C 332.1 353.7 341.2 324.5
Weight loss rate/% 44.0 54.1 342 41.2

attributed to the methyl and methylene C—H stretching associated with the octe-
nyl substituents [54]. Another typical peak at 1647.0 cm™' only in SG, CMSG
and ACMSG FT-IR was attributed to the bending vibration of H-O-H bonds, but
the peak of H-O-H bonds on OSA-ACMSG disappeared. It confirmed that water
adsorbed by OSA-ACMSG was much smaller that adsorbed by SG, CMSG and
ACMSG, that is, the hydrophobicity of OSA-ACMSG was much stronger than
that of SG, CMSG and ACMSG. In addition, a new peak at 1630.0 cm™! revealed
the stretching vibration of C=C bonds. A new small peak at 1568.0 cm™! revealed
the asymmetric stretching vibration of carboxylate RCOO™. It indicated that the
octenyl succinate groups were successfully introduced into OSA-ACMSG. The
result was also consistent with the result provided in the literature [55]. Finally,
the peaks of the above key groups are listed in Table 2 to clearly identify them.
From Fig. 3a, any new peak was not introduced into XRD patterns of CMSG,
ACMSG, compared with SG. The diffraction peaks of SG, CMSG and ACMSG
appeared at the diffraction angle of 11.4°, 14.5°, 17.1°, 20.3° and 23.2°, respec-
tively. The carboxymethylation and acidolysis only changed the peak intensity.
The carboxymethylation weakened the peak intensity at 20.3°, while the acidolysis
strengthened the peak intensity. Moreover, the acidolysis also enhanced the peak
intensity at the diffraction angle of 14.5°, 17.1° and 20.3°. However, the above-
mentioned peaks of OSA-ACMSG vanished. Therefore, it confirmed that SG,
CMSG and ACMSG were a semicrystalline polymer, but OSA-ACMSG became
an amorphous polymer, namely the esterification changed the crystalline structure
of SG. The amorphous structure of OSA-ACMSG should be caused by the ester-
ification completed in ionic liquid. However, the semicrystalline structure of SG
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Fig.5 SEM photos of SF (A), CMSG (B), ACMSG (C) and OSA-ACMSG (D)

Table 4 Key parameters of size distribution of SG and its derivative particles

Samples Specific surface area  Dx (10)/pm Dx (50)/pm Dx (90)/pm
m%/kg

SG 342.1 13.0 60.8 134.0

CMSG 100.8 33.3 80.3 169.0

ACMSG 94.6 36.0 84.5 171.0

OSA-ACMSG 46.1 73.1 185.0 400.0

was different from that reported in the literature [26]. Eventually, the crystallinity
degrees of SG, CMSG and ACMSG were calculated using MIDI jade 6.0 Software
as 56.2%, 51.4% and 69.0%, respectively. It was clearly proved that the carboxym-
ethylation destroyed the crystalline region, but the acidolysis destroyed the amor-
phous region.

From Fig. 3b, TGA curves of SG, CMSG, ACMSG and OSA-ACMSG con-
sisted of dehydration and decomposition which was composed of rapid decom-
position and slow decomposition stages. The decomposition of polymers was
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related to their composition, chain size and structure. The TGA curve of SG
was influenced by the carboxymethylation, acidolysis and esterification. The
carboxymethylation and esterification significantly lowered the residual amount
of decomposition products, similar results were reported by others [56, 57].
However, the acidolysis obviously increased the residual amount of decompo-
sition products. The esterification slowed down the rapid decomposition stage.
Moreover, the TGA thermodynamics data of SG, CMSG, ACMSG and OSA-
ACMSG were calculated and are listed in Table 3 to further analyze the effect
of acidolysis, carboxymethylation and esterification on the thermal properties
of SG. From Table 3, the carboxymethylation increased the onset decomposi-
tion temperature and end decomposition temperature, whereas the esterification
and acidolysis decreased the onset decomposition temperature and end decom-
position temperature. The sequence of the thermal stability was in order of
ACMSG > OSA-ACMSG > SG > CMSG.

From Fig. 4 and Table 4, it could be seen that the particle size distribution of
CMSG, ACMSG and OSA-ACMSG was more than that of SG. The carboxymeth-
ylation and esterification increased the average particle size of SG more than the
acid hydrolysis. Especially, the Dx [50] and Dx [90] of OSA-ACMSG could reach
185.0 pm and 400.0 pm, respectively, and were much larger than those of SG. At the
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Fig. 6 Static rheological curves of SG, CMSG, ACMSG, and OSA-ACMSG
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Fig. 7 Dynamic rheological curves of SG, CMSG, ACMSG, and OSA-ACMSG

same time, the specific surface area of SG decreased as deepening the modification
degree. The reduction of SG derivatives in specific surface area also indirectly con-
firmed that CMSG, ACMSG and OSA-ACMSG particles experienced the inflation
during the modification.

The scanning electron microscope (SEM) photographs of SG, CMSG,
ACMSG and OSA-ACMSG are shown in Fig. 5. From Fig. 5, the particles of
CMSG, ACMSG and OSA-ACMSG were evidently different from those of SG.
The surface of SG particles was smooth, and their shape was irregular, and their
size was very uneven. After the carboxymethylation, acidolysis and esterifica-
tion of SG, the surface of CMSG, ACMSG and OSA-ACMSG became rough
and further deteriorated as increasing the modification degree. Interestingly,
the carboxymethylation created the deep grooves on CMSG grains, whereas
the acidolysis made the grooves disappear. The honeycomb holes appeared on
OSA-ACMSG grains. This should be caused by the recrystallization during the
homogeneous synthesis of OSA-ACMSG. Therefore, we could conclude that the
carboxymethylation and acidolysis had different destructive ways upon the mod-
ification of SG.
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Table5 Contact angle of SG,
CMSG, ACMSG and OSA-
ACMSG

Samples SG CMSG CMSG ACMSG

Contact angle/® 85.5 84.0 84.6 98.8

Effect of carboxymethylation, acidolysis and esterification on hydrophobicity
of SG

The effect of carboxymethylation, acidolysis and esterification on hydrophobicity of
SG is shown in Table 5. As we know, if the contact angle of powders was greater
than 90.0°, the powders were hydrophobic, and vice versa. From Table 5, the contact
angle of SG, CMSG, ACMSG and OSA-ACMSG was 85.5°, 84.0°, 84.6° and 98.8°,
respectively. Obviously, the carboxymethylation, acidolysis basically did not change
the hydrophobicity of SG, but the OSA esterification enhanced its hydrophobicity.
Namely, the SG, CMSG, ACMSG were still hydrophilic, while the OSA-ACMSG
was hydrophobic. It further proved that the hydrophobic groups were successfully
introduced into OSA-ACMSG molecular chains. The result was accordance with
that obtained in the literature [58].

Effect of carboxymethylation, acidolysis and esterification on rheological
properties of SG

The static and dynamic rheological curves of SG and SG derivatives are presented
in Figs. 6 and 7. From Fig. 6, the apparent viscosity of SG and SG derivatives
decreased with increasing the shearing rate, but the stress of SG and SG deriva-
tives increased with increasing the shearing rate. The apparent viscosity of SG and
CMSG descended more quickly than ACMSG and OSA-ACMSG. The change trend

Table 6 The emulsifying

Sampl SG CMSG ACMSG OSA-ACMSG
capacity and stability of SG, ampes
CMSG, ACMSG and OSA- Emulsifying capacity/% 2.4 28.6 8.4 79.5
ACMSG 4
Emulsifying stability/% — 11.3 22 78.9

Table 7 Effect of adding SG, CMSG, ACMSG and OSA-ACMSG on key parameters of potato starch
gelatinization characteristics

Samples PT/°C  PV/cP  TV/cP  FV/cP  BD/cP  SB/cP
Potato starch 70.5 1126.0  903.0 1504.0 2230 621.0
Potato starch added by 0.2% SG 69.0 2110.0 1152.0 1773.0 958.0  958.0
Potato starch added by 0.2% CMSG 68.7 1937.0 1140.0 1723.0 797.0  583.0
Potato starch added by 0.2% ACMSG 68.9 1780.0 1138.0 1781.0 6420 643.0

Potato starch added by 0.2% OSA-ACMSG  69.3 2128.0 1152.0 1753.0 976.0  601.0

PT Pasting temperature, PV peak viscosity, TV trough viscosity, BD breakdown (BD=PV-TV), FV final
viscosity, SB setback (SB=FV-TV)
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in the stress of SG and CMSG was entirely different from that of ACMSG and OSA-
ACMSG. The stress of latter two almost linearly increased as increasing the shear-
ing rate.

The storage modulus (G’), loss modulus (G”) and tan § were used to measure
the stored energy. G’ and G” represented the ability to store elastic deformation
energy, viscosity, respectively. The tan 6 reflected the relative strength of elas-
tic and viscous properties of samples. From Fig. 7, the energy storage modulus
(G’) of SG, CMSG, ACMSG and OSA-ACMSG increased with the increase in
angular frequency, but the increase in CMSG in the energy storage modulus was
different from that of SG, ACMSG and OSA-ACMSG. The loss modulus (G”)
of CMSG varied greatly with the increase in angular frequency, while the loss
modulus (G”) of SG, ACMSG and OSA-ACMSG varied little. For the tan &, the
trend of CMSG was also different from that of SG, ACMSG and OSA-ACMSG.
The tan 6 of SG, ACMSG and OSA-ACMSG decreased as increasing the angu-
lar frequency within a certain range, but the tan 6 of CMSG increased with the
angular frequency when the angular frequency was below 4.0 rad/s. The tan 6 of
OSA-ACMSG was the lowest among SG, CMSG and ACMSG when the angular
frequency was greater than about 0.5 rad/s. The above results confirmed that SG,
CMSG, ACMSG and OSA-ACMSG had the gel characteristics. And the carboxy-
methylation, acidolysis and esterification could have an influence on the elasticity
and glutinosity of SG in different levels.

Emulsifying capacity and stability of SG and its derivatives

The emulsifying capacity and stability of SG, CMSG, ACMSG and OSA-ACMSG
are presented in Table 6. From Table 6, the emulsifying capacity of SG was very
poor, and the emulsifying capacity of OSA-ACMSG was the best. The carboxym-
ethylation and esterification of OSA [59] could improve the emulsifying capacity of
SG, but the effect of OSA esterification was much better than that of carboxymeth-
ylation. The acidolysis could not improve the emulsifying capacity of SG. This phe-
nomenon might be from the production of many short hydrophilic chains due to the
cleavage of chains by the acidolysis. In addition, the emulsifying stability of OSA-
ACMSG was much stronger than that of CMSG. And the sequence of the emulsify-
ing stability was in order of OSA-ACMSG, CMSG and SG.

Effect of adding SG and its derivatives on gelatinization characteristics of potato
starch

The effects of adding SG and its derivatives on the gelatinization characteristics of
potato starch are presented in Fig. 8 and Table 7. From Fig. 8, adding SG, CMSG,
ACMSG and OSA-ACMSG obviously affected the gelatinization characteristics
of potato starch. Adding SG or OSA-ACMSG made to the viscosity of the mix-
ture paste more than 2000.0 cP at the amount of SG or OSA-ACMSG 0.2%. After
adding SG, CMSG, ACMSG and OSA-ACMSG, the final viscosity of the mixture
paste obviously increased. It would take different time for the mixture paste to reach
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Fig. 8 Effect of adding SG, CMSG, ACMSG and OSA-ACMSG on pasting properties of potato starch. a

Potato starch, b potato starch added by 0.2% SG, ¢ potato starch added by 0.2% CMSG, d potato starch
of 0.2% ACMSG, e potato starch of 0.2% OSA-ACMSG

the peak viscosity. Potato starch and potato starch mixed SG, CMSG, ACMSG and
OSA-ACMSG took 8.07 min, 7.70 min, 8.03 min, 8.43 min and 7.80 min to reach
peak viscosity, respectively.

From Table 7, after adding SG, CMSG, ACMSG and OSA-ACMSG, the pasting
temperature of potato starch decreased, whereas its breakdown increased. The set-
back of potato starch added by CMSG or OSA-ACMSG was less than that of potato
starch, but the setback of potato starch added by SG or ACMSG was greater than
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that of potato starch. Moreover, adding SG, CMSG, ACMSG and OSA-ACMSG
increased the peak viscosity and trough viscosity of potato starch.

Conclusions

The absorption peaks of C=0 bonds at 1735.0 cm™! and C=C bonds at 1630.0 cm™!
on CMSG and OSA-ACMSG FT-IR curves confirmed that the carboxymethyl and
octenyl succinate groups were successfully inserted into the SG molecular chains.
The carboxymethylation and OSA esterification could increase the emulsifying
capacity and stability of SG, but the effect OSA esterification was much better than
the carboxymethylation. The carboxymethylation could lead to the large swelling
of SG particles, whereas the acidolysis could only result in the small expansion.
CMSG was different from SG and other materials in increasing the storage modulus.
The OSA esterification was able to ameliorate the acid and alkali resistance of SG.
The destruction of SG particles by the acidolysis was different from the carboxy-
methylation. SG, CMSG, ACMSG and OSA-ACMSG had the gel characteristics.
The addition of CMSG or OSA-ACMSG could lower the setback of potato starch.
The addition of SG, CMSG, ACMSG and OSA-ACMSG would worsen the shearing
resistance of potato starch. Finally, it could be concluded that SG derivatives could
be used as gelling agent, thickener, adhesive and stabilizer for the medicine delivery
and food emulsification in the future.
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