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Abstract Starch chemical modification can be used in
order to obtain modified starches (MS) with low affinity to
water. Acetylated and succinylated starches whose appli-
cations as food ingredient depend upon their degree of
substitution (DS) may be produced by esterifying starch
through the extrusion process (EP). The Food and Drug
Administration recommends a DS of 0.2 and 0.05 for
acetylated and succinylated starches, respectively. The
objective of this study was to find mathematical models to
obtain the optimum values of DS, Water absorption Index
(WAI) and Water Solubility Index (WSI) for MS with safe-
for-food-use DS and low affinity to water, modifying the
starches by acetylation and succinylation using EP. The
process variables were Barrel Temperature (BT,
80-160 °C), Screw Speed (SS, 100-200 rpm) and Reactant
Concentration (RC, Acetylation, 0—13% and Succinylation,
0-3%). The best conditions to obtain acetylated starches
were RC = 7.88%, BT =80 °C and SS = 100 rpm, pre-
senting values of DS = 0.2, WAI = 7.67 g/g and WSI =
6.15%. On the other hand, the optimum conditions to
obtain succinylated starches were RC =1.12%, BT =
80 °C and SS = 126 rpm, obtaining values of DS = 0.05,
WAI = 3.40 g/g and WSI = 7.92%. These results showed
that it is possible to obtain acetylated and succinylated MS
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with safe-for-food-use levels of DS and with low affinity to
water, using EP.
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Introduction

In the last decades, the environmental awareness has
stimulated the development of biomaterials from renew-
able resources to replace non-biodegradable materials in
diverse applications (Mendes et al. 2016). Starch is one of
the most elaborate biopolymers owing to its biodegrad-
ability, renewability, low cost and availability. Recently,
corn starch has become the predominant raw material in the
biodegradable materials production. This probably occurs
because corn is the main starch source commercially
available (around 65%) followed per sweet potato (13%)
and cassava (11%) (Luchese et al. 2017). Starch exhibits
thermoplastic properties when disintegrated by the action
of heat and shear in the presence of plasticizers. However,
the thermoplastic starch presents certain disadvantages
such as poor mechanical properties and high-water sensi-
bility which limits its potential application. To overcome
these drawbacks, further chemical modification is usually
necessary (Babaee et al. 2015; Wang et al. 2017).

The most common starch chemical modification in the
food industry is done by esterifying native starch with
acetic and succinic anhydride to produce acetylated and
succinylated starches, respectively. Acetyl or succinyl
groups are formed by esterifying the available hydroxyl
groups on C,, Cs, and Cg carbons of the anhydroglucose
units in the starch molecules so that theoretically, the
highest DS is 3. However, Food and Drug Administration
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(FDA) allows an average DS of 0.2 for acetylated and 0.05
for succinylated starches, for food and pharmaceutical
applications. The starch source, the reaction conditions of
the modifying process (temperature, and reactant concen-
tration), and the DS determine the functional properties of
the chemically modified starch. MS with low DS may
improve texture, stability, and consistency of food products
and, therefore, are commonly used in the food industry. In
the case of MS with high DS, they are used in the non-food
industry to develop diverse products such as cigarette fil-
ters, coatings, adhesives, and tablet binders (Xu et al. 2004;
Diop et al. 2011; Wu et al. 2014). It is accepted that the
chemical modification may affect the interaction between
water and processed starches, reducing its hydrophilicity as
a consequence of the integration of hydrophobic groups,
either acetyl or succinyl to the starch molecules. The extent
of affectation to this interaction can be monitored by
determining WAI and WSI. WAI is the quantity of water
absorbed by a given amount of starch and an indicator of
the extent of hydrophilicity for the MS, whereas WSI is
associated to the extent of dextrinization and serves to
assess the starch degradation. Reduced levels of WAI and
WSI lead to enhanced stability and, as a consequence,
improved suitability as packaging material (Xu et al. 2005).
The process most commonly used for the industrial man-
ufacture of modified starches is referred to as the wet
process, whose requirement for excessive amounts of
reagents is its main drawback. However, there is an effluent
free, environmentally friendly, and energy efficient alter-
native known as the dry process, also called the extrusion
process, based on the application of high temperatures for
short times. During the extrusion process, the starch
undergoes molecular changes due to the applied heating
and the cutting forces developed on the material being
transported by the rotational motion of a single or double
screw within the barrel (Wu et al. 2014). The levels of
screw speed and barrel temperature influence the functional
features of the MS due to the mechanical disruption and
transformation of the starch molecules (Gonzilez-Seligra
et al. 2017). DS, WAI and WSI are MS response variables
that can be affected by multiple independent variables,
whose impact can be assessed by the Response Surface
Methodology (RSM). RSM can help to obtain mathemati-
cal models suitable for use in the process optimization (Wu
et al. 2014; Abiddin et al. 2015). Therefore, the objective of
this study was to find mathematical models to obtain the
optimal values of DS, WAI and WSI for MS by acetylation
and succinylation using EP with safe-for-food-use DS and
low water affinity.
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Materials and methods
Raw materials

As a raw material for starch modification, native food-
grade corn starch (Ingredion, Jalisco, Mexico) was used.
Acetic anhydride (JT Baker®, Pa., USA) and succinic
anhydride (Sigma—Aldrich, St. Louis, MO, USA) of ana-
lytical grade, were used as reactants to obtain the MS by
acetylation and succinylation, respectively.

Starch chemical modifications

The chemical modification (acetylation and succinylation)
of corn starch was promoted employing the EP under the
conditions given by the experimental designs presented in
Tables 1 and 2. As can be seen the study factors were:
Barrel Temperature (BT, 80-160 £ 1 °C), Screw Speed
(SS, 100-200 rpm) and Reactant Concentration (RC, acetic
anhydride, 0-13% and succinic anhydride, 0-3%). The RC
was calculated in function of the starch total mass and was
slowly added with respect to starch (dry basis) according to
the experimental designs. The moisture content of the
starch samples was adjusted to 20 & 1%, and then extru-
ded using an extruder Model LT32L (Shandong Light
M&E, China) with an L/D ratio of 20:1, compression 2:1
and a circular die of 4 mm diameter. The feed rate was kept
constant at 35 g/min. Extruded samples were dried in an
oven (Yamato DKN402C, CA, USA) at 60 °C for 12 h,
ground using a hammer mill (Pulvex model 200, Mexico
City, Mexico) and sieved in a mesh of 200 um particle
size. The pH was adjusted to 5.0 employing an aqueous
NaOH solution (5% w/v) and the slurry was centrifuged at
6000 rpm for 10 min; the pellet was washed and dried for
24 h at 45 °C. The dried powder was ground and sieved in
a mesh of 200 um opening size. MS were packed in
polyethylene bags and stored at 25 °C and 53% of relative
humidity, for further analysis.

Degree of substitution
Acetylated starches

The DS was determined according to the methodology
proposed by Jeon et al. (1999). For this purpose, 1 g of the
starch sample was dissolved in 10 mL of dimethyl
sulphoxide (DMSO) by heating (70 °C, 10 min). After
cooling, five or six drops of phenolphthalein were added.
This solution was titrated with NaOH 0.05 M until obtain a
pink color. The DS was obtained using the Eq. 1 described
by Song et al. (2006).
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Table 1 Experimental design

and results of the response Treatment Independent variables DS  WAI (g/g) WSI (%)

variables to obtain different Codified Decodified

combinations of BT, SS and RC

(acetic anhydride) for the X, Xz BT (°C) SS (rpm) RC (%)

preparation of MS by

acetylation using EP 1 —1.00 - 1.00 1.00 96 120 2.64 0.07 7.68 12.13
2 1.00 1.00 1.00 144 120 2.64 0.07 7.70 11.10
3 —1.00 - 1.00 1.00 96 180 2.64 0.07  8.05 14.28
4 1.00 1.00 1.00 144 180 2.64 0.10  8.10 11.29
5 —1.00 - 1.00 1.00 96 120 10.36 0.23 10.10 8.06
6 1.00 1.00 1.00 144 120 10.36 021 11.41 8.86
7 —1.00 - 1.00 1.00 96 180 10.36 022 11.32 8.11
8 1.00 1.00 1.00 144 180 10.36 0.22 11.61 7.76
9 — 1.68 0.00 0.00 80 150 6.50 0.15 10.15 8.90
10 1.68 0.00 0.00 160 150 6.50 0.13  9.59 10.63
11 0.00 — 1.68 0.00 120 100 6.50 0.16  8.53 10.22
12 0.00 1.68 0.00 120 200 6.50 0.16  9.81 9.94
13 0.00 0.00 1.68 120 150 0.00 0.01 7.79 14.38
14 0.00 0.00 1.68 120 150 13.00 0.24 12.78 7.09
15 0.00 0.00 0.00 120 150 6.50 0.16 10.06 13.92
16 0.00 0.00 0.00 120 150 6.50 0.16  9.93 10.95
17 0.00 0.00 0.00 120 150 6.50 0.15 1191 12.68
18 0.00 0.00 0.00 120 150 6.50 0.15 11.40 12.92
19 0.00 0.00 0.00 120 150 6.50 0.16 11.30 12.79
20 0.00 0.00 0.00 120 150 6.50 0.15 10.83 13.08

BT Barrel Temperature, SS Screw Speed, RC Reactant Concentration, DS Degree of Substitution, WAJ
Water Absorption Index and WSI Water Solubility Index

DS = [0.162 x (A x M)/W]/[1 — (0.102 x (A x M))/W]
(1)

where A is the volume of NaOH solution (mL), M is the
concentration of NaOH solution and W is the dry weight
(g) of the acetylated starch. The molecular weights of
acetic anhydride (102 g/mol) and anhydroglucose
(162 g/mol) are represented in Eq. 1. Three repetitions
were made for every assay and the average value was
reported.

Succinylated starch

The DS was determined using the methodology described
by Jeon et al. (1999) and calculated employing the Eq. 1
with the molecular weight of succinic anhydride
(100 g/mol) instead of acetic anhydride molecular weight.

Water absorption index (WAI) and water solubility
index (WSI)

The WSI and WATI of the MS were determined following
the methodology reported by Anderson et al. (1969). 2.5 g
of MS sample was mixed in 30 mL of water in a 50 mL

centrifuge tube. Subsequently, the mixture was centrifuged
at 3000x g for 15 min. Then, the supernatant was decanted
in a petri dish and the residue was weighted after drying it
for 12 h at 105 °C. WSI was determined as the amount of
solids in the dried supernatant regarding to the total dried
solids in the original sample. WAI was calculated by the
ratio of g of the absorbed water in the sediment after
centrifugation and g of dry solids. Three replicates per
treatment were made and the mean value was reported.

Experimental design

A central composite rotable model with o of 1.6817 and
three numerical factors: Barrel Temperature (BT, 80-
160 °C), Screw speed (SS, 100-200 rpm) and Reactant
Concentration [(RC, acetic anhydride, 0—13% and succinic
anhydride, 0-3%)], was used. The factorial design included
20 experiments. All assays were randomly performed
(Tables 1, 2). The experimental behavior was predicted
using a second order polynomial (Eq. 2):

Vi = bo + b1 Xy + byXo + b3X3 + bp X1 Xo + b3 X1 X3
+ b3 XoX3 + by X7 + bnX3 + b33 X3 (2)
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Table 2 Experimental design

and results of the response Treatment Independent variables DS WAI (g/g) WSI (%)

variables to obtain different Codified Decodified

combinations of BT, SS and RC

(succinic anhydride) for the X, X2 BT (°C) SS (;pm) RC (%)

preparation of MS by

succinylation using EP 1 —1.00 - 1.00 1.00 96 120 0.61 0.034 7.92 13.52
2 1.00 1.00 1.00 144 120 0.61 0.039 8.39 14.37
3 —1.00 - 1.00 1.00 96 180 0.61 0.026 8.34 12.66
4 1.00 1.00 1.00 144 180 0.61 0.022 845 13.54
5 —1.00 - 1.00 1.00 96 120 2.39 0.071 7.18 9.19
6 1.00 1.00 1.00 144 120 2.39 0.070 7.48 9.23
7 —1.00 - 1.00 1.00 96 180 2.39 0.064 6.89 9.82
8 1.00 1.00 1.00 144 180 2.39 0.078 6.33 9.02
9 — 1.68 0.00 0.00 80 150 1.50 0.059 4.34 11.86
10 1.68 0.00 0.00 160 150 1.50 0.062 4.45 16.92
11 0.00 — 1.68 0.00 120 100 1.50 0.042 9.31 11.23
12 0.00 1.68 0.00 120 200 1.50 0.049 9.59 11.50
13 0.00 0.00 1.68 120 150 0.00 0.011  7.79 14.38
14 0.00 0.00 1.68 120 150 3.00 0.080 7.13 8.90
15 0.00 0.00 0.00 120 150 1.50 0.048 8.43 16.08
16 0.00 0.00 0.00 120 150 1.50 0.048 7.92 14.12
17 0.00 0.00 0.00 120 150 1.50 0.049 7.52 14.79
18 0.00 0.00 0.00 120 150 1.50 0.053 7.39 14.65
19 0.00 0.00 0.00 120 150 1.50 0.047 7.21 14.36
20 0.00 0.00 0.00 120 150 1.50 0.048 7.93 14.00

BT Barrel Temperature, SS Screw Speed, RC Reactant Concentration, DS Degree of Substitution, WAI
Water Absorption Index and WSI Water Solubility Index

where y; = experimental predicted response variable;
b;...1o = regression coefficients; X; = Barrel Temperature
(BT), X, = Screw Speed (SS) and X5 = Reactants Con-
centration (RC). The data were analyzed and adjusted to a
regression model of second order, and the coefficients of
regression were obtained. The response surface graphs
were obtained with the RSM Design Expert © Software
Version 7 (Stat-Ease, Inc., Minn., USA). The significance
of the models for each response was tested using variance
analysis (ANOVA) (P value and F value at 95% confidence
level). To relate each response with BT, SS, and RC, fol-
lowing response surface model with linear, quadratic, and
interactions terms was used. Only the terms with significant
effects (P < 0.05) were used in the fitted model. The
regression coefficients were expressed as coded variables.

Optimization

The optimization process was carried out using the
numerical method by means of the Design-Expert software
(Stat-Ease, Inc., Minneapolis, MN, USA). The response
variables used to optimize were DS, WAI and WSI. The
aim of the optimization process was to find the better
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processing conditions (BT and SS) and RC to obtain
modified starches with a safe-for-food levels of DS (< 0.2
and < 0.05 for acetylated and succinylated starches) and
low affinity to water (lowest WSI and WAI values) that can
be employed as raw material for the fabrication of
biodegradable products resistant to water. This data was
utilized for assessing the desirability function, which is one
of the most extensively used method for process opti-
mization with multiple responses in the food industry,
changing the desirability from 0 (lowest) to 1 (highest).
The experimental values were compared with predicted
values to validate the obtained model.

Microstructural characterization

Once the optimum treatment of each modified starch
(acetylated and succinylated) was obtained, they were
characterized according to their microstructural properties
(XRD, SEM and FT-IR) to determine the structural change
caused in the MS during EP and verify the chemical
modification. The obtained results were compared with
those of native starch.
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X-ray diffraction

Samples at particle size of less than 200 um were packed
into a glass holder with a depth of 0.5 mm and placed on an
X-ray diffractometer (Rigaku Model Last D/Max-2100,
Rigaku Denki Co. Ltd., Japan). With a sweep angle of
Bragg of 5°-50° over a scale of 20 with intervals of 0.02,
operating at 16 mA and 30 kV, with CuKa radiation and a
wavelength A = 1.5406 A, the diffractograms were
obtained. The percentage of relative crystallinity was cal-
culated using the Herman’s method, as reported by Gomez
et al. (1989) as crystalline area/total area x 100 (Aguilar-
Palazuelos et al. 2007). Origin software 6.1 (OriginLab,
Northampton, MA, USA) was used to analyze the spectra
and determine the degree of crystallinity.

Scanning electron microscopy (SEM)

SEM study was carried out according to the method
reported by Rodriguez-Castellanos et al. (2015). A Scan-
ning Electron Microscope (Philips®, Model XL30 ESEM,
Eindhoven, Holland) was employed, using a secondary
electron detector with 10-15 kV of acceleration. The
microphotographs were obtained by ESEM XL-30
software.

Infrared spectroscopy analysis (FT-IR)

The FT-IR patterns were registered using infrared spec-
troscopy (Perkin Elmer, Spectrum GX), following the
methodology of Sandler et al. (1998). Infrared spectra of
4000-300 cm™' were obtained. The diffuse reflectance
angles were set at 5° and scans of 32° were acquired for

each picture at a resolution of 4 cm™".

Results and discussion
Acetylated starches
Degree of substitution (DS)

Table 1 appears the results of DS for the acetylated star-
ches. DS showed a significant model of regression with
values of Rﬁdj =0.99, coefficient of variation (CV) =
4.21%, and P of F < 0.01, and did not show lack-of-fit.
RC in its linear (P < 0.01) and quadratic (P = 0.01) terms
was the factor that had the most effect on DS. BT and SS
had not significant effect (P > 0.05) in their linear and
quadratic terms. Therefore, only the terms with significant
effects (P < 0.01) were maintained in the fitted model. The

coefficients of the prediction model obtained for the vari-
able DS are presented in the Eq. 3:

DS = +0.15 + 0.07X; — 6.80 x 103X, * X5 — 8.919
x 1073X3

(3)

The behavior in relation to the factors BT and RC at
150 rpm of SS is shown in Fig. la. It was observed that by
increasing RC from 0O to 13%, DS increased throughout the
studied BT range (80—-160 °C). This behavior could be due
to that the esterification process in the elaboration of MS
includes the making of new bonds. The BT and SS facili-
tate an effective collision between the RC, and the starch
resulting in favorable conditions of speed, power, and
strength to break the bonds between the starch molecules
and allow the making of new bonds with the reagent
(Lawal 2004). Similar behaviors have been detailed by
some researchers. Han et al. (2013) mentioned that mixing
starches with acetic anhydride under high temperature
conditions, cause the crystalline regions to change into
amorphous regions, contributing this to the contact
between the acetyl groups of the reactant and the molecules
of the starch, causing an increase of the DS. Singh et al.
(2004) reported that the acetyl content (%) increased pro-
gressively, up to 10% amount of addition of acetic anhy-
dride, in corn starch. This behavior has happened due to the
input of acetyl groups in the starch molecule. Likewise,
Colussi et al. (2015) evaluated the effect of the acetic
anhydride concentration on the DS of acetylated rice starch
utilizing diverse amounts of acetic anhydride (5, 10 and
20 g/100 starch dry basis), and reported that acetylated
starches with the highest RC (20 g/100 g) presented the
highest DS.

Water absorption index (WAI)

Table 1 shows the WAI of MS. The statistical analysis of
the WAI data for the acetylated starches showed a signif-
icant regression model with Rﬁdj = 0.87, CV = 5.63%, and
P of F < 0.01, and did not show lack-of-fit. RC was sig-
nificant in the linear terms (P < 0.01). The quadratic terms
of BT (P = 0.02) and SS (P < 0.01) had significant effect.
The Eq. (4) shows the mathematical model used for this

response:

WAI = +10.91 + 1.56X5 — 0.41X} — 0.66X; (4)

Figure 1b shows the WAI of acetylated starches. It is
observed that the WAI values were increased with the
increase of the RC (from 0 to 13%) and BT (80 to 120 °C).
This behavior could be due to the introduction of acetyl
groups into the starch molecule that prevented the inter-
chain association in the starch and enhance the access of
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Fig. 1 Effect of RC and BT on
the response variables to a SS of
150 rpm. Acetylated starch:
Degree of Substitution (a);
Water Absorption Index (b);
Water Solubility Index (c).
Succinylated Starch: Degree of
Substitution (d); Water
Absorption Index (e); Water
Solubility Index (f)

WAI (g/g)

0.00 80
o

water to the amorphous area, increasing thus, the WAI of
the starch granule (Diop et al. 2011; Xu et al. 2005).
Regarding the behavior of the BT effect on the WAI, the
EP increased of WALI of the starch, this could be owing to
the starch granules being disrupted by the thermal effect.
Therefore, the fragmented starch granules presented more
available hydroxyl groups that could retain water mole-
cules by hydrogen bonds thus increasing the WAI (Sari-
fudin and Assiry 2014). Olu-Owolabi et al. (2014) reported
enhanced swelling power for acetylated acha starch at
increased temperature, due to the debilitation of the intra-
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granular binding forces inside the starch granule, which
offered less restriction to swelling of the MS.

Water solubility index (WSI)

The statistical analysis of the WSI data for the acetylated
starches showed a significant regression model with
Rﬁdj = 0.89, CV =7.02%, and P of F < 0.01, and did not
show lack-of-fit. The RC in its quadratic (P < 0.01) and
linear (P < 0.01) terms was significant for WSI.
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The BT and SS in their quadratic terms (P < 0.01) had a
significant effect on this response. The following Eq. (5)
shows the mathematical model for WSI response:

WSI = +12.73 — 1.94X5 — 1.06X; — 0.95X; — 0.72X;
(5)

The changes in WSI of acetylated starch are illustrated
in Fig. lc. It can be seen that as the BT increased (until
130 °C), the WSI values increased. This could be due to
the severe conditions of the EP which can lead to an
extensive dextrinization of the starch by the effect of the
shearing and thermal conditions, resulting in an increased
formation of water-soluble products (Fakhouri et al. 2013).
On the other hand, it was also observed that as the RC was
increased (0 to 13%), the WSI of the acetylated starch
values decreased (Fig. 1c). The increase in RC led not only
to an increase in acetyl groups but also to a decrease in O—
H groups, resulting in a lower WSI as a consequence of the
reduced movement of water into the starch molecules that
became less-hydrophilic and more-hydrophobic (Diop
et al. 2011). This behavior is in agreement with Xu et al.
(2004) who considered that starch becomes resistant to
water after acetylation (the higher the DS, the greater the
hydrophobicity), as a consequence of the reduced possi-
bility of forming hydrogen bonding between the O-H
groups of starch and water. Shogren and Biswas (2006) as
well reported a decrease in the solubility of starch in water
due to an increase in DS. This behavior was attributed to
the increase in hydrophobicity as a result of the incorpo-
ration of acetyl groups (acetylation) in the starch
molecules.

Succinylated starch
Degree of substitution (DS)

Table 2 shows the DS values for the starches modified by
succinylation. DS showed a significant model of regression
with values of Rﬁdj =097, CV=643%, and P of
F < 0.01, and did not show lack-of-fit. The linear terms of
the RC (P < 0.05) and BT, and the quadratic term of the
BT (P < 0.05) significantly influenced the DS of MS by
succinylation using EP. The SS was not significant in any
terms (P > 0.05). The Eq. (6) shows the final model for
DS:

DS = +0.047 + 5.84 x 103X, + 0.02X5 + 3.29
x 107X} (6)

Figure 1d shows the behavior of the DS regarding BT
and RC at a SS of 150 rpm. It is shown that the higher the
RC, the higher the DS, obtaining the maximum DS when a
BT of 120 °C was used. Similar behaviors have been

reported by several researchers. Arueya and Oyewale
(2015) reported that there was a general augment in the
succinyl groups and DS when RC was increasingly added
from 3 to 14% to native acha starch. The augment in the
DS value might be owing to the processes of diffusion and
retention of the reactants which could have enhanced the
interactions between the esterifying agents and the starch.
Concerning the effect of BT on DS, Tian et al. (2015)
worked with corn-starch modified with dodecenyl succinic
anhydride (DDSA) and mentioned that when BT was
increased (up to 120 °C), DS also increased. This is
because the starch quickly achieved a molten state that
favored the expansion and rupture of starch granules, thus
improving reactant interaction. As a result, starch granules
were easily penetrated by water and anhydride molecules
and improved the esterification rate. Likewise, they
reported that when SS and shear force were increased, the
DS increased also.

Water absorption index (WAI)

The statistical analysis of the WAI data for the succinylated
starch showed a significant regression model with
Rfldj =0.87,CV = 6.12%, P of F < 0.01. The lack of fit of
the regression model was not significant (P > 0.05). Both
the linear term of RC and the quadratic term of BT were
significant in this response variable (P < 0.01). The
SS*RC (X,*X3) interaction term (P < 0.05) was signifi-
cant. While SS had no significant effect on the linear and
quadratic terms (P > 0.05). The prediction model obtained
for WAI variable is presented in the Eq. (7):

WAI = +7.73 — 0.46X3—0.24X, * X5 — 1.06X} (7)

Figure le shows the surface graph of the WAI of the
succinylated starch. It was observed that the WAI increased
in proportion to the BT (up to 130 °C); however, above
130 °C of BT, the WAI values began to decrease. The
increase in BT promotes internal mixing and uniform
heating, which enhances the gelatinization of starch and
thus WAI increases. On the other hand, excessive BT
significantly decreases the WAI which can be explained by
prevalence of dextrinization over gelatinization (Gulati
et al. 2016). Olayinka et al. (2011) mentioned that as the
temperature of the medium increases, starch molecules
become more thermodynamically activated, and the resul-
tant augment in granular mobility improves diffusion of
water which encourages swelling. On the other hand, it was
observed that when the RC was increased (0 to 3%), the
values of the WAI decreased (Fig. le). Regarding this
behavior obtained, Viswanathan (1999) confirmed that the
inclusion of succinyl groups on the molecules of starch
reduced hydrophobicity. Likewise, Arueya and Oyewale
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(2015) reported that there was a decrease in swelling power
of succinylated starches compared to the native acha
starch, indicating higher molecular re-organization within
the granules.

Water solubility index (WSI)

The WSI of the succinylated starch was influenced sig-
nificantly by the linear terms of RC and BT and quadratic
term of BT (P < 0.01). The WSI model showed values of
Ridj = 0.83, CV =8.27%, and P of F < 0.01, and did not
show lack-of-fit. The Eq. (8) shows the mathematical
model for WSI.

WSI = 414.50 4 0.69X; — 1.91X; — 1.25X? (8)

Figure 1f shows that WSI values of succinylated starch
increased in proportion of the BT (80-160 °C), while
decreased with the increase of RC (0 to 3%). This is due to
increased shearing of starch under severe operating con-
ditions. WSI is a suitable indicator of starch change as well
as the intensity of extrusion process conditions. Native
starches do not absorb water, whereas extruded starches
absorb water rapidly and form the gel. Olayinka et al.
(2011) reported that as BT increased, high WSI values
were observed due to the disruption by heating of the
amylose chains whose derived fragments were leached and
contributed to a greater solubility. Altan et al. (2008),
reported that the higher the EP temperature, the greater the
starch solubility due to an increase in the gelatinized starch
and the soluble solids, accordingly. During the EP, the
dough is subjected to temperatures and shearing forces
high enough to break the hydrogen bonds of their crys-
talline regions as well as the covalent and non-covalent
bonds of the starch molecules, thereby releasing water-
soluble fragments. Murda-Pagola et al. (2009) similarly
reported an increased solubility in water of those starches
succinylated by EP under conditions that caused an
extensive dextrinization of biopolymers. Regarding the
behavior of RC on WSI, Viswanathan (1999) mentioned
that the starch succinylation could have conferred a certain
hydrophobicity to the regularly hydrophilic starch chains.
Also, Olu-Owolabi et al. (2014) showed that chemical
modifications by succinylation reduced the solubility of
native acha starch due to addition of succinyl groups.

Numerical optimization
According to the optimization for acetylation, the best
process conditions were: BT = 80 °C and SS = 100 rpm

and RC = 7.88%, with a global desirability value = 0.99.
With these conditions the following values predicted by
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each of the corresponding mathematical models were
obtained: DS = 0.2 + 0.004, WAI = 7.67 £ 0.58 g/g and
WSI = 6.15 + 0.82%. The best processing conditions for
succinylation design were: BT = 80 °C, SS = 126 rpm,
and RC = 1.12%. A global desirability value = 1.00 was
obtained. The above global desirability value corresponds
to the conditions: DS = 0.05 & 0.004, WAI =340 +
0.44 g/g and WSI =792 + 1.78%. Three experimental
assays were carried out with the optimal conditions and,
DS, WAI and WSI were evaluated. The following average
values were obtained for the acetylation optimum treat-
ment: DS =0.2 &+ 0.006, WAI = 8.37 £ 0.58 g/g and
WSI = 6.4% £ 0.4. The following values were obtained
from the optimal treatment of succinylated starches:
DS =0.05 £ 0.003, WAI=4.0+09g/g and WSI=
7.4% + 0.8. By comparing the experimental values with
the predicted values by the mathematical models, there
were no significant differences observed among them
obtained (P < 0.05). Therefore, the model experimentally
used demonstrated a good fit to find the best processing
conditions of BT, SS and RC to obtain MS by acetylation
and succinylation with safe-for-food-use DS and low
affinity to water.

Microstructural characterization

X-ray diffraction (XRD)

XRD is a method utilized to examine the crystallinity of
starch. XRD has been used to study the effect of EP on

modified starch crystallinity. The results of the XRD
analysis for native, acetylated, and succinylated corn
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Fig. 2 Change in X-ray diffraction patterns of native starch (a) and
MS by acetylation (b) and succinylation (c) using the EP
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starches are presented in Fig. 2. The XRD patterns of the
native corn starch showed an A-type crystallinity pattern,
characteristic of cereal starch, with values 20 of ~ 18.5°
and & 24°. These results are similar to those obtained by
Fitch-Vargas et al. (2016) who reported values 20 of
~ 18.5° and &~ 23.2° for corn starch. For the MS (acety-
lated and succinylated), the patterns of X-ray diffraction
were completely changed, showing lower intensity than the
native starch, with values of 20 of ~ 13.5° and ~ 19°.
The MS showed a combination of Type A and Type V
crystallinity patterns, indicating that MS were not com-
pletely degraded. The association of the amylose chains
with the acetyl groups or succinyl groups can result in these
structures (Diop et al. 2011). Bajaj et al. (2019) reported
that an increased in the degree of esterification could lead
changes in morphology, composition and structure of
starch.

An important loss of crystallinity was detected com-
pared with the native starch and MS after the esterification
by the EP. The relative crystallinity was 16.14 + 1.4% for
native starch and decreased to 6.09 & 0.9% and
3.83 & 0.4% for acetylated and succinylated starches,
respectively. This indicated that, with the chemical modi-
fication, the native starch crystalline structure was
destroyed. Zhang et al. (2009) reported that acetic acid had
an influence on the crystalline structure of the modified
yellow ginger starch due to the replacement of a number of
hydroxyl groups on starch by the acetyl groups, lessening
the arrangement of inter and intramolecular hydrogen
bonds. On the other hand, the EP had effect in the starch
crystallinity loss; causing a partial fragmentation and
gelatinization of the starch granules, contributing to the
formation of amorphous regions. According to Singh et al.
(1998), the extrusion destroys the crystal structure of
starch, either partially or completely, depending on the
amylose/amylopectin ratio and process conditions such as
shear strength, temperature and moisture.

Scanning electron microscopy (SEM)

SEM was used to identify structural changes occasioned by
chemical modification and, the substituted regions in the
starch granules. Figure 3 shows the granular morphology
of native, acetylated and succinylated starches. It was
observed that the gelatinization, fracture and plasticization
were the principal changes in MS. The native corn starch
granules had spherical and polygonal shapes and diameters
ranging between 5 and 25 um (Fig. 3a), which is in
agreement with the results reported by Fitch-Vargas et al.
(2016). Figure 3b, ¢ show the microphotographs of the MS
by acetylation and succinylation (optimal treatments),
respectively. It can be seen that starch granules were par-
tially fragmented and plasticized. In addition, certain
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Fig. 3 Scanning electron micrographs of: native corn starch (a),
acetylated starch (b) and succinylated starch (c)

channels and perforations were observed on the surface.
These morphological changes could be ascribed to the
fusion of granules derived from starch disruption as a result
of chemical modification during the EP. Aguilar-Palazue-
los et al. (2007) observed that a fragmentation of the
granular structure took place, in addition to a partial

@ Springer
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plasticization during the preparation by EP of pellets
composed of corn starch, fiber and glycerol. Diop et al.
(2011) reported that, after starch acetylation, the mor-
phology of the granule surface was completely changed
due to an augmented molecular conglomerations and
porosity, in comparison to the native starch. Song et al.
(2006) reported that the succinylation caused some changes
in the structure of starch granules (porous and with many
cavities) as compared with those of native starch. This may
because the reagent attacked the surface and formed pores.
Bajaj et al. (2019) reported that the SEM of modified
starches with octenyl succinic anhydride (OSA) showed
structural level changes (surface and edges were lost with
presence of superficial pores). Likewise, MS showed pro-
nounced surface depression for all starches, particularly in
starches with a higher DS value (DS with 0.06).

Infrared spectroscopy analysis (FT-IR)

FT-IR spectroscopy confirmed structural modifications of
starch molecules as a result of the acetylation and suc-
cinylation processes. Figure 4 shows the FT-IR spectra for
native, acetylated and succinylated starches. The peaks at
1000 and 1350 cm ™" are for native starch and correspond
to the C-O bond stretching in the FT-IR spectrum. Other
characteristic bonds of absorption were those water-related
observed at approximately 1660 cm™' and a band related
to the O—H group vibration at approximately 3180 cm ™'
and that related to the C-H vibration stretch at around
2100 cm™'. After the chemical modifications starch
(acetylation or succinylation), the intensity of the peaks
was reduced, possibly due to the breaking of the bonding
by effect of the EP variables (Aguilar-Palazuelos et al.
2007). Nevertheless, new absorption bands appeared at
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Fig. 4 FT-IR spectra of native corn starch (a), acetylated starch

(b) and succinylated starch (c)
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1715 cm™! and 1150 cm_l, which were assigned to the
carbonyl C=0O and carbonyl C-O stretch vibration,
respectively (Diop et al. 2011). On the other hand, FT-IR
spectra of the acetylated and succinylated starches pre-
sented peaks with values of approximately at
3240-3640 cm ™', which are related to the O—H groups of
water and carbohydrates (Mendes et al. 2016).

Conclusion

The mathematical models used to analyze the data from the
DS, WAI and WSI of the MS were satisfactory, with
adjusted Ridj values > 0.83, CV < 8.27% and P < 0.01.

The mathematical models showed a good fit to find the best
conditions of BT, SS and RC to obtain MS by acetylation
or succinylation using EP with the safe-for-food-use levels
of DS (0.2 and 0.05, respectively) and low affinity to water
(the lowest values of WSI and WAI). The best conditions
to obtain acetylated starches were RC = 7.88%, BT =
80 °C and SS = 100 rpm. The optimum conditions to
obtain succinylated starches were RC = 1.12%, BT =
80 °C and SS = 126 rpm. The microstructural analysis
confirmed the chemical modification of corn starch using
the EP.
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