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Optimizing reaction condition of octenyl succinic anhydride on
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Abstract

This study presented the impact of pH and octenyl succinic anhydride (OSA) concentration on the esterification reaction of
heat-moisture-treated sago starch (HMT-S) using response surface methodology to achieve optimum degree of substitution
(DS), reaction efficiency (RE), and water contact angle (CA). The results showed that HMT-OSA sago starch (HMT-OS) starch
exhibited an optimum pH of 7.26 and an OSA concentration of 4.53%. The DS value, RE, and water CA of optimized HMT-OS
starch were 0.0121, 33.07%, and 90.11°, respectively. Furthermore, the optimized HMT-OS was used to evaluate the effect of
starch modification on film characteristics. HMT-OS film has the best moisture-proof and mechanical properties compared
to control (NS), HMT-S, and N-OS films, as indicated by lower water vapor permeability (28.69 g H,O.mm/s.m*.Pa x 10™""),
water solubility (26.61%), higher CA (104.40°), elongation at break (85.63%), and transparency (3.25% mm™). According to
the scanning electron micrographic images, the absence of cracks or pores was attributed to the waterproof properties and
flexibility of the film. Conversely, x-ray diffraction results showed that the crystallinity of HMT-OS film decreased to 36.05%.

Keywords: sago starch; heat-moisture-treated; octenyl succinic anhydride; biodegradable film.

Practical application: This study provides information on optimizing OSA esterification conditions on HMT-S and its

application as a material to produce waterproof and stretchable biodegradable films.

1 INTRODUCTION

The current surge of interest in edible and biodegradable films
presents an opportunity to replace traditional packaging in a vari-
ety of applications. Rong et al. (2023) reported that gallic acid, yam
starch, and chitosan films have potential practical applications in
pork preservation due to their excellent mechanical, antibacte-
rial, oxidation resistance, and easy degradation properties that
can reduce environmental pollution. As an essential biopolymer
for the industry, starch is favored for its low cost, abundance,
renewability, and degradability (Li et al., 2015). Starches with
high amylose content (about 30%) are particularly attractive
due to their superior film-forming properties compared to those
with low amylose concentration (Bae et al., 2008; Fu et al., 2018).
Sago starch, with an amylose content ranging from 27 to 35%,
was considered suitable for use as a raw material for producing
biodegradable films (Polnaya et al., 2012). However, starch-based
films are often characterized by strong hydrophilic properties,
brittleness, and a lack of mechanical strength (Majzoobi et al.,
2015; Zavareze & Dias, 2011). The two methods used to enhance
their water resistance are incorporating hydrophobic substances
and hydrophobization of starch.

Esterification using octenyl succinic anhydride (OSA) isa
commonly used method for modifying starch to make it more
hydrophobic than its native form (Sweedman et al., 2013). The
Food and Drug Administration (FDA) has authorized modified
starch with OSA as a food ingredient (Bhosale & Singhal, 2006).

A previous study showed that sweet potato, sago, corn, and
waxy corn starch modified with OSA produced water-resis-
tant and stretchable films (Li et al., 2015; Naseri et al., 2019;
Pérez-Gallardo et al., 2012; Zhou et al., 2009). The magnitude
of this rise varies depending on the degree of substitution
(DS) of OSA starch. Abiddin et al. (2015) investigated several
reaction parameters, including OSA concentration, pH, and
reaction time, to determine the optimal conditions for pro-
ducing OS starch with a high DS and reaction efficiency (RE).
Recently, several attempts have been conducted to increase the
reaction of starch molecules and OSA by removing the tightly
packed starch granules, reducing crystallinity, and increasing
surface area through physical modification (Chen et al., 2014;
Lv et al., 2018).

Heat-moisture treatment is a cost-effective and eco-friendly
physical modification method commonly used for food prod-
ucts. Jiranuntakul et al. (2014) have stated that before OSA mod-
ification, this treatment could improve DS and RE by facilitating
the penetration of OSA into starch granules. Previous studies
reported that HMT with a 25% moisture content treatment
before esterification of sago starch had the highest DS value
and RE of 0.0086 and 35.86%, respectively.

Heat-moisture treatment before OSA modification could
minimize the esterification reaction conditions to obtain high
DS, RE, and starch hydrophobicity. However, the optimization
of the OSA esterification reaction on HMT-sago starch (HMT-S)
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and the application of HMT-OSA sago starch (HMT-OS) as a
raw material to produce a biodegradable film have not been
studied. Therefore, this study aimed to obtain the optimum con-
ditions for preparing HMT-OS using response surface method-
ology (RSM) by evaluating DS, RE, hydrophobicity, mechanical
properties, and a moisture-proof biodegradable film.

2 MATERIALS AND METHODS

2.1 Materials

Sago starch (Metroxylon sp.) was purchased from a domestic
shop in Manokwari, Indonesia. OSA reagent and glycerol were
acquired from Sigma-Aldrich Corporation.

2.2 Methods

2.2.1. Heat-moisture-treated sago starch

HMT-S was prepared based on the method described by
Dewi et al. (2022) and Pukkahuta and Varavinit (2007). Sago
starch was sprayed with the specified amount of distilled water
before being homogenized for 20 min to obtain a 25% moisture
content. A moisture analyzer (MB120, Ohaus, Shanghai, China)
was used to determine the actual moisture content of the combi-
nation. After an hour of incubation, HMT-S was put in a 500-mL
Duran glass with a screw top and autoclaved. The bottles were
heated for 1 h at 120 °C, then dried in a cabinet dryer at 50 °C
after being allowed to cool to room temperature. Finally, HMT-S
was employed to optimize the octenyl succinate modification.

2.2.2 Preparation of HMT-OS

The procedure of Jiranuntakul et al. (2014) was followed in
the preparation of OSA. HMT-S was dispersed in distilled water
(30% w/v). The pH of the slurry was controlled from 5 to 9 using
a pH meter by adding a 3% NaOH solution. Subsequently, OSA
reagent of 3-7% (based on dry starch basis) was gradually added
over 2 h (five times diluted with isopropyl alcohol, v/v) while pre-
serving the pH and steady stirring. Esterification was conducted
for 4 h at 35 °C, and the pH was adjusted to 6.5 at the end of the
reaction using a 3% HCl solution. Finally, HMT-OS starches were
collected using a vacuum filter, washed twice with distilled water
and twice with 70% aqueous alcohol, and dried at 40 °C for 24 h.

2.2.3 Experimental design

The effect of the independent variables, namely pH (X1) and
OSA concentration (X2), on DS, RE, and water contact angel
(CA) was calculated using RSM. The response surface design
uses independent variables, and their levels were coded as -o
-1,0, +1, and +o (0i=1.414), as shown in Table 1.

Table 1. Independent variables and factor levels used in the RSM.

Factor level
Independent variables
-0l -1 0 +1 +0
pH 4.17 5 7 9 9.83
OSA concentration (%) 2.17 3 5 7 7.83
2

Experiments were designed using a central composite design
(CCD), which consists of 13 experimental runs and 5 center-point
replicates. Design-Expert 13.0 (Stat-Ease Inc., Minneapolis) was
used to analyze the model that best fits the response conditions. After
receiving the optimization results, they were validated to determine
the accuracy of their model, and this was conducted by comparing
the predicted optimal and the actual results. Finally, the outcomes
of the comparison are processed using linear regression plots.

2.2.4 DS value and RE of HMT-OS

DS and RE were obtained by alkali saponification, followed
by titrimetric reverse titration of any excess alkali (Bhosale &
Singhal, 2006). RE was determined using Equation 1:

RE = actual DS

Theoretical DS

x 100%

(1)

Theoretical DS was calculated by assuming that all the
added OSA interacted with the starch to generate the ester
derivative.

2.2.5 Water CA of starches and biodegradable films

Water CA was measured with a custom-built optical sessile drop
device integrated with a USB Digital Microscope (Herniou-Julien
et al,, 2019; Pifieros-Hernandez et al., 2017). The starch samples
were prepared and analyzed following the procedures of Dewi et al.
(2022), which were applied to the surface of biodegradable film, and
the drop image was captured using a digital microscope. Further-
more, the water CA was examined using the Image] software, and
the reported value is the mean of at least five separate measurements.

2.2.6 Fourier transform infrared spectra

An FTIR spectrophotometer (FTIR Thermo Nicolet IS 10,
Thermo Fischer Scientific, Madison, WI, USA) was used to
determine the spectra of native and modified starches. The sam-
ples were dried and crushed with KBr at a ratio of 1:100 (w/w).
Finally, the resulting mixture was scanned over the 400-4,000
cm’! wavenumber range with 8 cm™ resolution.

2.2.7'H NMR and “C NMR spectra

"HNMR and *C NMR analyses were conducted by spectrom-
eter JEOL JNM-ECZR 500 MHz instrument (JNM-ECZ500R/S1,
IOCB, Prague), where starch dissolution was mixed with 600 pL
of DMSO-d6, following the procedure outlined by Q. Wang et al.
(2022). Data collection for the '"H NMR spectrum was maintained
at 23.2 °C for 64 scans and 4,096 scans for the *C NMR spec-
trum. The acquisition time and relaxation delay were 0.83 and 2.0
s, respectively. Finally, the collected data were processed by the
MestReNova software (MNova 14.0, MestreLab Research, Spain).

2.2.8 Preparation of biodegradable film

Starch films have been produced by casting 3.0% native and
modified starch suspensions using glycerol as the plasticizer
(0.30 g/g of starch). The film-forming suspension was heated
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for 30 min at 90 °C with constant agitation, as described by
Li et al. (2015). The solutions were poured onto polyethylene
plates (10 x 15 cm) and dried at 40 °C for 24 h in an oven with
circulating air. Finally, the dried samples were conditioned at
RH 56%, 72 h before analysis.

2.2.9 Water solubility and water vapor permeability of
film measurement

The solubility was determined by calculating the percentage
of solubilized film dry mass after 24 h of immersion in 30 °C wa-
ter, following Gontard et al. (1994). WVP tests were conducted
using the E96-95 ASTM standard method (Bertuzzi et al., 2007).

2.2.10 Mechanical properties of films

Tensile strength and elongation of each film were ana-
lyzed according to ASTM-D D412-98a (ASTM, 1998) using a
Universal Testing Machine (Zwick Z0.5, West Sussex) with a
velocity of 1.0 mm s and a 50 mm distance between clamps.
Test samples were cut in dumbbell die “I” dimensions (Dumb
Bell Ltd., Saitana, Japan) as specified by the ASTM standard
method. The results are the average of three samples.

2.2.11 Films characterization

Film samples were characterized by x-ray diffraction (XRD)
and scanning electron microscopy (SEM). The XRD were acquired
using a diffractometer (Rigaku-Nex QC+QuanTEZ, Applied
Rigaku Technologies, Inc., Austin, USA) with Cu Ko radiation
(A=0.154 nm) at 30 °C, and the scanning range of the diffraction
angle (20) was from 4° to 40°. Furthermore, the collected data
were processed using the Origin Pro software (OriginPro 2019,
OriginLab Corporation, Northampton, MA, USA).

Micrographs of the surface and cross-sections of the films
were obtained using SEM (JSM-6510LA, JEOL, Akishima, To-
kyo, Japan). The specimens were cryofractured by immersion
in liquid nitrogen. Subsequently, a voltage of roughly 10 kV
was used to acquire images at various magnifications of 1,000x
to 10,000x.

3 RESULTS AND DISCUSSION

3.1 Effect of pH and concentration OSA on DS, RE, and water CA

A CCD experimental design was used to investigate the ef-
fect of the independent variables on DS, RE, and CA. The results
were analyzed using analysis of variance (ANOVA) to evaluate

the model’s accuracy, as shown in Table 2. The response vari-
able is considered significant when the p-value for each term
is less than 0.05 (p<0.05). The coefficient of determination (R?)
ranged from 0.9806 to 0.9813, which indicated that 98% of the
variance was due to pH and OSA concentration. According to
the ANOVA results, the quadratic models of DS, RE, and CA
were significant (p<0.05). The adjusted value of determination
(R? adj 0.9668-0.9831), which is close to R? (the difference
<0.2), confirmed the high significance of the inferred model.
A lack of fit (LOF) test was conducted to determine the model’s
acceptability. The ANOVA test of the DS response shows the
LOF test is significant (p<0.05), indicating that the model cannot
be utilized to predict optimization. Meanwhile, the LOF values
of RE and CA are insignificant (p>0.05), indicating that the
model is acceptable for predicting optimization conditions. A
nonsignificant LOF value (p>0.05) suggests that the response
data are compatible with the model (Rai Widarta et al., 2022).

The 3D response surface plot in Figure 1 shows DS value,
RE, and CA as a function of pH (X1) and OSA concentration
(X2). A higher concentration of OSA increased DS, which was
decreased by a higher pH. This condition elevates RE to 5% and
flattens until 7% OSA concentration. The same phenomenon
has also been reported in sweet potato (Lv et al., 2018; Shi & He,
2012) and pearl millet starch (Sharma et al., 2016). Excessive
OSA concentration decreases RE due to steric inhibition that
restricts the accessibility of starch molecules and avoids the
reaction process (Lv et al., 2018). Furthermore, the decrease in
RE is also due to insufficient mixing between the water-insoluble
OSA and the starch phase (Shi & He, 2012). According to the
3D response surface plot (Figure 1C), increasing the reaction
pH and OSA concentration to a particular level elevated the
water CA due to the hydroxyl groups on starch molecules being
replaced by lipophilic octenyl groups through esterification
(Dewi et al., 2022; Sweedman et al., 2013). The reaction pH
conditions and OSA concentration lead to a decrease in the
water CA. This is because anhydride hydrolysis occurs and
facilitates de-esterification (Bhosale & Singhal, 2006; Hui et al.,
2009; Segura-Campos et al., 2008).

3.2 Optimization and validation experiment

In this dual HMT-OS, this study aimed to obtain the max-
imum RE and CA values of starch. The effect of each variable
was predicted using the Design-Expert software. The optimum
pH and OSA concentration reaction conditions were 7.27 and
4.53%, respectively, with predicted DS 0.013, RE 33.61%, and
CA 90.67°. Furthermore, the desirability value was 0.96. The pre-
dicted values of DS, RE, and CA can be validated by conducting

Table 2. Estimated regression coefficient and ANOVA for DS, RE, and CA.

Estimated regression coefficient

Term sizgt;::t?ofn p-value Reaction efficiency p-value Contact angle p-value
Model <0.0001 <0.0001 <0.0001
Lack of fit 0.0089 0.0599 0.1314
R? 0.9814 0.9831 0.9806
R? adj 0.9679 0.9710 0.9668
R? prediction 0.8739 0.8970 0.8923
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verification experiments under optimum conditions. Three rep-
lications of confirmation experiments were performed, and the
optimal parameters were validated using the T-test. The average
values obtained from the actual studies were DS 0.0121+£0.00,
RE 33.07%20.21, and CA 90.11°+0.88. The results showed no
significant difference between the actual and predicted values,
implying that the obtained figures agreed with those calculated
by the software. This value of DS is similar to the previous study,
but the optimal OSA concentration is lower than that reported by
Abiddin et al. (2015). Additionally, this study’s reaction time was
faster than the previous report, indicating that the esterification
reaction between OSA groups and starch molecules was more
efficient. HMT pretreatment facilitates the entry of OSA into
starch granules and enhances its reaction with hydroxyl groups
(Jiranuntakul et al., 2014; Lv et al., 2018). Finally, it increases the
amorphous area and changes the crystal organization, resulting
in more available sites for the reaction (Dewi et al., 2022).

3.3 Identification and prediction of HMT-OSA starch
molecular structure

Figure 2 shows the FT-IR spectra of native sago starch (NS),
HMT sago starch (HMT-S), OSA-sago starch (N-OS), HMT-
OSA sago starch (HMT-OS), and commercial OSA starch. There
were similar absorption bands in all five spectra, including at
3,420 cm™ (O-H) and 2,924 cm™ (C-H), while 1,640 cm™ was
associated with residual bound water. The C-O stretching vi-
bration of the anhydrous-glucose unit has detectable adsorption
bands at 1,159, 1,082, and 1,019 cm™* (Naseri et al., 2019). There
were new absorption peaks at 1,579 and 1,726 cm'in N-OS and
HMT-OS, which were attributed to asymmetric carboxylate
(RCOO") and C=0 stretching vibrations of the carbonyl ester
group, respectively (Dewi et al., 2022; Sharma et al., 2016; Zhang
etal., 2021). These were also detected in commercial OSA starch,
as presented in Figure 2C. The two additional peaks confirm
that the hydroxyl group in the starch molecule has been substi-
tuted with the ester carbonyls and the carboxyl group of OSA
(Zainal Abiddin etal., 2018). Compared to OSA-modified sago
starch (N-OS), the intensity of the absorption peaks at wave-
lengths of 1,579 and 1,726 cm™ of HMT-OS is higher because DS
(0.0121%0.0008) is greater than that of N-OS (0.0069+0.0009)
(Sun et al., 2020; Zhang et al., 2013).

Degree of substitution
Reaction Efficiency (%)

The investigation of the molecular structure of HMT-OS
was conducted using 'H and "C NMR, and the corresponding
spectra are displayed in Figure 3A and 3B. Figure 3A indi-
cates that the 'H spectra of NS and HMT-S appear to have no
difference, but there is a decrease in intensity at 4.98 ppm in
the spectrum. The reduction in the intensity of the resonance
peak can be attributed to the a-(1, 6)-glycosidic bond being
more severely damaged than the o-(1, 4)-glycosidic due to the
weak steric hindrance (Acevedo et al., 2022; Wang et al., 2022).
HMT-OS spectra showed a new peak at 0.80-2.7 ppm, which
is associated with OSA esterification of the starch molecule
(Simsek et al., 2015; Tong et al., 2019). Additional resonances in
HMT-OS were also detected at 0.82 ppm (the terminal H methyl
proton), 1.23 ppm (H8-H10), and 1.90-2.20 (H11, H14-H16)
(Bai et al., 2011; Wang et al., 2020).

The *C chemical shifts of glucose residues were obtained
from the C NMR spectrum of native starch (Figure 3B). The
peaks in the C1 region are typical characteristics of V-type single
helices (eight glucose cycles per round), while those around C4
are amorphous crossing points associated with the amylopectin
double helix (Liu et al., 2019; Sudlapa & Suwannaporn, 2023;

Figure 2. (A) FT-IR spectra of native sago starch, (B) HMT sago star-
ch, (C) OSA commercial starch, (D) OSA-sago starch, and (E) HM-
T-OSA sago starch.
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Figure 1. (A) Plot 3D surface response of degree of substitution, (B) reaction efficiency, and (C) water contact angle.
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Xie et al., 2020). HMT decreases the percentage of double heli-
ces and increases single helices, resulting in a higher moisture
content treatment and reduced relative crystallinity (Du et al.,
2023; Wang et al., 2018).

The OSA group has been successfully incorporated into the
starch molecule, as confirmed by the appearance of new reso-
nances corresponding to those of the OSA reagent at 14.54 ppm
for C7, 22.48 ppm for C8, and 28.55-31.82 ppm for C9-C11.
The location of the substitution reaction can be determined
from *C NMR spectroscopy (Gao et al., 2021). Based on Fig-
ure 3B, the CI signal of HMT-OS becomes broader than HMT
(Figure 3B), confirming that OSA substitution occurs at OH-2
(Bai etal., 2011; Zhang et al., 2013). Furthermore, a broadened
peak was observed at 79 ppm resonance and a new 72 ppm
resonance, indicating that the OSA group was substituted at the
OH-3 position in HMT-OS, as reported by Gao et al. (2021).
Therefore, OSA substitution occurs at OH-2 and OH-3 of the
glucose residues in HMT-S.

3.4 Characteristics of biodegradable filn

3.4.1 WVB water CA, and water solubility of films

The hydrophobic properties of the films from HMT-OS
were discovered to be the best, as they exhibited the lowest
WVP and solubility values and the highest CA when compared
to all film samples, as shown in Table 3. HMT before OSA es-
terification caused more OSA groups to penetrate the internal
starch granules, which is consistent with the DS value data.
The hydrophobicity of the film surface was assessed using the
sessile drop procedure, which measured the water CA (6) on
the film surface. In general, larger values imply greater surface

~J _u

Hianze HEHIO

S DD, B c

hydrophobicity, and the quantitative distinction between “hy-
drophobic” and “hydrophilic” surfaces is based on when 6>65 or
0<65, respectively (Pifieros-Hernandez et al., 2017). The water
CA value of OSA films was >95°, indicating that the esterifica-
tion increased hydrophobicity. HMT pretreatment before OSA
produced films with the highest water CA, which agrees with
WVP and solubility data. The increase in CA in modified starch
films is attributed to surface polarity due to the introduction of
hydrophobic octenyl groups (Naseri et al., 2019).

The solubility of NS, N-OS, HMT-S, and HMT-OS films
is presented in Table 3. Higher values typically indicate lower
water resistance, and the solubility of HMT-S film is lower than
that of NS. This is consistent with the results reported in the film
made from sweet potato starch (Indrianti et al., 2018), chestnut
starch (Singh et al., 2009), rice starch (Majzoobi et al., 2015), and
waxy corn starch (Pérez-Gallardo et al., 2012). The decrease in
water solubility of HMT-S is related to the strengthening of in-
termolecular bonds promoted by HMT, thereby reducing water
absorption capacity (Huang et al., 2016). It was stated that the
solubility of N-OS and HMT-OS films decreased by 21.78 and
42.77%, respectively. Li et al. (2015) reported that increasing the
hydrophobic properties of starch films through esterification
reduces the availability of hydroxyl groups and inhibits water
access into the matrix, thereby decreasing the film’s solubility
along with increasing its DS value.

3.4.2 Mechanical and transparency of starch films

The mechanical properties and chemical structure of film
materials are often described by their tensile strength and elon-
gation at break (EAB), while the transparency of starch films
plays a crucial role in their usage as surface coatings for packaged
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Figure 3. (A) '"H-NMR and (B) ®C-NMR spectra of (a) native sago starch, (b) HMT-S, (¢) HMT-OS, and (d) OSA reagent.

Table 3. Properties of starch films prepared from native, heat-moisture-treated octenyl succinate and HMT-OS.

Sample V:’;?;S;lgll/ls CA () Water (S‘)Z;ublllty TS (MPa) Ell(::-leiei(tl(o‘y?)at Tr?;?lxi;lcy
NS 46.9614.65® 39.1042.82¢ 46.5013.50* 1.2240.25* 33.5240.95¢ 3.13+0.04°
N-OS 42.30+2.06° 95.32+3.27° 36.37+2.72° 0.87+0.36® 74.60%5.29° 3.2610.06*
HMT-S 53.80%3.68° 39.524+3.01¢ 31.8944.19> 1.3240.32* 17.70+1.78¢ 3.1140.06°
HMT-0S 28.6913.44¢ 104.40+2.02* 26.6116.83¢ 0.6610.03° 85.63+1.25° 3.2510.05*

Means with different superscript letters within a column are significantly different (p<0.05). N'S: native sago starch; HMT-S: HMT sago starch; N-OS: OSA-sago starch; HMT-OS: HM-

T-OSA sago starch.

Food Sci. Technol, Campinas, 43, e17523, 2023


http://g.mm/s.m2.Pa
http://g.mm/s.m2.Pa

Optimizing reaction condition of octenyl succinic anhydride on heat-moisture-treated sago starch and its application for biodegradable film

foods. The high intensity of intermolecular interactions between
polymer chains in the film matrix enhances tensile strength
while decreasing EAB. Notably, the EAB values of OSA starch
films were observed to be higher than those of NS films, con-
firming that OSA enhanced stretchability (Li et al., 2015; Naseri
etal., 2019). HMT-OS films were found to provide higher EAB
values than N-OS films, which can be attributed to the DS value
(Li et al., 2015; Li et al.,, 2018). The octenyl groups in modified
starch act like plasticizers by preventing the formation of hydro-
gen bonds and van der Waals forces between adjacent polymer
chains, thereby increasing their mobility (Naseri et al., 2019).

Transparent films are characterized by high transparency
values (Majzoobi et al., 2015). The transparency of OSA films
was more elevated than that of SS films. However, there was no
significant difference in the transparency of N-OS and HMT-
OS films. Naseri et al. (2019) reported that OSA modification
reduced the turbidity of sago starch films due to the disruption of
the structural order, which increased light transmission. Finally,
octenyl succinate polysaccharides were shown to form ordered
self-aggregates in aqueous media, reducing light absorbance
and consequently increasing film transparency (Li et al., 2015).

Figure 4. XRD and relative crystallinity of (A) native sago starch, (B)
HMT-S, (C) N-08, and (D) HMT-OS films.

SEI 30KV WD1Omm SS45 X3,000 7 Som | se—

LPPT UGM

SEl S0k WD10mm SS40
ug

LPPT

SEI 10KV WD1Z
LPPT UGM

x10000 fum  =——

| sei 3o wotomn Ssss
LPPTUGH e A LPPTIGH

3.4.3 XRD and crystallinity of films

XRD of sago starch films is characteristic of type C starch,
as noted in previous studies (Dewi et al., 2022; Naseri et al.,
2019; Pukkahuta & Varavinit, 2007; Santoso et al., 2021). Based
on Figure 4, there was no alteration in the diffraction-type
pattern of HMT-S films. However, no clear diffraction peaks
were observed for N-OS and HMT-OS films, indicating that
they have much lower crystallinity than the control films. As
observed in this study, the incorporation of OS groups was
found to lower the crystallinity formation ability of starch
molecules, as reported by Li et al. (2015), Naseri et al. (2019),
and Zhou et al. (2009). This is due to the steric hindrance of
OSA groups on starch chain compaction via hydrogen bonding
during the film formation process, resulting in a reduction
of the crystallinity of the films. The low RC value of HMT-OS
film (25.30%) is related to its low tensile strength. Indrianti
and Pranoto (2018) stated that the film’s crystallinity affected
the structure’s compactness.

3.4.4 Morphology of biodegradable film

Figure 5 shows micrographs of biodegradable films used to
evaluate their surface structure and transverse perspective. The
HMT film surface is smoother than the surface of the control.
Viana et al. (2022) reported that bioplastics from HMT banana
starch produced homogeneous and well-structured surfaces
attributed to the rearrangement and interaction of amylose
and amylopectin molecules in the film-form matrix. In terms
of the cross-sectional appearance of the control film (NS) and
HMT-S, some cracks were attributed to the hydrophilicity of
native and HMT-S as well as the low EAB value. In contrast,
N-OS and HMT-OS starch film micrographs showed a trans-
verse perspective without cracks or pores. Panrong et al. (2020)
discovered that LLDPE/OS blend films are less hydrophilic and
have fewer pores. The absence of cracks or pores in OSA starch
film is related to its waterproof properties and flexibility.
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Figure 5. (A, B, C, D) SEM images of surface and (E, E, G, H) cross-section of (A and E) native sago starch, (B and F) HMT-S, (C and G) N-OSA

starch, and (D and H) HMT-OSA starch films.
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4 CONCLUSION

HMT sago starch was successfully esterified with OSA,
and the main factors affecting the modification were investi-
gated. All variables studied were proven to affect RE and CA.
Based on the results, the optimum conditions for RE and CA
were pH and OSA concentrations of 7.27 and 4.53%, respec-
tively. The esterification of HMT-S at optimum conditions
was proven to increase hydrophobicity and was successfully
applied to improve the waterproof properties of biodegrad-
able films. Furthermore, HMT-OS starch biodegradable film
has better water resistance and stretchability properties. WVP
and water solubility of HMT-OS film decreased by 38.91 and
42.77%, respectively. Meanwhile, the film’s water CA and
EAB increased by 167 and 155.46%, respectively, and it also
has good transparency.
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