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Abstract

This study optimized starch extraction from porang glucomannan extraction residue (PR) using Response Surface
Methodology (RSM) with a Box-Behnken design. Ultrasonic-Assisted Extraction (UAE) was employed, focusing on
sonication power, extraction time, and solid-to-solvent ratio. A second-order polynomial model with high accuracy (R? =
0.9972) identified optimal conditions as 119.97 W sonication power, a 1:39.88 g/mL solid-to-solvent ratio, and 18.89 min
extraction time. The experimental yield of 77.54 % surpassed the predicted value, confirming UAE’s efficiency for
industrial-scale extraction. Optimized porang starch (OPS) showed the highest starch (67.80 %) and amylose (24.73 %)
content, while starch from residue (OPRS) had lower starch (55.69 %) and amylose (7.51 %) but higher amylopectin
(48.18 %). Color analysis revealed lighter, whiter starches, indicating effective pigment removal. FTIR confirmed the
structural integrity and purity of both OPS and OPRS, while XRD showed comparable crystallinity, with a slight increase
in OPRS. Microscopic analysis revealed uniform, smoother granules in OPS. DSC analysis indicated higher thermal
stability and gelatinization temperatures in OPS compared to porang starch (PS) and porang flour (PF). These findings
highlight UAE as an effective method for extracting high-quality starch from porang residue, with potential applications

in industries, supporting sustainable practices and efficient resource utilization.
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Introduction

Porang (Amorphophallus muelleri Blume) is a
plant that thrives in tropical regions, particularly in
Indonesia. It is commonly processed into porang flour,
which contains a starch content of approximately 63.30
% [1]. Another study reported that 1 kg of porang tubers
produces 152 g or 15.2 % starch [2]. In addition to
starch, porang is rich in glucomannan, comprising 40 -
90 % of its composition. This compound possesses
significant physiological properties, making it highly
valuable as a raw material in the food industry [3-6].
Economically, porang plays an essential role across
various industries, including food, pharmaceuticals, and
cosmetics [2,7-11]

The glucomannan extraction process from porang

tubers generates a substantial amount of residue.

According to Nasrullah ef al. [12] reported that
glucomannan derived from agro-industrial waste
contains 49.42 % carbohydrates, with 34.62 % being
starch. While this starch can be converted into liquid
sugar, the low yield achieved through existing extraction
methods highlights the need for further optimization.
Ultrasonic-assisted extraction (UAE) has been
identified as a promising technique for starch extraction,
as it enhances solvent penetration into plant tissues,
thereby accelerating the extraction and isolation
process. Research indicates that variations in sonication
power and duration have a notable impact on the
properties of the extracted starch. UAE is widely
regarded as a fast, efficient, and eco-friendly method

that preserves the quality of starch isolates [13-18].
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Related studies have also explored the isolation of starch
from residues of purple yam anthocyanin extraction
[19,20].

Response Surface Methodology (RSM) combined
with UAE has been widely applied and shown to be
highly effective in optimizing starch extraction from
various sources, such as cassava tubers, maize starch,
sago, sweet potatoes, and others [19-22]. It has also been
utilized to enhance starch extraction from waste
materials, including sago pith Noor et al. [21], and oil
palm trunk [23]. Despite these advancements, no prior
research has employed an RSM-based approach to
optimize starch extraction from porang glucomannan
extraction residue (PR). Previous studies have shown
that starch residues can be used in bio-based materials
such as biodegradable plastics, or as thickeners in food
products due to their unique physicochemical
properties. Exploring such applications not only adds
value to waste but also supports sustainable
development [24]. This study provides a foundation for
identifying the key properties of porang starch residues
that align with these applications.

Although previous studies have explored the
extraction and characterization of porang products, they
have not specifically focused on the starch derived from
PR. This research addresses this gap by optimizing the
starch extraction process, conducting comprehensive
characterization, and comparing the properties of the
extracted starch with those of porang flour (PF) and
porang starch (PS). Such a comparison enables a deeper
understanding of the distinct characteristics of the starch
extracted from PR. This study utilizes RSM to optimize
the starch extraction process from PR, a method
renowned for fine-tuning extraction parameters across
various starch sources [17,19-21,25,26]. The research
investigates critical factors influencing the extraction
process, including Ultrasonic-Assisted Extraction
(UAE) power, extraction duration, and the solvent-to-
sample ratio. Through this optimization, the study aims
to maximize starch recovery with superior quality from
glucomannan extraction residues. Ultimately, the
findings of this study contribute to advancements in
food technology, enhance the economic value of
porang-based products, and expand the potential

applications of starch in various industries.

Materials and methods

Materials

The main ingredient was PR obtained from
KITAGAMA Laboratory, Universitas Gadjah Mada,
Yogyakarta. The chemicals used include sodium
metabisulfite (Merck KGaA, Germany), HCIl (Smart-
Lab, Indonesia), NaOH (Merck KGaA, Germany),
acetic acid (Merck KGaA, Germany), iodine (Smart-
Lab, Indonesia), ethanol 96 % (Merck KGaA,
Germany), and distilled water.

Methods

Sample preparation

Porang glucomannan was extracted from PF,
which was prepared by slicing the porang tubers into
thin slices (= 3 mm), drying them at 60 °C, and then
grinding them into flour. The extraction was performed
by adding aluminum sulfate and sodium metabisulfite.
The chemicals were dissolved in 5 L of water, followed
by the addition of 100 g of porang flour. The resulting
mixture was stirred in a water bath maintained at 75 °C.
Afterward, the mixture was diluted with 5 L of water
and filtered through a cloth to obtain filtrate. 96 %
ethanol (ethanol = 1:1) was added to the filtrate to
precipitate the glucomannan. The resulting precipitate
(cloud) was filtered using a fine cloth. The glucomannan
extraction residue was then dried at 55 °C for
approximately 12 h. The dried sample was milled and
passed through a 100-mesh sieve, while the residue was
re-milled and sieved again [27]. The Glucomannan
extraction residue was then subjected to further starch
extraction. Fifty milliliters of the porang glucomannan
extraction residue were centrifuged at 4,000 rpm for 15
min. The sediment separated from the supernatant was
collected and dried in a cabinet dryer at 50 °C for 24 h
[28].

Porang glucomannan extraction residue starch
extraction

The pre-treated PR was transferred to a beaker,
and a 0.2 % sodium metabisulfite solution was added.
The mixture underwent with an ultrasonic probe
(UP200St, 200W, 26 KHz, Hielscher, Germany). The
starch suspension from the PR was subjected to different
ultrasonic power levels and sonication times. The
extraction temperature was controlled by circulating

water through a double-jacketed beaker, with the
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ultrasonic probe submerged 28 mm below the
suspension’s surface. After the ultrasonic treatment, the
starch suspension was filtered and dried in a cabinet
dryer at 50 °C for 24 h. The dried starch was then
ground and sieved through a 100-mesh sieve. To assess
the impact of extraction factors on starch yield
efficiency, 3 variables were considered: ultrasonic
power (60 - 120 W), extraction time (10 - 30 min), and
sample-to-solvent ratio (1:20 - 1:40) [23,29]. The starch

yield was calculated using the following equation:
Starch yeild (%) = =X 100 % (1)

W1 represents the sample weight, and w2 denotes
the amount of starch released following the ultrasonic

treatment.

Porang starch extraction from porang flour
Porang starch was extracted from porang flour

prepared by slicing porang tubers into 3 mm slices,

drying at 60 °C, and grinding into flour [27]. The flour
was mixed with water in an appropriate ratio, stirred into
a homogeneous suspension, and filtered through a fine
satin cloth. The filtrate was spun in a centrifuge at 4,000
rpm for 15 min. The supernatant was carefully decanted
without disturbing the starch sediment. The sediment
was dried at 50 °C for 24 h, then ground and sifted to
obtain PS [27,28].

Experimental design

A Box-Behnken Design (BBD) was utilized to
optimize the extraction conditions, implemented using
Design Expert 13 software (Stat-Ease, Inc., USA). The
optimization focused on 3 process factors, each
evaluated at 3 levels, as outlined in Table 1. The
response variable for the BBD was the yield of starch
extraction. The experimental design included 15 runs,
featuring 3 replicated center points conducted in random

order, as shown in Table 2.

Table 1 Optimization code levels for starch isolation from porang glucomannan extraction residue.

Variable Code -1 0 +1
Sonication power (W) Xy 60 90 120
Time extraction (min) X, 10 20 30

Solid-solvent ratio (g/mL) X3 1:20 1:30 1:40

Table 2 RSM experimental design of extraction showing the actual and predicted starch yields.

Sonication Time Solid-solvent Yield (%)
Run order power extraction ratio
W) (min) (@/mL) Actual Predicted
1 90 30 1:20 35.45 36.22
2 90 20 1:30 54.12 53.97
3 60 10 1:30 39.78 39.56
4 120 30 1:30 45.32 45.55
5 60 20 1:40 57.58 58.84
6 90 20 1:30 53.35 53.97
7 60 30 1:30 49.33 48.85
8 90 20 1:30 54.44 53.97
9 90 10 1:40 61.30 60.54
10 90 10 1:20 40.07 40.57
11 120 10 1:30 52.41 52.89
12 90 30 1:40 67.36 66.85
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Sonication Time Solid-solvent Yield (%)
Run order power extraction ratio
W) (min) (@/mL) Actual Predicted
13 60 20 1:20 47.12 46.84
14 120 20 1:40 76.88 77.16
15 120 20 1:20 39.55 38.56

In addition, a statistical analysis of variance
(ANOVA) was performed on the quadratic models to
assess their validity.

Y = A0+ X0, AKX + X AuXP + X B Ay XX 2

In this equation, Y represents the response, A0 is
a constant, Ai is the coefficients for the linear terms, Aii
and Ajj are the coefficients for the quadratic terms, and

Xi and Xj denote the values of the factors being studied.

Characterization of starch

Chemical composition

The moisture content, starch content, amylose, and
amylopectin of the prepared starch were measured
following the AOAC method [30].

Color

A small amount of the finely ground starch sample
was placed in a petri dish, and its color values were
measured using a colorimeter (CR-400 Chroma meter
set, Konica Minolta, Japan). The L, a, and b color
values, which correspond to lightness (0 to 100), green-
red (— to +), and blue-yellow (— to +) spectra,
respectively, were recorded.

FT-IR Analysis

The functional groups of the samples were
examined using a Fourier Transform Infrared (FTIR)
spectrophotometer (Thermo Scientific Nicolet iS10,
USA) within a wavelength range of 400 to 4,000 cm™'.
A small amount of KBr powder was added to each
sample as a binder. After conducting infrared
deconvolution (with a peak half-width of 19 cm™ and a
resolution enhancement factor of 1.9), the absorbance
ratios at 1,047/1,022, 995/1,022, 927/1,080, and
1,500/1,080 cm™! were calculated to evaluate the short-
range ordered structure of the starch.

Scanning electron microscopy (SEM)

The morphological characteristics of the samples
were investigated using scanning electron microscopy
(SEM) (JSM-6510LA, JEOL Ltd, Japan). The samples
were lightly spread over an aluminum stub and coated
with a thin layer of platinum (0 mm thick) using an SEM
coating unit before being examined under the

microscope.

X-Ray diffractometer (XRD)

The crystallinity profiles of the samples were
obtained using an X-ray diffractometer (XRD) (Bruker
AXS D8 Advance (Eco), Germany), operating at a
voltage of 40 kV and a current of 25 mA. It utilized a
monochromatic Cu K “beta” radiation filter with a
wavelength of 0.139225 nm, scanning at an angle of 26
=0-100 ° with a step size of 0.01 ° and a step time of 2

S.

Differential scanning calorimeter (DSC)

The transition temperature and enthalpy change of
the starch samples during gelatinization were measured
using a Differential Scanning Calorimeter (DSC)
(Shimadzu DSC-60 Plus, Japan). Each sample, with a
total dry matter content of approximately 2 mg, was
heated from 30 to 300 °C at a rate of 10 °C per min.

Statistical analysis

The experimental data were analyzed using the
least squares method in multiple regression analysis.
Pareto analysis of variance (ANOVA) at a 95 %
confidence level (p < 0.05) was performed to calculate
the linear, quadratic, and interaction coefficients of the
regression model, assessing the significance of process
variables. The F-value predicted error sum of squares
(PRESS), and predicted R? were used to evaluate the
model’s adequacy. Response Surface Methodology
(RSM) was employed using the Design Expert statistical
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software version 13 (Stat Ease Inc., USA) to determine
the optimal starch yield response.

Results and discussion

Response surface methodology approach

This study focused on optimizing the starch yield
from PR by determining the ideal ultrasonic extraction
parameters: Sonication power, extraction time, and
solid-solvent ratio. These parameters were chosen based
on the ranges provided in Table 1. Using a Box-
Behnken Design (BBD), 15 experiments with different
input combinations were carried out to identify the
optimal conditions for the combined effects of the 3
process variables. The experimental design matrix and
corresponding extraction results are detailed in Table 2.
The collected data were analyzed using multiple
regression to fit a second-order quadratic polynomial.
The resulting model equation, expressed in coded
process variables, is shown in Eq. (3). Term B was
excluded from the equation as it had an insignificant
effect on the overall process, as confirmed by the

analysis of variance.

Yield(%) = 53.97 + 2.51A 4+ 12.65C — 4.16AB +
6.65 AC + 2.67 BC — 1.484%? — 5.78B% + 2.86C* (3)

The
comprising linear, quadratic, and 2-factor interaction
terms (2FI). Variables A, B, and C represented

sonication power, extraction time, and solid-solvent

experiment used a statistical model

ratio, respectively, alongside interaction (AB, AC, BC)
and quadratic terms (A2, B?, C?). The constant value of
53.97 indicated the baseline extraction yield with

process variables set to zero. The solid-solvent ratio was

the most influential factor (p <0.05), increasing yield by
12.65 % per unit change.

ANOVA confirmed the model’s significance (p <
0.005, F-value = 198.33). Variable B, with a high p-
value (0.2252), was deemed insignificant and excluded
from Eq. (3). The model showed high accuracy with R?
= 0.9972, adjusted R? = 0.9922, and predicted R* =
0.9602, indicating a strong fit to the experimental data.
The lack-of-fit test (p = 0.1833) showed no significant
deviation, supporting model compatibility. The low CV
(1.93 %) indicated high reproducibility, consistent with
studies by Noor ef al. [21] and Ali ef al. [23]. The AP
value of 50.2580, well above the threshold of 4,
confirmed the model’s precision and reliability [29].

Model adequacy

The regression model’s effectiveness in predicting
responses was evaluated through adequacy checks,
including ANOVA to validate the
regression model. Diagnostic residual analysis (Figure

polynomial

1) revealed a strong linear correlation between predicted
and experimental data, confirming a solid relationship
between process variables and starch yield. The
normality of residuals was assessed using the standard
probability plot, while the model’s goodness-of-fit was
evaluated with studentized residuals and average
probability percentages. Figure 1(B) further illustrates
the consistency between predicted and actual yields.
Additionally, the adjusted R-squared (AdjR?) value in
Table 3 shows that the model explains 99.2 % of the
variation in extraction yield, with both interaction and
individual factor effects considered. An AdjR? above 70
% and R? greater than 0.9 indicate model validation
adequacy [22,25].

Table 3 Analysis of variance for the regression coefficients of the fitted polynomial quadratic model on starch yield.

Source Sum of squares df Mean square F-value p-value
Model 1,777.09 9 197.45 198.33 <0.0001
A-Sonication Power 50.38 1 50.38 50.60 0.0009
B-Time extraction 1.90 1 1.90 1.91 0.2252
C-solid: Solvent ratio 1,280.32 1 1,280.32 1,286.01 <0.0001
AB 69.18 1 69.18 69.48 0.0004

AC 176.95 1 176.95 177.73 <0.0001
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Source Sum of squares df Mean square F-value p-value
BC 28.43 1 28.43 28.56 0.0031
A? 8.06 1 8.06 8.10 0.0360
B? 123.44 1 123.44 123.99 0.0001
C? 30.13 1 30.13 30.26 0.0027
Residual 4.98 5 0.9956
Lack of Fit 4.35 3 1.45 4.61 0.1833
Pure Error 0.6285 2 0.3142
Cor Total 1,782.07 14
Std. Dev. 0.9978 R?2 0.9972
Mean 51.62 Adj R? 0.9922
CV.% 1.93 Pred R? 0.9602
RESS 71.01 Adeq Precision 50.2579
Predicted vs. Actual Normal Plot of Residuals
| ,,/./ |
v ] .
1 / |
i & 2
% y 3

mal % Probability

Non

Lusubuusal
Ll )

Externally Studentized Residuals

Figure 1 (A) The diagnostic plots of internally studentized residuals against average % probability and (B) the predicted

extraction yield compared to the actual extraction yield.

Effect of process variables

This study optimized 3 process variables—
sonication power, extraction time, and solid-solvent
ratio—through a Box-Behnken Design (BBD) response
surface methodology. The model generated 3-
dimensional (3D) response surfaces and 2-dimensional
(2D) contour plots, as depicted in Figure 2. The 3D
plots aid in understanding by holding 2 factors constant
to highlight the interactive effects on the variables. The
dependent variable in these interactions was used to

determine the optimal condition [19,22,26].

Effect of sonication power

The impact of varying sonication power (60 - 120
W) on starch yield was explored. As sonication power
increased, starch yield rose, with the highest yield
observed at 120 W when paired with an optimal solid-
to-solvent ratio (Figure 2(B)), indicating a synergistic
effect between these parameters. The optimal sonication
power for maximum starch yield was found to be 119.97
W. This result aligns with previous research, which
indicates that higher sonication power intensifies
acoustic cavitation effects, aids in the breakdown of
cellular matrices, and speeds up the release of cell
contents [ 15]. Moreover, increased sonication power has
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been reported to generate greater turbulence, which
improves solvent penetration into the sample matrix
[31].

Effect of time extraction

Sonication time is a critical variable significantly
affecting starch extraction from PR. Figure 2 shows that
starch yield gradually increased with sonication time,
peaking at 18.89 min. Beyond this point, the yield
declined, particularly at lower solid-solvent ratios
(Figure 2(C)). This finding aligns with previous studies
that reported sonication time as a crucial factor in
providing sufficient duration for cavitation processes to
operate effectively [21,25]. After reaching the optimal
point, the decrease in starch yield can be attributed to the
breakdown of the starch structure due to extended

exposure to ultrasonic mechanical forces and heat [18].

BT etTety
s
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S
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Effect of solid-solvent ratio

The solid-solvent (SS) ratio is another important
factor affecting starch yield. This study evaluated
different SS ratios between 1:20 and 1:40 g/mL,
showing a significant effect on starch yield. With the
optimal settings for the other 2 process variables
(sonication power of 119.97 W and extraction time of
18.89 min), a solid-solvent ratio of 1:39.88 g/mL was
found to be ideal for maximizing starch yield. Higher
solid-solvent ratios increase the availability of solvent
relative to the sample, enhancing solvent penetration
into plant tissues and improving the dissolution and
diffusion of active components, including starch
[19,22]. Conversely, lower ratios limit contact between
the sample and solvent, reducing extraction efficiency.
This finding aligns with other research indicating that a
larger solvent ratio enhances solvent diffusion into the
tissue matrix. While higher ratios improve diffusion,
excessively high values dilute the starch concentration
in the solvent, potentially complicating downstream
separation and increasing process costs [31].

—
SO
et
etaers
e

Figure 2 3D response surface and 2D plots illustrating starch yield as a result of the interaction between (A) sonication

power and extraction time, (B) sonication power and solid-solvent ratio, and (C) extraction time and solid-solvent ratio.
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Verification of predictive model

A multivariate regression model (Eq. (3)) was
applied to optimize the extraction process for achieving
the highest yield from fresh cassava tubers. The optimal
conditions determined were a sonication power of
119.97 W, an extraction time of 18.89 min, and a solid-
solvent ratio of 39.88 g/mL. With these parameters, the
predicted starch yield was 76.90 %, targeting a value of
1.0. Three confirmation experiments were conducted to
validate the optimized conditions, yielding an average
starch yield of 77.54 £ 0.99 %, which surpassed the
predicted value of 76.90 %. The experimental results
aligned with the optimized model, yielding higher starch
recovery than the 75.98 % reported by Noor ef al. [21]
for sago pith waste. This demonstrates the effectiveness
of RSM in optimizing variables and enhancing
extraction efficiency. The model’s robustness offers
potential for industrial scaling and broader application
to other plant-based residues, with future studies needed

to evaluate its scalability and feasibility.

Characterization of starch

Chemical composition

Based on the chemical composition presented in
Table 4, OPS had the highest moisture content (9.46 %),
while PF had the lowest (7.68 %), with OPRS exhibiting
a similar moisture level to PF. Starch content was also
highest in OPS (67.80 %) and lowest in OPRS (55.69
%), indicating superior starch extraction efficiency in
OPS. Additionally, amylose content was significantly
higher in OPS (24.73 %) compared to other samples,
whereas OPRS had the lowest amylose content (7.51
%). Conversely, amylopectin content was highest in
OPRS (48.18 %) and lowest in OPS (43.07 %). These
results highlight differences in chemical composition
across the samples, influenced by the source material
and extraction methods, with OPS demonstrating the
highest starch and amylose content, suggesting superior

extraction efficiency and potential functionality.

Table 4 Chemical composition of porang flour (PF), porang starch (PS) optimized porang starch (OPS), and optimized

porang glucomannan extraction residue starch (OPRS).

Samples
Parameter
PF PS OPS OPRS
Moisture (%) 7.68 £0.38?2 8.40+0.41% 9.46+1.28° 7.72 £0.98?2
Starch (%) 59.71 £ 0.15° 60.97 £0.16° 67.80 = 0.29¢ 55.69 £ 0.38?
Amylose (%) 13.95 £ 0.04°¢ 13.63 = 0.05° 24.73 £ 0.104 7.51+0.072
Amylopectin (%) 4576 £ 0.16° 47.35+£0.12¢ 43.07 £ 0.20? 48.18 +0.354

Each value is expressed as the mean + Standard Deviation (n=5). Values with distinct letters are significantly different (p
< 0.05) according to one-way ANOVA with DMRT post-hoc test.

These findings align with or contrast previous
studies on porang-based materials. For instance, Suriati
et al. [32] reported that the moisture content of porang
flour ranged from 19.39 to 24.85 %, while Anggela et
al. [33] noted a lower moisture content of 12.29 %.
Nurman et al. [1] observed that porang starch had a
moisture content of 13.39 — 15.89 %, with starch content
between 41.63 and 63.30 %, and amylopectin levels
ranging from 28.58 to 42.85 %. The comparatively
lower moisture content in OPS and OPRS in this study
indicates a closer alignment with processed starch or

flour products, while the higher starch and amylose

content in OPS underscores the effectiveness of the

extraction method employed.

Color

Based on the color parameters in Table 5 and
Figure 4, the L* value (lightness) was highest in OPRS
(65.12) and OPS (65.63), indicating they are the lightest
samples, whereas PF had the lowest L* value (58.32).
The* value (red-green axis) was significantly higher in
OPS (11.05), showing a reddish tone, while OPRS had
the lowest a* value (2.25), indicating a greener hue. The
b* value (yellow-blue axis) was lowest in OPS (4.76)
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and highest in PF (12.45), suggesting PF has a more
pronounced yellow tone.

The whiteness index was highest in OPRS (63.89)
and OPS (63.64), indicating more excellent visual
whiteness compared to PF (56.19) and PS (58.34). This
demonstrates the effectiveness of RSM in optimizing
variables and enhancing extraction efficiency. The
model’s robustness offers potential for industrial scaling
and broader application to other plant-based residues,

with future studies needed to evaluate its scalability and
feasibility [32,34]. The color parameters observed in
this study align with Herawati et al. [35], who reported
similar trends in porang flour. Compared to
conventional methods, the optimized UAE approach
produces starch with superior lightness and whiteness,
making it ideal for food and cosmetic applications where
visual quality is critical.

Table 5 Colour of porang flour (PF), porang starch (PS) optimized porang starch (OPS), and optimized porang

glucomannan extraction residue starch (OPRS).

Samples
Parameter
PF PS OPS OPRS
L* 58.32+0.012 59.98 + 0.01° 65.63 +0.014 65.12+0.01°¢
a* 5.23+0.02°¢ 4.76 +0.03° 11.05+0.014 2.25+0.012
b* 12.45 +0.024 10.55+0.01°¢ 4.31 £ 0.042 9.07 £0.01°
Whiteness index 56.19+£0.01? 58.34+0.01° 63.64+0.01¢ 63.89+0.01¢

Each value is expressed as the mean + Standard Deviation (n=5). Values with distinct letters are significantly different (p
< 0.05) according to one-way ANOVA with DMRT post-hoc test.

FTIR spectra analysis

Figure 3(A) shows peaks around 3,400 cm™ (O-H
stretching) [36]. Peaks at 2,920 - 2,930 cm™ (C-H
stretching) and 1,640 cm™ (C=O stretching or bound
water) are typical of polysaccharides in starch granules
[37,38]. Peaks between 1,000 - 1,200 cm™ (C-O and C-
C stretching) confirm the starch’s structural integrity,
with sharper peaks in OPS and OPRS reflecting the
UAE method’s success in enhancing purity. Key peaks

>

OPRS

Transmittance (%)

T T T T T — T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm’')

at 1,160, 1,080, and 930 cm™ correspond to C-O
vibrations, confirming the presence of polysaccharides,
while peaks at 1,650 and 1,350 cm™ indicate C=0O and
C—O-C bonds, characteristic of starch granules [39,40].
These results align with Azhar et al. [8] and Sarifudin et
al. [41], who observed similar FTIR spectra, further
supporting the study’s structural and compositional

findings.

Relative intensity

. : . T :
10 20 30 40 50 60 70
28(%)

Figure 3: (a) FTIR spectra and (b) XRD patterns of Porang Flour (PF), Porang Starch (PS), Optimized Porang starch
(OPS), and Optimized Porang Glucomannan Extraction residue Starch (OPRS).
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XRD

Native starch from plant tissues is generally
classified into A, B, or C types based on differences in
crystallinity. Based on Figure 3(b), the diffractograms
display distinct peaks at various 20 values, indicative of
the sample’s crystalline nature. The crystallinity index
is highest for OPRS (35.9 %), followed closely by OPS
and PS (both at 35.8 %), while PF exhibits the lowest
crystallinity at 33.8 %. The presence of characteristic
peaks around 14.9, 17.9, 22.9, and 24.3 ° suggests that
these samples maintain typical starch crystalline
structures, such as the A-type or C-type polymorphs
[42-44]. However, OPRS exhibits additional, more
intense peaks, likely due to residual glucomannan or
other compounds introduced during the extraction
process, which could enhance crystallinity through
secondary structural interactions [35]. These results
indicate that the optimized extraction process (OPS)
maintains starch crystallinity while enhancing yield,
with the slightly higher crystallinity in OPRS reflecting
its waste-derived origin. The optimized extraction
process (OPS) preserves starch crystallinity while
improving yield, with the slightly higher crystallinity in
OPRS reflecting its waste-derived origin. Starches with
higher crystallinity offer benefits such as improved
thermal stability, as their tightly packed crystalline
regions resist degradation at higher temperatures [45].
This makes high-crystallinity starch ideal for bioplastic
production, providing structural integrity and serving as
a sustainable alternative to starch-base bioplastic [24].
Overall, these findings demonstrate that the optimized
extraction method (OPS) preserves starch crystallinity
while enhancing purity and yield, whereas OPRS,
derived from waste, exhibits slightly higher crystallinity
due to residual structural components, highlighting the

impact of source material on starch properties.

Scanning electron microscopy

Based on Figure 4, PF exhibits a coarse texture
and light brown color, reflecting its less processed state.
The granules of PF are irregular, dominated by round
and oval shapes, with an average particle size ranging
from 6.5 to 20 pm, indicating a heterogeneous size
distribution, resembling potato starch and sweet potato
starch [20,43]. In contrast, PS and OPS appear finer and
whiter, indicating higher purity, while OPRS, though

fine, retains some coloration due to its derivation from
waste materials. Microscopic analysis at %1,000
magnification reveals that PF has irregular particle
shapes, typical of raw flour [41]. PS and OPS show more
uniform, spherical granules, with OPS exhibits slightly
more homogeneous and intact granules, likely due to the
optimized extraction conditions reducing mechanical
stress and preventing excessive fragmentation during
processing. The particle size of PS ranges from 7.64 - 20
pm, and OPS has an average particle size of 6.98 - 13.68
pm. OPRS, however, displays irregular and broken
granules, likely due to structural degradation during
glucomannan extraction [27], with particle sizes ranging
from 7.62 to 24 pm. At x5,000 magnification, PF shows
rough surfaces with visible impurities, while PS and
OPS display smooth, spherical granules characteristic of
high-purity starch, similar to ultrasound-treated corn
and cassava starch [46]. OPRS displays fragmented and
rough granules, likely caused by the mechanical and
thermal stresses during glucomannan extraction, which
disrupts the granule structure and increases surface
irregularities [33,47].

Overall, the findings demonstrate that OPS
achieves better granule uniformity and smoothness than
PS, validating the effectiveness of the optimization
process. Meanwhile, OPRS, derived from extraction
residue, retains some starch properties but exhibits
compromised granule integrity due to extraction stresses
[48]. These results highlight the potential for enhancing
porang-based products through optimization and

utilizing waste materials in value-added applications.

Differential scanning calorimetry

Table 6 shows that PF has the lowest enthalpy
(—162.47J/g), indicating lower starch content and
refinement. PS has the highest enthalpy (—209.87 J/g),
reflecting greater crystallinity and purity. OPS has
slightly lower enthalpy (—198.25J/g), suggesting
structural changes from optimization, while OPRS has
moderate enthalpy (—170.23 J/g), influenced by its
waste-derived origin and extraction process. In terms of
gelatinization, PF has the highest Tf (150.50 °C) and
widest range (6.77 °C), indicating heterogeneity, while
PS has the lowest to (133.58 °C) and Tf (140.55 °C),
reflecting high purity. OPS shows higher temperatures
(To: 156.98 °C, Tf: 162.43 °C), indicating optimization
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effects. OPRS has the highest Tf (164.05 °C) and a
narrower gelatinization range (4.90 °C), indicating
improved thermal stability, which may enhance its
suitability for applications requiring higher thermal
resistance, such as in food processing or bioplastic
production. OPS and OPRS exhibit narrower
gelatinization ranges (5.45 and 4.90°C), implying more
structures.

uniform  and  stable  crystalline

Thermodynamic analysis confirms gelatinization as a
melting process of starch crystallization [48]. In Nurman
et al [1], porang starch from Pandeglang had To, Tp, and
AHg values of 83.08, 88.71 °C, and 8.04 J/g,
respectively. The lower enthalpy in these samples
suggests weaker crystalline structures, likely due to
lower purity or processing effects increasing the

amorphous structure.

Table 6 DSC properties of porang flour (PF), porang starch (PS) optimized porang starch (OPS), and optimized porang

glucomannan extraction residue starch (OPRS).

Samples AH J g To (°C) Tp (°C) Tf - To (°C) T1(°C)
PF ~162.47 143.73 145.81 6.77 150.50
PS ~209.87 133.58 135.79 6.97 140.55

OPS ~198.25 156.98 158.73 5.45 162.43
OPRS ~170.23 159.15 160.82 4.90 164.05

A1

Figure 4: Images of PF (A), PS (B), OPS (C), and OPRS (D) with Scanning electron micrograph at X500 magnification

(2) x5,000 magnification (3).

Conclusions
This study optimized starch extraction from PR
using an RSM-Box-Behnken design with 3 factors:

Sonication power, extraction time, and solid-solvent

ratio. The model, with an R? of 0.9972, confirmed its
suitability for the experimental data. Optimal conditions
were 119.97 W sonication power, a 1:39.88 g/mL solid-
solvent ratio, and 18.89 min extraction time, The
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experimental yield of 77.54 %, which surpassed the
predicted value of 76.90 %, confirming UAE’s
effectiveness for industrial starch extraction. Optimized
porang starch (OPS) had the highest starch (67.80 %)
and amylose (24.73 %) content, while starch from
extraction residue (OPRS) showed lower starch (55.69
%) and amylose (7.51 %) but higher amylopectin (48.18
%). Color analysis indicated effective pigment removal
and FTIR spectra confirmed the purity and structural
integrity of OPS and OPRS. XRD analysis revealed
OPS crystallinity, while DSC showed improved thermal
stability and enhanced gelatinization properties in OPS
and OPRS, highlighting their potential for applications
in food, bioplastics, and pharmaceutical industries due
to their enhanced purity, structural integrity, and thermal
stability.
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