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of cellulose fibers from pineapple
crown waste for the development of pH-sensitive
bioplastic films based on starch and purple cabbage
anthocyanins

Nguyen Bui Anh Duy, ab Nguyen Thanh Huy, ab Bui Phuong Dong,c

Pham Nguyen Hong Nhu,c Phan Quoc Phu *ab and Nguyen Chi Thanh *c

Environmental concerns over plastic waste and food safety have driven the development of smart and

biodegradable active packaging materials. This study reports an intelligent bioplastic film capable of real-

time monitoring of food freshness. Cellulose fibers (CFs) were extracted from pineapple crown waste

through alkali and hydrogen peroxide treatment, followed by citric acid hydrolysis to enhance

crystallinity. The extraction yield of cellulose fibers was 48.25 ± 0.37%, with a crystallinity index of

78.54%, confirming the effective removal of amorphous components. The obtained cellulose fibers were

incorporated as reinforcing agents into cassava starch films containing a fixed amount of purple cabbage

anthocyanin extract (2 mL, 255.49 mg L−1). Mechanical analysis revealed that the optimal cellulose

concentration was 16 wt%. The resulting intelligent bioplastic film exhibited an apparent color change

from red to green or yellow, consistent with the behavior of an anthocyanin solution. During shrimp

storage, the film functioned as a freshness indicator, changing color from purple to blue upon exposure

to volatile amines such as trimethylamine (TMA), dimethylamine (DMA), and ammonia (NH3). These

findings demonstrate the potential of this intelligent biodegradable packaging for real-time food quality

monitoring and environmental sustainability.
Sustainability spotlight

This study addresses the pressing need for sustainable utilization of agricultural residues by transforming pineapple crown waste into high purity cellulose
through an environmentally friendly citric acid process. The approach eliminates the use of strong mineral acids, thereby reducing chemical waste, corrosion
risk, and water consumption. The recovered cellulose was applied to fabricate starch-based bioplastic lms incorporated with purple cabbage anthocyanins,
which function as color changing indicators under different pH conditions. This work represents a practical step toward green innovation in the valorization of
biomass resources and the development of intelligent and biodegradable packaging materials. The study aligns with the United Nations Sustainable Devel-
opment Goals 9 (Industry, Innovation and Infrastructure), 12 (Responsible Consumption and Production), and 13 (Climate Action).
Introduction

During storage, food products are highly susceptible to spoilage
due to microbial growth and biochemical reactions such as
lipid oxidation and protein degradation.1 These processes
generate volatile compounds, including ammonia (NH3),
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trimethylamine (TMA), and organic acids, which cause uctu-
ations in the pH of the packaging environment.2 Although
packaging helps protect food from external inuences, most
current materials are synthetic plastics derived from petro-
leum.3 These materials are not biodegradable and have the risk
of chemical contamination in food, raising serious concerns for
both human health and environmental sustainability.4–6 To
address these challenges, biodegradable intelligent packaging
has emerged as a promising and sustainable solution.7–9 Intel-
ligent packaging not only offers physical protection but also
integrates sensing capabilities to monitor and respond to
biochemical changes occurring in food during storage.10 Among
various indicators, the pH was considered a critical parameter
due to its direct correlation with food freshness. Therefore, pH-
sensitive materials can be effectively employed as visual indi-
cators in active packaging.11
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Anthocyanins are natural pigments found in abundance in
purple plants such as purple cabbage, buttery pea owers, and
purple sweet potato, and they can change their structure in
response to pH, resulting in distinct, visible color changes.12–15

In acidic environments, anthocyanins appear red as the pH
decreases, and the color changes to purple, blue, green, or
yellow, depending on the degree of alkalinity.16–18 However, to
develop pH-responsive packaging lms that are also mechan-
ically stable and biodegradable, careful selection and combi-
nation of matrix materials is required.

Cassava starch is a natural polysaccharide widely available in
Vietnam, known for its good lm-forming ability and low
cost.19–21 Nevertheless, lms made from pure starch typically
exhibit poor mechanical strength and high moisture sensi-
tivity.22 Reinforcement with cellulose is therefore necessary to
improve the lm's durability and stability.23 Among various
cellulose-rich sources, pineapple crown waste – a common
agricultural by-product in Vietnam – is considered a promising
candidate for cellulose extraction.24,25

One signicant challenge in utilizing cellulose is its extrac-
tion, which traditionally relies on strong mineral acids such as
sulfuric or hydrochloric acid.26–28 Although effective, these
methods pose risks of environmental contamination and
equipment corrosion and require complex neutralization
steps.29 According to recent studies, citric acid has demon-
strated the ability to effectively remove lignin and hemicellulose
while maintaining a high crystallinity index in the cellulose
structure.30,31 Moreover, this method generates minimal
hazardous by-products, reduces the need for chemical neutral-
ization, and consumes less water. With a moderate acidity of
around pH 3.5, citric acid facilitates sufficient hydrolysis while
preserving the structural integrity of the cellulose bers.
However, research on the application of citric acid for cellulose
hydrolysis from agricultural residues in Vietnam remains
scarce, particularly concerning pineapple crown waste. Previous
studies have mainly applied this green hydrolysis approach to
other biomass sources such as eucalyptus kra pulp,32

commercial microcrystalline cellulose,33 bean husks,34 and date
palm residues.35 Therefore, this study underscores the novelty,
practical signicance, and potential of this environmentally
friendly extraction strategy for the efficient isolation of cellulose
from pineapple crown waste.

Based on the above discussion, this study aims to develop an
intelligent biodegradable packaging lm capable of visually
monitoring food freshness through pH-induced color changes.
The material design integrates cellulose bers extracted from
pineapple crown waste, a largely unexplored agricultural by-
product in Vietnam, using citric acid-assisted hydrolysis as
a reinforcing agent, and anthocyanin extracted from purple
cabbage as a natural pH-sensitive indicator within a cassava
starch matrix. This approach addresses the limited research on
eco-friendly cellulose extraction and the application of natural
color indicators in starch-based lms while valorizing agricul-
tural waste. The outcomes of this study are expected to advance
sustainable, intelligent food packaging systems, providing
a multifunctional, environmentally friendly solution that aligns
with circular economy principles.
852 | RSC Sustainability, 2026, 4, 851–864
Materials and methods
Materials

Materials. Pineapple crown waste (Ananas comosus L.) was
collected from Tien Giang Province, Vietnam. Purple cabbage
(Brassica oleracea var. capitata f. rubra) was obtained from Lam
Dong Province, Vietnam. Cassava starch was purchased from
Hiep Phat International Agricultural Co., Ltd, Tay Ninh, Viet-
nam, and contained 18.12 ± 0.07% amylose and 76.17 ±

0.04% amylopectin, which were determined using the method
described in our previous study.36 Sodium hydroxide (NaOH),
hydrogen peroxide (H2O2), citric acid (C6H8O7), potassium
chloride (KCl), hydrochloric acid (HCl), sodium acetate (CH3-
COONa), acetic acid (CH3COOH), ethanol (C2H5OH), and
glycerol (C3H8O3) were purchased from Sigma Aldrich.
Distilled water was used throughout the experiments.
Methods

Extraction of cellulose bers (CFs) from pineapple crowns.
The extraction process was designed with reference to earlier
studies and adjusted to t the objectives of this work.33–35,37,38

The pineapple crowns were pretreated by washing, cutting into
small pieces, drying at 50 °C for 24 hours, and grinding to
obtain pineapple crown bers (PCF). Then, the PCF were soaked
in hot water at 100 °C to remove water-soluble compounds.
Next, alkaline treatment was performed by soaking the raw
material in 6% NaOH solution at 80 °C for 2 hours at a 1 : 20 (w/
v) ratio to remove most of the hemicellulose and some of the
lignin. Aer treatment, the samples were washed several times
with distilled water until the pH was neutral, and then bleached
with a 5% hydrogen peroxide (H2O2) solution at 80 °C for 2
hours. Finally, the obtained cellulose bers were hydrolyzed
with 60% citric acid at 90 °C for 6 hours to remove the amor-
phous regions. Aer hydrolysis, the samples were washed with
distilled water until neutral and freeze-dried at −40 °C for 48 h.
The schematic diagram in Fig. 1a shows the cellulose ber
extraction process.

Extraction of purple cabbage extract. The overall extraction
procedures were developed based on previously reported
methods with appropriate modications.39,40 Aer being
cleaned, the purple cabbage was nely chopped and soaked in
50% ethanol at a 1 : 10 (w/v) ratio. The extraction was conducted
in a tightly sealed glass container at 5 ± 2 °C for 24 hours to
minimize anthocyanin degradation. Aer soaking, the mixture
was ltered to remove solid residues, and the anthocyanin-
containing extract was collected. The obtained extract was
then concentrated using a rotary vacuum evaporator (Buchi
R210, Switzerland; ID: RE-01HL) at 40 °C for about 2 hours to
remove ethanol and part of the water, leaving 10% of the initial
volume. The concentrated purple cabbage extract (PCE) was
stored in dark glass bottles at 5 ± 2 °C until further use. A
schematic diagram of the anthocyanin extraction process is
illustrated in Fig. 1b.

Bioplastic lm manufacturing. Cassava starch (2.5 g) was
dispersed in distilled water at a ratio of 1 : 20 (w/v), followed by
the addition of CFs at different concentrations of 0, 8, 16, and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Cellulose fiber extraction process (a), anthocyanin extraction process (b), and bioplastic film manufacturing process (c).
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24 wt% (based on the weight of starch), and labeled as CS 0.0,
CS 0.2, CS 0.4, and CS 0.6, respectively. The mixture was
ultrasonicated for 15 min at room temperature, then stirred at
400 rpm and heated to 80 °C for 15 min to complete gelati-
nization. Aer cooling to 40 °C, 2 mL of anthocyanin extract
and 30% glycerol (w/w based on starch) were added. The
resulting mixture was stirred for an additional 10 min to
© 2026 The Author(s). Published by the Royal Society of Chemistry
ensure homogeneity. To ensure uniform lm thickness across
all samples, 25 mL of the homogeneous lm-forming solution
was poured into Petri dishes with a 10 cm diameter, and 20 mL
into those with an 8 cm diameter, under identical conditions.
The lms were then dried at 45 °C for 12 h. A schematic
illustration of the lm preparation process is shown in Fig. 1c.
RSC Sustainability, 2026, 4, 851–864 | 853
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Characterization analysis

Extraction yield of CFs. The yield (H, %) of cellulose ber
extraction from pineapple crowns was calculated using eqn
(1).41 This analysis was repeated three times, and the average
value was reported.

Hð%Þ ¼ mf

mi

� 100 (1)

where mf is the mass of CFs (g) and mi is the mass of dried
pineapple crown bers (g).

Moisture content. The moisture content of the CFs and the
bioplastic lms was determined by weighing the samples before
and aer drying at 105 °C until a constant weight was achieved.
The moisture content (MC, %) was calculated as the percentage
of weight loss relative to the initial sample weight, as expressed
in eqn (2). The analysis was performed in triplicate, and the
mean values were reported.

MC ð%Þ ¼ W1 �W2

W1

� 100 (2)

where W1 is the initial weight of the CFs or bioplastic lms and
W2 is the weight of the CFs or bioplastic lms aer drying in the
oven.

Scanning electron microscopy (SEM). The surface
morphology of PCF and CFs was analyzed using eld emission
scanning electron microscopy (FESEM, S-4800, HITACHI,
Japan) at the SHTP Research and Development Center, Saigon
Hi-Tech Park, Vietnam. The samples were placed on carbon
supports and coated with a thin platinum layer before obser-
vation. The average ber diameter was determined from SEM
images using ImageJ soware by measuring at least 70
randomly selected bers.

Fourier transform infrared (FTIR) spectroscopy. Fourier
transform infrared (FTIR) spectra of PCF and CFs were analyzed
using a NICOLET 6700 spectrometer (Thermo, USA) at the
Institute of Applied Materials Science in Ho Chi Minh City,
Vietnam. The spectral analysis was conducted over 4000 to
400 cm−1 with a resolution of 4 cm−1, using a total of 64 scans.
The samples were prepared as pellets by mixing the dried
samples with KBr. This comprehensive analysis enables the
identication of functional groups and provides insights into
the chemical structure of the CFs and PCF.

X-ray diffraction (XRD). X-ray diffraction (XRD) analysis of
PCFs and CFs was performed using an EMPYREAN diffrac-
tometer (PANalytical, the Netherlands). The instrument was
operated at 40 kV and 45 mA, utilizing CuKa X-ray radiation
(wavelength = 0.1542 nm). Samples were analyzed over a 2q
scan range from 5° to 80°. The degree of crystallinity (DC, %)
was quantitatively calculated using eqn (3).42

DC ð%Þ ¼ Ac

Ac þ Am

� 100 (3)

where Ac is the area of the crystalline region and Am is the area of
the amorphous region.

UV-vis analysis of PCE. The UV-vis spectrum of PCE was
measured over the 380–760 nm range using a UV-vis spectro-
photometer (JASCO V-730, Japan). The extract was obtained as
854 | RSC Sustainability, 2026, 4, 851–864
a deep purple solution containing anthocyanins along with
small amounts of co-extracted compounds such as sugars,
organic acids, and polyphenols.43 Buffer solutions used for pH
adjustment were prepared following the procedure of Devar-
ayan et al.44 Specically, hydrochloric acid–potassium chloride
buffer at pH 2, citrate buffer at pH 3–6, phosphate buffer at pH
7–8, and carbonate–bicarbonate buffer at pH 9–10 were used.
Under strongly alkaline conditions (pH 11–12), the pH was
adjusted using appropriate mixtures of HCl and NaOH solu-
tions. The pH value of PCE solution was subsequently adjusted
from 2 to 12 using the corresponding buffer systems mentioned
above. Each sample was analyzed in triplicate, and the average
value was used for data analysis.

Anthocyanin content. Total monomeric anthocyanin (TMA)
content was determined using the pH differential method
described by Giusti et al.45 The PCE was diluted with 0.025 M
potassium chloride–hydrochloric acid buffer (pH 1.0) and 0.4 M
sodium acetate–acetic acid buffer (pH 4.5) at a ratio of 1 : 9 (v/v).
The sample was then xed in a dark environment for about 30
minutes at room temperature, and its absorbance was
measured at 520 and 700 nm using a UV-vis spectrophotometer.
The relative absorbance of the purple cabbage extract was
calculated using eqn (4).46

A = (Al520
− Al700

)pH 1.0 − (Al520
− Al700

)pH 4.5 (4)

where Al520 and Al700 are the absorbance values measured at 520
and 700 nm, respectively; the subscripts pH 1.0 and pH 4.5
indicate measurements in buffer solutions at pH 1.0 and 4.5,
respectively.

The total monomeric anthocyanin (TMA, mg L−1) content in
the extract was calculated using eqn (5).46

TMA
�
mg L�1� ¼ A � MW � DF � 1000

3 � L
(5)

where A is the relative absorbance, MW is the molecular weight
of cyanidin-3-glucoside (449.2 g mol−1), DF is the dilution
factor, 3 is the molar absorption coefficient (26 900 L
mol−1 cm−1), and L is the cuvette width (1 cm).

Solubility in water and moisture content of bioplastic lms.
The experiment was conducted according to the method
described by Hailu et al., with appropriate modications.39 Film
samples (2 cm × 2 cm) were prepared from each formulation,
and their thicknesses were measured before testing. The
average thickness values were 0.092 ± 0.001 mm, 0.095 ± 0.002
mm, 0.098 ± 0.002 mm, and 0.104 ± 0.003 mm for CS 0.0, CS
0.2, CS 0.4, and CS 0.6, respectively. The measurements were
performed at three different points on each lm sample using
an electronic thickness gauge (Mitutoyo 547-401A, Japan) with
a resolution of 0.001 mm. The lms were dried in an oven at
105 °C for three hours to determine the initial mass (W3). Aer
cooling in a desiccator, the samples were weighed accurately
using an analytical balance. Next, the samples were soaked in
10 mL of deionized water in a 50 mL glass beaker at room
temperature (approximately 25 ± 2 °C) for 24 h. Aer the
soaking period, the solution containing the sample was ltered
through a lter paper to collect the insoluble fraction. The
© 2026 The Author(s). Published by the Royal Society of Chemistry
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residue on the lter paper was carefully collected and dried in
an oven at 105 °C for three hours until a constant mass was
achieved. The dried sample was cooled in a desiccator and
weighed to determine the residual mass (W4). The water solu-
bility (SW, %) of the bioplastic lms was calculated according to
eqn (6).39 This analysis was performed in triplicate, and the
average value was recorded.

SWð%Þ ¼ W3 �W4

W3

� 100 (6)

Mechanical properties of bioplastic lms. The mechanical
properties of the bioplastic lms were determined using a Shi-
madzu AGS-X tensile testing machine (Japan) at the Materials
Technology Laboratory of Ho Chi Minh City University of
Technology Education. The tensile test was conducted accord-
ing to the international standard ASTM D882 at a test speed of
12.5 mmmin−1. The obtained lms were then conditioned at 23
± 2 °C and 50 ± 10% relative humidity for 48 h before
mechanical testing. Ten replicate measurements were per-
formed, and the average value was reported for evaluation. The
tensile strength (TS, MPa) and elongation at break (EAB, %)
were calculated using eqn (7) and (8), respectively.39

TS ðMPaÞ ¼ F

A
(7)

where F (N) is the tensile force of the bioplastic lms and A
(mm2) is the cross-sectional area of the bioplastic lms.

EABð%Þ ¼ l1 � l0

l0
� 100 (8)

where lo (mm) is the initial length of the bioplastic lms and l1
(mm) is the length at the breaking point of the bioplastic lm.

Young's modulus (E, MPa) is related to its tensile strength
and elongation, as shown in eqn (9).39

EðMPaÞ ¼ TS

EAB
(9)

pH-sensitivity of the colorimetric indicator. The pH
responsiveness of the anthocyanin extract was evaluated using
the method described by Diksha Thakur et al., with some
necessary modications.47 Specically, lm samples measuring
2 cm× 2 cm were immersed in different pH buffer solutions for
1 min. Aer exposure, the samples' color changes were recorded
with a digital camera and analyzed in relation to the medium's
pH.

Color property analysis. The colorimetric method for the CS
0.4 smart biolm sample was performed as described by Gao
et al. and Pang et al., with minor adjustments to suit the
experimental conditions.48,49 The CS 0.4 bioplastic lm sample
was cut into 2 × 2 cm squares, then immersed in 5 mL of buffer
solution at pH 2–12 for 5 min to evaluate the biolm's color
sensitivity to changes in the environmental pH. Aer treatment,
the lm samples were removed and lightly dried on absorbent
paper before measuring color with a CHN Spec CS-10 handheld
colorimeter. The measurements were conducted under a D65
illuminant and a 10° observer, using an LED light source. The
© 2026 The Author(s). Published by the Royal Society of Chemistry
color parameters collected according to the CIELAB color
system include:

L*: lightness, values from 0 (black) to 100 (white),
a*: red–green axis, in which positive values represent red and

negative values represent green,
b*: yellow–blue axis, in which positive values represent

yellow and negative values represent blue.
To evaluate the degree of color change aer pH treatment,

the overall color difference (DE) was calculated using eqn (10):

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
L* � L0

�2 þ ða* � a0Þ2 þ
�
b* � b0

�
2

q
(10)

where L*0, a
*
0, b

*
0 is the initial color value of the lm (before pH

treatment), and L*, a*, and b* are the color values aer treat-
ment. Each sample was measured at three random locations to
increase the precision and eliminate local errors. This
measurement enables accurate quantication of biolm color
changes across different pH environments.

Application of lms as a pH indicator for food. To visually
evaluate the color indicator ability of the bioplastic lm CS 0.4
in food preservation, a typical experiment was conducted to
monitor food freshness at room temperature. The food sample
selected for testing was shrimp, which was purchased from Thu
Duc market, Ho Chi Minh City, Vietnam. A sample of bioplastic
lm, cut into approximately 2 cm × 2.5 cm, was placed next to
the food and covered with a plastic wrap for several hours to
observe the color change, as described by Konala Akhila et al.50

Statistical analysis. All experiments were performed in trip-
licate, and the results were expressed as mean ± standard
deviation (SD). The obtained data were processed using Ori-
ginPro 2018 (OriginLab Corporation, USA). The signicant
differences in the mean values were determined by one-way
ANOVA followed by the Tukey test at the signicance level of
p <0.05.
Results and discussion
Extraction yield of CFs

The extraction yield of cellulose bers from PCF was 48.25 ±

0.37%, calculated according to eqn (1). This value was higher
than those reported for other biomass sources such as corn cob
(37.15%),51 wheat straw (36.1%),52 aloe peel (32%),53 and rice
husk (30%),54 all of which were processed through acid hydro-
lysis with inorganic acids. These results conrm that the
sequential treatment with NaOH and H2O2, followed by citric
acid hydrolysis, provides an effective route for cellulose recovery
from pineapple crown waste.

Although the yield obtained in this study was lower than that
reported by Fitriani et al. for cellulose bers extracted from the
same raw material, pineapple crown bers (76.23%),55 this
difference cannot be explained solely by variations in the orig-
inal biomass source. It also reects the distinct extraction and
purication strategies adopted. In the above study, a one-step
combined treatment using sodium hydroxide (NaOH) and
hydrogen peroxide (H2O2) was applied to the pineapple crown
bers for 1 hour before hydrolysis with 3M sulfuric acid (H2SO4)
at 45 °C. This procedure is known to accelerate the removal of
RSC Sustainability, 2026, 4, 851–864 | 855
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amorphous domains and enhance cellulose recovery, though it
may be less effective in eliminating hemicellulose and lignin
residues. In contrast, the present study employed separate
alkaline and bleaching treatments, each conducted for two
hours at 80 °C, to ensure more thorough delignication and
dehemicellulization, both of which account for a large propor-
tion of pineapple crown ber biomass.28,56 Before hydrolysis
with 60% w/w citric acid at 90 °C for six hours, this process
enhances the removal of impurities while preserving the
structural integrity of cellulose; however, the repeated washing
steps required to remove residual chemicals can lead to partial
cellulose loss, resulting in a lower overall extraction yield.

Compared with other studies employing citric acid as a green
hydrolyzing agent, the extraction yield obtained in this work
falls within the expected range for organic acid hydrolysis.
Specically, Aisy et al. reported the extraction of cellulose
nanobrils (CNFs) from date by-products that had undergone
NaOH and H2O2 pretreatments, followed by hydrolysis with
5.5 M citric acid (approximately 80% w/w) at 100 °C for 6 h
under ultrasonic assistance, achieving a yield of 51.73%.35

Similarly, Hui Ji et al. utilized pre-bleached bagasse as the
feedstock and conducted hydrolysis with 80% w/w citric acid at
100 °C for 4 h, resulting in a CNF yield of 63.4%.38 The slightly
lower yield observed in the present study can be attributed to
the absence of ultrasonic enhancement and the adoption of
milder hydrolysis conditions (60% w/w citric acid, 90 °C, 6 h),
which were deliberately selected to minimize cellulose degra-
dation while maintaining a practical balance between the
recovery yield and economic feasibility. Overall, these ndings
Fig. 2 SEM images of (a and b) fibers from pineapple crown waste at
cellulose fibers at ×300 and ×1000 magnification, respectively.

856 | RSC Sustainability, 2026, 4, 851–864
substantiate that citric acid hydrolysis represents a sustainable
and effective alternative to mineral acids for cellulose extraction
from pineapple crown waste.
Moisture content of CFs

The moisture content of cellulose bers extracted from pine-
apple crowns was determined using eqn (2).57 The analysis
yielded an average moisture content of 11.47 ± 0.58%.
Scanning electron microscopy

The morphological changes on the surface of PCF and CFs were
analyzed by scanning electron microscopy, as illustrated in
Fig. 2. As shown in Fig. 2a and b, PCF had a rough surface, and
the cellulose chains tended to aggregate into ber bundles. This
behavior was attributed to the presence of compounds such as
lignin, hemicellulose, pectin, and other non-cellulose
substances, which acted as binders.58 In contrast, the CFs
observed in Fig. 2c and d have a well-dened brous structure
with a smooth and uniform surface. These ndings indicated
that chemical treatment, especially hydrolysis with citric acid,
effectively removed amorphous impurities.59 The CFs had an
average diameter in the range of 4.21–5.18 mm, as shown in
Fig. 3. Compared with the study of Kassim et al., the cellulose
bers were extracted from the same plant source through
hydrolysis with H2SO4, and the average ber diameter was 3.66
mm, which is relatively close to the value reported in this study.60

This indicates the potential of using citric acid as an adequate
replacement for H2SO4 to reduce its environmental impacts.
×300 and ×1000 magnification, respectively, and (c and d) obtained

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XRD patterns of PCF and CFs.
Fig. 3 Diameter distribution of CFs.
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Fourier transform infrared spectroscopy

The FTIR spectra of PCF and CFs are shown in Fig. 4. The
absorption bands in the range of 3700–3000 cm−1, with
a maximum peak at approximately 3345 cm−1, correspond to
the stretching vibration of the hydroxyl group (O–H) present in
the chemical structure of the cellulose molecule in both
samples. The peaks observed at 2919 cm−1 and 1639 cm−1 are
attributed to the stretching vibration of the C–H and O–H
groups, respectively. Furthermore, the peak at 1740 cm−1 in the
spectrum of PCF is assigned to the stretching vibration of the
carbonyl group (C]O) in the chemical structure of hemi-
cellulose, or from the ester bond of the carboxylic group in the
chemical structure of lignin.60 In addition, the absorption peaks
at 1050 cm−1 and 892 cm−1 were assigned to the stretching
vibration of the (C–O–C) bond in the pyranose ring and the
glycosidic bond between glucose units in the cellulose chain.
Interestingly, compared to the FTIR spectrum of PCF, the FTIR
spectrum of CFs showed a decrease in absorption intensity at
1740 cm−1, meaning that a part of the hemicellulose was
removed. Furthermore, the disappearance of the peak at
1245 cm−1, which is typically associated with syringyl-type
lignin, was also not observed in the FTIR spectrum of the CFs,
Fig. 4 FTIR spectra of PCF and CFs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
indicating that the chemical treatments signicantly removed
the amorphous components while preserving the chemical
structure of the obtained cellulose bers.55

X-ray diffraction

The X-ray diffraction patterns of the PCF and CFs are shown in
Fig. 5. The results showed that both PCF and CFs exhibited
characteristic diffraction peaks at 2q values of approximately
15.2°, 16.1°, 22.6° and 34.6°, corresponding to the (1�10), (110),
(200) and (040) crystal planes, respectively, representing the
structure of type I cellulose.61 In addition, the crystallinity index
of CFs calculated from eqn (3) was 78.54%, which was signi-
cantly higher than that of PCF (36.41%). This indicated that the
chemical treatments, especially citric acid hydrolysis, effectively
removed amorphous components such as hemicellulose,
lignin, and other non-cellulose substances, thereby increasing
the crystallinity of the CFs.62 These results are consistent with
those reported by Diana Choquecahua Mamani et al.63

Crystallinity was considered a critical parameter that deter-
mined many mechanical and physicochemical properties of
cellulose-based materials. Fig. 6 visually illustrates the crystal-
linity of the CFs in this study in comparison with previously
reported values for cellulose hydrolyzed from various biomass
sources using inorganic acids.54,55,60,64–70 This result indicated
that, although citric acid was weaker in acidity compared to
H2SO4 and HCl, it was still able to disrupt amorphous and
paracrystalline regions within the cellulose structure when
suitable hydrolysis conditions were applied. The variation in
crystallinity among samples was inuenced not only by the type
of acid used but also by the microstructure of the raw biomass,
ber size, the initial ratio of crystalline to amorphous regions,
and specic treatment parameters.71 Achieving a high degree of
crystallinity using an organic acid demonstrated the effective-
ness and sustainability of the proposed method compared to
conventional inorganic acid-based processes.

UV-vis analysis of PCE

The UV-vis absorption spectra of PCE at pH values ranging from
2 to 12 are shown in Fig. 7, showing distinct changes in both the
RSC Sustainability, 2026, 4, 851–864 | 857
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Fig. 6 Crystallinity index of CFs compared across biomass sources.
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position and intensity of the absorption peaks. These changes
reected the characteristic structural transformations of
anthocyanins under varying pH conditions. In the acidic
medium (pH 2 to 4), a strong absorption peak at approximately
524 nm was observed, corresponding to the avylium cation
form. This form exhibited a deep red color and was considered
the most stable under low pH conditions.72 As the pH was
increased to near-neutral levels (pH 5–6), the absorbance at
approximately 524 nm decreased signicantly. This reduction
was attributed to the structural conversion of anthocyanins into
colorless forms, such as carbinol bases and chalcones, which
showed weak or negligible absorption in the visible region.73

When the pH was further increased to alkaline conditions (pH 8
to 12), the absorption maximum shied to a longer wavelength
(600 to 620 nm). This shi was interpreted as resulting from the
formation of quinonoid anion species or degradation products
exhibiting blue or green coloration.74 However, the absorbance
at high pH values was markedly decreased, indicating that
anthocyanins degraded or became less stable under alkaline
conditions.75 These results conrmed the pH sensitivity of
Fig. 7 UV-vis spectra of PCE in different pH buffer solutions.

858 | RSC Sustainability, 2026, 4, 851–864
anthocyanins and suggested their potential as natural indica-
tors in innovative packaging.

Anthocyanin content

The UV-vis spectra of PCE at pH 1 and 4.5 are presented in
Fig. S1. The total anthocyanin concentration extracted from
purple cabbage using ethanol solvent was calculated using eqn
(4) and (5) as 255.49 mg L−1. Compared to other studies related
to the anthocyanin concentration obtained from purple
cabbage, this value is lower than that of Abderrahim Bouou
et al. (790.69mg L−1),76 while it is higher than the value reported
by Mohammad Shayan et al. (154 mg L−1).40 The difference in
anthocyanin content can be attributed to several factors,
including species, growth period, growing conditions, season,
soil, and geographical origin, as well as different cultivation and
extraction methods.76

pH-sensitivity of the colorimetric indicator

The pH sensitivity of the color indicator was evaluated by add-
ing a xed amount of PCE to buffer solutions with different pH
values and to PCE-containing lm samples. Fig. 8 shows that
the pH-induced color changes in the observed lm samples
followed a similar trend to PCE. This result suggests that the
fabricated bioplastic lm has potential application as a pH
sensor indicator in the eld of innovative packaging. The color
changes observed with increasing pH include purple or dark red
in acidic environments, fading to red as the pH approaches
neutral, and turning green or yellow in alkaline environments.
These color change characteristics are consistent with the
results reported by Alizadeh-Sani et al.77

Solubility in water and moisture content of bioplastic lms

Water solubility andmoisture content are two critical indicators
for evaluating the stability of bioplastic lms in humid envi-
ronments, as they directly affect the mechanical properties and
performance of the indicator lm during use. The results pre-
sented in Table 1 show that the CS 0.0 lm has the highest water
solubility (22.74 ± 1.47%) and moisture content (18.35 ±
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Water solubility and moisture content of the bioplastic filmsa

Film samples Solubility in water (%) Moisture contents (%)

CS 0.0 22.74 � 1.47a 18.35 � 1.26a

CS 0.2 17.24 � 0.96b 12.92 � 1.12b

CS 0.4 16.83 � 1.12b 12.28 � 0.84b

CS 0.6 16.35 � 1.28b 12.52 � 1.04b

a Different superscripts in the column indicate signicant differences
between bioplastic lms at p <0.05.

Fig. 8 (a) Tensile strength, (b) elongation at break and (c) Young's modulus of bioplastic film samples.
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1.26%), reecting its strong hydrophilicity and weakening of the
polymer network due to the hydroxyl-rich structure of starch
and glycerol.78 This makes it susceptible to degradation in
aqueous environments and is mechanically unstable. However,
when CFs were added in increasing proportions (CS 0.2, CS 0.4,
and CS 0.6), both solubility and moisture content were signi-
cantly reduced. This demonstrates that cellulose bers play an
essential role in reinforcing the polymer network through
hydrogen bonding with the hydroxyl groups of starch and the
phenolic functional groups of anthocyanins, thereby reducing
the water contact space and limiting water absorption and
retention capacity. This trend is consistent with previous
studies.79–81 It suggests the potential application of pH indicator
lms with good water resistance for packaging high-moisture
foods such as fresh meat, seafood, pre-cut fruits, and dairy
products.
Fig. 9 Color changes of PCE in different pH environments.

© 2026 The Author(s). Published by the Royal Society of Chemistry
Mechanical properties of bioplastic lms

Fig. 9 and S2 show the mechanical properties of starch-based
bioplastic lms reinforced with the CFs and anthocyanins
from purple cabbage. The results showed that both the tensile
strength and Young's modulus of the lms increased signi-
cantly with the addition of CFs, reaching the highest value at
a concentration of 16 wt% (CS 0.4). At this concentration, the
tensile strength reached 6.11 ± 0.12 MPa. At the same time, the
Young's modulus increased to 318.96 ± 23.24 MPa, approxi-
mately 2.7 times higher than that of the unreinforced sample
(CS 0.0), reecting the improvement in both the tensile strength
and stiffness of the material. This mechanical improvement is
explained by the relatively good dispersion of cellulose bers in
the starch matrix, which promotes the formation of hydrogen
bonds between the phases and helps transfer stress effectively.82

However, when the CF concentration increased to 24 wt% (CS
0.6), the tensile strength tended to decrease slightly. The reason
may be that the addition of high CF content hindered the
interaction between starch molecules, leading to agglomeration
and affecting the uniformity of the lm.83

In contrast, the elongation at break gradually decreased with
increasing CF content, indicating that the material became
more brittle. Specically, the CS 0.0 sample had an elongation
at break of about 16.63 ± 1.28%, whereas the CS 0.6 sample
showed a sharp decrease to about 6.48 ± 0.45%. This implies
that at high concentrations, CFs reduced the exibility of
RSC Sustainability, 2026, 4, 851–864 | 859
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polymer chains, thereby reducing the lm's elastic deformation
capacity under tensile force. Overall, the CS 0.4 sample exhibi-
ted the best mechanical properties, suggesting potential appli-
cations in biodegradable packaging.
Color property analysis

The variation in L*, a*, and b* values clearly reected the color
transition of the CS 0.4 bioplastic lm under different pH
conditions (Table 2), which was associated with trans-
formations among key anthocyanin molecular structures,
including the avylium cation, quinoidal base, carbinol base,
and chalcone. In strongly acidic media (pH 1–3), anthocyanins
predominantly existed in the avylium cation form, character-
ized by an intense purplish-red color, as indicated by very high
a* values (35.31–29.91) and slightly positive b* values (4.99–
9.78). Simultaneously, the low L* values (44.84–54.84) suggested
dark tones and high light absorption. As the pH increased to the
neutral range (pH 4–7), anthocyanins transformed from the
avylium form to unstable intermediates, such as the carbinol
base (colorless) and the quinoidal base (purple-blue).84 This was
reected by a sharp decrease in a*, a shi of b* to negative
values, and an increase in L*, reaching a peak at pH 7 (71.90),
which indicated a lighter color. From pH 8 to 10, anthocyanins
mainly existed in the anionic quinoidal base form, resulting in
blue to greenish hues, as evidenced by strongly negative
Table 2 Color parameters (L*, a*, and b*) of the CS 0.4 bioplastic film s

a Different superscripts in the column indicate signicant differences bet

860 | RSC Sustainability, 2026, 4, 851–864
a* values (−4.87 to −9.97) and profoundly negative b* values
(−20.45 to −18.16).85 Under strong alkaline conditions (pH 11–
14), the anthocyanin structure was further transformed into the
open-ring chalcone form, a more stable structure in alkaline
environments, exhibiting intense yellow coloration. This was
conrmed by signicantly high positive b* values (25.53–40.27)
and slightly positive a* values (2.25–5.35). These color changes
are shown in Fig. S3.

The total color difference (DE) provided quantitative insight
into the extent of color variation in the lm under each pH
conditions relative to its initial state.85 Very high DE values at pH
1–3 (40.81–34.76) indicated drastic color changes when anthocy-
anins weremainly in theavylium form. FrompH4 to 7,DE values
decreased gradually and reached a minimum at pH 7 (2.43),
indicating a color appearance closest to that of the untreated lm.
However, in alkaline environments (pH 8–14), DE signicantly
increased again, reaching the highest levels at pH 13 and 14 (55.49
and 53.54), due to the presence of yellow-colored chalcone or
colorless degradation products. The observed color transitions
across various pH levels demonstrated the high sensitivity and
reliable color-sensing capability of the developed bioplastic lm.
Application of lms as a pH indicator for food

The color change of the bioplastic lm reects the quality
deterioration of shrimp during storage, as shown in Fig. 10.
amplea

ween lms in different pH environments at p <0.05.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Color response of bioplastic films containing the anthocyanin extract for real-timemonitoring of shrimp freshness at room temperature.

Paper RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 6

/2
2/

20
26

 4
:1

4:
46

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
During the decomposition of seafood, especially shrimp, vola-
tile nitrogen compounds such as trimethylamine (TMA), di-
methylamine (DMA), and ammonia (NH3) are produced by the
activity of microorganisms and proteolytic enzymes.76 As the
storage time increases, the concentration of these compounds
in the surrounding space increases and tends to diffuse into the
indicator lm. The absorption of these alkaline gases increases
the density of hydroxyl ions on the lm surface, thereby altering
the chemical structure of anthocyanin molecules. Specically,
the conversion to the quinoidal base anion form leads to a color
change of the bioplastic lm from purple to blue,85 and the
processes are illustrated in Fig. 11. These interesting ndings
demonstrate the potential application of pH-sensitive lms in
monitoring the freshness of shrimp as well as other fresh foods
during storage.
Fig. 11 Mechanism of color change in anthocyanin films during monito

© 2026 The Author(s). Published by the Royal Society of Chemistry
Limitations

Although the study demonstrated the effectiveness of citric acid
as a green hydrolyzing agent to replace mineral acids in cellu-
lose ber extraction and highlighted the potential application of
pH-sensitive bioplastic lms, several limitations remain to be
addressed. Specically, the hydrolysis process involved a high
citric acid concentration (60% w/w) and a prolonged reaction
time (6 hours), which may result in signicant energy costs if
scaled up for industrial production. In addition, although
anthocyanins exhibited a distinct color response to pH changes,
the long-term color stability of the lm under practical storage
conditions, such as exposure to light, oxygen, or high humidity,
was not evaluated. These factors may inuence the reliability
and consistency of the colorimetric signal. Furthermore, the
ring shrimp freshness.

RSC Sustainability, 2026, 4, 851–864 | 861
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color change observed during shrimp storage was assessed only
qualitatively. Critical quantitative parameters, such as the limit
of detection, response time, and the correlation between color
intensity and the concentration of volatile compounds,
including trimethylamine and ammonia, were not determined.
Migration of compounds from the lms into food, including
overall and specic migration, was also not investigated and
should be evaluated in future studies to ensure food safety.
Finally, the long-term stability of the lm has not been veried,
including its storage lifespan and its ability to retain pH-
responsive functionality over time, which are essential consid-
erations for potential commercialization.

Conclusion

In this study, a green method was successfully employed to
extract cellulose bers from pineapple crown waste using alkali
treatment, hydrogen peroxide bleaching, and citric acid
hydrolysis. The obtained cellulose demonstrated a high
extraction yield (48.25 ± 0.37%) and a crystallinity index of
78.54%, indicating the effective removal of amorphous
components. These bers were subsequently incorporated into
cassava starch lms as reinforcement. When 16 wt% cellulose
bers (CFs) were incorporated into the lm formulation, the
lm exhibited signicantly enhanced mechanical properties,
with a Young's modulus of 318.96 ± 23.24 MPa and a tensile
strength of 6.11 ± 0.12 MPa. Furthermore, anthocyanins
extracted from purple cabbage were incorporated into the bi-
oplastic lm and exhibited excellent color-changing behavior.
The bioplastic lm labeled CS 0.4 demonstrated enhanced
mechanical properties and effective pH-sensing capabilities,
suggesting its potential as an intelligent packaging material.
Overall, the use of agricultural by-products and natural
pigments provided an eco-friendly, promising solution for real-
time food freshness monitoring and contributed to advancing
sustainable food packaging technologies.
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64 H. A. Silvério, W. P. F. Neto, N. O. Dantas and D. Pasquini,
Ind. Crops Prod., 2013, 44, 427–436.

65 P. Panyamao, S. Charumanee, J. Ruangsuriya and
C. Saenjum, ACS Sustain. Chem. Eng., 2023, 11, 13962–13973.

66 K. S. Prado and M. A. S. Spinacé, Int. J. Biol. Macromol., 2019,
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