595

A publication of

CE CHEMICAL ENGINEERING
VOL. 125; 2026 The ltalian Association

of Chemical Engineering

Online at www.cetjournal.it
Guest Editors: Leonardo Tognotti, Rubens Maciel Filho, Viatcheslav Kafarov
Copyright © 2026, AIDIC Servizi S.r.l.

ISBN 979-12-81206-26-7; ISSN 2283-9216 DOI: 10.3303/CET26125100

Functional Enhancement of Hydroxypropyl Methylcellulose
Films through Moringa Oleifera Extract Incorporation

Joel Roman-Montoya?, Fabian Rico-Rodriguez®, Rodrigo Ortega-Toro®*

@Food Packaging and Shelf-Life Research Group (FP&SL), Food Engineering Department, Universidad de Cartagena,
Avenida del Consulado Calle 30 No. 48-152, Cartagena de Indias 130015, Colombia

Grupo de Investigacion en Transformacion Aplicada de Matrices Industriales y Agroindustriales (ITMIA), Food Engineering
Program, Universidad de Cartagena, Cartagena de Indias D.T. y C., Cartagena 130015, Colombia.
rortegap1@unicartagena.edu.co

The growing environmental impact of conventional plastics has intensified the search for sustainable alternatives
for food packaging. This study develops biodegradable films based on hydroxypropyl methylcellulose (HPMC)
incorporated with Moringa oleifera extract and evaluates their physicochemical, optical, mechanical, and
structural properties. Films were prepared by casting with different extract concentrations. The incorporation of
the extract significantly modified optical properties, decreasing gloss and lightness while increasing opacity and
UV-blocking capacity. Water vapour permeability decreased at intermediate concentrations, indicating improved
barrier performance. Mechanical analysis revealed reduced tensile strength and elastic modulus but increased
elongation at break, confirming a plasticising effect. Microstructural analysis showed increased surface
heterogeneity at higher extract levels. Overall, HPMC—-Moringa oleifera films exhibit enhanced functional
performance and potential for sustainable active packaging applications.

1. Introduction

The use of conventional plastics represents a major environmental problem, as approximately 79% accumulates
in landfills or natural ecosystems. These plastics require between 100 and 1,000 years to degrade and
additionally release microplastics and toxic additives that adversely affect wildlife, soils and water resources
(Kuczenski et al., 2022). As a result, there is growing interest in the development and use of renewable materials
for food packaging applications.

There is growing concern regarding the consumption of safe, high-quality foods, which has driven the
development of active packaging systems to extend shelf life, as conventional packaging often fails to prevent
oxidative and light-induced deterioration. In many food products, reduction of oxidative processes and protection
against UV-radiation are essential to prevent nutritional, sensory and quality loss. Strategies such as the addition
of natural substances like antioxidants and UV-blocking compounds help to reduce radical-induced degradation
and preserve product quality through functional protection (Huang et al. 2024).

In this context, the development of antioxidant packaging incorporating natural extracts like Moringa oleifera
leaves is of significant scientific interest. This plant is particularly valuable due to its richness in more than 40
antioxidant compounds, including kaempferol, gallic acid and ellagic acid, which act by neutralising free radicals.
Recent studies have demonstrated that cellulose-based films enriched with these extracts improve functional
performance, confirming their potential as an efficient and environmentally friendly alternative for the food
industry (Shen et al, 2023).

Therefore, the aim of this study was to develop and characterise active biopolymer films based on hydroxypropyl
methylcellulose (HPMC) incorporated with Moringa oleifera extract, evaluating their functional, optical, and
barrier properties, thereby contributing to the development of safe and environmentally responsible packaging
materials for the food industry.
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2. Materials and methods
2.1 Materials

Moringa oleifera was harvested in Cartagena at an optimal vegetative stage. HPMC was employed as the
biodegradable polymer matrix, and glycerol (PANREAC, Bogota, Colombia) was added as a plasticiser.
Extraction reagents (absolute ethanol and HCI) and equipment were supplied by the Faculty of Engineering,
University of Cartagena. Avocado pulp (Persea americana Mill.) purchased from local supermarkets was used
as the food matrix for preservation assays.

2.2 Preparation of Moringa oleifera Extracts

The Moringa oleifera The Moringa oleifera extract was obtained following the methodology described by
Coronado Martinez et al. (2025), with minor modifications. Fresh leaves were dried at 45 °C until constant
weight, ground, and extracted using an ethanol-water mixture (1:1, v/v) at 4 °C for 24 h. Ethanol was removed
by evaporation to obtain an aqueous extract. To ensure formulation reproducibility, the chemical profile of the
extract was determined. The total phenolic content (TPC) was 108.8 + 1.3 mg GAE/g, the antioxidant activity
determined by the DPPH assay was 589.0 + 1 mg ferulic acid/g, and the ABTS radical scavenging activity was
359.2 + 1.3 pg/mL, according to the procedures described in our complementary study. These bioactive
parameters are associated with the structural and functional modifications observed in the HPMC matrix.

2.3 Preparation of Biopolymer Films

HPMC films were prepared using the casting method. Film-forming solutions were prepared with 2% (w/w)
HPMC dissolved in distilled water and 20% (w/w) glycerol relative to the polymer content. Different
concentrations of Moringa oleifera extract were incorporated by gravimetric substitution of distilled water while
maintaining a total solution weight of 250 g. The formulations used are presented in Table 1.

Table 1: Mass fractions of formulation of HPMC-based film-forming solutions with different levels of
gravimetric substitution of Moringa oleifera extract.

Formulations HPMC Glycerol Extract
C 0.83 0.17 0.00
10-E 0.77 0.15 0.08
20-E 0.71 0.14 0.14
30-E 0.67 0.13 0.20
40-E 0.63 0.13 0.25
50-E 0.59 0.12 0.29

2.4 Characterisation of HPMC-Moringa oleifera Biopolymer Films

Colour parameters (L*, a*, b*, AE), gloss (60°), and thickness were determined using standard methods. UV—
visible transmittance and opacity were measured spectrophotometrically. Moisture content, water absorption
capacity, contact angle, and water vapour permeability (WVP) were evaluated following previously reported
methodologies. Mechanical properties (tensile strength, elongation at break, and Young’s modulus) were
determined using a universal testing machine after conditioning at 25 °C and 53 % RH (Coronado Martinez et
al. 2025).

2.5 Statistical Analysis

Statistical analysis was performed using analysis of variance (ANOVA). Significant differences (p < 0.05) among
the samples were evaluated using the least significant difference (LSD) post hoc test for each of the analyses
conducted. All statistical analyses were conducted using Statgraphics Centurion XVI software (Manugistics
Corp., Rockville, MD, USA). In all cases, assays were performed by triplicate, and data is presented as mean +
standard deviation.

3. Results and Discussion
3.1 Film Characterisation

3.1.1 Optical and Colour Properties

The mean colour and gloss values (Table 2) show that Moringa oleifera extract significantly altered the optical
properties of the films. Gloss decreased compared with the control (23.1 GU), reaching minimum values in E-
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10 (13.0 GU) and E-30 (12.3 GU), with a slight increase at higher concentrations (E-40: 19.7 GU; E-50: 15.14
GU), likely due to increased surface heterogeneity and light scattering (Sarumpaet et al., 2025a). In terms of
colour, L* decreased with extract concentration (from 83.0 in the control), indicating progressive darkening. The
a* values shifted from negative to positive (up to 4.3), while b* increased (2.2-39.3), enhancing yellowness.
Chroma increased (=39.0 in E-40 and E-50), and hue angle decreased (136.4°-83.2°), indicating a shift toward
warmer tones. Overall colour difference (AE) increased up to 47.5 (E-40), exceeding the perceptibility threshold
(AE > 5), confirming a clear visual effect of the extract.

Table 2: Mean values and standard deviation of the brightness (GU) and colour parameters (luminosity (L*),
red/green (a*), yellow/blue (b*), chroma (C) and hue angle (h, °)) of the films studied.

CIE Lab
Colour parameters AE Colour
Formulation Gloss at 60°
L* a* b* c h
C 231+43% 83.0x25 -24+09° 22+04° 34+128 136.4+06° -
E-10 13+57° 69.8+23" 23+04° 36.0+19% 36.1+1.9° 855+05° 302+28"

E-20 2350+ 14.5° 62.5+2.9" 29+06° 39.3+0.62 39.4+0.6% 79.4+£0.7° 359+0.1%

E-30 123+7.2° 57.4+10.2° 7.3+33* 381x80° 39.0+7.0% 824 +7.9° 422+1.1% -
E-40 197 £12.7% 417 +4.6° 40+0.1° 30.0%1.3° 30.0+1.3° 83.2+0.5° 47.5+0.6° -
E-50 15.14+6.4%  46.7 +6.2¢ 43+03* 37.0+0.8° 37.2+0.8% 83.2+0.8° 46.9+3.8° -

Formulations sharing the same letter are not significantly different (p > 0.05), while different letters indicate a statistically
significant difference (p < 0.05).

The modification of the optical properties of hydroxypropyl methylcellulose (HPMC) films is a direct consequence
of the incorporation of Moringa oleifera extract. The natural pigments present in the extract, such as phenolic
compounds, flavonoids, chlorophylls and carotenoids, impart an intense colouration that significantly alters the
visual appearance of the material (Braham et al., 2022). In this context, the addition of the extract markedly
transforms the optical appearance of the films, leading to darker and more saturated colouration.

3.1.2 Transmittance and Opacity

Figure 1 shows that the control film exhibited the highest transmittance (>80%) in the 400—1000 nm range,
indicating its high transparency. The incorporation of Moringa oleifera extract progressively decreased the
internal transmittance of the films (E-10 to E-50), particularly in the UV region (200—400 nm). These findings are
consistent with those reported by Shousha et al. (2019), who attributed the UV-blocking behaviour of
biodegradable films to the presence of phenolic compounds, flavonoids, and natural pigments containing
conjugated aromatic structures capable of absorbing UV radiation. Therefore, the results confirm the potential
of Moringa oleifera extract to improve the functional protective properties of HPMC films by enhancing their UV-
shielding capacity.
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Figure 1: Internal UV-Vis transmittance spectra of the different film formulations.
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Similarly, Figure 2 shows that the opacity of HPMC films increased with increasing Moringa oleifera extract
concentration. Opacity was significantly higher (p < 0.05) in extract-containing formulations and inversely related
to transmittance. Formulations E-30, E-40, and E-50 exhibited the highest opacity values, attributed to enhanced
light absorption and scattering caused by bioactive compounds and microstructural changes within the polymer
matrix. These findings confirm that the extract improves the light-blocking capacity of the films, supporting their
application in active packaging systems for photosensitive foods. Different superscript letters indicate significant
differences (p < 0.05) among the formulations.
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Figure 2: Opacity for the films of HPMC and Moringa oleifera extract.

3.1.3 Physical properties and water absorption

Table 3 shows that the incorporation of Moringa oleifera extract significantly affected the physical and water-
related properties of HPMC films. Film thickness increased progressively, reaching 318.2 ym in E-40, due to
higher solid content and interactions between extract compounds and the polymer matrix. Water vapour
permeability (WVP,;) decreased compared with the control, with the lowest value in E-20 (0.563
g-mm/kPa-h-m?), indicating a more compact structure. However, for higher extract loadings (E-30 to E-50),
microstructural heterogeneity and micro-aggregates likely created preferential diffusion pathways, which may
explain the permeability increase despite higher thickness (e.g., E-40). Water absorption capacity (Wca,)
showed no significant differences among formulations (0.32—-0.34 g/g), while moisture content (Xw,) decreased
with increasing extract concentration, possibly due to reduced availability of hydrophilic groups or enhanced
matrix cohesion (Sarumpaet et al., 2025b). Overall, the extract improved the structural integrity and barrier
properties of the films.

Table 3: Thickness (um), water vapor permeability (WVP, g-mm/kPa-h-m?), moisture content (Xw, g water/g
dry film), water absorption capacity (Wca, g dry film/g wet film) of the films studied. Data is presented as mean
values * standard deviation.

Formulations Thickness WVP1 Wca1 Xw1
C 86.85 + 0.02°¢ 2.77 £ 0.062 0.327 £0.019° 0.121 + 0.88¢
E-10 120.1 £ 0.03° 1.64 £0.02° 0.342 +0.03° 0.152 +1.72°
E-20 126.5 £ 0.01° 0.563 + 0.08° 0.3274 + 0.004° 0.129 £ 0.72°
E-30 126.1 £ 0.03° 0.66 + 0.03% 0.3346 £ 0.0172 0.124 +0.71%
E-40 318.2 £ 0.082 1.64 +0.08° 0.266 + 0.026° 0.116 + 0.45
E-50 218.1 £0.01° 0.973 £ 0.07%¢ 0.3255 £ 0.013? 0.11 £0.90°

Formulations sharing the same letter are not significantly different (p > 0.05), while different letters indicate a statistically
significant difference (p < 0.05).

3.1.4 Contact angle

Table 4 indicates that the water contact angle (CAw) decreased progressively with increasing Moringa oleifera
extract concentration, reflecting a reduction in surface hydrophobicity. This behaviour is attributed to hydrophilic
groups provided by the extract’s bioactive compounds, which enhance the films’ affinity for water, consistent
with the findings of Mohamad et al. (2023) in chitosan films incorporated with moringa and MgO nanoparticles.
The control film exhibited the highest CAw (41.33° + 1.53°), whereas extract-containing formulations showed
lower values, with the minimum recorded for E-40 (20.0° + 1.0°) and E-50 (22.0° + 1.0°). Intermediate
formulations (E-10, E-20 and E-30) presented contact angles of 23.3° + 1.53°, 26.0° + 1.0° and 23.0° = 1.0°,
respectively. These results confirm that incorporation of the extract increases the surface hydrophilicity of HPMC
films, thereby promoting greater water interaction and potential suitability for active packaging applications.
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Table 4: Mean values * standard deviation of water contact angle (CAw, °) for both the control film and films
containing varying concentrations of moringa extract.

Formulations Caw °
C 41.33 +1.532
E-10 23.3+1.53°
E-20 26.0 +1.0°
E-30 23.0£1.0°
E-40 20.0 + 1.0«
E-50 22.0+1.02

Formulations sharing the same letter are not significantly different (p > 0.05), while different letters indicate a statistically
significant difference (p < 0.05).

3.1.5 Mechanical properties

Table 5 shows that Moringa oleifera extract significantly modified the mechanical properties of HPMC films.
Tensile strength decreased from 12.3 MPa (control) to 5.1 MPa (E-50), while elastic modulus dropped from 325
to 89 MPa, indicating reduced stiffness. In contrast, elongation at break increased from 24.3% to 39.0%,
reflecting higher flexibility. These changes suggest a plasticizing effect of the extract, where hydroxyl groups
disrupt intermolecular interactions within the polymer matrix, increasing molecular mobility. Similar trends have
been reported in moringa-based biofilms (Ranote et al., 2024), biodegradable UV-blocking films (Nayak et al.,
2024), and other edible films (Kocira et al., 2021).

Table 5: Mean values and standard deviation of the mechanical properties (Tensile Strength: TS), Elastic
Modulus (ME) and deformation capacity (E) of the films studied.

Formulations TS(MPa) ME (MPa) E (%)
C 12.3+1.2° 325+ 42 24.3+0.92
E-10 11.5+0.7° 290 + 5° 27.1+1.2°
E-20 10.8 £ 0.5° 260 + 3° 295+ 1.5°
E-30 9.5+0.3° 230 + 8¢ 32.1+0.5°
E-40 8.2+0.3° 160 £ 7° 34.0 £ 0.5¢
E-50 5.1+0.2¢ 89 + 5 39.0+1.2°

Formulations sharing the same letter are not significantly different (p > 0.05), while different letters indicate a statistically
significant difference (p < 0.05).

3.1.6 Microstructure

The surface morphology of HPMC films changed progressively with increasing Moringa oleifera extract. The
control film (C) showed a smooth, homogeneous surface, while the addition of 10% extract (E-10) caused minor
irregularities and slight surface roughness. At 20-30% extract (E-20 and E-30), micro-aggregates and higher
surface heterogeneity appeared, indicating reduced miscibility. Films with 40-50% extract (E-40 and E-50)
exhibited pronounced roughness, agglomeration, and intense yellow coloration, reflecting decreased
compatibility with HPMC. Overall, increased extract concentration led to greater surface roughness and
heterogeneity, which may influence mechanical, optical, and functional properties of the films (Ramadan et al.,
2024).

E-40

Figure 3: Representative 2.5D surface optical micrographs (10% magnification) of biodegradable films based on
HPMC and Moringa oleifera extract.
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4. Conclusions

The incorporation of Moringa oleifera extract significantly enhanced the physicochemical the functional
performance of HPMC-based films, transforming them into active packaging materials. Presence of phenolic
compounds and flavonoids contributed to enhancing opacity and UV-blocking capacity, demonstrating improved
protection against light exposure. The study revealed a non-linear behaviour in water vapor permeability, where
intermediate concentrations (E-20) achieved the highest barrier efficiency possibly due to a more compact
matrix. However, microstructural analysis confirmed that concentrations above 30% lead to surface
heterogeneity and micro-aggregation which disrupt the polymer network and increase permeability.
Mechanically, the extract exerted a plasticizing effect, increasing ductility at the expense of tensile strength. In
conclusion, HPMC-Moringa extract films, particularly at intermediate concentrations, represent a sustainable
and functional alternative to conventional plastics, offering targeted protection against oxidative and light-
induced deterioration without the need for synthetic additives.
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