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Abstract Abstract 
Phenolic compounds from olive mill wastewater (PCO) of Algerian origin were used to produce sodium 
alginate-based active films using the casting method. The effects of adding various concentrations of 
PCO (0%, 0.1%, and 0.2% w/v) were evaluated regarding the molecular, morphological, thermal, 
physicochemical, optical, barrier, biodegradability, antimicrobial, and antioxidant properties of the alginate 
films. The FTIR and SEM results elucidated the development of a coherent cross-linked structure 
attributed to hydrogen bonding interactions between PCO and alginate chains. Consequently, the films 
exhibited enhanced crystallinity and thermal stability, as revealed by DSC analysis. Moreover, PCO 
addition positively influenced several film properties, including color attributes. As the PCO concentration 
increased from 0% to 0.2%, significant improvements were observed in tensile strength, thickness, 
phenolic content, and opacity, with maximum values reaching 19.666 MPa, 0.107 mm, 80.264 µg/g, and 
0.869, respectively. Additionally, the water barrier capacity and oxidative stability of sunflower oil 

improved significantly, with the lowest values of 0.009 kg cm m− 2 kPa− 1d− 1 and 8.94 meq/Kg observed 
at a 0.2% PCO concentration. On the other hand, the film exhibited biodegradability, as evidenced by water 
resistance tests. The results showed that sodium alginate film coating containing PCO exhibited good 
anti-foodborne pathogen capacities against E. coli, L. monocytogenes, and Salmonella enterica with an 
inhibition zone between 14.6 and 19.6 mm, as well as a significant enhancement of antioxidant properties 
(79.506–98.682%) was observed. In conclusion, sodium alginate-based active films incorporated with 
PCO have demonstrated intriguing properties, making them suitable for food packaging. 
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Abstract

Phenolic compounds from olive mill wastewater (PCO) of Algerian origin were used to produce sodium alginate-
based active films using the casting method. The effects of adding various concentrations of PCO (0%, 0.1%, and 0.2% w/
v) were evaluated regarding the molecular, morphological, thermal, physicochemical, optical, barrier, biodegradability,
antimicrobial, and antioxidant properties of the alginate films. The FTIR and SEM results elucidated the development of
a coherent cross-linked structure attributed to hydrogen bonding interactions between PCO and alginate chains.
Consequently, the films exhibited enhanced crystallinity and thermal stability, as revealed by DSC analysis. Moreover,
PCO addition positively influenced several film properties, including color attributes. As the PCO concentration
increased from 0% to 0.2%, significant improvements were observed in tensile strength, thickness, phenolic content, and
opacity, with maximum values reaching 19.666 MPa, 0.107 mm, 80.264 mg/g, and 0.869, respectively. Additionally, the
water barrier capacity and oxidative stability of sunflower oil improved significantly, with the lowest values of
0.009 kg cm m¡2 kPa¡1d¡1 and 8.94 meq/Kg observed at a 0.2% PCO concentration. On the other hand, the film
exhibited biodegradability, as evidenced by water resistance tests. The results showed that sodium alginate film coating
containing PCO exhibited good anti-foodborne pathogen capacities against Escherichia coli, Listeria monocytogenes, and
Salmonella enterica with an inhibition zone between 14.6 and 19.6 mm, as well as a significant enhancement of anti-
oxidant properties (79.506e98.682%) was observed. In conclusion, sodium alginate-based active films incorporated with
PCO have demonstrated intriguing properties, making them suitable for food packaging.

Keywords: Active packaging, Food waste, Olive mill wastewater by-products, Sodium alginate

1. Introduction

O ver the previous few decades, biopolymer-
based materials have gained considerable

attention due to their role in preserving health and
preventing several metabolic diseases. Therefore, the
demand for eco-friendly, sustainable packaging uti-
lizing biodegradable or compostable materials has
surged in response to consumer demand for sus-
tainability and resource rationality [1]. As defined by

Paix et al. [2], biodegradable films are flexible films
manufactured from proteins, lipids, or poly-
saccharides, either individually or in combination,
with a notable ability to rapidly decompose by mi-
croorganisms shortly after use [3]. As one of the most
widely used marine polysaccharides, sodium algi-
nate (SA) is a natural linear block copolymer
composed of b-D-mannuronic and a-L-guluronic
acid residues linked by a - (1e4) glycosidic bond [4].
Alginate-based films have frequently served as a
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supportive matrix for packaging materials because of
their numerous advantages, such as abundant
availability, low cost, non-toxicity, stability, non-
immunogenicity, biodegradable properties, and
exceptional abilities to emulsify and form films
compared to polyethylene [5,6]. However, their
limited application can be attributed to their poor
ultraviolet light barrier, limited water barrier ability,
and absence of antioxidant and antimicrobial activ-
ity. Given these limitations, recent investigations
have focused on developing active edible films with
enhanced functional attributes by incorporating
other natural ingredients, such as antioxidants, an-
timicrobials, colorants, flavorants, or nutraceuticals
[7]. Polyphenols, with their natural origin and
phytochemical properties, have attracted particular
interest due to their ability to generate active mate-
rials, prolong shelf life, and enhance product value
[8,9]. Furthermore, since polyphenols are non-vola-
tile compounds, they serve as an excellent alternative
to essential oils, helping to minimize the potential
negative effects of essential oils on the sensory
properties of food and their tendency to volatilize
during extended storage [10,11]. In this context,
several studies conducted by Aloui et al. [12], Chen
et al. [13], and Dou et al. [14] proved that the incor-
poration of gallnut extract, thymol extract, and tea
polyphenols into sodium alginate composite films
was able to satisfy antioxidant and antibacterial ca-
pacity as well as improve the mechanical and barrier
properties of the film, respectively. On the other
hand, the high costs associated with olive processing
residues in Mediterranean countries have prompted
the development of eco-friendly methods for recov-
ering and enhancing olive byproducts in food pack-
aging, leveraging their rich nutritional content,
value-enhancing additives, and bioactive com-
pounds. In this regard, the previous study by Zam,
W [15] demonstrated the effectiveness of incorpo-
rating olive leaf extract in conjunction with chitosan
or alginate to improve the physicochemical attributes
of sweet cherries. This combination ensured the
optimal retention of phenolic compounds and
delayed the ripening process of sweet cherries
compared to uncoated fruit samples. Likewise, Ng
and Tan [16] stated the performance of the aqueous
olive extract hydroxytyrosol in enhancing both the
barrier properties and mechanical attributes of the
film when incorporated into alginate bilayer films.
Olive mill wastewater is a liquid byproduct pro-

duced during the extraction of olive oil. It is often
released into the aquatic environment without
treatment. The olive mill wastewater produced
during milling typically ranges from 0.5 to 1.5 m3

per 1000 kg of olives. The main characteristics of

olive mill wastewater include a high concentration
of suspended solids (1e9 g L�1), low pH (3< pH
value < 5.9), and high chemical oxygen demand
(COD: 45e170 g L�1, BOD5: 35e110 g L�1), along
with other recalcitrant organic compounds
(52270e180 000 mg L�1 PteCo units) [17]. The un-
controlled release of untreated olive mill wastewater
poses significant environmental damage due to its
phytosanitary and antimicrobial effects. Traditional
methods of treatment for olive mill wastewater
involve physicochemical processes (flocculation,
coagulation, and adsorption), advanced oxidation
processes, membrane treatment (such as ultra-
filtration, reverse osmosis, micro-filtration), biolog-
ical treatments (aerobic and anaerobic digestion), or
combined processes [17] have been proposed to
mitigate the harmful impact of olive mill waste-
water. Despite their effectiveness, these methods
face limitations such as high costs, technical
complexity, and pollutant emissions. Alternatively,
recent research highlights the potential of olive mill
wastewater as a raw material for producing indus-
trial products, including bioactive compounds, en-
zymes, biofuels, biopolymers, and single-cell
proteins. Olive mill wastewater is rich in phenolic
compounds, such as simple phenols, secoiridoids,
flavonoids, and lignans, which are known for their
potent antioxidant and antimicrobial activity. The
concentration of phenolic compounds in olive mill
wastewater varies significantly from 0.5 to 24 g L�1

[17]. These phenols are too valuable to be dimin-
ished or discharged into the environment. Conse-
quently, the bio-based recovery of olive mill
wastewater through the extraction of phenols and
their integration into biodegradable packaging films
could improve the performance of packaging sys-
tems and prolong the shelf life of food products.
This approach presents an opportunity for recycling
and a sustainable solution for managing olive mill
wastewater. Based on the literature, the residual
organic matter in olive mill wastewater can be
transformed into carbon composites, which can then
be used to eliminate emerging pollutants. The pro-
posed strategy offers a dual approach for valorizing
these wastes and also opens new avenues for ap-
plications by integrating bioactive phenolic com-
pounds into active packaging.
Despite many researchers demonstrating the

performance of bioactive compounds from olive
byproducts, mainly olive leaves and pomace, when
incorporated into film-forming formulations to
improve barrier and mechanical film properties and
to extend food shelf life, their effects on the func-
tional properties of food packaging materials have
not been fully elucidated.
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To the best of our knowledge, there are no studies
in the literature related to the incorporation of
phenolic compounds from olive mill wastewater
into biodegradable packaging films and their char-
acterization. Therefore, the present study aims to
develop a novel sodium alginate (SA) edible film by
incorporating different concentrations of phenolic
compounds extracted from Algerian olive mill
wastewater (PCO) for use as an alternative to non-
biodegradable films for food preservation. The
effects of PCO incorporation into the resulting
composite films on bioactive properties, such as
moisture content, thickness, barrier protection,
mechanical, thermal, molecular, microstructure,
optical, biodegradability, antioxidant, and antibac-
terial properties, were evaluated.

2. Materials and methods

2.1. Material and extraction process

For this study, fresh olive mill wastewater samples
from Chemlal cultivars were obtained from a
continuous chain oil mill in southern Algeria. The
samples were collected in sealed plastic containers
and promptly cooled before being transported to the
laboratory, where they were kept at a temperature of
4 �C for subsequent analysis. The extraction of
phenolic compounds was achieved using the
method described by De Marco et al. [18];
liquideliquid extraction using ethyl acetate was
performed. Initially, olive mill wastewater was
acidified with HCl and subsequently washed with
hexane. The phases were separated when the
washed olive mill wastewater samples were com-
bined with ethyl acetate (10 mL, v/v). The extractions
were performed three consecutive times at 25 �C. At
40 �C, a rotary evaporator was used to evaporate the
ethyl acetate. The dry residue of the polyphenol
extract was frozen at �20 �C until utilization.

2.2. Individual phenolic compounds analysis by
HPLC

A High-Performance Liquid Chromatography
(HPLC) system (LC-20AD pump, SIL-20A HT
autosampler, CTO-10ASVP oven, DGU-20A5R
degasser, CMB-20A communication module) con-
nected to a diode array detector SPDM20A DAD
(Shimadzu, Japan) was used to identify the compo-
sition of phenolic compounds. The analysis followed
the method described by Capanoglu et al. [19]. A GL
Sciences Inertsil ODS-3 (25 cm � 4.0 mm, GL Sci-
ences, Tokyo, Japan) 5 mm column with an Inertsil
ODS-3 cartridge guard column (4.0 � 10 mm, GL

Sciences, Tokyo, Japan) was employed. The column
temperature was maintained at 40 �C, and the
detection of phenolic compounds was executed at
278, 325, 236, 254, and 517 nm wavelengths at a flow
rate of 1 mL/min. The mobile phase consisted of A:
ultrapure water containing 0.1% (v/v) trifluoroacetic
acid and B: acetonitrile containing 0.1% (v/v) tri-
fluoroacetic acid.

2.3. Film preparation

Sodium alginate-based films (SA) were prepared
by dissolving 2 g of SA with 40% (w/w) glycerol in
100 mL of distilled water. The resulting sodium
alginate film-forming solution (SFS) was then heat-
ed at 70 �C for 1h. Different concentrations of PCO
(0%, 0.1%, and 0.2% (w/v)) were added to the
polymer solutions after the SFS was cooled to room
temperature. The resulting film-forming solutions
were degassed using ultrasonication, separated into
18 g portions in Petri dishes, and dried at 40 �C for
24 h in an incubator.

2.4. Chemical characterization by FTIR analysis

A Fourier Transform Infrared (FTIR) instrument
(Bruker Tensor 27 spectrometer equipped with a
DLa TGS detector, Bremen, Germany) was used for
spectral analysis to elucidate the structural in-
teractions and functional groups in the produced
films. The FTIR measurements were conducted in
the 4000 to 400 cm⁻1 spectral range [20].

2.5. Scanning electronic microscopy analysis

The surface morphology of the film samples was
analyzed using scanning electron microscopy (SEM)
(Thermo Fisher Apreo 2 S FEG-SEM, EU). The films
were placed on aluminum stubs using carbon tape
with an Au coating. They were then examined using
an accelerating voltage of 10 kV. Chemical charac-
terization was performed using FTIR analysis.

2.6. Thermal properties

The Differential Scanning Calorimetry instrument
(DSC Q20, TA Instruments, Inc., USA) was used for
thermal analysis of the film samples to evaluate
their endothermic and exothermic properties. Pre-
cisely, 5 mg samples were weighed into an
aluminum pans, sealed with an aluminum lids, and
then heated at 10 �C/min from 30 to 400 �C under a
nitrogen stream. An empty aluminum pan was used
as a reference.
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2.7. Film thickness and moisture content

A digital micrometer (Fowler Digitrix Mark 2,
Chicago, USA) was used to measure the thickness of
the film samples. Five measurements were taken
from different points on each sample to determine
the average value. According to Ciannamea et al.
[21], the oven-drying method was used to measure
the moisture content of the films. To achieve equi-
librium weight, film samples weighing 1e3 g were
dried for 24 h at a temperature not exceeding 105 �C.
Afterward, the weight of the dry samples was sub-
sequently determined.

2.8. Thermal properties

The water vapor permeability (WVP) of the films
was determined based on the methods described by
Liu et al. [22]. For this purpose, cells filled with
thoroughly dried silica gel were sealed with the film
sample and placed in a controlled relative humidity
(90% RH) and temperature (30 �C) chamber. The
weight change of the cup was recorded at 2 h in-
tervals throughout the day. Non-film silica gel cells
were used as controls. From the following Eq. (1),
the WVP has been estimated:

WVP]W X/ tDp A (1)

Where: WVP: water-vapor permeability; w/t: mass
change over time in g; t: time in h; X: thickness in
mm, Dp: partial vapor pressure difference between
atmosphere and sample cell (2642 Pa) at 24 �C) and
A: film area in m2

The methodology outlined by Memis et al. [23]
was employed to measure the oxygen permeability
(O₂ P) of the films, with minor adaptations. A film
sample was precisely cut and affixed to the opening
of a conical flask containing 15 mL of antioxidant-
free sunflower oil. The samples were then incubated
at 80 �C for 9 days. Results were obtained using
sodium thiosulfate titration at three-day intervals.

2.9. Optical properties

A chromameter (CR-400 Konica Minolta Sensing,
Inc., Osaka, Japan) was utilized to measure the op-
tical properties (L*, for black to white; a*, for red to
green, and b*, for yellow to blue) of the films. Five
measurements at least were taken for each film
sample, as described in a prior study by Tornuk
et al. [20].
The opacity of the films was determined by

measuring their absorbance at 600 nm using a UV

spectrophotometer (Thermo Scientific GENESYS 20,
Thermo Fisher Scientific, Inc., and Rochester, NY,
USA). Following the method described by Park et al.
[24], the films were immediately placed in a spec-
trophotometer test cell after being sliced into rect-
angles. An empty test cell was utilized as a
reference. Using the following Eq. (2), the opacity of
films was determined.

T ¼ Abs600/d (2)

Where T is the transparency, Abs600 is the value
of absorbance at 600 nm, and d is the film thickness
(mm).

2.10. Mechanical properties

The films were prepared according to the ASTM
D882-12 standard procedure [25] and sliced into
rectangular pieces of 7 cm � 2 cm for tensile
strength (TS) and elongation at break (E %) tests. At
least five replications for each sample were tested
using a texture analyzer (TA.XT Plus, Stable Micro
Systems, Surrey, UK) fitted with a 100 kg load cell.
The grip distance and crosshead speed were set at
50 mm and 4 mm/s, respectively.

2.11. Swelling index (SW)

The water resistance of films was assessed using
the swelling test, following the method described by
Yoon et al. [26], with a minor modification. Film
samples (2 mm � 2 mm) were weighed (W0) before
being soaked in distilled water for 24 h. Each sample
was then carefully delicately wiped with tissue
paper and weighed (Wt). In this sense, the following
equation was used to determine the swelling
percentage

Swelling (%) ¼ (W t� W 0) ⁄ W 0 � 100 (3)

Where W0 is the initial mass of the sample film (g)
and Wt is the mass of the sample film (g) at time t
(h).

2.12. Water solubility (WS)

To determine the water solubility (WS) of film
samples, pieces of film measuring 1 � 3 cm2 were
dried at 100 �C for 24 h to determine the initial dry
matter. After being soaked in 50 mL of distilled
water for 24 h at 25 �C, these samples were dried in
the oven at 24 h at 100 �C to determine the final dry
matter. According to Dutta et al. [27], the WS was
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reported as the difference between the initial and
final dry matter weight.
WS % ¼ ((Initial dry weight - Final dry weight)/

Initial dry weight) � 100 (4).

2.13. Total phenolic assay

The total phenolic content (TPC) of the prepared
films was determined using Folin's phenol reagent.
To this end, 2.5 mL of the film extract was mixed
with 0.3 mL of Folin-Ciocalteu reagent (10% v/v)
and 2 mL of a 7.5% (w/v) sodium carbonate solution.
After incubating the mixture in the dark at room
temperature for 5 min, the absorbance was
measured using a UVevis spectrophotometer. A
calibration standard was prepared using a gallic
acid solution. The TPC value of each film was
expressed as mg gallic acid equivalent per gram of
film.

2.14. Determination of antioxidant activity

The antioxidant activity of the films was evaluated
by measuring their ability to scavenge free radicals
using 2,2-diphenyl-1-picrylhydrazyl (DPPH).
Briefly, 1.5 mL of the ethanol extract was combined
with 0.5 mL of a of 0.1 mM ethanolic DPPH solution.
The resulting mixture was kept in the dark for
60 min at ambient temperature. Finally, the absor-
bance of the DPPH assay mixture was measured at
517 nm using a UVevisible spectrophotometer. The
DPPH (%) scavenging activity was calculated using
the following formula (Eq. 5):

%DPPH scavenging ¼ (AControl e Asample)/AControl x
100 (5)

Where, AControl represents the absorbance of the
control, while Asample represents the absorbance of
the sample.

2.15. Determination of antimicrobial activity

The antibacterial efficacy of the produced films
against Escherichia coli, Staphylococcus aureus, Listeria
monocytogenes, and Salmonella enterica was evaluated
using the agar diffusion method. A 100 mL aliquot of
the test strain (1.5 � 10⁸ CFU/mL) was evenly spread
on nutrient agar plates. Circular discs with a 10 mm
diameter were sliced from the films and placed onto
the respective plates. The plates were then incu-
bated at 37 �C for 24 h. The results were determined
by measuring the diameter of the translucent halo
(mm) surrounding the films. All experiments were
performed in triplicate.

2.16. Statistical analysis

All the collected data were analyzed using an
analysis of variance (ANOVA), followed by multiple
comparisons using the Tukey test, at a signifi-
cance level of 95%. The SPSS statistical computer
software package (IMB SPSS 25) was employed in
this study.

3. Results and discussion

3.1. Individual phenolic composition of PCO

HPLC analysis was carried out to estimate the
content of the main phenolic compounds in PCO
(mg/mL). As shown in Table 1, several components
were detected atwavelengths of 278, 325, 236, 254, and
517 nm. The main phenolic compounds in the PCO
extractwere hydroxytyrosol (446.85mg/L) and tyrosol
(167.4 mg/L). These compounds have attracted
attention due to their potent antioxidant activity [28].
Moreover, they are associated with various biological
activities, including antimicrobial, anti-carcinogenic,
and anti-inflammatory effects [29]. Other phenolic
compounds found in residual amounts include cate-
chin, vanillic acid, caffeic acid, ferulic acid, sinapic
acid, p-coumaric acid, protocatechuic acid, and
chlorogenic acid. The phenolic profile of olive mill
wastewater was found to be substantially close to that
reported in previous studies [30e32]. However, the
identified phenolic compounds in olive mill waste-
water and their respective concentrations exhibit
variability across different studies, as comprehen-
sively reviewed by Obied et al. [33].
In general, it can be concluded that the content

and composition of phenolic compounds in olive
mill wastewater depend on a multitude of factors,
including the fruit (e.g., cultivar, maturity), climatic

Table 1. Major phenolic compounds concentration of PCO (mg/L).

Phenolic Compounds Retention
Time (min)

Concentration
(mg/L)

Hydroxytyrosol 9.900 446.85
Tyrosol 14.154 167.4
Catechin 11.985 126.95
Vanilic acid 18.086 62.3
Protocatechuic acid 8.832 49.5
3-Hydroxybenzoic acid 19.034 48.8
Myricetin 26.645 43.5
Quercetin 32.862 27.6
Caffeic acid 14.661 7.17
Rutin 27.857 9.85
Phloridzin 35.580 22.52
Syringic acid 15.389 6.235
Elagic acid 20.297 15.375
Chrysin 41.247 6.36
4-Hydroxybenzoic acid 15.393 14
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conditions, storage duration, malaxation time, and
the milling process [33].

3.2. Chemical characterization by FTIR analysis

FTIR spectroscopy was carried out to identify the
functional groups and analyze intermolecular in-
teractions between the SA matrix and PCO based on
the specific positions and intensities of the distinctive
absorption peaks observed. As shown in Fig. 1, the
FTIR spectrumof alginatefilm is consistentwith those
previously reported by Khaoula Khwaldia et al. [34],
Abdin et al. [35], and Luo et al. [36]. It exhibits char-
acteristic bands at 3275, 2926, 1600, 1406, and
1026 cm⁻1, corresponding to eOH groups, CeH
stretching, asymmetric COO⁻ stretching, symmetric
COO⁻ stretching, and CeOeC stretching, respec-
tively. According to Augusto et al. [37], the peak at
896 cm⁻1 in the alginate film spectrum indicates the
presence of mannuronic acid residues. Additionally,
the peak at 817 cm⁻1 is characteristic of these residues,
while the band at 948 cm⁻1 corresponds to the CeO
stretching vibration of uronic acid residues. The
addition of PCO resulted in a significant reduction in
the intensity of the alginate characteristic bands,
indicating a strong interaction between PCO and the
SA polymer. Specifically, the absorption bands of
OeH groups, asymmetric COO⁻ stretching, and
symmetric COO⁻ stretching decreased and shifted to
lower frequencies (3275 cm⁻1, 1600 cm⁻1, and
1403 cm⁻1, respectively). Additionally, a new peak at
1727 cm⁻1, corresponding to the C]O stretch in the
composite film, confirms the presence of PCO and
indicates cross-linking [38]. Our FTIR results are
consistent with those obtained by Júnior et al. [39].
These findings support that alginates interact with

PCOmainly through the formation of intermolecular
hydrogen bonds involving the hydroxyl and COO⁻
groups of alginate and the hydroxyl groups of poly-
phenols [40].

3.3. Film thickness and moisture content

A notable enhancement in film thickness was
observed with the increase in PCO extract (p > 0.05,
Table 2), from 0.093 ± 0.004 mm to 0.107 ± 0.005 mm.
This outcome suggests that the PCO extract either
altered the films' solid content or interfered with the
formation of biopolymer networks. Moura-Alves
[41] previously reported consistent findings, noting
a thickness of 63.67 mm for sodium alginate films,
which increased to 137.37 mm for films enriched with
olive leaf extract. The moisture content of neat SA
films was 10.04% (Table 2). Adding PCO at 0.2%
decreased the moisture content of the films to a
minimum of 7.88%. This reduction may be attrib-
uted to interactions between PCO and the SA film
matrix, which could have promoted hydrogen
bonding and hydrophobic interactions, leading to
more tightly packed films. As a result, the films'
water absorption capacity was reduced, thereby
decreasing their moisture content.

3.4. Color and opacity of films

The optical properties data for the sodium algi-
nate films and composite films are presented in
Table 2. The pure film exhibited high clarity and
translucence, as demonstrated by its highest L*
value (88.18 ± 0.27) and lower opacity (0.69 ± 0.07).
However, the addition of PCO resulted in decreased
transparency values for the alginate films (p < 0.05),

Fig. 1. Fourier transform infrared spectrum of the films. Film 1: pure SA film; Film 2: composite SA film fitted with 0.1% of PCO; Film 3: composite SA
film fitted with 0.2% of PCO.
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with significant reductions in L* values to 85.51 and
84.93 for the films containing 0.1% and 0.2% PCO,
respectively. This reduction suggests less light
reflection from the film surfaces. The addition of
PCO caused the films to exhibit a high tendency
towards yellowness, as confirmed by the elevated b*
value (p < 0.05). This increase in yellowness could
be ascribed to the characteristic brown color of the
PCO. Moreover, the inclusion of PCO significantly
affects the appearance of the films, as indicated by
the higher DE values, which increased from
5.76 ± 0.23 to 8.95 ± 0.99 compared to the neat SA
films. As stated by Kuan et al. [42], the addition of
mulberry leaf extract to sodium alginate films led to
a decrease in the L* value and an increase in the b*
value and total color change (DE), which aligns with
the findings of the present work. In a similar vein,
Oliveira Filho et al. [43] highlighted that darker
packaging materials with higher opacity percent-
ages are employed for fatty foods to prolong their
shelf life. This approach minimizes the light's direct
contact with the food, thereby preventing the cata-
lytic effect on lipid oxidation and contributing to its
preservation. Therefore, the resulting films might
delay the lipid oxidation of food due to their low
transmittance.

3.5. Surface morphology

The SEM micrographs of the surface morphology
of the developed films are shown in Fig. 2. The pure
sodium alginate film exhibited a smooth and ho-
mogeneous microstructure with some irregularities,
including a few cracks and holes, likely due to
foreign materials and coating substances. After
incorporating PCO, notable changes in surface
morphology were observed. Specifically, the com-
posite films exhibited fewer cleavages and displayed
a more continuous and smoother surface with
reduced visible cracks and pores. This suggests
effective integration of the PCO extract into the SA
matrix. The improved surface morphology indicates
a high compatibility between PCO and SA, likely
facilitated by intermolecular hydrogen bond for-
mation, as corroborated by the FTIR analysis. These
morphological enhancements, resulting from the

successful dispersion of PCO within the alginate
matrix, align with the observed improvements in
barrier properties and mechanical strength. The
reduced surface defects and increased smoothness
likely contribute to the enhanced performance of
the films.

3.6. Thermal properties

The thermal behavior properties of film samples
were evaluated by DSC analysis, as displayed in
Fig. 3. The DSC analysis of the pure SA edible film
revealed a distinctive curve with two peaks. The first
endothermic peak was observed at 119.77 �C, indi-
cating a phase transition associated with melting
and potentially related to the elimination of loosely
bound water. The second exothermic peak, at
209.40 �C, corresponded to the subsequent decom-
position of the sample. Comparatively, incorpo-
rating PCO extract into SA films significantly
enhanced the thermal stability of the composite
films. The film samples containing PCO exhibited
higher values of DHm, Tm, and Td compared to the
pure film (Table 3).
This behavior suggests that the interaction be-

tween SA and the PCO extract, through increased
hydrogen bond formation with higher PCO content,
effectively suppressed the mobility of the SA chains,
resulting in improved thermal stability of the films.
According to Martins et al. [44], changes in thermal
stability are often related to the crystallinity of the
film samples, where a higher degree of crystallinity
corresponds to higher thermal stability due to the
increased energy (heat) required to disrupt a more
crystalline structure. The study revealed that the
increasing crystalline degree of the films corre-
sponded with their enhanced thermal stability. As
the PCO extract concentration increased, the SA
films became more crystalline due to interactions
between the PCO and SA matrix, resulting in
improved stability compared to films without PCO.
Similar improvements in thermal stability with the
addition of other compounds have been observed
by Júnior et al. [45], who noted enhanced stability in
SA films with tannic acid, and Li et al. [46], who
reported similar effects with hydrolyzed collagen.

Table 2. Thickness, percent moisture, color, opacity values of the film samples.

Film
sample

Thickness (mm) Moisture % Color Opacity

L* a* b* DE

Film 1 0.093 ± 0.004(c) 10.048 ± 0.714(a) 88.187 ± 0.279(a) �0.7 ± 0.148(a) 4.347 ± 0.616(b) 5.766 ± 0.236(b) 0.692 ± 0.070(b)

Film 2 0.101 ± 0.002(ab) 8.673 ± 1.847(a) 85.51 ± 0.305(b) �0.843 ± 0.032(a) 6.747 ± 0.178(a) 8.521 ± 0.329(a) 0.762 ± 0.042(ab)

Film 3 0.107 ± 0.005(a) 7.884 ± 0.885(a) 84.937 ± 0.339(b) �0.747 ± 0.028 (a) 5.307 ± 0.198(b) 8.952 ± 0.999(a) 0.869 ± 0.012(a)

DE: Total color difference. a-c: Lowercase letters within the same line refers to statistically significant differences (P < 0.05). Film 1: pure
SA film; Film 2: composite SA film fitted with 0.1% of PCO; Film 3: composite SA film fitted with 0.2% of PCO.
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Fig. 2. Scanning electron microscopy (SEM) micrographs of surface (magnification: 50000�). A: pure SA film; B: composite SA film fitted with 0.1%
of PCO; C: composite SA film fitted with 0.2% of PCO.

Fig. 3. DSC thermograms for the studied films. Film 1: pure SA; Film 2: composite SA film fitted with 0.1% of PCO; Film 3: composite SA film fitted
with 0.2% of PCO.
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3.7. Mechanical properties

Protecting the internal integrity of food requires
an understanding of packaging behavior against
stress applied to its surface, which is related to the
mechanical properties of the packaging films.
Tensile strength (TS) represents the mechanical
strength of the film, while elongation at break (E %)
measures its plasticity, which is the capacity of a
film to extend before breaking. The results of me-
chanical strength and E% for all the prepared films
are illustrated in Table 3. The addition of PCO
distinctly influenced the mechanical properties.
The tensile strength of the pure sodium alginate
was 11.703 ± 2.67 MPa, whereas, with the increase
in the PCO content, TS significantly (P < 0.05)
increased to 19.666 ± 1.453 MPa. It has been stated
that the composition and processing techniques
used influence the interactions between molecules,
which in turn determine the mechanical properties
of composite films. Based on our results, the effect
of the extract on the mechanical properties of the
film may be attributed to the fact that PCO has
been well dispersed in the SA matrix without any
aggregation and has effectively crosslinked the film
matrix. As a result, strong interfacial interactions
between the PCO extract and the sodium alginate
matrix were produced through intermolecular
hydrogen bonding, resulting in a more compact
structure. Consequently, the tensile strength of the
composite films was enhanced. In terms of elon-
gation at break, the addition of PCO extract did not
result in a statistically significant (P > 0.05) impact
on the SA-based film's elongation at break values.
This outcome can be attributed to the degree of
crosslinking produced, which, although signifi-
cantly increased the film's tensile strength was
insufficient to affect its plasticity.

3.8. Vapor permeability (WVP) of films

The shelf life of food products is directly related to
the transfer of water between the preservative films
and the surrounding environment. As shown in

Table 3, a notable reduction (p < 0.05) in water vapor
permeability (WVP) was observed with an increase
in PCO extract. The hydrophilic/hydrophobic ratio
of the film is crucial since water transmission often
occurs through the hydrophilic portion of the
packaging. The addition of PCO extract resulted in
an enhancement of the WVP of the films. This
improvement can be attributed to the increased
hydrophobic properties of the films. It is also sug-
gested that strong interfacial interactions between
the phenolic compounds and the biopolymers could
lead to the formation of a denser composite film
system, consequently contributing to improved
water barrier properties [47,48]. Similar results have
been obtained by Yoshida et al. [49] and Wu et al.
[48], who reported that the positive influence in
WVP values of the composite films was attributed to
the dense structure established through intermo-
lecular interactions between polyphenols and
biopolymers.

3.9. Swelling degree and water solubility

The water resistance of films was measured in
terms of swelling (SW) and solubility in water (WS),
as shown in Table 3. All films were almost
completely dissolved in water and disintegrated
during immersion in water, which made it impos-
sible to measure the SW and the WS. The solubility
of edible film is determined by the hydrophilic and
hygroscopic properties of film-forming compounds.
The research conducted by Costa et al. [50] high-
lights that the water solubility of sodium alginate,
along with its abundance of hydroxyl groups and
lower concentration of carboxylic acid groups, pro-
motes the formation of intermolecular hydrogen
bonds. The low water resistance of the films can be
attributed to the lower concentration of PCO extract,
which is insufficient to significantly enhance film
resistance. Although the PCO extract contributes to
forming a compact structure, SA composite films
still have strands that can absorb water, leading to
high values of swelling index and water solubility.
Looking at these results, the high swelling capacity

Table 3. Calorimetric, water vapor permeability, water solubility and swelling values and mechanical proprieties of the film samples.

Film
sample

DSC analyses Mechanical proprieties WVP (kg cm m�2

kPa�1 d�1)
SW % WS %

Tm (�C) Dhm

(J g�1)
Td (�C) Elongation (%) Tensile strength

(MPA)

Film 1 119.77 299.6 209.40 2.26 ± 0.884(a) 11.703 ± 2.675(b) 0.011 ± 0.001(b) / /
Film 2 143.48 319.6 211.54 2.22 ± 0.113(a) 12.156 ± 1.387(b) 0.010 ± 0.000(bc)

Film 3 141.26 383.7 212.22 1.845 ± 0.551(a) 19.666 ± 1.453(a) 0.009 ± 0.000(c)

Tm: melting temperature; Dhm: enthalpy of melting; Td: temperature of decomposition; WVP: Water Vapor Permeability; SW: swelling
index; WS: water solubility. a-c: Lowercase letters within the same line refers to statistically significant differences (P < 0.05). Film 1: pure
SA film; Film 2: composite SA film fitted with 0.1% of PCO; Film 3: composite SA film fitted with 0.2% of PCO.
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and solubility of film samples may be a contributing
factor to their rapid biodegradability and ease of
digestibility. Consequently, one proposal is to use
SA films enriched with PCO extract for food prod-
ucts designed to undergo melting during cooking,
serving as coatings or wraps for various meat
products. Additionally, these films could also func-
tion as absorbent pads within meat packages,
creating an effective barrier against oxygen and
moisture.

3.10. Peroxide values of sunflower oil

Fig. 4 illustrates the film samples' oxygen perme-
ability (O₂P), measured in terms of peroxide value.
Throughout the experiment, the control oil had the
highest peroxide value of 11.84 ± 0.11 meq/Kg,
attributable to the direct exposure of sunflower oil
samples to external oxygen. In contrast, sunflower
oil protected by SA film containing 0.2% PCO
extract exhibited the lowest O2 P (8.94 ± 1.29 meq/
Kg). All samples showed a significant increase in
O₂P of sunflower oil stored at 80 �C over 9 days
compared to the initial value. However, the contin-
uous pattern of increase for samples protected with
SA film containing PCO was slower. It was reported
by Sothornvit and Pitak [51] that hydrophilic
biopolymer films exhibited excellent oxygen barrier.
Additionally, incorporating PCO extract into SA
films enhances their antioxidant abilities, as
demonstrated by the outcomes of the DPPH radical
scavenging activity and TPC. This enhancement
potentially slows the oxidation of the oil and im-
proves the barrier properties. Moreover, the SA
composite films displayed a more compact structure
compared to pure SA films, as indicated by the DSC
results (Table 3) leading to improved barrier prop-
erties. Based on the obtained results, SA film

containing PCO can effectively protect food with
high oil content from unfavorable oxidation re-
actions, which initiate several food changes such as
odor, color, flavor, and nutrient deterioration.

3.11. Total phenolic content (TPC)

Polyphenolic-enriched extracts have recently
gained more attention due to their bioactive prop-
erties. The results of adding PCO to the total
phenolic content of film samples are presented in
Table 4. As observed, the TPC of pure SA films was
64.37 mg ± 0.005 GA equivalent/g film due to the
phenolic groups naturally present in alginate [52].
Notably, The TPC significantly increased (p < 0.05)
with higher PCO content, reaching a maximum of
98.682 ± 0.285 mg GAE/g film for films with the
highest PCO content (0.2%). This increase in TPC is
directly correlated with the rise in overall phenolic
content in SA films enriched with PCO extract. This
elevated TPC in the SA composite films is attributed
to the phenolic acids present in the PCO composi-
tion, which reacted with the Folin�Ciocalteu re-
agent [53]. Santos et al. [54] observed similar
findings, reporting an increase in total phenolic
content (TPC) in sodium alginate films with the
addition of purple onion peel extracts.

3.12. Antioxidant activity of films

The antioxidant activity of film samples was
evaluated to test the ability of films to act as free
radical scavengers using the DPPH radical scav-
enging assay. The results are presented in Table 4.
The antioxidant capacity of SA films was signifi-
cantly improved (P � 0.05) by adding PCO
compared to the blank SA-based films, which
recorded the lowest antioxidant activity. This result
could be explained by the concentration of PCO
extract in the SA matrix, which is directly correlated
with the TPC content in plant extract, thereby
increasing the antioxidant activity of biopolymer
films [43]. The enhanced antiradical activity of the
SA films enriched with PCO extract suggests that
PCO is a potent antioxidant, as the high radical
scavenging activity is related to the high content of
ortho-dihydroxylated aromatic components such as
hydroxytyrosol, tyrosol, verbascoside, oleuropein,
and other compounds that serve as hydrogen do-
nors and effectively scavenge the free radicals [55].
Comparable results have been documented in other
polysaccharide-based films incorporating poly-
phenol extracts [56]. The excellent antioxidant ac-
tivity exhibited by SA films enriched with PCO
extract suggests their potential as promising

Fig. 4. Peroxide values of sunflower oil samples coated with films and
the non-coated samples. Witness: Uncoated sunflower oil; Film 1:
sunflower oil protected with pure SA film; Film 2: sunflower oil coated
with composite SA film loaded 0.1% PCO; Film 3: sunflower oil coated
with composite SA film loaded 0.2% PCO.
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packaging materials. These films could be used to
improve shelf life and slow down the auto-oxidation
process of foods, especially oxygen-sensitive foods.

3.13. Antimicrobial activity of films

Table 4, displays the antibacterial activities of
alginate films with different concentrations of PCO
extract. The control film showed no inhibitory effect
against any of the studied microorganisms, consis-
tent with the results documented by Zineb Mahcene
et al. [57]. With the increase of PCO concentration in
the film, the antimicrobial activity increased from
14.66 to 16 mm of Echerichia coli bacterial growth,
from 12.66 to 19.66 mm of L. monocytogenes growth,
and from 14.33 to 17 mm of Salmonella enterica
growth, while no inhibition zone was observed for S.
aureus, although the antimicrobial activity against S.
aureus was found in the PCO extract. This discrep-
ancy might be due to several factors, including the
concentration of PCO in the film being too low to
exhibit inhibitory effects compared to the extract
alone. Additionally, some compounds may be less
effective against S. aureus, possible interactions be-
tween the hydroxyl groups of phenolic compounds
and the SA polymeric matrix, the rate at which the
PCO extract is released from the alginate films, the
film preparation method, and environmental con-
ditions could also influence the observed results.
Various bioactivities, including antimicrobial prop-
erties, have been attributed to olive mill wastewater
[58]. The high content of biomolecules, specifically
phenolic acids such as hydroxytyrosol, tyrosol,
oleuropein, verbascoside, oleacein, or oleocanthal
has been related to these properties, as stated by
Ozcan and Matthaeus [59]. On the other hand,
Gull�on et al. [60] assert that attributing antibacterial
properties to specific components becomes highly
challenging when dealing with complex mixtures of
bioactive compounds. In this sense, several authors
have considered that interactions between bioactive
components such as synergism, antagonistic, and
chemical reactions as well as between these chem-
icals, and other elements, such as nutrients in the
culture medium, are essentially causes of stronger

antimicrobial activity [61]. These results provide
compelling evidence for the hypothesis that the
release of phenolic compounds from PCO extract
into the SA films is principally responsible for the
increase in film activity. Phenolic compounds exert a
significant influence on the structural and functional
features of bacterial membranes through various
processes, including protein denaturation, sup-
pression of enzyme processes essential for microbial
growth, and an elevation in cell membrane perme-
ability. Consequently, these interactions result in
the leakage of cytoplasmic contents, as explained by
Gull�on et al. [60].

4. Conclusion

This study highlights the valorization of olive mill
wastewater, a cost-effective by-product of the olive
industry, as a natural antioxidant source for devel-
oping active polymeric packaging materials for food
applications. For the first time, the research dem-
onstrates that active edible films can be successfully
developed by incorporating different concentrations
of PCO from olive waste into an alginate-based film.
The effects of PCO addition on the physical-
chemical, thermal, morphological, optical, barrier,
and bioactive characteristics of alginate films and
their biodegradability were studied. The findings
indicated that adding PCO to the alginate film led to
slightly increased film thickness and improved
tensile strength properties. Furthermore, it
enhanced thermal stability while reducing moisture
content, WVP, and O2P values. It was obtained that
this film is biodegradable. FTIR and SEM results
confirmed that the interactions between the extract
components and alginate chains, mainly through
hydrogen bonding, were responsible for the
observed effects of PCO. The PCO-enriched SA
films demonstrated excellent light barrier proper-
ties, strong DPPH radical scavenging ability, and
satisfactory antibacterial activity against foodborne
bacteria. In general, alginate films incorporated with
PCO exhibit promising potential in food packaging,
particularly for products susceptible to lipids and
for coating fresh-cut fruits and vegetables. However,

Table 4. Bioactive properties of the film samples.

Film
sample

TPC (mg.g�1
film) Antioxidant power Antibacterial power « IZ (mm) »

% inhibition Echerichia
coli

Salmonella
enterica

Listeria
monocytogenes

Staphlococcus.
aureus

Film 1 64.37159 ± 0.003(b) 80.28 ± 0.448(b) 0.00(c) 0.00 ± 0.5(b) 0.00 ± 0.5(c) 0.00
Film 2 74.52147 ± 0.002(a) 98.04 ± 0.448(a) 14.6 ± 0.5(b) 16.3 ± 0.5(a) 14.6 ± 1.5(b) 0.00
Film 3 80.26416 ± 0.003(a) 98.68 ± 0.448(a) 16 ± 0.5(a) 17 ± 0.00(a) 19.6 ± 0.5(a) 0.00

TPC, total phenolic content. a-c: Lowercase letters within the same line refers to statistically significant differences (P < 0.05). Film 1: pure
sodium alginate film; Film 2: sodium alginate films fitted with 0.1% of PCO; Film 3: sodium alginate film fitted with 0.2% of PCO.
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further experiments are required to examine the
storage properties of food products coated with
these films.
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