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Abstract: The use of processed limestone sludge as a crosslinking agent for films based on Na-
alginate and i-carrageenan/Na-alginate blends was studied. Sorbitol was tested as a plasticizer. The
produced gel formulations included alginate/sorbitol and carrageenan/alginate/sorbitol mixtures,
with tested sorbitol concentrations of 0.0, 0.5 and 1.0 wt%. The limestone sludge waste obtained from
the processing of quarried limestone was converted into an aqueous solution of Ca?* by dissolution
with mineral acid. This solution was then diluted in water and used to induce gel crosslinking.
The necessity of using sorbitol as a component of the crosslinking solution was also assessed. The
resulting films were characterized regarding their dimensional stability, microstructure, chemical
structure, mechanical performance and antifungal properties. Alginate/sorbitol films displayed poor
dimensional stability and were deemed not viable. Carrageenan/alginate/sorbitol films exhibited
higher dimensional stability and smooth and flat surfaces, especially in compositions with 0.5 wt%
sorbitol. However, an increasing amount of plasticizer appears to result in severe surface cracking,
the development of a segregation phenomenon affecting carrageenan and an overall decrease in films’
mechanical resistance. Although further studies regarding film composition—including plasticizer
fraction, film optimal thickness and film/mold material interaction—are mandatory, the attained
results show the potential of the reported 1-carrageenan/alginate/sorbitol films to be used towards
the development of viable films derived from algal polysaccharides.

Keywords: limestone sludge; 1-carrageenan; sodium alginate; algal polysaccharides; polysaccharide films

1. Introduction

Limestone residue waste (limestone sludge) is a by-product of the ornamental stone
quarry and processing industries [1,2]. A minimum amount of 9-10% of wet sludge is
typically generated [3,4] and usually landfilled at sludge ponds [1,2]. Dimension limestone
is considered one of the most popular stones in the global market because of its lower cost
and superior ability to be polished similar to marble. According to a report by the United
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States Geological Survey, dimension limestone constitutes 45% of the USA’s market [5].
Given the large volume produced worldwide and its persistence, these residues present
an environmental concern regarding the impact on local air, land and water quality [4].
Nevertheless, limestone waste may be recycled and find use as a raw material for other
applications, depending on its composition. For instance, marble stone sludge may find use
as a potential component in construction materials by incorporation into mortar, bricks and
cement [6-9]. The average composition of limestone sludges includes more than 95 wt%
calcium carbonate (CaCO3) [2], making it highly desirable for a range of applications,
including agricultural liming, acid neutralization, flux for iron sinters, cement manufac-
turing, soil stabilization, glass manufacturing and gas fuel desulfurization [1,3]. Another
potential use arose more recently, considering that Ca®* is often used in the crosslinking of
polysaccharide films and coatings. That is, the limestone sludge can be used as a source of
calcium ions in the production of bioplastic films and coatings with improved mechanical
properties [10]. Two such polymers, of particular interest due to their ability to form water-
insoluble gels in the presence of calcium ions, are sodium alginate and i-carrageenan [11,12].
Both have a strong affinity for Ca?* and can form gels that are able to be arranged into
film sheets when the solvent is removed [13], showing high potential for replacement
of conventional petroleum-based packaging films [11,12]. In addition, being obtained
from potentially renewable algal biomass, alginates and carrageenans may contribute to
reducing the demand for fossil-based feedstocks for the production of petroleum-based
plastic films [10,14].

Alginate is a polyanionic salt of alginic acid, typically extracted from brown marine
macroalgae from species of the Macrocystis, Laminaria and Ascophyllum taxonomic gen-
era [15]. Structurally, sodium alginate is a linear heteropolymer consisting of two uronic
acids: D-mannuronic acid (M) and L-guluronic acid (G), joined by a -1,4-glycosidic link-
age [16]. The polymer chain is divided into alternating segments of M-blocks, G-blocks and
MG-blocks, with no ordered sequence [16].

Depending on the medium pH, ions such as Ca?* can be chelated by carboxylate
groups on the G-blocks, participating in intermolecular crosslinking and leading to the
immobilization of alginates [15-17]. This is because the G residues fold and stack under
the bond interaction, which causes the structural transformation of adjacent alginate chains
from random coils into an ordered ribbon-like structure. The resulting chain entanglement
renders a hydrogel with a three-dimensional net structure [17]. Important properties of
alginate polysaccharides are their biocompatible, biodegradable and hydrophilic behavior;
the ability to retain water (>98%); and the gelling, thickening, and stabilizing properties [15].

On their turn, carrageenans are anionic sulfated linear polysaccharides of D-galactose
and 3,6-anhydro-D-galactose extracted from the marine red macroalgae Chondrus crispus,
Kappaphycus alvarezii and Eucheuma denticulatum [10,18]. They mainly consist of alternating
3-linked (3-D-galactopyranose (G-units) and 4-linked o-D-galactopyranose (D-units) or
4-linked 3,6-anhydro-a-D-galactopyranose (DA-units) that form the disaccharide repeating
unit of carrageenans [18]. The number and position of the ester sulfate groups catego-
rize carrageenans into three primary classes—k-, - and 1 [17,18]. I-carrageenan carries
two sulfate groups per disaccharide unit, correspondent to a calculated sulfate content of
33 wt% [10,18].

The gelation of carrageenans involves two separate and successive steps: coil-to-helix
conformational transition, followed by helix aggregation and subsequently their cation-
dependent aggregation [17,18]. The presence of a suitable cation able to intrude between
double helices and facilitate their approach by neutralizing the charges of sulfate groups,
is an absolute requirement for gelation [18]. All alkali metal ions can induce gelation,
but regarding i-carrageenan, Ca?* is considerably more effective than other ions [10,11].
Gelation results from the formation of a three-dimensional network of double helices,
resulting from the crosslinking of adjacent spiral chains, with sulfate groups oriented
towards the exterior [18]. Ca?*-containing carrageenan bioplastics produce clear, elastic
and soft gels, able to form compact films.
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When blended, Na-alginate and i-carrageenan are able to establish a high number of
hydrogen bonds since they hold a high content of carboxyl groups and hydroxyl groups,
respectively. As a result, carrageenan/alginate gels consist of a crosslinked double network
linked through hydrogen bonding and ionic interaction [19]. Such a network maintains
a relatively stable form and makes the sodium alginate and carrageenan intermolecular
spacing decrease so that the spatial network structure becomes increasingly compact
in gelation [19].

As raw materials for bioplastics, both alginate and carrageenan are individually easily
soluble and have poor mechanical properties (brittle and stiff) [13]. Also, they both have
water-soluble properties, low intermolecular distances and low polymer chain mobility,
requiring the addition of a plasticizer to improve physical and mechanical properties [13].
The addition of a plasticizer serves to mechanically reduce the intermolecular interactions
between polymer chains, increasing chain mobility, so that the bioplastic becomes more
elastic [13]. In this work, sorbitol was selected as a plasticizer since the gelation process of
both sodium alginate and carrageenan is strongly affected by sorbitol [20]. Also, sorbitol
is non-toxic, while increasing sorbitol concentration accelerates the process of bioplastic
degradation [21]. This way, films remain environmentally friendly products when sorbitol
is used for processing additive degradation [21].

Given the affinity of both alginate and -carrageenan towards Ca?*, the conversion
of a calcium-rich limestone sludge into a suitable liquid crosslinking reagent is expected
to render crosslinked water-resistant alginate and/or 1-carrageenan-derived films. This is
expected to be an important contribution to the development of bio-based films aimed to
replace conventional petroleum-based packaging films, thus toiling to reduce the demand
for fossil-based feedstocks [10,11]. Additionally, this solution promotes the valorization of
limestone sludge waste, targeting the valorization of mineral and marine resources towards
circular economy goals.

In this context, this work aims to (i) obtain a viable method for the conversion of
limestone sludge residue into a crosslinking agent suitable for films based on sodium
alginate and/or i-carrageenan and (ii) develop film formulations that are chemically and
dimensionally stable and display adequate mechanical properties.

2. Materials and Methods
2.1. Materials

MARFILPE (Batalha, Portugal) graciously provided the sludge, which resulted from
the processing of Vidrago de Moleanos limestone quarried in the region of Alcobaga, Portu-
gal). Vidrago de Moleanos is a whitish-brown limestone (apparent density 2.570 g/cm?,
max. 0.75% impurities), coarsely calciclastic, slightly oolitic and abundantly bioclastic.
Commercial sodium alginate (food grade, Farmaquimica Sur S.L., Malaga, Spain) and
-carrageenan (food grade, Sosa, Barcelona, Spain) in powder form was the algal polysac-
charide used throughout. D-(-)sorbitol (VWR, purity > 97%, 1.524 g/cm?, Barcelona, Spain),
also in powder form, and was used as a plasticizer.

2.2. Production and Characterization of Crosslinking Solution from Limestone Sludge

The limestone sludge was dried at room temperature until a compact solid material
was obtained. Its calcium content was determined using Inductively Coupled Plasma
Optical Emission Spectroscopy (Section 2.5.1). The material was deagglomerated into
a loose powder and used to prepare a suspension (600 mL) with 33 wt% solids. Concen-
trated hydrochloric acid (VWR, purity > 36.2%, 1.18 g/ cm3, Barcelona, Spain) was added
dropwise while stirring with a magnetic stirrer (ARE heating magnetic stirrer, VELP Scien-
tifica, Usmate, Italy) until effervescence subsided. The addition of the acid was very slow
to control spilling and excessive foaming. The suspension was stirred with a magnetic
stirrer for 10 min and adjusted to pH 7 with an aqueous NaOH 4 M solution (LabChem,
Edenvale, South Africa). Vacuum filtration with a vacuum pump (Vacuubrand ME 2C,
Wertheim, Germany) was then carried out, using quantitative hardened filter paper (ref.
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2240, Filter-lab, Barcelona, Spain). The filtrate was stirred at room temperature for 24 h,
after which the liquid was again vacuum filtered. The new filtrate was transferred to
a volumetric flask and distilled water was added until 1 L of liquid was obtained. The
crosslinking agent used for the gel formulations without sorbitol consisted of this solution
diluted with distilled water in a 1:1 ratio. A similar crosslinking agent containing sorbitol
(1 wt%) was also prepared and used as a crosslinking agent for formulations containing
sorbitol. The corresponding formulation labels are marked with * (please refer to Table 1).

Table 1. Processing conditions and composition of the films prepared in this work.

Formulation Crosslinking Solution (A“];e Cl;gll‘slf(ﬁ}:licoh) (S/\I;e ?g/lslf(ﬁ}:ticoh) ?V(\)Ielg{lg{\stpﬁgts:;?

100-ALG/100-SORB * Prgvalzclui Ecy’fbrli:’lfn 19 ! 10
Ca?* + sorbitol 100 0 100

75-CRG/25-ALG Ca%* 75 25 0
75-CRG/25-ALG/50-SORB Ca?* 75 25 50
75-CRG/25-ALG/100-SORB CaZ 75 25 100
75-CRG/25-ALG/50-SORB * Ca2* + sorbitol 75 25 50
75-CRG/25-ALG/100-SORB * Ca2* + sorbitol 75 25 100

Spolysach: total algal polysaccharide mass; ALG: sodium alginate; CRG: 1-carrageenan; SORB: D-(-)sorbitol. The
asterisk (*) indicates that sorbitol was present in crosslinking solution.

The concentration of Ca?* equivalents in the crosslinking agent was estimated by com-
plexometric titration [22]. A solution of ethylenediaminetetraacetic acid disodium salt dihy-
drate, EDTA, 0.0101 M (NayH,EDTA.2H,0O, Biochem, purity > 98%, Karlsruhe, Germany)
was used as the titrant. The analyte was prepared by dissolving 1 g of NaOH in 200 mL of
distilled water and then adding 0.5 mL of the crosslinking agent solution. A cloudy mixture
formed, which was topped with distilled water to reach 250 mL and then homogenized.
After 5 min rest, 10 mg of calconcarboxylic acid indicator (Fluka, max water 7%, 1.6 g/ cm?,
Madrid, Spain) was added. The solution was stirred until the full dissolution of the indica-
tor, with the obtention of an apparently clear red sample stock. Six aliquots with 25 mL of
the liquid crosslinking agent were titrated with the EDTA solution until a clear blue color
was obtained.

2.3. Preparation of Alginate Films

The alginate films were prepared based on a procedure proposed by other authors [23-25].
An aqueous casting solution of 1% alginate (ALG) was prepared by dissolution of solid
sodium alginate in distilled water at room temperature using a magnetic stirrer. After
the dissolution of the alginate, solid SORB was directly added to the ALG solution so
that an alginate/sorbitol weight ratio of 1:1 was achieved. After the dissolution of SORB,
the resulting viscous solution was vacuum filtered using a vacuum pump (Vacuubrand
ME 2C, Wertheim, Germany) at least three times through a four-layer synthetic cloth to
remove insoluble contaminants and sonicated in an ultrasonic bath (USC600-TH Ultrasonic
Cleaner, VWR, Barcelona, Spain) to remove trapped air. This solution was then used to
prepare ALG/SORB films (Table 1) by mold casting; polystyrene Petri dishes (140 mm
diameter) were used as molds. An amount of 100 mL of filmogenic solution was poured
into each mold and stored in an oven (IF110, Memmert, Schwabach, Germany) at 40 °C
(50% vent, 10% flap) for 24 h. Some of the dried precursor films were sprayed with 1 wt%
sorbitol aqueous solution until the entire upper surface was wet; the others remained
dehydrated. All dishes were covered with their respective lid and allowed to rest at room
temperature for 24 h, after which 40 mL of the crosslinking agent (Section 2.2, a 1:1 mixture
of dissolved sludge and distilled water) was poured upon. D-(-)sorbitol (1%) was included
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in the crosslinking agent used with the ALG/SORB formulations. The films were carefully
peeled from the mold while immersed, and the other side was also allowed to contact
the solution by gently stirring the mold and rotating the loosened film (1 min total time
immersed). The film and the mold were then washed with distilled water and the film was
repositioned in the mold, covered and allowed to dry at room temperature.

2.4. Preparation of «-Carrageenan/Alginate Films

The procedure for preparation of 1-carrageenan/Na-alginate films was similar to that
used for the ALG/SORB films, except for the hydration step previous to crosslinking,
which was not carried out. A solution of -carrageenan/alginate (1 wt% total polysaccha-
ride) was prepared by dissolving 0.75 wt% of solid i-carrageenan and 0.25 wt% of solid
sodium alginate in an appropriate volume of distilled water while vigorously stirring
with a magnetic stirrer at room temperature (75-CRG/25-ALG films, Table 1). In addition,
formulations with D-(-)sorbitol were prepared by adding 0.5 wt% or 1 wt% of the polyol to
the polysaccharide solutions (CRG/ALG/SORB films, Table 1).

The resulting viscous solution was vacuum filtered with a vacuum pump (Vacu-
ubrand ME 2C, Wertheim, Germany) through a four-layer synthetic cloth and sonicated
in an ultrasonic bath (USC600-TH Ultrasonic Cleaner, VWR, Spain). An amount of 74 mL
of filtered solution was then poured into 110 mm polystyrene Petri dishes, which were
stored in an oven at 40 °C (50% vent, 10% flap) for 24 h. After that period, 20 mL of the
crosslinking agent (Section 2.2, a 1:1 mixture of dissolved sludge solution/distilled water)
was poured upon the dried precursor films. D-(-)sorbitol (1 wt%) was also included in the
crosslinking solutions for the films containing the polyol. The film was carefully peeled
from the mold while immersed and both sides were allowed to contact the solution by
gently stirring the mold and rotating the film (2 min total time immersed). The film and
the mold were washed with distilled water and the film was again placed on the mold,
covered and allowed to dry under room conditions. Samples were stored for 1 month
before characterization.

2.5. Chemical Characterization by Spectroscopy Techniques

The sludge was characterized regarding calcium concentration using Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES). The produced films were
characterized regarding chemical and microstructural features using spectroscopy and
microscopy techniques, respectively. Measurement, analysis and observation were always
carried out on the films’ surface, which dried freely.

2.5.1. Inductively Coupled Plasma Optical Emission Spectroscopy

ICP-OES analysis was carried out (iCAP 7000, ThermoFisher Scientific, Waltham,
MA, USA) to quantify available calcium in the limestone sludge. Nitric acid (PanReac,
purity > 65%, 1.39 g/cm3, Barcelona, Spain) and hydrochloric acid 37% (VWR, purity > 36.2%,
1.18 g/cm?, Barcelona, Spain) were mixed in 1:3 molar ratio to prepare aqua regia, which
was used to digest the sludge samples. Analysis took place under argon using the fol-
lowing plasma conditions: camera temperature, 45 °C; optics temperature, 38 °C; pump
rate, 50 rpm; auxiliary gas flow, 0.5 L/min; nebulizing gas flow, 0.7 L/min. Other specific
elements investigated (Al, P, S, Fe) were quantified by comparison with a calibration curve,
built using calibration standards with known concentrations of those elements.

2.5.2. Nuclear Magnetic Resonance

The composition and purity of the produced materials were controlled via 'H Nuclear
Magnetic Resonance (Bruker 400 MHz Avance II NMR spectrometer, 5 mm BBO probe,
Bruker BioSpin AG, Fillanden, Switzerland). Spectra processing was carried out with
ssNake (v1.3) program [26]. 'H chemical shifts () are expressed in parts per million
(ppm) referenced to sodium trimethylsilylpropanesulfonate (DSS). The 'H NMR spectra
were obtained at 60 °C, with 128 scans and solvent suppression [27]. D,O, DMSO-dg and
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sodium trimethylsilylpropanesulfonate (all from Eurisotop, Saint-Aubin, France) were used
as received.

2.5.3. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy

The chemical structure of the films and interaction between polysaccharides and their
functional groups were assessed via Fourier Transform Infrared Spectroscopy-Attenuated
Total Reflectance (FTIR-ATR). Acquisition was carried out using a Spectrum Two spectrom-
eter (PerkinElmer, Shelton, Connecticut, US) equipped with a UATR Two (Perkin Elmer,
Shelton, CT, USA) universal ATM module (diamond cell). Acquisition took place at room
temperature, registering four scans in the 4000-500 cm ! range, with 4 cm ™! resolution.

2.6. Antifungal Assays

The antifungal activity of the produced 75-CRG/25-ALG biofilm was tested against the
pathogenic strain of Aspergillus fumigatus (DSMZ 819) obtained from the German Collection
of Microorganisms and Cell Cultures (Leibniz, Germany) by using the agar disk-diffusion
method. This filamentous fungus was chosen because it represents a ubiquitous airborne
species distributed indoors and outdoors, which might occur in several food items and
cause aspergillosis in immunosuppressed individuals [28]. Moreover, this species belongs
to a genus that has been used as a model for many types of studies [29].

Firstly, A. fumigatus was grown on Potato Dextrose Agar (PDA) medium for one week
at 28 °C to induce the production of spores. A portion of spores was carefully scraped from
the mycelium surface with a sterile blade and suspended in a 0.1% aqueous solution of
Tween 20. The number of spores in the solution was determined, and the concentration
of spores was adjusted to 1 x 10* spore/mL [30]. Then, 100 uL of the spore solution was
inoculated and uniformly spread onto PDA plates.

The film was cut into several 1.5 cm circular disks, which were sterilized in a laminar
flow cabinet (Telstar Bio II Advance Plus, Barcelona, Spain) under UV radiation for 30 min
on each side [31] and aseptically transferred to three inoculated plates (two or three disks
per plate). The plates were then incubated for 7 days at 28 °C and monitored daily for the
presence of inhibition halos. Additional inoculated PDA plates without film disks were
used as controls.

2.7. Morphologic Characterization

Films were first examined macroscopically. Afterward, scanning electron microscopy
(SEM) (52400 Hitachi, Tokyo, Japan) was used to observe the films’ surface and characterize
their microstructure, including the presence of defects (pores, cracks, inclusions). Elemental
microanalysis was carried out with energy dispersive spectroscopy (EDS) (Oxford Instru-
ments Inca pentaFETx3, High Wycomb, UK) coupled to the microscope. Samples were
previously coated with an Au-Pd alloy to avoid an accumulation of electrical charges
during observation. Quantitative micrographic analysis was carried out using a minimum
of five images of each sample at a magnification of at least 2000x.

2.8. Characterization of Mechanical Performance

Tensile tests were carried out on a universal electromechanical testing machine (IN-
STRON, 5544, Norwood, US) equipped with a 100 N load cell (INSTRON, Norwood, US)
and a video strain gauge (INSTRON, SVE I, Norwood, MA, USA). Tests were carried out
until sample fracture, with a speed of 1 mm/min. Both the Young’s modulus and the
ultimate tensile stress (UTS) of the materials were calculated according to the ASTM D638
standard test method for the tensile properties of plastics. At least three (n = 3...6) samples
with 15 mm width and 55 mm gauge length (over 95 mm long) were used per film compo-
sition. Film thickness was measured using a micrometer (MAUSER, Baden-Wiirttemberg,
Germany); four samples of each composition were tested for reproducibility assessment.
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3. Results and Discussion
3.1. Composition of the Stone Sludge and of Crosslinking Solution

ICP-OES analysis of the starting sludge material indicated a calcium equivalent content of
425.60 £ 28.61 mg/g in addition to other selected elements, such as Al (0.0877 £ 0.0027 mg/g),
P (0.0192 £ 0.0006 mg/g), S (1.0928 + 0.0588 mg/g) and Fe (0.1865 £ 0.0306 mg/g). The
existence of Cd and Hg was also analyzed, and contents below 0.00004 mg/g for Cd and
0.0014 mg/g for Hg were obtained. The concentration of equivalent calcium ion in the
prepared crosslinking solution determined complexometric titration was 1.79 £ 0.02 M.

3.2. Characterization of the Produced Crosslinked Films
3.2.1. Alginate Films

Preliminary experiments with alginate-only films confirmed the typically stiff and brit-
tle mechanical behavior, which is a major issue in processing functional alginate films [13].
This behavior is expected to result from the considerable extent and rate of the reac-
tions taking place during crosslinking. On the one hand, the driving force for shrinkage
mainly comes from the energy gain enabled by the decrease of the gel interfacial area [32],
which is a powerful incentive for gel densification [32]. This may originate syneresis,
i.e., spontaneous liquid expulsion promoted by gel shrinkage and densification, without
solvent evaporation [32,33]. On the other hand, the significant reduction in the interfacial
area corresponds to a high crosslinking reaction rate [32]. This leads to the formation of
a heterogeneous three-dimensional gel structure due to very fast and irreversible Ca?* ion
binding to the alginate polymer chains (Equation (1)), leading to syneresis [15,33,34]. As the
gel shrinks, the polymer clusters pack together more closely and chain mobility decreases
and consequently stiffens the structure [32]. Additionally, shrinkage is bound to bring
together the reactive hydroxyl groups of the alginate chains, and new chemical bonds form
that further contribute to the rigidity of the gel structure [32]. This results in very brittle
alginate films, making handling and further processing very difficult.

2+

+
(solution) —nNa

. n
N analglnate(solution) + Eca (solution)

+ Can/zalginate<ge1) (1)
In this current work, a sorbitol plasticizer was used to address these issues in the
expectation of modifying the viscoelastic properties of the gel, and alginate/sorbitol films
(100-ALG/100-SORB*) were first prepared. Yet, without hydration before crosslinking
(Section 2.5), the films deformed and cracked during solvent removal (Figure 1a). Thus, an-
other route to increase the films’ flexibility was superimposed: the addition of a plasticizer
to the crosslinking solution (external plasticization). External plasticization corresponds to
the addition of a compound that is not chemically bonded to the polymer chain, and it can
therefore be lost by evaporation, migration or extraction [16,35]. D-(-)-sorbitol was used
for this purpose in the form of a 1 wt% sorbitol aqueous solution used to spray the upper
surface of the dried precursor film before crosslinking (Section 2.3). Interaction with the
polymer requires sorbitol to penetrate the alginate gel and interpose itself between the poly-
mer chains [36], toiling by means of its solvent or swelling power [35]. The first mechanism
seems to predominate when sorbitol content is low, while the second predominates for high
sorbitol concentration [21]. It should be mentioned that the specific concentration depends
on the chemical and physical structure of the macromolecules, i.e., on the intermolecular
forces to overcome [21]. Nevertheless, although more flexible, these films still underwent
visible shrinkage and deformation upon crosslinking and drying (Figure 1b), displaying
linear retraction between 21 and 32% and significant waviness and warping (Figure 1a).
Although films that underwent the spray hydration step (Figure 1) were significantly
improved compared to films prepared without the spray hydration, the expected outcome
of developing a satisfactory processing system was not achieved. This is expected to
result from the excessive fraction of sorbitol since the associated stabilization mechanism is
steric hindrance [16,37,38]. The flexible and (comparatively) low-molecular-weight sorbitol
chains infiltrate the gel and extend into the surrounding liquid phase, creating a physical
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barrier that prevents the polymer chains from coming into close contact [35]. Aggregation
is inhibited, decreasing gel viscosity and increasing chain mobility and solution stability,
thus enabling flexibility over time [16,34]. Yet, when the dispersant exceeds some critical
concentration value [34], sorbitol molecules may interact to create a bulky gel-like structure
within the system, which results in dimensionally unstable and brittle films [16].

Figure 1. Crosslinked alginate/sorbitol films (100-ALG/100-SORB*): (a) without hydration step;
(b) with hydration step, using 1% sorbitol aqueous solution.

3.2.2. Films of -Carrageenan/Alginate

In the face of the described issues displayed by alginate/sorbitol films, formulations
based on i-carrageenan/alginate mixtures, reportedly more stable than the individual
polymers [19], were developed. The polysaccharide mixture is expected to form a 3D gel
double network, attenuating the drawbacks of low mechanical strength, low dimensional
stability and the tendency of syneresis of the individual gels [19,39]. The 75-CRG/25-ALG
formulation (Table 1) was the first tested and, even in the absence of a sorbitol plasticizer,
the films appeared to be more flexible and less prone to deformation during crosslinking
and drying than alginate films (Figure 2a). Yet, they were still difficult to handle without
breaking, and after 1 month, their measured linear retraction was 14.2 & 4.9% (Table 2).
Several issues are expected to contribute to the apparently low film performance. On
the other hand, the high dimensional retraction suggests that significant loss of water by
syneresis and slow evaporation took place after the production of the film (this composition
rendered the films with the lowest measured thickness, around 45 um, Table 2). On the
other hand, while film production took place at room temperature, the glass transition
temperature is 115 °C for Na-alginate [40] and 99 °C for 1-carrageenan [41]. Thus, although
the two components are soluble in water and miscible in each other, their mobility is low.
The achieved physical blend is insufficient to result in full miscibility, and the overall film
structure at the microscale remains heterogeneous [40]. This is in good agreement with
SEM observation (Figure 2b), showing irregular particles dispersed in a more homogeneous
background. Results of the EDS elemental identified a S/Na molar ratio of around 1.0
in the background and 2.4 in the particles, indicating that the particles contain a higher
amount of -carrageenan than the background.

The addition of a plasticizer (50% and 100%, based on the total mass of algal polysac-
charides) introduced important changes. The corresponding crosslinked films, 75-CRG/25-
ALG/50-SORB (Figure 3a) and 75-CRG/25-ALG/100-SORB (Figure 3b), proved more
resistant to handling than alginate/carrageenan films. This is expected to result from the
presence of plasticizer: sorbitol’s small molecules distribute among the larger polysaccha-
rides” network, causing the chains to pack less densely and reducing the van der Waals
forces binding the polymers together [34]. This reduces intermolecular interactions between
alginate chains, reduces viscosity, allows for chain mobility (increasing film flexibility), and
retains the gel’s ability to resist syneresis during densification [34,37]. Also, D-(-)sorbitol’s
glass transition takes place at —1.3 °C [42]; thus, the polymer is fluid at room temperature
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and toils to reduce the overall temperature of the glass transition of the system, decreasing
viscosity [34]. Also, the fact that sorbitol is hygroscopic brings more water to the system [42].
All of these factors enhance sorbitol’s plasticizer ability [34]. The addition of sorbitol also
increases film thickness expectedly because bringing another species to the system increases
the gel’s solid content, resulting in increased thickness [13,43]. This is in good agreement
with the thickness increase with sorbitol concentration increase, corresponding approxi-
mately to 45 um, 51 pm and 52 pum for 0 wt%, 0.5 wt% and 1 wt% sorbitol, respectively
(Table 2).

Figure 2. Crosslinked films with 75-CRG/25-ALG formulation: (a) macrography, showing warping
and surface waviness; (b) low magnification SEM image, showing insufficient miscibility between
the two polysaccharides. (Films and crosslinking solution without sorbitol).

Table 2. Measured dimensional features of produced films.

Linear Retraction

Formulation Film "(FFl:Iilc)kness (Radial(]oz)i)rection) Pobégi(z’;‘ (ﬁ‘r’;)rage
75-CRG/25-ALG 447 £5.0 14.2 + 4.9 205.7 +124.0
75-CRG/25-ALG/50-SORB 508 +7.6 83+24 544 +22.0
75-CRG/25-ALG/100-SORB 52.1 £5.8 51+25 388 £11.1
75-CRG/25-ALG/50-SORB * 48.1+£52 44+19 25.6 +£10.1
75-CRG/25-ALG/100-SORB * 55.0 4.2 35+21 144 + 49

The asterisk (*) indicates that sorbitol was present in crosslinking solution.

Figure 3. Crosslinked CRG/ALG films with increasing amount of D-(-)sorbitol: (a) 75-CRG/25-
ALG/50-SORB and (b) 75-CRG/25-ALG/100-SORB (crosslinking solution without sorbitol in
both films).
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Films’ flexibility and handling ability appears to increase even further when sorbitol is
also present in the aqueous crosslinking solution (1 wt%). The 75-CRG/25-ALG/50-SORB*
(Figure 4a) and 75-CRG/25-ALG/100-SORB* (Figure 4b) films still present an irregular rim,
which is possibly a size effect resulting from the small mold area [13,37]; film waviness
notably decreased.

Figure 4. Crosslinked CRG/ALG films with increasing amount of D-(-)sorbitol: (a) 75-CRG/25-
ALG/50-SORB* and (b) 75-CRG/25-ALG/100-SORB* (crosslinking solution containing sorbitol in
both films).

All formulations maintained a smooth, clear and transparent appearance after 1 month.
Yet, despite the macroscopic uniformity of the films, important defects arose at the mi-
croscale, including inclusions (Figure 5a), fractures and pores (Figure 5b).

Figure 5. Examples of defects found in the films: (a) micrometric carrageenan-rich self-inclusions
disrupting film uniformity (75-CRG/25-ALG/50-SORB film); (b) micrometric pores and cracks
(75-CRG/25-ALG/100-SORB film).

The most striking microscopical feature in all the produced films is the mud-cracking
fracture pattern (Figure 6), which is expected to result from volume changes imposed during
solvent removal. In fact, all drying processes are accompanied by significant gel shrinkage
and densification, introducing stresses that deeply affect the final film microstructure [32].
Strain develops because the top layer tightens while the material below stays the same size,
wherein film tightening imposes compressive stress on the substrate and tensile stress on
the film. If the gel adheres strongly to the mold surface, there will be essentially no strain
at the gel/mold interface, and the drying gel will contract only in the perpendicular
direction. When this strain becomes large enough, cracks form in the dried-up surface
to relieve the strain [44]. Individual cracks spread and joined up, forming a polygonal,
interconnected network [32] (Figure 6). This is in good agreement with the perceived ability
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of the produced films to detach the plastic mold, in connection with the marked difference
in the size and number of polygons outlined by the developed crack pattern [44]. Precursor
films prepared without sorbitol (75-CRG/25-ALG) tended to spontaneously detach from
the mold during oven drying, showing low adhesion to the plastic mold at this stage.
Also, they appeared to be less prone to fracture during crosslinking and drying than the
other produced materials, forming a small number of large (average size 205.7 &= 124.0 um,
Table 2) irregular polygons (Figure 6a). Conversely, these films appeared to exhibit stronger
adhesion to the mold during crosslinking, which made complete detachment more difficult
in some cases (e.g., Figure 3a). Increasing sorbitol concentration to 0.5% (Figure 6b) and
to 1% (Figure 6¢) resulted in polygons that are apparently larger in number and smaller
in size (respectively, around 54 pm and 26 um, Table 2). The same effect is obtained when
0.5% (75-CRG/25-ALG/50-SORB*, Figure 6d) and 1.0% (75-CRG/25-ALG/100-SORB*,
Figure 6e) sorbitol is included in the respective crosslinking solutions. In this case, polygon
size was around 39 um and 14 um, respectively, corresponding to an increasingly larger
fracture surface. It should be mentioned that decreasing polygon size is accompanied by
film thickness increase (around 43 um, 46 um and 51 um for formulations with 0.50% and
100%, respectively) and linear retraction decrease from a maximum of 32% (no sorbitol) to
5.7 (50%) and 3.6% (100%) (Table 2). These features are expected to result from the viscosity
increase brought about by the growing presence of sorbitol in the gel structure [40]. Because
gel shrinkage is dominated by gel viscosity, higher stresses and higher strains act upon the
films during drying, resulting in increased fracture on retraction and in thicker films [32].

Figure 6. Low magnification images showing an overall view of films’ surface.(a) 75-CRG/25-ALG,
(b) 75-CRG/25-ALG/50-SORB, (c) 75-CRG/25-ALG/100-SORB, (d) 75-CRG/25-ALG/50-SORB*,
and (e) 75-CRG/25-ALG/50-SORB* (sorbitol present in the crosslinking solution). Superimposed
micrographs show a higher magnification image of the corresponding film.
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Other than the effect of stress and strain developed during the drying of the gel
films, which dominates surface morphology, sorbitol plasticizer also appears to have
a strong influence on phase solubility and distribution. Comparison between the mi-
crostructure of 75-CRG/25-ALG (Figure 2b) and 75-CRG/25-ALG/50-SORB (Figure 6b)
suggests higher miscibility between the two polysaccharides in the presence of sorbitol,
apparently with lower numbers and smaller dimensions of carrageenan-rich particles.
Figure 7a shows a high magnification image of the 75-CRG/25-ALG/50-SORB film surface:
a uniform background is observed, displaying some scattered submicrometric particles
and nanopores (Figure 7, circle). Figure 7b highlights the intimate mixture of alginate (dark
grey), carrageenan (identified by Na/S ratio) and sorbitol (black, only C and O identified
by EDS). The phase distributions appear to be very uniform, although some individualized
carrageenan-rich particles (white) and sorbitol-rich domains (black) are visible.

carragenan-ric
nanoparticles

-

-
“ a . - 4
.',‘-"‘ - \ sorbitol

-

.

carrageenan-rich
particles
carragenan-rich—> *,
1um 4 : region

Figure 7. Microstructure of 75-CRG/25-ALG/50-SORB material: (a) film surface (circle high-
lights nanopores) and (b) high magnification image of the background, in the nanometric range
(black: sorbitol; dark grey: alginate-rich phase; light grey: carrageenan-rich phase; white:
carrageenan-rich particles).

The apparent increase of carrageenan/alginate miscibility, resulting in enhanced
physical blending of the polymers, requires strong specific interactions [45]. This suggests
that bonding established in the presence of sorbitol overcame the complex intramolecular
cohesion of each polysaccharide and favored their miscibility [45]. The high number of
carboxyl groups (alginate) and hydroxyl groups (carrageenan) enables hydrogen bonding
and ionic interaction with sorbitol via its hydroxyl groups [19,38,45] establishing additional
chemical bonds that are expected to stabilize intermolecular links [45].

Yet, when sorbitol was included as a component of the crosslinking solution (films 75-
CRG/25-ALG/50-SORB* and 75-CRG/25-ALG/100-SORB*, respectively; Figure 6d,e) the
resulting microstructure was non-uniform, with formation of a cell-shaped [46], carrageenan-
rich, secondary structure (Figure 8). The superstructure formed in films with lower sorbitol
concentration (75-CRG/25-ALG/50-SORB*) appears to be more developed, with closed
cell walls (Figure 8a). The background displays a S/Na weight ratio of around 1, the
same as in 75-CRG/25-ALG films (Figure 2b), while it is higher (around 1.41) in the cell
walls. Spherical particles with a diameter of around 200 nm and a very high S/Na weight
ratio (10.76)—indicating a very high carrageenan fraction—are also visible (Figure 8a). In
films richer in sorbitol (75-CRG/25-ALG/50-SORB¥) the cell walls are apparently thicker,
although somewhat open and incomplete (Figure 8b) and with a higher S/Na weight ratio
(4.39) than before.

These results suggest that cell wall formation is an effect of phase separation in the
gel, which is expected to take place when one of the gel components reaches a critical
concentration [43,47]. At this point, repulsive interactions between chains trigger a macro-
molecular competition for space in the solution, leading to a volume exclusion effect and
segregation [47]. The system reaches its thermodynamic minimum by phase separation,
each one enriched in one of the polysaccharides [43]. This effect has often been reported
regarding aqueous solutions of carrageenan/polysaccharide [43,47]. Yet, in this current
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work, no superstructures were detected in films with the same composition (75-CRG/25-
ALG/50-SORB and 75-CRG/25-ALG/50-SORB) crosslinked without sorbitol (Figure 7).
This signals that the formation of separated carrageenan superstructures is an outcome of
the presence of sorbitol in the crosslinking solution. In this context, the supramolecular
structure is expected to form when external sorbitol penetrates the gel and encounters
uncoiled sections of carrageenan macromolecules, using its hydroxyl groups to creat in-
termolecular secondary bonds. Similar superstructures have been previously observed in
k-carrageenan/gelatin and sodium alginate/gelatin complexes [46].

Figure 8. High magnification view of (a) 75-CRG/25-ALG/50-SORB* and (b) 75-CRG/25-ALG/50-
SORB* film surface.

3.2.3. Compositional Analysis

Figure 9 displays the FTIR-ATR spectra of Na-alginate (Figure 9a), \-carrageenan
(Figure 9b) and D-(-)sorbitol (Figure 9c) reagents used in film preparation. As would be
expected, some of the vibrations are common to the three polysaccharides: the broad band
in the range 3350 + 50 cm !, assigned to the O-H stretch of the hydroxyl group [48]; the
H-C-H asymmetric stretch of alkanes, with a maximum at 2926 + 10 cm~!. The spectrum
obtained for sodium alginate presents two strong bands that together confirm the presence
of carboxylate groups at 1600 + 50 cm~! (O~-C-O asymmetric stretch, more intense) and
1450 4= 50 cm~! (symmetric stretch) [48,49]. The spectrum of sodium alginate (Figure 9a)
further displays a significant absorption band around 1032 cm~! [49], which may be at-
tributed to C-O stretching vibrations. [48-51]. In the spectrum of -carrageenan (Figure 9b),
the main diagnostic feature is the band around 801 cm~1 which indicates the presence of
sulfate ester in the 2-position of the anhydro-D-galactose residues [52]. The band around
848 cm~! was assigned to D-galactose-4-sulfate; the bands at ca. 1053 cm~! and 921 cm ™!
were assigned to the C-O stretch of the C3-O-C6 linkage of 3,6-anhydro-D-galactose [52].
The bands pertaining to the sulfate ester groups were also detected at 1241 cm~ (stretch of
S=0 sulfate ester) [52]. Considering the available literature, the band observed at 1610 cm !
was tentatively assigned to structural water deformation vibrations, which suggests the
existence of moisture in the starting i-carrageenan material [53-55]. The main vibration
modes of the hydroxyl group in the spectrum of D-(-)sorbitol (Figure 9c¢) are the bands
around 3230, 3302 and 3400 cm ™!, corresponding to O-H stretching of the alcohol group (in-
cluding free, inter- and intra-molecular bound hydroxyl groups [56]) and the out-of-plane
O-H bending of the C-OH linkage, around 641 cm~!. Other significant bands display
maximum absorption at 1406 cm ™! and 1249 cm ™! (respectively, the out-of-plane and
in-plane bend of O-H of the C-OH linkage), 1082 and 1002 cm~! (respectively, the asym-
metric and symmetric stretch of C-O of the alcohol group) and 1049 cm~! and 874 cm™!
(respectively, the asymmetric and symmetric C—-C-O stretch of the alcohol group) [48,57].
The spectrum of the dry limestone sludge used to prepare the crosslinking solution is also
shown (Figure 9d). All the bands are compatible with the vibration modes of the carbonate
ion of CaCOj (calcite polymorph): asymmetric stretching of about 1400 cm !, out-of-plane
bending of around 875 cm~! and in-plane bending of around 700 cm~! [58].
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Figure 9. FTIR-ATR transmittance spectra of used reagents (in powder form): (a) sodium alginate,
(b) 1-carrageenan and (c) D-(-)sorbitol. The spectrum of (d) dry limestone sludge used to prepare the
crosslinking solutions is also shown.

Expectedly, interactions established between reagents in subsequent crosslinking and
drying mainly take place via hydrogen bonding of reactive hydroxyl groups in the polymer
chains [16,38]. Any molecule that undergoes hydrogen bonding displays particularly broad
and intense bands due to O-H stretch (3500-3200 cm 1) and O-H bend (650 4= 50 cm 1) [48],
which are, in fact, the larger bands in the spectrum of D-(-)sorbitol (Figure 9c). This results
from the highly variable number and strength of contributing hydrogen bonds, from place
to place in alcohol molecules [48]. For this reason, the corresponding infrared bandwidths
and intensities are much higher in the alcohol group in sorbitol than in other functional
groups present in the raw materials (Table 3) [48]. Regarding the carboxylate groups
of alginate, the spectrum of alginate also presents a broad and intense O-H stretching
band [48], yet much less intense and somewhat shifted to the right.

Table 3. Measured band width and intensity corresponding to the O-H stretching mode
(3500 + 50 cm ') in the used reagents and in produced films.

Band Maximum

Position (cm~1) FWHM (em ™) T (%)
Na-alginate 3445 352 £ 6 7.6 £03
1-carrageenan 3416 340 +1 9.4 +£0.8
D-(-)sorbitol 3400 364 +3 340+ 1.8
75-CRG/25-ALG 3398 415+9 242 £09
75-CRG/25-ALG/100-SORB 3369 424 £5 22.6 £1.0
75-CRG/25-ALG/100-SORB * 3375 425+ 3 46.8 £ 1.4

FWHM: full width half maximum; T: transmittance. The asterisk (*) indicates that sorbitol was present in
crosslinking solution.

After identification of the chemical structures giving rise to characteristic absorption
bands in the reagents, the same procedure was followed for produced films, aiming to
identify functional groups (Figure 10) involved in polysaccharide/polysaccharide and
polysaccharide/plasticizer crosslinking.
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Figure 10. ATR-FTIR transmittance spectra of produced film materials: (a) 75-CRG/25-ALG,
(b) 75-CRG/25-ALG/100-SORB (no sorbitol in the crosslinking solution) and (c) 75-CRG/25-
ALG/100-SORB* (crosslinked in the presence of sorbitol).

All produced materials display a broad band in the 3350 & 50 cm ! range, associated
with the O-H stretching vibration. Overall, band intensity and width increase with increas-
ing sorbitol addition (Table 3) due to the increase of available hydroxyl groups. However,
75-CRG/25-ALG films (Figure 10a) do not contain sorbitol, while pure alginate (Figure 9a)
and pure carrageenan (Figure 9b) are expected to contribute very little to band intensity and
width, based on the low intensity of the O-H stretch band in pure reagents. In as much, the
considerable size of the O-H band displayed by the 75-CRG/25-ALG material at 3382 cm !
(Table 3) is expected to result from the disruption of intermolecular bonds between poly-
mer chains and their substitution by water/alginate and water/carrageenan hydrogen
bonds [38]. The frequency maximum of the O-H stretch band in the 75-CRG/25-ALG
material shifts to a lower wavenumber than in pure reagents (Table 4), which is expected
to correspond to a bond length increase [16]. This confirms the plasticizer effect of water,
which leads the system to a “soften state” (as if above glass transition) that enables lower sys-
tem viscosity and higher molecular mobility [13,16,37,38]. On its turn, the O-H stretch band
broadens and increases in intensity (Table 3) when sorbitol is added both to 75-CRG/25-
ALG/100-SORB and to 75-CRG/25-ALG/100-SORB* materials. Again, the increase of
hydroxyl groups provided by the polyol and by the accompanying adsorbed water in-
creases the number of hydrogen bonding in the films (Brian C Smith, 2018; Gao et al., 2017);
the O-H stretch band maximum shifted to a lower wavenumber than in pure reagents
(Table 4), corresponding to bond length increase [16].

The O-C-O stretch of alginate (around 1600 cm~! and 1405 cm 1) shifted to a higher
wavenumber when reagents were blended into the 75-CRG /25-ALG material (1625 cm ™!
and 1450 cm ') (Table 4). Bonding occurs via electrostatic interactions and hydrogen
bridges, making bond length and intermolecular spacing decrease so that the spatial
network structure becomes increasingly compact [19]. The introduction of sorbitol as
a component of the film (75-CRG/25-ALG/100-SORB) and the inclusion of sorbitol as
a component of the crosslinking solutions for the sorbitol-containing film (75-CRG/25-
ALG/100-SORB*) plasticizer did not appear to interfere significantly with these bonds since
the bands’ maxima position was approximately constant. The sulfate ester and cyclic ether
groups in -carrageenan also appeared to be influenced by the metal-induced crosslinking:
bands at around 1241 cm ! and 1053 cm ! shift, respectively, to 1249 cm ! and 1065 cm ™!
in the 75-CRG/25-ALG material (Table 4).

Analysis by NMR of the commercial alginate and i-carrageenan was also carried out,
and the obtained spectra are presented in Figures 11 and 12.
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Table 4. Summary of FTIR-ATR results, displaying the more relevant vibration modes and band
assignment of used reagents and produced films [41,48,49,52-55].

ALG CRG SORB CRG/ALG  CRG/ALG/SORB CRG/ALG/SORB* Vibration Assignment
3445 3416 3400 3378 3369 3371 O-H stretch
2926 2930 2930 2920 2916 2914 C-H asymmetric stretch of alkanes
1600 1625 1626 1626 O-C-O asymmetric stretch of -COO™
(alginate)
1610 Water deformation
1405 1450 1450 1450 O-C-O0 symmetri_c stretch of -COO™
(alginate)
Out-of-plane bend of O-H of C-OH
1406 .
linkage
1245 1249 1250 1251 5=0 stretch of ester sulfate
1249 In-plane benq of O-H of C-OH
linkage
1082 Asymmetric stretch of C-O of alcohol
1082 C-O-C stretch
C-O-C stretch of
1053 1065 1072 1066 3,6-anhydrogalactose
1032 1030 1027 1025 C-O stretch
921 922 920 931 C-O stretch of 3,6-anhydrogalactose
C-0-S03 stretch of
848 847 Bad 851 sulfate on C-4 of the galactose
801 C-0-S0;3 stetch of sulfate on C-2 of

the 3,6-anhydrogalactose

CRG/ALG: crosslinked 75-CRG/25-ALG material; CRG/ALG/SORB: crosslinked 75-CRG/25-ALG/100-SORB;
CRG/ALG/SORB*: crosslinked 75-CRG/25-ALG/100-SORB* (crosslinking solution containing sorbitol).

10 9 8 7 6 5 4 3 2 1 0

5.05 ppm 4.66 ppm

58 56 54 52 50 48 46 44 42 40 38 36 34 32
[ppm]

Figure 11. 'H-NMR spectrum of the sodium alginate used as starting material, measured in D,O,
at 60 °C (A), and magnification of the region between 4 5.8 ppm and 3.2 ppm (B). The asterisks (*)

denote the DSS reference chemical shifts.
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Figure 12. 'H-NMR spectrum of the 1-carrageenan used as starting material, measured in D,0O, at
60 °C (A), and magnification of the region between 6 5.8 ppm and 3.4 ppm (B). The asterisks (*)
denote the DSS reference chemical shifts.

The 'H-NMR spectra of commercial alginate presented the expected chemical shifts
in the anomeric proton region between 5.4 ppm and 4.5 ppm. Namely, the shift observed
at ca. d 5.05 ppm was assigned to the anomeric protons of the guluronic acid units (G),
whereas the group of unresolved overlapping shifts at ca. d 4.7 ppm were tentatively
assigned to the anomeric protons of the mannuronic acid units (M) and H5 protons of
guluronic/mannuronic acid blocks [59,60]. However, the signal at ca. d 5.4 ppm could not
be identified.

Due to generalized signal broadening and spectrum distortion in the d 4—4.5 ppm
range, the M/G ratio of the analyzed alginate could not be estimated.

The obtained spectrum for -carrageenan is consistent with what is reported in the
literature for this type of carrageenan. Taking into account the measurement temperature
of 60 °C, the chemical shift observed at d 5.31 ppm was assigned to the anomeric protons
of the iota-type carrageenan. No additional chemical shifts could be observed in the d
5-6 ppm range [61-64].

In light of the data obtained by NMR and ATR-FTIR, it was not deemed necessary to
further purify the starting alginate and carrageenans prior to the preparation of the films.

3.2.4. Films” Mechanical Performance

Suitable mechanical properties are an essential requirement of packaging materials.
In as much, tailoring formulations for packaging applications requires knowledge of the
effect of the selected plasticizer upon mechanical properties of the developed materials.
The materials developed and produced in this current work present tensile curves with
typical hyperplastic behavior and well-defined elastic/plastic transition. Figure 13 displays
representative 75-CRG/25-ALG, 75-CRG/25-ALG/50-SORB* and 75-CRG/25-ALG/100-
SORB* curves; similar behavior was found for the remaining films.

In good agreement with the typical brittleness and friability of produced films, fracture
strain ranged from 1.8% to 14.7% (Table 5) and no correlation between the films’ behavior
and added sorbitol concentration was found. In fact, Figure 13 shows a behavior opposite of
the expected [65], with films’ fracture strain decreasing with increasing amount of sorbitol.
The remaining mechanical properties (Table 5) were analyzed using the Bonferroni pairwise
comparison tool, with statistically significant differences (p < 0.05) identified between
different compositions. It should be mentioned that the delicate films were difficult to cut
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uniformly into specimens and hard to fix on the testing machine grips. This should explain
the poor test reproducibility regarding mechanical properties.

80

75-CRG/25-ALG

Stress (MPa)
o
o
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Figure 13. Representative tensile curves obtained for —75-CRG/25-ALG, —75-CRG/25-ALG/50-
SORB and —75-CRG/25-ALG/100-SORB films. The corresponding films crosslinked in the pres-
ence of sorbitol are displayed in a dashed line: —75-CRG/25-ALG/50-SORB*, and —75-CRG/25-
ALG/100-SORB*.

Table 5. Average value of films” mechanical properties.

Young’s Yield Stress Tensile

Film Designation N{K/([llljla;ls (MPa) Szclr\;e[r;%;h Sl;::icl:u(ﬂz)
75-CRG/25-ALG 2430 + 343 221425 583 +79 126 £3.0
75-CRG/25-ALG/50-SORB 2056 £ 135 193 £ 0.7 29.0£0.8 1.8 £0.5
75-CRG/25-ALG/100-SORB 627 =134 9.7+25 255+39 127 £ 4.2
75-CRG/25-ALG/50-SORB * 1837 + 386 16.6 £ 3.0 371+ 11.6 92441
75-CRG/25-ALG/100-SORB * 879 £+ 101 146 £1.1 282+ 6.4 147 +£21

The asterisk (*) indicates that sorbitol was present in crosslinking solution.

The films’ Young’s modulus decreased from 2430 to 627 MPa as the concentration of
D-(-)sorbitol increased (Figure 14a). Strong statistically significant difference (p < 0.001)
was observed between 75-CRG/25-ALG, 75-CRG/25-ALG/50-SORB* and 75-CRG/25-
ALG/100-SORB*. Yet, no statistically significant difference (p > 0.05) was found between
the 75-CRG/25-ALG and 75-CRG/25-ALG/50-SORB* films, with high variation obtained
for this property. Similar results were found for yield stress (Figure 14b), which decreased
from 22.1 MPa to a minimum of 9.7 MPa with increasing sorbitol concentration. The
results obtained for formulation 75-CRG/25-ALG/100-SORB are in line with reports in
the literature regarding the influence of alginate and k-carrageenan on sodium caseinate-
based films plasticized with glycerol: films containing alginate displayed a higher Young’s
modulus (723-899 MPa) than k-carrageenan containing films (637-678 MPa) [66]. Finally,
films without D-(-)sorbitol (75-CRG/25-ALG) displayed a maximum tensile strength of
around 58 MPa (Figure 14c), which decreased to a minimum of 26 MPa (around 56%)
when D-sorbitol was introduced (75-CRG/25-ALG/100-SORB film). A strong statistically
significant difference was found between 75-CRG/25-ALG and 75-CRG/25-ALG/50-SORB
(p = 0.00334) and between 75-CRG/25-ALG and 75-CRG/25-ALG/100-SORB (p = 0.00011)).
Due to their low average value and high standard deviation, no statistically significant
difference was found between 75-CRG/25-ALG/50-SORB and 75-CRG/25-ALG/100-SORB
(p > 0.1). When correlated with the films’ thickness (Table 2), thinner films (0 and 50%
sorbitol) displayed higher mechanical performance, possibly due to their tighter and
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enhanced intermolecular structure [67]. The attained film tensile strength values are in
good agreement with the literature [68].
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Figure 14. Influence of D-(-)sorbitol’s concentration on films” mechanical performance: (a) Young’s
modulus, (b) yield stress and (c) tensile strength (statistically significant difference: ** p < 0.01,
% p < 0.001).

Overall, the use of plasticizer decreased Young’s modulus, yield stress and tensile
strength values. This behavior is in line with previous work in porphyran-based films
plasticized with glycerol or sorbitol [69] and in alginate and k-carrageenan films using
glycerol as a plasticizer [65].

The comparison of films with similar base composition crosslinked in the presence of
sorbitol showed no statistically significant difference (p > 0.1) regarding the films” Young’s
modulus (Figure 15a), either between 75-CRG/25-ALG/50-SORB and 75-CRG/25-ALG/50-
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SORB*, or between 75-CRG/25-ALG/100-SORB and 75-CRG/25-ALG/100-SORB*. Still,
the films with higher D-(-)sorbitol concentration (100%) showed increased flexibility
(p <0.00051). Similar results were obtained for the films’ yield stress (Figure 15b), al-
though a two-fold increase in D-(-)sorbitol concentration only corresponded to an average
41% decrease in the yield stress (p < 0.00243). Finally, no statistically significant difference
(p > 0.05) was found between the tensile strength of all the films (Figure 15c). Based on
these results, it can be concluded that the presence of D-(-)sorbitol on the crosslinking
solution does not significantly affect the film’s mechanical properties, probably due to the
short crosslinking period and/or phase separation.
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Figure 15. Influence of the presence of D-(-)sorbitol on the films’ crosslinking solution regarding
(a) Young’s modulus, (b) yield stress and (c) tensile strength (statistically significant differences
**p <0.01, *** p < 0.001). The asterisk (*) indicates that sorbitol was present in crosslinking solution.
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All produced materials showed friable, stiff and brittle behavior, although the maxi-
mum 14.7% fracture strain is an enhancement when compared to previous films obtained
by the authors (3%) [70]. Brittleness is attributed to the highly fractured mud-crack surface
displayed by all the films (Figure 6) [65], where long and slightly deflected cracks can be
found independently of the presence of sorbitol. As mentioned, no correlation was found
between the presence or absence of D-(-)sorbitol in the films and fracture strain values,
yet SEM images indicate that increasing total sorbitol concentration in the films increases
surface crack density (Figure 6).

3.2.5. Anti-Fungal Properties

The absence of inhibition halos around the film disks in the triplicates (Figure 16) sug-
gests that the inclusion of i-carrageenan in the crosslinked film did not have any inhibitory
effect against A. fumigatus growth. The fact that some types of carrageenans have previously
demonstrated antimicrobial properties [71,72] highlights the importance of considering the
specific characteristics and properties of different carrageenan types, as they can vary in
their effect on microbial growth.

i

Figure 16. Inoculated plates without (a,b) and with (c,d) 75-CRG/25-AL film disks after 0 (a,c) and
7 days (b,d), at 28 °C.

4. Conclusions

Limestone sludge was successfully converted into a usable Ca?* source for the crosslink-
ing of alginate and i-carrageenan/alginate films. As mentioned earlier, the content of
calcium depends on the chemical composition of the starting sludge and the completeness
of the conversion procedure. However, the full and in-depth chemical constitution of the
starting sludge is necessary to assess the viability of its use, with regard to overall calcium
content and the presence of toxic elements. Depending on the purpose of application of the
film, if it is in the food area, the restrictions are greater and it will be necessary to carry out
migration tests.

The crosslinked films based on alginate/sorbitol were dimensionally unstable after
exposure to ambient conditions. The deformation was attributed to the formation of
three-dimensional calcium-alginate gel structures which may lead to size contraction of
the film structure. As such, the methods and formulations based on alginate/sorbitol
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were considered unsuitable for the preparation of films using the converted limestone
crosslinking agent.

In contrast, the crosslinked films based on a 75/25 i-carrageenan/alginate blend pre-
sented superior stability and overall better visual appearance compared to the alginate
films. FTIR-ATR studies of these films revealed data consistent with 1-carrageenan/alginate
and i-carrageenan/alginate/sorbitol blends. The NMR analysis of the starting polysaccha-
rides revealed data consistent with what is reported in the literature for sodium alginate
and i-carrageenan. The mechanical studies suggested that the inclusion of increasing
amounts of D-(-)sorbitol as a plasticizer in the formulation resulted in a gradual lowering
of the overall mechanical strength of the films. Further optimizations of the amount of
plasticizer added are required to obtain an optimal trade-off between mechanical strength
and flexibility.

No antifungal activity against Aspergillus fumigatus could be observed with the tested
75/25 1-carrageenan/alginate blend films. Antimicrobial activity may be conferred by the
incorporation of compounds with known antimicrobial activity, but the development of
active films was outside of the scope of this work.

While the 75/25 1-carrageenan/alginate blend films show preliminary potential for ap-
plication as non-edible packaging, in-depth testing of aspects such as water vapor resistance
and permeation, surface wettability and overall migration of components/contaminants
should be performed. Nevertheless, the 1-carrageenan/alginate blend films described
herein may serve as a starting point for the development of viable alternatives for film
packaging based on conventional plastics, while simultaneously providing alternatives for
the valorization of limestone byproducts.

Author Contributions: Conceptualization, P.A. and S.B.; Methodology, P.A., M.d.L.C., WE,L.G.A,,
L.C-R.,, M.G,, R.B. (Ricardo Baptista) and S.B.; Validation, P.A.,, M.d.L.C., L.G.A,, L.C-R,, M.G,,
R.B. (Ricardo Baptista), R.B. (Raul Bernardino) and S.B.; Investigation, P.A., WE, L.G.A.,, M.G., R.B.
(Ricardo Baptista) and S.B.; Resources, R.B. (Raul Bernardino), M.M.G. and M.].C.; Writing—original
draft, PA., M.d.L.C, L.C.-R,, M.G. and R.B. (Ricardo Baptista; Writing—review & editing, L.G.A.,
R.B. (Raul Bernardino), M.M.G., M.].C. and S.B.; Visualization, M.d.L.C.; Supervision, S.B.; Project
administration, M.M.G.; Funding acquisition, M.M.G. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was financially supported by LA /P/0045/2020 (ALiCE), UIDB/50020/2020 and
UIDP/50020/2020 (LSRE-LCM), funded by national funds through FCT/MCTES (PIDDAC) and by
FCT—Fundacao para a Ciéncia e a Tecnologia, I.P., within the scope of MARE (UIDB/04292 /2020
and UIDP/04292/2020) and also through the project INOVMINERAL 4.0—Tecnologias Avangadas e
Software para os recursos Minerais, project number 46083, cofinanced by FEDER—Fundo Europeu de
Desenvolvimento Regional, in the scope of the Programa Portugal 2020, COMPETE 2020—Programa
Operacional. This study also had the support of national funds through Fundagao para a Ciéncia e
Tecnologia (FCT), under the project LA /P/0069/2020 granted to the Associate Laboratory ARNET.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors thank Agostinho da Silva for providing limestone sludge samples
for this work. The authors also thank Arminda Alves and Liliana Pereira of LEPABE-FEUP for
carrying out the ICP analysis of the limestone sludge. L. G. Alves and L. Corte-Real acknowledge
FCT for projects UIDB/00100/2020, UIDP/00100/2020, LA /P/0056/2020 and Programa Operacional
Regional de Lisboa 2020. Mafalda Guedes acknowledges FCT under contract UIDB/04540/2020,
through CeFEMA. R. Baptista acknowledges FCT for project UIDB/50022 /2020, through IDMEC
under LAETA. The Portuguese NMR IST-UL is acknowledged for access to the NMR equipment.

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2024, 17, 1668 23 of 25

References

1.  Kubatova, D.; Khongova, I.; Krejci Kotlanova, M.; Zezulova, A.; Bohac, M. The use of limestone sludge for the geopolymer
preparation. IOP Conf. Ser. Mater. Sci. Eng. 2021, 1205, 012002. [CrossRef]

2. Lasemi, Z.; Butler, S.; Ansari, S. Limestone Fines and Lime Sludge: From By-Product Waste to Potential Beneficial Use—A Key to
Sustainability. In Illinois State Geological Survey; University of Minnesota: Minneapolis, MN, USA, 2015; pp. 51-60.

3. Hart, M.L.; Shakoor, A.; Wilson, T.P. Characterization of lime sludge for engineering applications. Waste Manag. 1993, 13, 55-63.
[CrossRef]

4. Zichella, L.; Bellopede, R.; Spriano, S.; Marini, P. Preliminary investigations on stone cutting sludge processing for a future
recovery. J. Clean. Prod. 2018, 178, 866-876. [CrossRef]

5. Choudhary, J.; Kumar, B.; Gupta, A. Feasible utilization of waste limestone sludge as filter in bituminous concrete. Constr. Buiding
Mater. 2020, 239, 117781. [CrossRef]

6.  Singh, M,; Srivastava, A.; Bhunia, D. An Investigation on Effect of Partial Replacement of Cement by Waste Marble Slurry. Constr.
Build. Mater. 2017, 134, 471-488. [CrossRef]

7. Alyamac, K.E.; Ghafari, E.; Ince, R. Development of Eco-Efficient Self-Compacting Concrete with Waste Marble Powder Using the
Response Surface Method. J. Clean. Prod. 2017, 144, 192-202. [CrossRef]

8. Munir, M.J.; Kazmi, SM.S.; Wu, Y.-F,; Hanif, A.; Khan, M.U.A. Thermally Efficient Fired Clay Bricks Incorporating Waste Marble
Sludge: An Industrial-Scale Study. J. Clean. Prod. 2018, 174, 1122-1135. [CrossRef]

9.  Buyuksagis, I.S.; Uygunoglu, T.; Tatar, E. Investigation on the Usage of Waste Marble Powder in Cement-Based Adhesive Mortar.
Constr. Build. Mater. 2017, 154, 734-742. [CrossRef]

10. Jayakody, M.; Gunathilake, M.; Wijesekara, I. Seaweed derived alginate, agar, and carrageenan based edible coatings and films
for the food industry: A review. J. Food Meas. Charact. 2022, 16, 1195-1227. [CrossRef]

11.  Karbowiak, T.; Debeaufort, F.; Champion, D.; Voilley, A. Wetting properties at the surface of iota-carrageenan-based edible films.
J. Colloid Interface Sci. 2006, 294, 400-410. [CrossRef]

12.  Senturk Parreidt, T.; Miiller, K.; Schmid, M. Alginate-Based Edible Films and Coatings for Food Packaging Applications. Foods
2018, 7, 170. [CrossRef] [PubMed]

13.  Budiman, M.A ; Uju; Tarman, K. A Review on the difference of physical and mechanical properties of bioplastic from seaweed
hydrocolloids with various plasticizers. IOP Conf. Ser. Earth Environ. Sci. 2022, 967, 012012. [CrossRef]

14. Gupta, R.K.; Guha, P; Srivastav, P.P. Natural polymers in bio-degradable/edible film: A review on environmental concerns,
cold plasma technology and nanotechnology application on food packaging—A recent trends. Food Chem. Adv. 2022, 1, 100135.
[CrossRef]

15. Skjak-Breaek, G.; Draget, K.I. Alginates: Properties and Applications. Polym. Sci. A Compr. Ref. 2012, 1-10, 213-220. [CrossRef]

16. Jost, V.; Kobsik, K.; Schmid, M.; Noller, K. Influence of plasticiser on the barrier, mechanical and grease resistance properties of
alginate cast films. Carbohydr. Polym. 2014, 110, 309-319. [CrossRef]

17.  Maiti, S.; Kumari, L. 3—Smart Nanopolysaccharides for the Delivery of Bioactives. In Nanoarchitectonics for Smart Delivery
and Drug Targeting; Holban, A.M., Grumezescu, A.M., Eds.; William Andrew Publishing: Norwich, NY, USA, 2016; pp. 67-94.
[CrossRef]

18.  Campo, V.L.; Kawano, D.F; da Silva, D.B.; Carvalho, I. Carrageenans: Biological properties, chemical modifications and structural
analysis—A review. Carbohydr. Polym. 2009, 77, 167-180. [CrossRef]

19. Yu, E; Cui, T; Yang, C.; Dai, X.; Ma, J. k-Carrageenan/Sodium alginate double-network hydrogel with enhanced mechanical
properties, anti-swelling, and adsorption capacity. Chemosphere 2019, 237, 124417. [CrossRef] [PubMed]

20. Stenner, R.; Matubayasi, N.; Shimizu, S. Gelation of carrageenan: Effects of sugars and polyols. Food Hydrocoll. 2016, 54, 284-292.
[CrossRef]

21. Gaudin, S; Lourdin, D.; Le Botlan, D.; Ilari, J.L.; Forssell, P.; Colonna, P. Effect of polymer-plasticizer interactions on the oxygen
permeability of starch-sorbitol-water films. Macromol. Symp. 1999, 138, 245-248. [CrossRef]

22. Patton, J.; Reeder, W. New Indicator for Titration of Calcium with (Ethylenedinitrilo) Tetraacetate. Anal. Chem. 1956, 28, 1026-1028.
[CrossRef]

23. Duong, N.T.C.; Uthairatanakij, A.; Laohakunjit, N.; Jitareerat, P.; Kaisangsri, N. Cross-linked alginate edible coatings incorporated
with hexyl acetate: Film characteristics and its application on fresh-cut rose apple. Food Biosci. 2023, 52, 102410. [CrossRef]

24. Giz, A.S.; Berberoglu, M.; Bener, S.; Aydelik-Ayazoglu, S.; Bayraktar, H.; Alaca, B.E.; Catalgil-Giz, H. A detailed investigation of
the effect of calcium crosslinking and glycerol plasticizing on the physical properties of alginate films. Int. J. Biol. Macromol. 2020,
148, 49-55. [CrossRef]

25. L1i,]J.; Wu, Y,; He, J.; Huang, Y. A new insight to the effect of calcium concentration on gelation process and physical properties of
alginate films. J. Mater. Sci. 2016, 51, 5791-5801. [CrossRef]

26. van Meerten, S.G.J.; Franssen, WM.].; Kentgens, A.P.M. ssNake: A cross-platform open-source NMR data processing and fitting
application. J. Magn. Reson. 2019, 301, 56-66. [CrossRef]

27. Sousa AM, M.; Borges, J.; Silva, F.; Ramos, A.M.; Cabrita, E.].; Gongalves, M.P. Shaping the molecular assemblies of native and

alkali-modified agars in dilute and concentrated aqueous media via microwave-assisted extraction. Soft Matter 2013, 9, 3131.
[CrossRef]


https://doi.org/10.1088/1757-899X/1205/1/012002
https://doi.org/10.1016/0956-053X(93)90034-T
https://doi.org/10.1016/j.jclepro.2017.12.226
https://doi.org/10.1016/j.conbuildmat.2019.117781
https://doi.org/10.1016/j.conbuildmat.2016.12.155
https://doi.org/10.1016/j.jclepro.2016.12.156
https://doi.org/10.1016/j.jclepro.2017.11.060
https://doi.org/10.1016/j.conbuildmat.2017.08.014
https://doi.org/10.1007/s11694-021-01277-y
https://doi.org/10.1016/j.jcis.2005.07.030
https://doi.org/10.3390/foods7100170
https://www.ncbi.nlm.nih.gov/pubmed/30336642
https://doi.org/10.1088/1755-1315/967/1/012012
https://doi.org/10.1016/j.focha.2022.100135
https://doi.org/10.1016/B978-0-444-53349-4.00261-2
https://doi.org/10.1016/j.carbpol.2014.03.096
https://doi.org/10.1016/B978-0-323-47347-7.00003-3
https://doi.org/10.1016/j.carbpol.2009.01.020
https://doi.org/10.1016/j.chemosphere.2019.124417
https://www.ncbi.nlm.nih.gov/pubmed/31356999
https://doi.org/10.1016/j.foodhyd.2015.10.007
https://doi.org/10.1002/masy.19991380132
https://doi.org/10.1021/ac60114a029
https://doi.org/10.1016/j.fbio.2023.102410
https://doi.org/10.1016/j.ijbiomac.2020.01.103
https://doi.org/10.1007/s10853-016-9880-0
https://doi.org/10.1016/j.jmr.2019.02.006
https://doi.org/10.1039/c3sm27131e

Materials 2024, 17, 1668 24 of 25

28.

29.

30.

31.

32.
33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

Ben-Ami, R.; Lewis, R.E.; Kontoyiannis, D.P. Enemy of the (immunosuppressed) state: An update on the pathogenesis of
Aspergillus fumigatus infection. Br. J. Haematol. 2010, 150, 406—417. [CrossRef]

Brandl, J.; Andersen, M.R. Aspergilli: Models for systems biology in filamentous fungi. Curr. Opin. Syst. Biol. 2017, 6, 67-73.
[CrossRef]

Kiiciik, G.S.; Celik, O.F,; Mazi, B.G.; Tiire, H. Evaluation of alginate and zein films as a carrier of natamycin to increase the shelf
life of kashar cheese. Packag. Technol Sci. 2020, 33, 39—48. [CrossRef]

Silva, M.A.; lamanaka, B.T.; Taniwaki, M.H.; Kieckbusch, T.G. Evaluation of the Antimicrobial Potential of Alginate and
Alginate/Chitosan Films Containing Potassium Sorbate and Natamycin. Packag. Technol. Sci. 2013, 26, 479-492. [CrossRef]
Scherer, G.W. Drying gels: II. Film and flat plate. J. Non-Cryst. Solids 1987, 89, 217-238. [CrossRef]

Ramdhan, T.; Ching, S.H.; Prakash, S.; Bhandari, B. Time dependent gelling properties of cuboid alginate gels made by external
gelation method: Effects of alginate-CaCl, solution ratios and pH. Food Hydrocoll. 2019, 90, 232-240. [CrossRef]

Reed, ].S. Principles of Ceramics Processing; Wiley Interscience: Hoboken, NJ, USA, 1995.

Vieira, M.G.A; da Silva, M.A; dos Santos, L.O.; Beppu, M.M. Natural-based plasticizers and biopolymer films: A review. Eur.
Polym. ]. 2011, 47, 254-263. [CrossRef]

Reinecke, H.; Navarro, R.; Pérez, M. Plasticizers. In Encyclopedia of Polymer Science and Technology; Wiley: Hoboken, NJ, USA, 2011;
pp. 498-525. [CrossRef]

Eslami, Z.; Elkoun, S.; Robert, M.; Adjallé, K. A Review of the Effect of Plasticizers on the Physical and Mechanical Properties of
Alginate-Based Films. Molecules 2023, 28, 6637. [CrossRef]

Gao, C.; Pollet, E.; Avérous, L. Innovative plasticized alginate obtained by thermo-mechanical mixing: Effect of different biobased
polyols systems. Carbohydr. Polym. 2017, 157, 669—-676. [CrossRef]

Janaswamy, S.; Chandrasekaran, R. Effect of calcium ions on the organization of iota-carrageenan helices: An X-ray investigation.
Carbohydr. Res. 2002, 337, 523-535. [CrossRef]

Espindola, S.P.; Norder, B.; Koper, G.J.M.; Picken, S.J. The Glass Transition Temperature of Heterogeneous Biopolymer Systems.
Biomacromolecules 2023, 24, 1627-1637. [CrossRef]

Vincekovi¢, M.; Pustak, A.; Tusek-Bozi¢, L.; Liu, F,; Ungar, G.; Bujan, M,; Smit, 1; Filipovié-Vincekovi¢, N. Structural and thermal
study of mesomorphic dodecylammonium carrageenates. ]. Colloid Interface Sci. 2010, 341, 117-123. [CrossRef] [PubMed]
Correia, N.T.; Alvarez, C.; Moura Ramos, J.J.; Descamps, M. The 3 — o Branching in d-Sorbitol as Studied by Thermally Stimulated
Depolarization Currents (TSDC). J. Phys. Chem. B 2001, 105, 5663-5669. [CrossRef]

Michon, C. Gelatin/iota-carrageenan interactions in non-gelling conditions. Food Hydrocoll. 2000, 14, 203-208. [CrossRef]
Kindle, E.M. Some Factors Affecting the Development of Mud-Cracks. . Geol. 1917, 25, 135-144. [CrossRef]

Beattie, J.; Kelso, M. Equilibrium and dynamics of the binding of calcium ion to sorbitol (D-glucitol). Aust. J. Chem. 1981, 34, 2563.
[CrossRef]

Derkach, S.R.; Kuchina, Y.A.; Kolotova, D.S.; Voron'ko, N.G. Polyelectrolyte Polysaccharide-Gelatin Complexes: Rheology and
Structure. Polymers 2020, 12, 266. [CrossRef] [PubMed]

Batista, A.P.; Nunes, M.C.; Raymundo, A.; Gouveia, L.; Sousa, I.; Cordobés, E.; Guerrero, A.; Franco, ].M. Microalgae biomass
interaction in biopolymer gelled systems. Food Hydrocoll. 2011, 25, 817-825. [CrossRef]

Smith, B.C. Infrared Spectral Interpretation: A Systematic Approach; CRC Press: Boca Raton, PL, USA, 2018.

Mohammed, A.; Gaduan, A.; Chaitram, P.; Pooran, A.; Lee, K.-Y.; Ward, K. Sargassum inspired, optimized calcium alginate
bioplastic composites for food packaging. Food Hydrocoll. 2023, 135, 108192. [CrossRef]

Salisu, A.; Sanagi, M.M.; Naim, A.; Wan Ibrahim, W.A.; Abd Karim, K.J. Removal of lead ions from aqueous solutions using
sodium alginate-graft-poly(methyl methacrylate) beads. Desalination Water Treat. 2015, 57, 15353-15361. [CrossRef]
Papageorgiou, S.K.; Kouvelos, E.P.; Favvas, E.P; Sapalidis, A.A.; Romanos, G.E.; Katsaros, EK. Metal-Carboxylate Interactions in
Metal-Alginate Complexes Studied with FTIR Spectroscopy. Carbohydr. Res. 2010, 345, 469. [CrossRef]

Pereira, L.; Amado, A.M,; Critchley, A.T.; van de Velde, F; Ribeiro-Claro, P.J.A. Identification of selected seaweed polysaccharides
(phycocolloids) by vibrational spectroscopy (FTIR-ATR and FI-Raman). Food Hydrocoll. 2009, 23, 1903-1909. [CrossRef]
Kacurakova, M.; Wilson, R. Developments in mid-infrared FI-IR spectroscopy of selected carbohydrates. Carbohydr. Polym. 2001,
44,291-303. [CrossRef]

Tranquilan-Aranilla, C.; Nagasawa, N.; Bayquen, A.; Rosa, A.D. Synthesis and Characterization of Carboxymethyl Derivatives of
Kappa-Carrageenan. Carbohydr. Polym. 2012, 87, 1810. [CrossRef]

Jumaah, FN.; Mobarak, N.N.; Ahmad, A.; Ghani, M.A.; Rahman, M.Y.A. Derivative of Iota-Carrageenan as Solid Polymer
Electrolyte. Ionics 2015, 21, 1311. [CrossRef]

Paula, G.A.; Benevides, N.M.B.; Cunha, A.P,; de Oliveira, A.V.; Pinto, A.M.B.; Morais, ].P.S.; Azeredo, HM.C. Development and
characterization of edible films from mixtures of k-carrageenan, 1-carrageenan, and alginate. Food Hydrocoll. 2015, 47, 140-145.
[CrossRef]

de Castro, E.d.S.G.; Cassella, R.J. Direct determination of sorbitol and sodium glutamate by attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR) in the thermostabilizer employed in the production of yellow-fever vaccine. Talanta
2016, 152, 33-38. [CrossRef]


https://doi.org/10.1111/j.1365-2141.2010.08283.x
https://doi.org/10.1016/j.coisb.2017.09.005
https://doi.org/10.1002/pts.2483
https://doi.org/10.1002/pts.2000
https://doi.org/10.1016/S0022-3093(87)80334-4
https://doi.org/10.1016/j.foodhyd.2018.12.022
https://doi.org/10.1016/j.eurpolymj.2010.12.011
https://doi.org/10.1002/0471440264.pst245.pub2
https://doi.org/10.3390/molecules28186637
https://doi.org/10.1016/j.carbpol.2016.10.037
https://doi.org/10.1016/S0008-6215(02)00017-4
https://doi.org/10.1021/acs.biomac.2c01356
https://doi.org/10.1016/j.jcis.2009.09.021
https://www.ncbi.nlm.nih.gov/pubmed/19822321
https://doi.org/10.1021/jp0044126
https://doi.org/10.1016/S0268-005X(99)00068-5
https://doi.org/10.1086/622446
https://doi.org/10.1071/CH9812563
https://doi.org/10.3390/polym12020266
https://www.ncbi.nlm.nih.gov/pubmed/31991901
https://doi.org/10.1016/j.foodhyd.2010.09.018
https://doi.org/10.1016/j.foodhyd.2022.108192
https://doi.org/10.1080/19443994.2015.1071685
https://doi.org/10.1016/j.carres.2009.12.010
https://doi.org/10.1016/j.foodhyd.2008.11.014
https://doi.org/10.1016/S0144-8617(00)00245-9
https://doi.org/10.1016/j.carbpol.2011.10.009
https://doi.org/10.1007/s11581-014-1306-x
https://doi.org/10.1016/j.foodhyd.2015.01.004
https://doi.org/10.1016/j.talanta.2016.01.054

Materials 2024, 17, 1668 25 of 25

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Cai, G.-B.; Chen, S.-F; Liu, L,; Jiang, J.; Yao, H.-B.; Xu, A.-W.; Yu, S.-H. 1,3-Diamino-2-hydr0xypropane-N,N,N’,N’ -tetraacetic
acid stabilized amorphous calcium carbonate: Nucleation, transformation and crystal growth. CrystEngComm 2010, 12, 234-241.
[CrossRef]

Kokova, V,; Lukova, P.; Baldzhieva, A.; Katsarov, P; Delattre, C.; Molinié, R.; Petit, E.; Elboutachfaiti, R.; Murdjeva, M.; Apostolova,
E. Extraction, Structural Characterization, and In Vivo Anti-Inflammatory Effect of Alginate from Cystoseira crinita (Desf.) Borry
Harvested in the Bulgarian Black Sea. Mar. Drugs 2023, 21, 245. [CrossRef]

Belattmania, Z.; Kaidi, S.; El Atouani, S.; Katif, C.; Bentiss, F.; Jama, C.; Reani, A.; Sabour, B.; Vasconcelos, V. Isolation and
FTIR-ATR and 1H NMR Characterization of Alginates from the Main Alginophyte Species of the Atlantic Coast of Morocco.
Molecules 2020, 25, 4335. [CrossRef] [PubMed]

Van de Velde, F; Knutsen, S.H.; Usov, A.L; Rollema, H.S.; Cerezo, A.S. 'H and 13C High Resolution NMR Spectroscopy of
Carrageenans: Application in Research and Industry. Trends Food Sci. Technol. 2002, 13, 73. [CrossRef]

Dyrby, M.; Petersen, R.V,; Larsen, J.; Rudolf, B.; Nergaard, L.; Engelsen, S.B. Towards On-Line Monitoring of the Composition of
Commercial Carrageenan Powders. Carbohydrate. Polymers 2004, 57, 337. [CrossRef]

van de Velde, F; Rollema, H.S. High Resolution NMR of Carrageenans. In Modern Magnetic Resonance; Webb, G.A., Ed.; Springer:
Dordrecht, The Netherlands, 2006; pp. 1605-1610. [CrossRef]

Sanchez, R.A.R.; Matulewicz, M.C.; Ciancia, M. NMR Spectroscopy for Structural Elucidation of Sulfated Polysaccharides from
Red Seaweeds. Int. . Biol. Macromol. 2022, 199, 386. [CrossRef]

Barbut, S.; Harper, B.A. Dried Ca-alginate films: Effects of glycerol, relative humidity, soy fibers, and carrageenan. LWT 2019, 103,
260-265. [CrossRef]

Fabra, M.].; Talens, P,; Chiralt, A. Effect of alginate and A-carrageenan on tensile properties and water vapour permeability of
sodium caseinate-lipid based films. Carbohydr. Polym. 2008, 74, 419—-426. [CrossRef]

Santana, A.A.; Kieckbusch, T.G. Physical evaluation of biodegradable films of calcium alginate plasticized with polyols. Braz. J.
Chem. Eng. 2013, 30, 835-845. [CrossRef]

Cha, D.S.; Choi, ].H.; Chinnan, M.S.; Park, H.J. Antimicrobial films based on Na-alginate and k-carrageenan. LWT 2002,
35,715-719. [CrossRef]

Teles, M.; Adao, P.; Afonso, C.; Bernardino, R.; Guedes, M.; Baptista, R.; Bernardino, S. Development and Characterization of
Films for Food Application Incorporating Porphyran Extracted from Porphyra dioica. Coatings 2022, 12, 148. [CrossRef]
Baptista, R.S.; Teles, M.; Adao, P; Afonso, C.; Bernardino, R.; Bernardino, S.; Ferro, A.C.; Elias, S.; Guedes, M. Morphological
and Mechanical Characterization of Films Incorporating Porphyran Extracted from Porphyra Dioica. Coatings 2022, 12, 1720.
[CrossRef]

Soares, F; Trovao, J.; Gil, E; Catarino, L.; Tiago, I.; Portugal, A.; Cardoso, S.M. Potential Use of Carrageenans against the Limestone
Proliferation of the Cyanobacterium Parakomarekiella sesnandensis. Appl. Sci. 2021, 11, 10589. [CrossRef]

Souza, R.B.; Frota, A.F; Silva, J.; Alves, C.; Neugebauer, A.Z.; Pinteus, S.; Rodrigues, ].A.G.; Cordeiro, EM.S.; de Almeida, R.R;;
Pedrosa, R.; et al. In vitro activities of kappa-carrageenan isolated from red marine alga Hypnea musciformis: Antimicrobial,
anticancer and neuroprotective potential. Int. J. Biol. Macromol. 2018, 112, 1248-1256. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1039/B911426M
https://doi.org/10.3390/md21040245
https://doi.org/10.3390/molecules25184335
https://www.ncbi.nlm.nih.gov/pubmed/32971782
https://doi.org/10.1016/S0924-2244(02)00066-3
https://doi.org/10.1016/j.carbpol.2004.05.015
https://doi.org/10.1007/1-4020-3910-7_178
https://doi.org/10.1016/j.ijbiomac.2021.12.080
https://doi.org/10.1016/j.lwt.2019.01.004
https://doi.org/10.1016/j.carbpol.2008.03.010
https://doi.org/10.1590/S0104-66322013000400015
https://doi.org/10.1006/fstl.2002.0928
https://doi.org/10.3390/coatings12020148
https://doi.org/10.3390/coatings12111720
https://doi.org/10.3390/app112210589
https://doi.org/10.1016/j.ijbiomac.2018.02.029

	Introduction 
	Materials and Methods 
	Materials 
	Production and Characterization of Crosslinking Solution from Limestone Sludge 
	Preparation of Alginate Films 
	Preparation of [scale=0.4]Definitions/1.pdf-Carrageenan/Alginate Films 
	Chemical Characterization by Spectroscopy Techniques 
	Inductively Coupled Plasma Optical Emission Spectroscopy 
	Nuclear Magnetic Resonance 
	Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy 

	Antifungal Assays 
	Morphologic Characterization 
	Characterization of Mechanical Performance 

	Results and Discussion 
	Composition of the Stone Sludge and of Crosslinking Solution 
	Characterization of the Produced Crosslinked Films 
	Alginate Films 
	Films of [scale=0.4]Definitions/1.pdf-Carrageenan/Alginate 
	Compositional Analysis 
	Films’ Mechanical Performance 
	Anti-Fungal Properties 


	Conclusions 
	References

