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Abstract

The increasing accumulation of non-biodegradable plastics and the growing concerns related
to environmental pollution and water contamination have created an urgent need for sustainable
and multifunctional materials. In response to these challenges, the present research was
undertaken to develop protein-based bionanocomposites (BNCs) with improved
physicochemical characteristics for applications in biodegradable food packaging and
adsorption-based environmental remediation. The detailed understanding of the structural
characteristics, preparation approaches, applications, advantages, and existing limitations of
bionanocomposite systems, which helped identify key research gaps and establish the
foundation for the experimental work. Particular emphasis was placed on the utilization of
renewable protein sources in combination with suitable nanofillers to improve the functional

performance of biopolymer-based materials.

Initially, SPI has emerged as a promising material in recent years because of its availability,
sustainability, low cost, and favorable film-forming and processing characteristics. In the
present work, novel SPI-based bionanocomposite films were fabricated by incorporating Mg—
Al layered double hydroxide (LDH) at varying loadings (0%, 2%, 5%, and 9% w/w) through a
straightforward solution-casting technique. The Mg—Al LDH was synthesized using a co-
precipitation route with a molar ratio of 2:1. Structural and morphological characterization
using Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), field-emission
scanning electron microscopy (FE-SEM), and thermogravimetric analysis (TGA) confirmed
the intercalation and partial exfoliation of Mg—Al LDH layers within the SPI matrix. The extent
of LDH particle agglomeration increased as the filler loading was raised from 0% to 9% (w/w).
The resulting BNC films exhibited enhanced thermal stability. Their mechanical performance
and biodegradation behavior were also evaluated. Tensile strength of the films containing 0%,
2%, 5%, and 9% w/w LDH were measured as 2.12 = 0.25, 1.60 = 0.15, 1.64 + 0.08, and 1.58
+ 0.06 KN m g, respectively. Notably, the SPI-Mg/Al LDH film with 5% loading
demonstrated optimal mechanical properties; moreover, it was efficiently degraded in non-

sterile soil.

Building upon these findings, novel wheat gluten (WG)/Cloisite 30B (C30B) organoclay-based
bionanocomposite films were fabricated using a solution-casting technique with varying C30B

loadings (5%, 10%, and 15%). Structural and morphological analyses using XRD and FESEM



confirmed the intercalation and partial exfoliation of C30B layers within the WG matrix.
Among the prepared films, the WG—-C30B 10% composition exhibited notable improvements
in physicochemical properties, including reduced surface roughness, enhanced water barrier
performance, and increased surface hydrophobicity. This BNC film demonstrated superior
thermal stability. Mechanical testing revealed a significant enhancement in tensile strength,
increasing from 0.70 = 0.02 for neat WG films to 1.11 = 0.01 for WG—C30B 10% films. Such
films effectively inhibited the growth of some bacteria namely, Staphylococcus aureus and
Salmonella enterica clearly indicating antibacterial properties. Shelf-life studies on green
grapes were conducted under refrigerated (4 °C), ambient, and elevated temperature (42 °C)
conditions. It was shown that the WG—C30B 10% film was effective in extending the shelf life
up to 18 days under ambient conditions as compared to dip coated with WG-C30B 10%
solution. Biodegradation studies demonstrated that over 50% of the BNC films were
decomposed in agricultural soil within two weeks, while complete degradation occurred
rapidly in sewage sludge soil. The prepared WG—-C30B 10% film exhibited promising
physicochemical, antibacterial, and biodegradation properties, clearly showing its potential for

use in biodegradable food packaging applications.

To expand the scope of practical application, protein-based biocomposites were further
explored as adsorbent systems for contaminant removal. A sensitive UV—visible spectroscopic
technique was successfully employed to detect tartrazine (Tr), an azo dye, in commercially
available food products. The study evaluated the adsorption performance of soy protein isolate
(SPI)/ZnAl layered double hydroxide (LDH)-based biocomposites for effective Tr removal.
ZnAl LDH with a 3:1 molar ratio and SPI/ZnAl LDH biocomposites containing varying SPI
loadings (0.25-3 g) were synthesized using a co-precipitation approach. Several techniques
namely, XRD, FTIR, SEM, EDS, TGA, DSC, and BET analyses were used in order to
characterize the BNC films in a comprehensive manner. The crystallinity index of the 2:1
SPI/ZnAl LDH biocomposite was determined to be 53.8 + 0.416%. FTIR analysis confirmed
the presence of characteristic amide I (C=O stretching at 1621 cm™) and amide II (N-H
bending at 1521 cm™) functional groups, indicating successful incorporation of SPI. Under
optimized conditions i.e. initial dye concentration of 18 mg L™, pH 2.0, adsorbent dosage of
5.0 mg, and contact time of 60 min, the 2:1 SPI/ZnAl LDH biocomposite remained effective
in achieving 99.85% dye removal at ambient temperature. Thermodynamic and adsorption
parameters revealed a spontaneous process (AG =—2.72 kJ mol ™), with a maximum adsorption

capacity (q_max) 0f49.01 mg g™' and an adsorption equilibrium constant of 0.162 g mg™' min".



The adsorption behavior was aptly described by both Langmuir (R? = 0.9935) and Freundlich
(R? = 0.9959) isotherm models, along with pseudo-second-order kinetics. The biocomposite
demonstrated efficient Tr removal from commercial samples, achieving removal efficiencies
of 81.43% for Mountain Dew, 79.21% for yellow candy, 77.85% for custard powder, and 75%
for food dye wastewater. Moreover, the adsorbent retained approximately 73% efficiency after
five regeneration cycles, indicating good reusability. Antimicrobial activity against Listeria
species and Acinetobacter calcoaceticus was also observed. The SPI-LDH hybrid system

showed potential for the removal of hazardous dyes from food products and wastewater.

Overall, the findings of this work demonstrate that the integration of proteins with layered
nanofillers offers an effective strategy for developing multifunctional bionanocomposites
possessing improved thermal, mechanical, antimicrobial, biodegradable, and adsorption
characteristics. These materials show strong potential as sustainable alternatives for food

packaging and environmental applications.
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Chapter- 1

Introduction and Literature Review

1.1 Introduction

1.1.1 Bionanocomposites (BNCs)

In the wake of ever-increasing environmental as well as health issues, including accumulation
of non- biodegradable (conventional) plastics, overexploitation of earth's non-renewable
sources, and large-scale usage of synthetic food dyes, the primary anticipation about
bionanocomposites (BNCs) is undoubtedly rooted in the need to tackle such problems. These
are regarded as a new generation of nanocomposites (NCs) which are emerging as a group of
nanostructured hybrid materials in combination of nanotechnology, material sciences, and life
sciences [1]. BNCs are non-conventional bioplastics derived from the bio-based or renewable
resources from past decades to minimize the conventional waste. They are biodegradable
materials made up from various biopolymers such as proteins, starch, heteropolysaccharides,
cellulose, lipids) along with nano-sized organic/inorganic fillers like nanoclays, layered double
hydroxides (LDHs), graphene, silica, etc, with at least one dimension in the range of 1-100 nm
[2]. The large surface to volume ratio of the nanofillers enhances interactions between polymer
matrix and filler leading to overall improvement of material performance [3]. However, when
applied, the nanomaterials must be safe for food contact, biodegradable, not lead to adverse
environmental effects, and economically feasible. A general schematic view of formation of
BNCs is shown in Scheme 1.1. BNCs show advantages over conventional materials in context
to their low cost, high dispersion in aqueous medium, transparency with better surface
properties, biodegradability and ease of recyclability [4,5]. Even at low concentration
nanofillers achieve better compatibility which is typically difficult with conventional
composites that require higher proposition of fillers. They also provide various desirable
attributes like heat retention, thermal stability, mechanical strength, adsorptive and barrier
properties alongwith antimicrobial activities. In turn, the longevity and quality attributes of the
materials formed by these composites get augmented. For instance, Sanusi et al [6]
demonstrated that by incorporating montmorillonite and multi-walled carbon nanotubes into
PLA had improved its thermal properties. Yanat et al [7] studied that chitin nanocrystals
enhanced the mechanical strength of prepared films and showed antioxidant properties. Jiang

et al [8] observed significant selective separation of oil/water in both aqueous and oil/water



combinations by using multipurpose organic-inorganic composite aerogel based on gelatin.
The remarkable separation was resulted from their amphiphilic surface and hierarchical porous

structure
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Scheme 1.1 A general schematic representation showing formation of bionanocomposites

1.1.2 BNCs applications
1.1.2.1 BNGC:s as biodegradable packaging material

Most of the societies across the globe are associated with plastic materials for a long time due
to the desired characteristics of various plastic products. Usually, basic packaging materials,
such as paper and paperboard, plastic, glass, metal, and a combination of materials of various
chemical natures and physical structures fulfil the functions and requirements of packaging for
food and non-food materials depending on their types [9]. They also control humidity and
useful in extending shelf life of the products. Some of the common packaging is presented in
Scheme 1.2a. Conventional i.e., fossil-based plastics such as Polyethylene tetraphthalate (PET
or PETE), High density polyethene (HDPE), Polyvinyl chloride (PVC), Polystyrene (PS) are
widely used for the last many decades because of their low cost, strength, flexibility, versatility
and durability along with desirable physico-chemical attributes [10,11]. Approximately 40%
of the plastic produced worldwide is used for packaging, and because of its slow breakdown, a
large portion of it winds up in the environment where it remains for centuries [12]. Usually,
these non-biodegradable plastics are not eco-friendly as they keep on accumulating in the
environment, as shown in Scheme 1.2b. Moreover, they do not mineralize over the time by
biological processes like microbial degradation. Considering their widespread usage in various
fields such as food packaging, clothes, shelter, communication, transportation, construction,
health care, and the leisure industries, plastics are very important materials. These can be made

biodegradable with the addition of certain chemicals that can alter the structure of the polymers.
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Scheme 1.2 (a) Examples of common conventional packaging and (b) Accumulation of plastic waste

BNCs are regarded as an eco-friendly alternative to conventional fossil-based plastics [13].
They are widely accessible since they can be obtained from a variety of waste materials or by
products of agrifood items. Because of their renewability, BNCs are now considered as a
sustainable choice [14,15]. However, there are some shortcomings with regard to usage of
biopolymers for developing these materials. They show weak mechanical properties, are brittle
in nature and have high gas and water permeability [16,17]. Also, the conditions required for
fast and complete degradation of bionanocomposites are rarely met in the natural
environments; e.g., undegraded or partially-degraded bioplastics residues are hazardous to
marine lives [18]. BNCs are synthesised by different methods such as solution casting, melt
intercalation; in-situ intercalative polymerization and template synthesis, amongst them
solution casting is the most adopted method [19]. During the past few decades, BNCs are being
widely used in packaging industries. Abdollahi et al. [20] examined the influence of
montmorillonite (MMT) and rosemary essential oil (REO) on chitosan-based films and
reported an overall enhancement of physico-chemical properties exceeding 50%. Structural
analyses using XRD and FTIR confirmed MMT exfoliation and strengthened interactions
between the chitosan matrix and the nanoclay. In addition, films containing 1.55% (v/v) REO
demonstrated notable antimicrobial activity. Schmid et al. [21] reported that coatings derived
from whey proteins exhibited excellent oxygen barrier performance, with OTR values below 2
cm?*(STP)/(m?-d-bar) when normalized to a thickness of 100 um, comparable to those of
ethylene vinyl alcohol copolymers. The coatings demonstrated good adhesion to substrates

along with sufficient flexibility and mechanical robustness. Balakrishnan et al [22] studied the
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effect of cellulose nanofibers (CNF) extracted from pineapple leaves on potato starch. 3 wt%
of CNF increased the water contact angle to 51.77° from 41.25° and the water vapor
permeability decreases from 7.32 to 5.68 x 102 g min~! m 2. The BNC films were UV resistant.
Yadav et al [23] investigated improvement in alginate-based BNC films after the incorporation
of cellulose nanocrystals and silver. The tensile strength was increased by 39-57%, whereas,
water vapour permeability decreased by 17-36%. Li et al [24] studied the effect of
multifunctional nanocomposite synthesized with protein zein nanoparticles (ZNs) and bacterial
cellulose nanofibrils (BCNs). The nanocomposites showed improved mechanical properties
and thermal stability alongwith better antimicrobial activity. Roufegarinejad [25] studied that
1% CuO and TiO2 nanoparticles (NPs) lowered down the water vapor permeability, moisture
content and water solubility of SPI-based films. They also enhanced the antioxidant properties
of the films. Gunaki et al [26] revealed that CuO nanoparticles (CuO NPs)/chitosan
(CS)/hydroxypropyl cellulose (HPC) based bio-nanocomposites showed improved tensile
strength (33 MPa), significant UV-blocking ability and high decrease in moisture adsorption
(5.27%) alognwith water vapour and oxygen permeability (2.47% and 1.39%, respectively).
The composite was biodegradable in nature. It also exhibited antimicrobial and antioxidant
effect against B. subtilis, S. aureus, P. aeruginosa, E. coli, and C. albicans. A considerable
increase in the shelf life of jamun fruit was also observed. Arora and Saini [27] reported that
BNC films based on pectin extracted from Malta peel (Citrus sinensis) with montmorillonite
(MMT) nanoparticles showed greater tensile strength and decrease in water vapour
permeability than films made of pectin only. Films were thermally stable. Farokhnasab et al
[28] demonstrated antibacterial effect of chitosan/TiOz/carbon quantum dots-based coatings.
The experiment was conducted against 7 gram positive and gram negative bacteria using was
assessed through disk diffusion, minimum inhibitory concentration (MIC), and minimum
bactericidal concentration (MBC). Results indicated that the material poses strong antibacterial
effects against gram negative bacteria than gram positive bacteria. In the study by Ghosh and
Katiyar [29], the addition of edible nanochitosan to functionalized starch—guar gum
biocomposites improved their physicochemical characteristics, leading to a hydrophobicity of
about 114° and a noticeable extension in the shelf life of apples. According to Kumari et al.
[30], incorporating 5 wt% grape seed oil and 0.7 wt% MgO nanoparticles provided UV-
shielding and antioxidant functionality and suppressed bacterial growth, thereby increasing the
shelf life of white button mushrooms to six days under ambient conditions. Tanwar et al [31]
developed antioxidant films composed of PVA, corn starch, coconut shell extract, and sepiolite

clay. The presence of sepiolite clay enhanced the physicochemical characteristics of the films,
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whereas coconut shell extract imparted strong antioxidant activity, reaching nearly 80%. These
films were effective in improving the oxidative stability of soybean oil when used as PVA—

starch-based sachets.

In conclusion, bionanocomposites have emerged as promising alternatives to conventional
packaging materials by combining sustainability with improved functional performance. The
incorporation of nanofillers into biopolymer matrices enhances mechanical strength, thermal
stability, barrier efficiency, antimicrobial activity, and shelf-life extension of packaged
products. Despite certain limitations related to degradation behaviour and mechanical
performance, continued advancements in formulation and processing make BNCs strong

candidates for future eco-friendly packaging applications.

1.1.2.2 BNCs as adsorbents

Industrial growth, urbanization and over exploitation of natural and man-made resources are
becoming major concern for the environment. With the world's population growing at an
accelerated rate and natural resources becoming less accessible, people are searching for
sustainable development to meet both current and future expectations [32]. A global goal is to
ensure proper disposal and elimination of hazardous chemicals with minimal negative impact
on human health and natural resources. Among various pollutants released into the aquatic
ecosystem, dyes are the major contributors which originate as effluents from multiple industries
such as paints, paper, textiles, leather, resins, medicines, cosmetics, plastics, food, and
industrial dyes [33]. The continuous release of dye containing wastewater may adversely affect
human health due to its toxicity, potential carcinogenicity, bioaccumulation in aquatic biota,
and mutagenicity [34]. It is estimated that, more than 10,000 types of dyes are available
internationally, with an annual output of approximately 700,000 tons [35]. Bio-based materials
are emerging as potential possibilities for water purification. They possess some desirable
attributes such as hydrophilic nature to prevent fouling alongwith strong mechanical and
chemical stability and ease of chemical modification. Biopolymers have considered showing
potential in eliminating wide variety of pollutants from water [36]. Bio-based materials offer
several significant advantages over conventional water treatment materials: 1) natural
abundance, (ii) ability to selectively remove trace heavy metals, (iii) biodegradable and (iv)
cost-effective and energy efficient. These characteristics make them suitable for use as
adsorbents in water purification [37]. Despite the numerous advantages of these materials,

certain challenges still need to be resolved. Due to inadequate utilization of low-cost feedstocks



such as lignocellulosic biomass, the production cost of these materials remains too high for
large-scale manufacturing. Furthermore, their intrinsic properties must be adjusted to match
specific target chemicals [38]. The synthesis techniques, nature of the pollutant, kinetics,
removal mechanism and recyclability are some of the crucial concepts for studying these
materials [39,40]. Various techniques such as advance oxidative degradation,
electrocoagulation, membrane filtration, biochemical degradation, flocculation, chemical
precipitation, reverse osmosis, electrodialysis, and ion-exchange methods have been used to
separate pollutants from water [41,42]. Due to their expensive and difficult handling,
adsorption is regarded as the most promising technique. It is an economical, efficient and
versatile method for removing toxic pollutants from the aquatic ecosystem [43]. Adsorption is
a surface phenomenon that usually occurs through intermolecular interactions between
adsorbate and adsorbent. For instance, Adqam et al [44] demonstrated that the whey protein
concentrates nanofibrils and montmorillonite-based BNCs were used for adsorption of
Chrysoidine-G, Bismarck brown-R, reactive black-5, reactive orange-16, acid red-88, acid red-
114 and direct violet-51, Congo red dyes. It was observed that 93% of Chrysoidine-G was
adsorbed over a broad range of dye concentration and pH. Pseudo second order and
intraparticle diffusion models were best fitted. Ren et al [45] revealed that out of selected dyes
the removal percentage of acid fuchsin (AF) and methyl orange (MO) was between 80.0 and
93.3% with maximum adsorption capacities of 1111 mg/g and 667 mg/g, respectively by using
gelatin/chitosan/B-cyclodextrin hydrogel (GEL/CS/B-CD) as adsorbent. Adsorption was
spontaneous, following Langmuir isotherm and pseudo second order kinetic models. Ma et al
[46] investigated adsorptive performance of Hierarchical mesoporous TiOa/starch-based
microparticles for methyl orange (MO) and crystal violet (CV). The maximum adsorption
capacities were found to be 85.8 mg/g and 103.8 mg/g for MO and CV, respectively. 80% of
the composite was regenerated. Al-Raimi et al [47] reported removal of methylene blue (MB)
and safranin O (SO) by silver-micro cellulose nanocomposite. Maximum removal efficiency
was observed at pH 10 for MB and 6.0 for SO with adsorption capacities of 17.99 mg/g for MB
and 14.90 mg/g for SO. The composite followed Langmuir and pseudo-second-order models.
The process was exothermic and physisorption. Alenezi et al [48] demonstrated removal of
cationic and anionic dyes by oxidized sodium alginate/silica hybrid. 78.6 mg/g and 192.7 mg/g
of adsorption capacities were found for methylene blue (MB) and methyl orange (MO),
respectively. Adsorption was spontaneous and endothermic; it followed Langmuir isotherm
model. Oruganti et al [49] demonstrated that algal—bacterial consortia offer an environmentally

sustainable approach to wastewater treatment. These systems operate through synergistic
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interactions such as metabolic exchange, cell-to-cell communication, and quorum sensing

mechanisms, providing a viable alternative to conventional treatment technologies.

Bio-based adsorbent materials have emerged as sustainable and efficient alternatives for
wastewater treatment due to their biodegradability, cost-effectiveness, and strong adsorption
performance. Their ability to remove diverse pollutants through multiple adsorption
mechanisms highlights their potential for environmental remediation, although further
improvements in scalability, selectivity, and regeneration are necessary for large-scale

applications.

1.1.3 Preferred biopolymer and nanofillers
1.1.3.1 Proteins as biopolymer

Biopolymers such as proteins, starch, chitosan, cellulose, lignin, etc are being used in making
bioplastics which potentially offer a better solution for both food packaging and waste disposal
in comparison to the conventional plastics [S0—55]. Out of these different biopolymers, proteins
occupy a pivotal position in preparing BNCs. They possess 3-D structure and has a linear
hetero-bioploymer. More than 100 amino acid residues are present in a protein molecule.
Usually, it comprised of 20 amino acids that are joined together by amide linkages known as
polypeptides [56]. They are broadly classified into plant proteins, such as soy protein, wheat
gluten, zein, and pea protein. The animal proteins include gelatin, collagen, casein, and whey
protein. Among these, soy protein, wheat gluten, zein, gelatin, casein, and whey proteins are
most frequently explored for films and coatings due to their availability and ability to form
cohesive networks through hydrogen bonding, hydrophobic interactions, disulfide linkages,
and electrostatic interactions. Compared with polysaccharides, protein-based films generally
show better oxygen-barrier properties and greater functional tunability; however, they often
suffer from poor water resistance, brittleness, weak mechanical stability, and sensitivity to
humidity. These limitations have been partly addressed through plasticization, cross-linking,
blending with polysaccharides or lipids, and incorporation of nanofillers such as nanoclays,
ayered double hydroxides (LDHs), layered silicates, cellulose nanocrystals, and metal oxide

nanoparticles.

The availability of different functional groups in the amino acids of protein chains brings out a
great deal for the production of bioplastics compared to other polysaccharides or biopolymers.

The functional properties of protein depend upon nature and composition of amino acids. The



interaction capability of amino acid side groups plays a decisive role in forming both intra- and
intermolecular associations among polypeptide chains, which ultimately define protein
architecture. Weak intermolecular forces, including hydrogen bonding and van der Waals
interactions, are primarily responsible for stabilizing the three-dimensional configuration of
proteins. In protein-based BNCs, the resulting mechanical and barrier characteristics are largely
influenced by the interaction strength and compatibility between the protein matrix and the
nanofiller phase [57]. These material properties can be further tailored through careful control
of processing and fabrication parameters. For instance, Koshy et al [58] observed that soy
protein isolate (SPI) BNC films blended with magnesium oxide nanoparticles (MgO NP) and
chitin nanowhisker (CNW) showed significantly higher thermal stability, water barrier
properties and antibacterial activites. MgO NPs were synthesized by sol-gel method. Rabee et
al [59] revealed that when 5 wt% of biosynthesized magnesium nanoparticles (MgO NPs) was
blended with poly(vinyl alcohol) (PVA) and gelatin (Ge) then the prepared films showed
significantly higher tensile strength (22.10 MPs) as compared to only poly(vinyl alcohol)
(PVA) and gelatin (Ge)-based films. Also, PVA/Ge-1% MgO NPs sensor had higher sensitivity
over a broad range of relative humidity from (7-97% RH) and at 100 Hz. Sharma et al [60]
demonstrated the extension of shelf-life of paneer by wrapping them with films based on
montmorillonite (MMT)/starch nanocrystals (SNCs) on gluten-loaded chitosan. The freshness
was preserved upto 12 days. Bhavya and Raman [61] revealed that refined carrageenan (RC)/
nanocellulose (NC)/ soy protein (SP)0.4 BNC films showed better tensile strength (36.5 MPa)
compared to semi refined carrageenan (SRC)/NC/SP0.4 films (19.7 MPa). The water vapour
transmission rate was considerably high in case of only RC films (1677 g m ™ 24 h™!) which
was reduced to almost 50% in RC/NC/SP films. The films were prepared by solution casting
method. Panthi et al [62] reported that incorporation of curcumin into wheat gluten (WG)
matrix enhances the UV-barrier capacity, mechanical and antioxidant properties of the films.
The films were hydrophobic in nature with decreased water vapor permeability. Ghanavati
Nasab et al [63] studied that hydroxyapatite nanoparticles loaded on Zein (Zein/nHAp) adsorb
the congo red dye from aqueous solutions. The maximum removal percentage of 99.48% was
obtained under the optimum condition with maximum adsorption capacity of 416.66 mg/g. The
process was spontaneous and endothermic. Ren et al [64] revealed that gelatin hydrogel (GH)
showed significant adsorption for selected dyes. The maximum adsorption capacities for
crystalline violet (CV), methyl orange (MO), acid fuchsin (AF), congo red (CR), malachite
green (MG), and methylene blue (MB) were 138.89 mg/g, 72.63 mg/g, 66.29 mg/g, 64.84 mg/g,
64.64 mg/g, and 60.32 mg/g, respectively. Nearly 60 % of GH was recovered after five
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consecutive adsorption—desorption cycles. Vadivel et al [65] observed removal of rhodamine
B dye by casein-surfactant complexes. Sodium dodecyl sulfate (SDS),
cetyltrimethylammonium bromide (CTAB) and Triton X-100 were used as model surfactants.
Triton X-100 improved the dye removal efficiency of casein upto 84% with a contact time of
5 min. The adsorption process followed Freundlich isotherm and pseudo second order kinetics
models. Revadekar et al [66] studied the significant adsorption of methyl blue (MB) dye on
soy protein isolate (SPI)/sodium alginate (ALG)/polyethyleneimine (PEI) aerogel. The
adsorption capacity for MB was 106.3 mg/g. The composite followed Langmuir isotherm
model and pseudo-second-order kinetic model. Approximately 80% of the adsorbent was
recovered in the fourth regenerative cycle. Abu Elella et al [67] investigated effect of gelatin
crosslinked poly(acrylamide-co-itaconic acid)/montmorillonite nanocomposites on adsorption
of malachite green. The composite followed Langmuir isotherm model with maximum

adsorption capacities of 950.5 mg/g using 350 mg/L of MG dye at pH 9 within 45 min.

Proteins are widely used in both food and non-food sectors because of their nutritional value
and functional versatility. In food applications, proteins primarily serve as nutritional
ingredients and perform technological functions such as emulsification, gelation, foaming, and
texture enhancement. Common examples include soy protein, whey protein, casein, gelatin,
wheat gluten, and zein, which are extensively used in processed foods and beverages. However,
increasing interest in sustainable materials has expanded the utilization of proteins beyond food
systems into packaging applications. All proteins does not equally possess suitability for
packaging applications. The selection depends on factors such as availability, cost, film-
forming ability, barrier performance, processability, and environmental compatibility. For
instance, SPIs and wheat gluten have received considerable attention because of their
abundance and ability to form continuous films, whereas whey protein and zein exhibit
excellent oxygen barrier characteristics. Nevertheless, limitations including moisture
sensitivity, brittleness, and moderate mechanical strength continue to restrict large-scale
commercialization. Therefore, combining proteins with nanofillers and applying suitable
modification strategies provides an effective route to improve their functional performance and

broaden their applicability in sustainable packaging systems.

In conclusion, proteins represent highly promising biopolymers for the development of BNCs
owing to their structural diversity, functional adaptability, and compatibility with nanofillers.
Their properties can be effectively tailored to improve mechanical, barrier, thermal,

antimicrobial, and adsorption performance. However, challenges such as moisture sensitivity



and limited large-scale applicability still remain, highlighting the need for continued material

optimization for sustainable packaging and environmental applications.

1.1.3.2 Layered double hydroxides (LDHs) and nanoclays as nanofiller

Layered double hydroxides are inorganic compounds having both natural as well as synthetic
origin. These are generally referred to as hydrotalcite having chemical formula
[MgeAl, (OH)16]CO3.4H20 with rhombohedral crystallinity and structural properties
comparable to those of brucite Mg(OH),. The general chemical composition of layered double
hydroxides is: M(IT)1-xM(III)x(OH)2(A™)xn.mH20, where M?* is divalent cation (e.g., Ca*",
Mg?*, Sr** etc.); M is trivalent cation (e.g., AI**, V3", Cr** etc) and A™ is the exchangeable
anion intercalated between the positively charged metal hydroxide layers, x is the layer charge
density. The molar ratio of [M**/(M?*"+M>")] usually comes in the range 0.2-0.33, m is the
number of H>O molecules suited in the region between two brucite like layers alongside anions
[68]. The M?* ions are uniformly distributed throughout the brucite layers, with some of them
partially replaced by M>" ions, which have ionic radii that are less than those of M?" ions. For
instance, Elhalil et al [69] synthesized ZnAl LDH, where Zn?" ions with ionic radii of 0.74 nm
were partially replaced by smaller Al*"ions (0.53 nm).

Mixed metal hydroxides are formed when six OH™ ions octahedrally encircle the divalent and
trivalent cations. By sharing the edges of the MOs octahedron, these octahedral units create
infinite metal hydroxide brucite-like layers of general composition [M?"(1M>"(OH)2]*" that
assemble on top of each other. The O—H bond is located at a right angle to the plane of the
brucite-like layers. A positive charge is imparted to the brucite-like layers by the fractional
substitution of M*" ions for M?*. The structure is kept electroneutral by the negatively charged
intercalated anions counteracting the positive charge of the brucite-like layers [70,71]. The
general structure of layered double hydroxide has shown in Scheme 1.3. The interlayer anion
exchangeable capability of LDHs serves as inorganic matrices for encapsulating functional
biomolecules with negative charge in aqueous media. Almost all type of anions can be adjusted
into their structural composition with respect to positively charged brucite like layers and
interlayer region possessing weak interlayer bonding [72]. LDHs show several desirable
properties like enhanced adsorptive properties [73] thermostability [74], antimicrobial [75],
catalysis [76].
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Scheme 1.3 Structure of a layered double hydroxide (LDH)

Nowadays, polymer-clay nanocomposites have significantly received attention as a substitute
for conventional plastics, because of their ability for nano-scale dispersion. They vastly
improve the mechanical and physical properties of BNCs as compared to only biopolymer
composites. Clays have become useful in the packaging industries due to their availability, low
cost and ease of processability. The first successful biopolymer-clay hybrid was made at
Toyota Central Research Laboratories in 1986 [77]. The system comprised a nylon—clay
hybrid, in which the clay minerals exhibit a characteristic stacked configuration of negatively
charged silicate layers with a thickness of nearly 1 nm and lateral dimensions of around 100
um. Nanoclays constitute a diverse group of naturally occurring inorganic minerals, essentially
composed of nanoscale layered silicate structures [78]. Based on their structural characteristics,
they are categorized into several classes, including smectite, chlorite, kaolinite, and halloysite
[79]. They shows various properties such as enhancing mechanical strength, allow surface
modifications and act as heat insulators, act as good hosts for loading and controlled release of
materials, show antimicrobial activity and exhibit better adsorbent properties for removal of

pollutants. General chemical structure of C30B has shown in Scheme 1.4.
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Scheme 1.4 Chemical structure of Cloisite 30B (C30B)

We can conclude that, LDHs and nanoclays have emerged as versatile nanofillers due to their
layered structure, ion-exchange capability, and ease of incorporation into polymer matrices.
Their ability to enhance mechanical, thermal, antimicrobial, and adsorptive properties makes
them highly promising materials for advanced bionanocomposite, packaging, and

environmental applications.

1.2 Research Gaps
Protein-based BNCs, for instance SPI/MMT and Wheat gluten blends, have been studied but

their commercial use remains limited due to poor moisture resistance, brittleness, moderate
mechanical strength, weak long-term stability, and non-uniform nanofiller dispersion.
Therefore, specific improvements are required, including better interfacial compatibility,
reduction in water sensitivity, enhancement of tensile strength and flexibility, improved
thermal performance, and retention of biodegradability. These limitations may be addressed
through, surface modification, cross-linking, plasticizer optimization, and blending with
suitable nanofiller selection to support wider practical applications. Certain nanofillers can be
added to enhance the properties such as protection against UV-radiation, prevent food
oxidation and can do adsorption and desorption. Currently, LDHs are being widely used
because of their availability, high stability, compatibility and ease of blending with
biopolymers. It is apparent that LDHs-based BNCs are quite promising to prepare packaging
materials with desirable features. Therefore, a scope is there in preparing and modifying
protein-based BNCs with some novel features. At present government authorities of many
countries have taken initiatives in regulating the usage of these materials. In fact, there is a
considerable progress with regard to various processes and products but for packaging of both

food and non-food materials suitable biodegradable BNCs are still lacking.
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1.3 Objectives

e Preparation and characterisation of Mg-Al and Zn-Al LDH micro/nano composites

e Fabrication of protein-Mg-Al/Zn-Al LDH and protein-nanoclay bionanocomposites for
evaluation physico-chemical properties

e To investigate their thermal, antimicrobial, adsorption-desorption properties

1.4 Methodology

1.4.1 Synthesis of layered double hydroxides (LDHs)

LDHs can be synthesised by various methods like co-precipitation, urea hydrolysis and
hydrothermal synthesis. Among these, co-precipitation is the most common method used for
LDHs synthesis. Briefly, a thoroughly mixed metal solution of M(II) and M(III) salts was
dropwise added to base solution of NaOH/Na,CO3 and then the reaction mixture was kept on
agitation. The resultant slurry was washed several times and then dried in conventional oven
for overnight. In order to obtain pure LDH with high chemical homogeneity, the pH is kept
constant by adding base solution side by side throughout the reaction. Details are given in the
Chapter-2 and 4 under the heading, “synthesis of Mg-COs-Al layered double hydroxide
(LDH)” and “synthesis of SPI/ZnAl biocomposites”, respectively. A schematic representation

of co-precipitation method is shown in Scheme 1.5.

NaOH Ageing
M((I) + M(II) + Guest — 3 [.LDH-Guest ————» LDH-Guest
Solution ~ PH9-10 (with improved

cristallinity)

Scheme 1.5 Schematic representation of co-precipitation method

1.4.2 Preparation of BNC films

The BNC films were prepared by solution casting method. It is usually a low temperature
process and provides films with uniform thickness, optical purity, low haze, and isotropy.
Basically, the casting from aqueous medium is the easiest and most straightforward route to
produce bio-based nanocomposites as the nano reinforcements under consideration are most

stable in aqueous medium. In this case, the matrix phase used should be water-soluble or
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dispersive polymers. The spreading of inorganic layered particles introduces the
macromolecules of polymer into its interlayer. Further, precipitation of the blend (polymer +
nanofiller) takes place after the evaporation of remaining solvent. Details are given in the
Chapter-2 and 3 under the heading, “Preparation of SPI/Mg-Al LDH films” and “Preparation
of WG-C30B bionanocomposite films”. A schematic representation of solution casting method

1s shown in Scheme 1.6.
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Scheme 1.6 Schematic representation of solution casting method

1.5 Characterization techniques

Some common, eco-friendly and cost-effective methods were employed to synthesize pristine
MgAl and ZnAl LDHs and BNC films with varying weight percentages of LDH as well as
proteins (experimental details are mentioned in respective chapters). Various characterization
techniques to study structural, functional, morphological, physico-chemical properties of these

materials are discussed below:

1.5.1 X-ray diffraction (XRD)

The crystalline structure, phase purity, and diffraction patterns of all the synthesized materials
were analyzed via X-ray powder diffraction technique using a PANalytical-Xpert-Pro
diffractometer with Cu K-a (A = 0.154 nm) radiations, and the data were taken at 20 = 5°—80°
(with step size = 0.01°).

1.5.2 Fourier transform infrared spectroscopy (FTIR)

To study the presence of functional groups in the synthesised materials, Shimadzu, IR Tracer-
100 Fourier Transform Infrared Spectrophotometer with ATR mode was used. The wavelength

range was set at 400-4000 cm™ and spectral resolution of 2 cm™.
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1.5.3 Morphological analysis

Surface morphology of the prepared materials was examined by (i) Field emission scanning
electron microscopy (FESEM, Carl Zeiss Sigma 500, Germany), alongwith energy dispersive
spectroscopy (EDS, Bruker, USA) for elemental composition analysis, (i1) Scanning electron
microscopy (SEM, JSM, 65101v JEOL, Japan) and (iii) Atomic force microscopy (AFM,
model: NT-MDT Solver NEXT, Russia).

1.5.4 Surface area determination

The surface area, pore size and pore volume were analyzed by Brunauer-Emmett-Teller (BET)
analysis using Quantachrome Touchwin v1.24 surface analyzer from Quantachrome

Instruments, USA.

1.5.5 Thermal properties

Thermal analysis of the samples was conducted by using (i) Thermogravimetric analyzer was
used to analyze the thermal stability of the samples (TGA, NETZSCH STA 449 F3 Jupiter®-
Thermal Analysis System, Germany) and (i) Differential scanning calorimeter (DSC, Linseis

high-temperature DSC PT-1600).

1.5.6 Physico-chemical properties of BNC films

(1) Mechanical properties of the prepared films was studied using a Tensile Strength Tester
(Digital vertical model, Angels Instruments, India) based on a standard method IS 1060-1
(Indian Stand ard, Part 1), (i1) The thickness of BNC films was measured with a micrometer
thickness gauge (L&W Micrometer, Switzerland), (iii) Surface color of the films was
determined by using a brightness tester (L&W Elrepho Brightness Tester, Switzerland), (iii)
Water contact angle (WCA) was measured by goniometer contact angle measuring device
(Apex Instruments Co. Pvt. Ltd., India) in a static contact angle mode, alongwith moisture

content (MC) and water solubility.

1.6 Antimicrobial Activity and Shelf-life extension

The antimicrobial activities of the prepared BNC films and bioadsorbent were examined by
Agar disc diffusion method. Shelf-life extension was studied by using method of dip coating
and wrapping with BNC films.
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1.7 Biodegradability test

Biodegradability test for BNC films was conducted by composting method using (i) normal

soil (i1) agricultural soil and (iii) Sewage sludge soil.

1.8 Adsorption studies

The adsorption of Tartrazine (food dye) (shown in Table 1.1) by synthesised bioadsorbent was
assessed under dark conditions. A required amount of bioadsorbent was added to different test
tubes containing the aqueous dye solutions. These dispersions were stirred under dark
conditions, and the solutions were collected after fixed time intervals and ultracentrifuged to
separate out the bioadsorbent. The remaining dye concentrations were assessed using a UV-
visible spectrophotometer (JASCO V-750) to measure the changes in absorption spectra before
and after the adsorption process. The fitting of reaction parameters into Langmuir, Freundlich,
Dubinin Raushkevich (D-R) and Temkin isotherm models were examined for insights into the
adsorption mechanism. Pseudo-second-order (PSO), Elovich and Intraparticle diffusion kinetic
(IPD) kinetic models were implemented to forecast the reaction kinetics. The corresponding

chapters provide a detailed explanation of the intricate processes and formulas.

Table 1.1 Model food dye chosen for the adsorption studies using the prepared bioadsorbent

Chosen
food dye

Chemical
formula

Chemical structure

Hazardous
impacts

Tartrazine

Ci6HoN4Na3;OoS»

N .
COU.\a'-—-\ﬂ\"‘ j*“:\_;,'-"_s_x(}.\a

A

[ <M on

Triggers
dermatitis,
eczema and
irritation or
depression [80].
Allergic
symptoms,
including urticaria
and asthma [81]
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Chapter- 2

Preparation, structural characterization, and performance
assessment of SPI/Mg—Al LDH bionanocomposite films
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Schematic Outline:

In this chapter, SPI/Mg—Al LDH bionanocomposite films were prepared by solution casting
method. The thermal behaviour of the synthesized films was investigated. Biodegradation
studies indicated that approximately 70% of the film containing 5% Mg—Al LDH underwent

degradation in normal soil within a period of 14 days.
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2.1 Introduction

Bionanocomposites (BNCs) are rapidly emerging as eco-friendly bioplastics during the recent
decades in order to minimize hydrocarbon-based plastic wastes. BNCs are also referred to as
‘biocomposites’, ‘green composites’, and ‘biohybrids’ as these are derived from renewable
bioresources. Bionanocomposites are regarded as the new generation nanocomposites (NCs).
Basically, BNCs are a group of nanostructured hybrid materials developed mainly by the
applied aspects of nano, material and life sciences [1]. Biopolymers such as starch materials
along with other homo and heteropolysaccharides, proteins, chitosan, lipids are being
frequently used in making various bioplastics which potentially offer a better and cost-effective
solution for both packaging and waste disposal. Biopolymer-based materials are significantly
gaining importance due to their biodegradability, and compatibility with the pharmaceuticals,
processed food products and diverse agricultural produce [2]. As reported in the literature, bio-
based packaging materials find multiple applications with regard to containment, food safety,
maintaining sensory quality, and displaying product details for consumers. A number of
different proteins having distinct biochemical properties namely serum albumin, egg white,
collagen, gelatin, myofibrils, casein, whey protein, wheat gluten, corn zein and some other
proteins from plant sources such as soybean, sesame, peanut, cottonseed, sunflower and rice
bran were used in preparing the BNCs as potential film-forming materials [3,4].

Proteins are linear hetero-biopolymers, and extremely diverse with regard to three-dimensional
(3-D) structures and biological activities. The presence of different functional groups in the
constituent amino acid residues of the individual polypeptide chains can form bonds at different
positions of a particular protein [5]. The secondary, tertiary and quaternary structures of
proteins are involved in various types of intra- and intermolecular interactions [6]. All these
attributes could potentially be exploited in preparing the bioplastics with desirable physico-
chemical properties. Usually, films, casings and coatings made of proteins and polysaccharides
effectively act as barriers against oxygen (O2), carbon dioxide (CO2) and low polarity small
molecules. Protein films show relatively lower Oz and CO» permeability as compared to other
biopolymers [7,8]. For producing protein-based films with suitable mechanical properties,
dissolution-solvent evaporation or thermo-mechanical methods are adopted [9].

Soy proteins are extracted from soybean seeds and composed of a mixture of albumins and
globulins representing mostly storage proteins with globular structure, consisting of 7S
(B-conglycinin) and 11S (glycinin) subunits [10]. Aspartic acid (Asp) and Glutamic acid (Glu)

predominantly occur in soy proteins [11]. Commercially, three different forms of soy proteins
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namely soy flour (SF), soy protein concentrate (SPC) and soy protein isolate (SPI) having 54%,
66%, 90% protein contents on a moisture-free basis, respectively [12]. SPI represents a purified
form of soy protein made from defatted soy flour [13]. It shows a higher film-forming ability
because of more protein content. Importantly, SP1 is a preferred biopolymer in preparing softer,
transparent and flexible films [14].

Currently, soy protein isolates (SPIs) are significantly gaining importance due to multiple uses
in non-formaldehyde wood adhesives, agriculture, bio-based films which are biodegradable
and exhibit barrier properties effectively to oxygen, aromas, and lipids under low to
intermediate moisture conditions [15-18]. SPIs also have some shortcomings; for example, in
native form, they show poor heat resistance limiting their uses for product developments in
many sectors [19]. Because of inherent hydrophilicity, criteria of their required mechanical
and/or water vapour barrier properties are compromised. Despite of some drawbacks, many
laboratories use eco-friendly SPIs for preparing BNCs since they are suitable in terms of
regeneration, biocompatibility, and biodegradability. This explains SPIs are used in making
materials such as hydrogels, adhesives, plastics, films, coatings and emulsifiers [20,21].
Currently polymer-clay nanocomposites are gaining importance because of improved thermal
and physical properties. They have become a substitute for conventional plastics and
biopolymer-based composites. Moreover, such types of materials are relatively non-hazardous
and easily prepared in a cost-effective manner [22]. Synthetic inorganic materials are being
used in preparing various types of composites. Out of several types of lamellar solids, layered
double hydroxides (LDH) represent a class of nano-fillers for biopolymers. These anionic clays
could intercalate and/or exfoliate into polymer matrices [23,24,25]. LDH are natural minerals,
formed as by-products of the metabolism of certain bacteria and also from corrosion of metal
objects. These layered crystal structures widely vary with regard to nature of cations,
M(IT)/M(IIT) molar ratios, and the type of exchangeable anions [26]. These brucite type layers
comprising divalent and trivalent cations are represented by the general formula: [(M"?);.
M) (OH)2 I (A™wn).mH20, where M?* is divalent cation (e.g., Ca®", Mg**, Sr** etc.); M**
is trivalent cation (e.g., AI’**, V3*, Cr** etc.); and An~ is the exchangeable anion. Unlike layered
silicates, the hydroxide layers have a positive surface charge counterbalanced by anions which
remain associated with polar water molecules between the adjacent layers [27,28]. Such edge-
sharing octahedral structures accommodate the metal cations in the centres; six surrounding
OH™ ions for each cation remain pointed towards the corners in the sheets [24]. Uniform

distribution of the M?" and M>" cations are considered to be important structural characteristics
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of LDH materials. The interlayer anion exchangeable capability of LDHs serves as inorganic
matrices for encapsulating functional biomolecules with a negative charge in aqueous media.
Significant progress has been made with regard to the synthesis of innovative LDH materials.
Such materials have new compositions and characteristic morphologies allowing improved and
wider applications in many areas [26]. These LDH materials were prepared by a number of
possible compositions and metal-anion combinations. Additionally, they exhibit some other
characteristics in terms of biocompatibility, high chemical stability, pH dependent solubility,
[29]. LDHs show several desirable properties like enhanced, thermostability, antimicrobial and
adsorptive properties. These are extensively used in gene therapy. They also act as catalysts,
acid residue scavengers, ion-exchange materials, and are useful in drug delivery and as
additives to plastics [30-33]. The general structure of layered double hydroxide is already
shown in Scheme 1.3.

Here, we report on SPI-Mg/Al LDH-based bionanocomposite films as such types of
protein/LDH-based recyclable materials were not reported earlier. The major focus was to
study the effects of synthesized Mg-Al LDH on thermal stability, mechanical strength,
crystallinity, and microstructure of SPI-based bionanocomposite films. The aim was to develop

biodegradable films mostly for packaging purposes.

2.2 Experimental

2.2.1 Chemicals

Soy protein isolate (SPI, 90% total protein content) was purchased from AS-IT-IS, Medizen
Pvt. Ltd. (Bengaluru, India). Glycerol and Aluminium nitrate nonahydrate [AI(NO3)3.9H,0]
were taken from Qualigens Fine Chemicals, India. Magnesium nitrate hexahydrate
[Mg(NO3)2.6H>0], and Sodium Hydroxide (NaOH) were procured from Loba Chemie, India.
Sodium Carbonate anhydrous (Na;CO3) was purchased from Central Drug House (P) Ltd.
(New Delhi, India). Deionized water was purchased from Organo Biotech Laboratories Pvt.

Ltd. (New Delhi, India).

Instrumentation
The thickness was measured with a micrometer thickness gauge (L&W Micrometer). Four
measurements were taken at random locations for each film. The average of four measurements

represents the thickness of each film.
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Powdered LDH and SPI-based films were examined by FTIR analyses using a Shimadzu
IR Tracer-100 Fourier Transform Infrared Spectrophotometer with ATR mode. The wavelength

range was set at 400-4000 cm™!, with a scan range of 16 and a spectral resolution of 2 cm™.

XRD pattern of powdered LDH and film samples was obtained by using a PANalytical-Xpert-
Pro diffractometer with Cu K-a (A = 0.154 nm) radiations. The XRD pattern was taken at 20 =
5°—65° (with step size = 0.01°).

The cross-sectional morphology of the film specimens was examined using FE-SEM (Carl
Zeiss Sigma 500). A cross-sectional area of each film was taken. For imaging, the film samples
were cut into 1 cmx1 cm pieces and sputter-coated with gold layer. The surface morphology

of Mg-Al LDH was studied.

The L & W Tensile Tester was used to determine the tensile strength (TS) and elongation at
break (EB) of the film samples based on the method IS 1060-1 (Indian Standard, Part 1). Each
film sample was cut into rectangular strips (11 cm x 1.5 cm). Samples were held in place
between the grips. The initial grip separation was kept at 90 mm with a 20 mm/min speed. Each

sample was measured in triplicate to get the average value.

The thermogravimetric analyzer was used to test the thermal stability of the film samples and
powdered LDH (STA 6000 Perkin Elmer). MgAl powder (approximately 20 mg of each sample
was taken for analysis). The heating rate was kept at 10 °C/min from 10°C/min from 28°C to

600°C under a nitrogen atmosphere.

2.2.3. Synthesis of Mg-COs-Al layered double hydroxide (LDH)

The synthesis of LDH was carried out by a simple co-precipitation technique [34]. The Mg/Al
ratio was kept at 2:1. An alkaline solution having 3.5 M NaOH and 0.94 M Na>CO3 was
prepared in deionized water. A thoroughly mixed metal solution of 1.0 M Mg(NO3),.6H>O and
0.5 M AI(NO3)3.9H,0 was dropwise added to the alkaline solution and the reaction aggregates
were kept on vigorous stirring for 24 h at 60°C. The resulting white slurry was centrifuged at
25°C, the precipitate was collected and dried at 110°C in an oven for 3-4 h. The dried samples

were stored in glass vials at room temperature for further use.

2.2.4. Preparation of SPI/Mg-Al LDH films

For film preparation, the solution casting method was followed as shown in Fig. 2.1. 4.0 g of
SPI was dissolved in 40 mL of deionized water, followed by addition of glycerol (30% w/w of
SPI weight) at ambient temperature. The pH of this solution was adjusted slightly alkaline by

dropwise addition of 1 M NaOH with continuous stirring for 1 h in order to prepare only
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SPI-based film. LDH suspensions at varying concentrations i.e., 0%, 2%, 5% and 9% (w/w of
SPI weight) were prepared by dispersing in 20 mL of deionized water. Individual LDH
suspensions and SPI solutions were magnetically stirred for 1 h, followed by ultra-sonication
for the same duration. To prepare composite film solution, the dispersed LDH suspension was
added to the SPI solution, and the reaction mixture was stirred overnight at 60°C. The film-
forming solutions were evenly spread onto a Teflon-coated pan (19.5 cm*19.5 cm) and allowed

to dry for 2 days at 20°C. The films were peeled off and stored at 25+3°C for further

characterization.
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Fig. 2.1 Schematic representation of preparation of SPI/Mg-Al LDH films

2.2.5. Biodegradability test

The composting method was adopted for biodegradability test using both non-sterile and sterile
soil samples. The soil samples were uniformly mixed with grasses, cow manure and water
(pH ~7.5); the sterile soil was produced by heating in a muffle furnace at 550°C for 3 h [35].
The non-sterile soil sample was conditioned at 55°C to promote the growth of thermophilic
microorganisms [36]. For biodegradability test, approx. 0.2 g of the film sample was taken and
completely buried in 60 g of soil sample at ambient temperature (35+£2°C). The soil-treated
film samples were taken out and oven-dried at 40°C for 4 h; adhering soil particles were

removed prior to taking their weights. This test was repeated with a gap of 3 days and continued
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upto Day 14. Each test was done in triplicate to get the average value. The weight loss (%) of

film sample was calculated by using the following equation:

initial weight—final weight

x 100

Weight loss (%) =

initial weight

2.3. Results and discussion

2.3.1. Characterization

The thickness of SPI/Mg-Al based BNCs with varying LDH concentrations i.e., 0%, 2%, 5%
and 9% were found to be 245+6.7, 228+8.4, 262+10.0 and 260+11.0 um, respectively. The
data suggested that LDH had a non-significant impact on the thickness of the prepared SPI-
based films Table 2.1. There was a significant difference (p = 0.001). Very likely, it could be
due to the replacement of water molecules by LDH particles once they were inserted into the
SPI domains [16,37]. Pristine SPI films were found to be flexible, transparent, and pale-
yellowish; whereas, the SPI/Mg-AL LDH films were distinctly yellowish and translucent in
appearance mostly contributed by Mg-Al LDH concentrations.

Table 2.1 Physical and mechanical properties of film samples (mean+standard deviation)

Film samples Thickness Tensile Elongation
(nm) Strength at break
(KNm/g) (%)
SPI/Mg-Al LDH 0%  245+6.7 2.12+0.25 13.2+£3.48
SPI/Mg-Al LDH 2%  228+8.4 1.60+0.15  6.94+5.46

SPI/Mg-Al LDH 5%  262+10.0 1.64+£0.08  5.6+0.74
SPI/Mg-Al LDH 9%  260+11.0 1.58+0.06  3.5+0.4

ATR-FTIR analysis was used to investigate distinct functional groups present in the prepared
materials as shown in Fig. 2.2. The spectra of Mg-Al LDH exhibited characteristic absorption
peaks at 3386, 1641, and 1351 cm’! corresponding to —OH stretching vibrations, bending
vibrations of the interlayered water molecules and asymmetric stretching vibrations of the
interlayered COs?" anions, respectively [38,39]. The lower frequency region of 946-446 cm™
corresponded to stretching modes of the metal-oxygen bond [43]. The absorption peak at 2347

cm’! corresponds to stretching vibrations probably due to the presence of atmospheric CO>. In
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the pristine SPI, characteristic absorption peaks at 1630, 1519, and 1233 cm™! corresponded to
amide I C=0 stretching, amide II N-H bending, and amide III C—N and N—H stretching,
respectively [40]. The peaks at 3272, 2926, and 1037 cm™! represented —OH vibrations, —CH>
asymmetric stretching, and C—O stretching of glycerol [41]. In the SPI based films with 2%,
5%, and 9% LDH loadings, the absorption peaks at the lower frequency region of 946—446cm”
! were observed indicating the presence of Mg-Al LDH in the SPI matrix, and provided
supporting evidence regarding formation of SPI/Mg-Al LDH bionanocomposites. LDH-
specific absorption peaks of SPI/Mg-Al LDH 5-9% films were only slightly visible at the
lower frequency region; whereas, the corresponding peaks in the case of 2% LDH loading were

invisible. Probably, it was due to interactions between SPI and LDH in the films.
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Fig. 2.2 FTIR spectra of Mg-Al LDH and SPI-based films

XRD is a powerful technique commonly used to detect the intercalating and exfoliating
properties of sheet-like LDH structures. The XRD patterns of Mg-Al LDH and SPI-based films
are shown in Fig. 2.3a and b. The synthesized Mg-Al LDH material exhibited distinctive peaks
at 20=11.6°, 23.4°, 34.6°, and 35.5° which corresponded to the reflections (0,0,3), (0,0,6),
(0,0,9), and (0,1,2), respectively clearly indicating the material's crystalline structure [42]. The
pristine SPI film showed a characteristic amorphous protuberance at 26=8.8° and 19.6°
corresponding to the a-helix and B-sheets of SPI secondary structure, respectively [43]. The

diffractograms of SPI-based films with 5%, and 9% LDH loadings indicated prominent peaks
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of Mg-Al LDH at 20=11.6°, 23.4°, and 34.6°. The increase in intensity was found to be
dependent on the concentration of Mg-Al LDH. Apparently, the SPI matrix had no
considerable effect on crystallinity of the LDH as its layered structure remained intact in the
prepared BNCs. In contrast, such peaks were absent in 2% SPI/Mg-Al LDH. This observation
clearly suggested that LDH particles were uniformly dispersed into the SPI matrix at a lower
concentration indicating reduced crystallinity of LDH particles. At higher LDH concentrations
i.e., 5% and 9%, the SPI polypeptide chains possibly assumed altered conformations due to
agglomerated LDH particles. The latter could regain their crystallization ability as evident from

appearance of the distinct diffraction peaks [44,45].
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Fig. 2.3 XRD spectra of (a) Mg-Al LDH, and (b) SPI-based films
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Microstructures of the synthesized Mg-Al LDH and SPI-based films were examined by
FE-SEM imaging as shown in Fig. 2.4. Surface morphology of the former revealed formation
of an asymmetric mass of small particles. The cross-sectional view of SPI-based film with
0% LDH loading showed the presence of coarse and rough surfaces with multiple holes [46].
An increase in concentration of Mg-Al LDH from 2% to 9% facilitated more agglomeration
which could alter the nature of interfacial interactions. This result was consistent with the XRD

and FTIR data of the study.

Fig. 2.4 FE-SEM image of (a) Mg-Al LDH, Cross-section view of (b) SPI/Mg-Al LDH 0%, (¢) SPI/Mg-
Al LDH 2%, (d)SPI/Mg-Al LDH 5%, and (e) SPI/Mg-Al LDH 9%

The effect of Mg-Al LDH on the mechanical properties of prepared SPI-based films was
studied as shown in Table 2.1 and Fig. 2.5. There was a significant difference (p = 0.000). In
the case of 0% to 2% LDH loading, the tensile strength (TS) got considerably reduced from
2.12 KNm/g to 1.60 KNm/g; whereas, 2% to 5% loading led to only a slight increase of TS
1.e., 1.60 KNm/g to 1.64 KNm/g. Further increase in the concentration of Mg-Al LDH resulted
in the decrease of tensile strength (1.58 KNm/g). Possibly, the addition of Mg-Al LDH caused
weakening of hydrogen bonds present in protein structure which in turn showed plasticizing

effect in terms of their strength, stiffness with higher strain at break. The agglomeration also
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led to a decrease in tensile strength. Usually, inorganic/organic composites with inorganic
fillers were known to be stiff and more brittle. Therefore, decrease in tensile strength with
increasing LDH loading can be attributed to changes in filler dispersion and polymer—filler
interactions within the SPI matrix. At lower LDH concentrations, uniform dispersion facilitates
efficient stress transfer and maintains mechanical strength. However, higher LDH loading
promotes particle agglomeration and structural heterogeneity, creating stress concentration
points that weaken the films. Elongation at break also reduced with an increase in Mg-Al LDH
concentration. The mechanical properties of the BNCs of the study were more or less consistent
with the earlier reports. According to the studies on LDH-based composites, LDH component

was recognized as stress concentrators [47,48].
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Fig. 2.5 Effect of Mg-Al LDH concentration on (a) tensile strength, and (b) elongation at break
(mean+ standard deviation)

Thermal stability of SPI-based films was analysed by thermogravimetric analysis (TGA)
shown in Fig. 2.6. The thermogram of LDH showed a distinct weight loss curve reflecting
various processes occurring at different ranges of temperature: a) evaporation of interlayer
water molecules from 28 to 231°C, b) elimination of interlayer CO3* ions and/or
dehydroxylation from 231 to 412°C and c) formation of metal oxides, decarbonatation and
dehydroxylation from 412 to 600°C [42]. The weight loss of pristine SPI at different
temperatures shown in the thermogram was due to dehydration (28—143°C), removal of
glycerol (143-270°C) and degradation of protein structure (270—-493°C) [49]. The weight loss
curves of the SPI-based films with 2%, 5% and 9% LDH loadings exhibited an elevation in
residual weight with drop-in rate of degradation. Stability of the BNCs at higher temperatures
was due to milder degradation of the SPI matrix impacted by the barrier effect of the exfoliated
LDH sheets. Interactions between SPI and nano-filler contributed to the better thermostability

of SPI/Mg-Al LDH composites than pristine SPI.
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Fig. 2.6 TGA of (a) Mg-Al LDH, and (b) SPI-based films

2.3.2. Biodegradability Test

Both non-sterile and sterile soil samples were used for biodegradability test as presented in
Fig. Fig. 2.7. The findings of the biodegradability test revealed that the extent of degradation
remained negligible in the case of sterile soil in comparison to non-sterile soil samples as shown
in Fig. 2.8, also refer to Fig. 2.9. There was a significant difference (p =0.000). The data clearly
indicated that degrading properties of the sterile soil was markedly affected due to lack of
microorganisms, moisture and other necessary soil components. In contrast, various factors
like moisture, microbial loads, pH and organic matters either singly or in combination
effectively contributed to process of degradation of the buried films. Loss of weight remained
an indicator of degradation. Weight loss was noticed on the eighth day after burial in non-

sterile soil, and the process continued over time. The overall weight loss percent for the SPI-
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based films with varying LDH loadings as mentioned earlier were found to be 60%, 51.5%,
65%, and 25.5%, respectively. The weight loss percentage was maximum in the case of 5%
LDH loading which could be a preferred material over others in terms of biodegradability of

the BNCs.

-

Fig. 2.7 Type of soil used in burying process of films (a) non-sterile soil, and (b) sterile soil

In this study, the SPI-based films with 5% LDH loading appeared to be more biodegradable in
non-sterile soil in comparison to 0%, 2% and 9% LDH loadings; however, the underlying
molecular mechanisms of biodegradation for the individual cases are yet to be understood
through corroborative experimental approaches. [35] reported similar biodegradation patterns
for the starch-based bioplastics. In fact, degradation of BNCs and various polymer-based
composites in non-sterile soil is a complex process that depends on multiple factors such as
mechanical and other physico-chemical properties of the materials; action of enzymes from
various microbial species including bacteria, fungi and yeasts, aerobic/anaerobic conditions,
light, moisture, pH, temperature, and different inorganic/organic constituents. Similar views
were also proposed earlier for the biodegradable polymers [50]. LDH was also known to exhibit
antimicrobial activity due to the presence of OH groups [51]. Therefore, LDH component could

have an impact on biodegradation process of the SPI-based films.
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Fig. 2.9 Biodegradation of SPI-based films in non-sterile soil (mean + standard deviation)

2.4. Conclusion

The major focus of this study was on the preparation and characterization of a novel
SPI/Mg-Al LDH-based bionanocomposite films using a simple solution casting method.
Efforts were made to incorporate Mg-Al LDH particles into the SPI matrix. The XRD, FTIR,
and FE-SEM data distinctly showed some interactions between Mg-Al LDH and the SPI matrix
because of the intercalation/exfoliation of LDH sheets. 5 % Mg-Al LDH loading was effective
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in terms of tensile strength of the SPI-based films. A reduction in tensile strength was observed

at higher LDH loadings. This behaviour was attributed to filler agglomeration and non-uniform

dispersion, which reduced stress transfer efficiency within the SPI matrix. Interestingly, no

direct correlation was found between the thickness of the films and LDH concentrations. The

BNC films showed considerable thermal stability. The BNCs were found to be biodegradable

in non-sterile soil. Overall, the major findings of the study would be useful in preparing

biodegradable packaging materials.
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Chapter- 3

Biodegradable wheat gluten/nanoclay films for food
packaging applications
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The purpose of this study was to examine the effect of C30B organoclay nanofiller at different
concentrations on WG-based BNC films prepared by the solution casting method. The
WG-C30B film containing 10% organoclay exhibited optimal mechanical strength, enhanced
thermal stability, notable antibacterial activity, and effectively extended the shelf life of green
grapes up to 18 days. Additionally, the biodegradation behaviour of the films was evaluated in

both agricultural and sewage sludge soils.
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3.1 Introduction

Currently, the development of biopolymer-based packaging materials has become an emerging
trend in bionanotechnology. Potentially, they could serve as viable alternatives to petroleum-
based, non-biodegradable materials due to their biodegradability and eco-friendly nature. For
example, effective and safe packaging materials remain crucial in food processing industries
for safety, stability, quality, and overall shelf life of food products. Proper packaging can
protect them from damages due to physical, chemical, and biological changes during
transportation, distribution, and storage. Conventionally, several synthetic polymers like
polylactic acid, polybutylene succinate and polyvinyl chloride were used in developing
packaging materials [1]. Biodegradable packaging materials with antimicrobial properties are
gaining importance as they could prevent spoilage of food products due to pathogenic microbes
[2-6]. Among various biopolymers, proteins are relatively more preferred nowadays because
of their characteristic physico-chemical properties [7]. Various physical, chemical, and
enzymatic treatments are possible due to their amphiphilic nature, electrostatic charges and
conformational changes like partial/complete unfolding which were exploited in making
various coatings/films [8,9].

Gluten is a storage protein found in the endosperm of wheat, rye and barley grains. Wheat
gluten is widely available, having a protein content of more than 75%. Gliadin and glutenin are
the major components of gluten that influence the physico-chemical characteristics of cereal-
based food products. Gliadins are soluble in aqueous 70% alcohol whereas, glutenin remains
insoluble primarily in common solvents because of its size and complex cross-linked structures.
Most of the glutenins are moderately soluble under both acidic and alkaline conditions.
Although wheat gluten possesses good film-forming ability and biodegradability, its practical
application is often restricted by limitations such as moisture sensitivity, moderate barrier
performance, and insufficient mechanical stability under certain conditions. Various methods
like solvent casting, compression, moulding, extrusion, and electrospinning, either singly or in
combination, could be adopted for this purpose [10—13]. Physico-chemical properties of these
films were found to be dependent on various factors like pH, heat treatment and concentration
of solvent in a film-forming solution. The isoelectric point (p/) of wheat gluten is around 7.5.
Usually, proteins show poor film-forming properties at their p/s [14]. The gluten system can
be viewed as a network of polymers with various bonding interactions, such as hydrogen bonds,

hydrophobic and ionic interactions. When a fibrous gluten protein network was blended with
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a compatible plasticizer and crosslinker, the biopolymer-based films became rigid, flexible,
and ductile [15].

Clays are naturally occurring earthly materials commonly used in traditional and modern-day
medicines for healing various illnesses [16]. Several type of clays were used as fillers in
bionanocomposites (BNCs) due to some characteristic features that include high surface areas,
nanoscale sizes, adsorption capacity, hydrophilic/hydrophobic properties, and, importantly, the
capability of forming microporous layered structures [17]. Recent literature showed that the
global nanoclay market size could grow to 6.4 billion USD by 2032 [18]. The growing
importance of nanoclays like montmorillonite (MMT) and its modified forms, such as Cloisite
30B (C30B) and Cloisite 15A (C15A), was due to their layered silicate structures [19,20].
Cloisite 30B (C30B) refers to a MMT-derived organoclay known as methyl tallow bis-2-
hydroxyethyl quaternary ammonium MMT. The layers of C30B have a thickness of
approximately 1.0 nm, while the lateral dimensions range from 100-500 nm [21,22]. As
reported earlier, C30B imparted antimicrobial activities to the polymeric materials compared
to normal unmodified nanoclay [23-26]. Chitosan-based BNC films blended with C30B
nanoclay having quaternary ammonium groups exhibited antimicrobial activity against Gram-
positive bacteria [27].

Usually, nanocomposites can assume flexible film forms for wrapping fresh and dried food
products. Several branded packaging/storing materials, namely Debbie Meyer BreadBags™,
Aisaika Everfresh Bag, Plantic® Plastic Tray are used to store bread, fruits/vegetables, and
chocolates, respectively [28]. Fruits and vegetables are rich sources of vitamins, minerals,
proteins, antioxidants, fibers, and other nutrients. Preservation of these farm products with high
moisture contents (75-95%) is challenging due to short shelf life and easily perishable nature
[29]. Their spoilage could be avoided by using biodegradable bio/polymeric nanocomposite
packaging materials, which could minimize respiration rate, ethylene level, water loss and
microbial loads [30,31].

Apart from various inorganic nanofillers like ZnO, TiO2 and Si02, there is a growing interest
in using several layered nanoclays in BNCs due to high interfacial interactions with polymer
matrix for improving desirable physico-chemical properties of the films [32,33]. Previously,
studies have been done separately on wheat gluten protein and C30B organoclay with various
nanofillers and biopolymers [34—39]. However, the interactions between WG and C30B in
developing packaging materials have not been studied so far. This report employed a simple

and reproducible solution casting method to prepare WG-based BNC films blended with C30B
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organoclay. Subsequently, various physico-chemical properties such as microstructure,
crystallinity, thermal stability, water sensitivity, mechanical properties and color determination
of the prepared films were examined. The prepared films were translucent, smooth, flexible,
and foldable with a uniform appearance. Incorporating organoclay into the BNC films showed
significant improvement in mechanical properties, reduced moisture content along with water
solubility, and enhanced surface hydrophobicity. The organoclay-loaded film demonstrated
better thermostability as the residual mass increased up to 22%, which was 5% in the case of
pristine WG-based BNC film. Their antibacterial properties were studied using the agar disc
diffusion method and by checking the shelf-life extension of green grapes under different
conditions for up to 18 days. The organoclay-loaded film exhibited an antibacterial effect
against both Salmonella enterica and Staphylococcus aureus. In shelf-life studies, wrapping
method was found to be more effective than dip coating. Previously, no studies on the
preservation of green grapes were done for duration of 18 days under specified storage
conditions using these methods. Moreover, these films were found to be biodegradable in
agricultural and sewage-sludge soil. The biodegradation rate in sewage sludge soil was
significantly higher than that of agricultural soil. Overall, the strategies adopted in preparing

BNC films appeared to be promising and sustainable for developing packaging materials.

3.2 Materials and methods
3.2.1 Chemicals

Commercial-grade Wheat Gluten (WG) was procured from Nottacia (New Delhi, India). Luria
Broth (LB), Agar Agar Type I (CAS No. 9002-18-0), and Tetracycline hydrochloride (CAS
No. 64-75-5) were purchased from Himedia, India. Cloisite 30B (C30B) nanoclay (CAS No.
341537-63-1), Glycerol (CAS No. 56815), Sodium hydroxide (NaOH) (CAS No. 1310-73-2),
Sodium chloride (NaCl) (CAS No. 7647-14-5), Sodium hypochlorite (NaOCl) (CAS No. 7681-
52-9) were procured from Aritech Chemazone Pvt. Ltd., Qualigens Fine Chemicals, and Loba
Chemie, India, respectively. Whatman filter paper (CAT No. 1001-125) was obtained from
Global Life Sciences Solutions Operations UK Ltd. Deionized water was purchased from

Organo Biotech Lab. Pvt. Ltd., India, for routine use.

3.2.2 Preparation of WG-C30B BNC Films

WG-C30B-based BNC films were prepared by using solution casting method as reported
earlier with some minor modifications [40]. A schematic view is provided in Scheme 3.1

regarding preparation of the BNC films. Briefly, the organoclay at varying concentrations, 1.e.
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5%, 10%, and 15% w.r.t. weight of WG, was dispersed in 10 mL deionized water and kept on
stirring overnight to ensure proper swelling. To prepare WG solution, pH of the required
amount of deionized water was adjusted to 9.0 by adding 1.0 M NaOH. Then, 10.0 g of WG
was added to water with stirring at low speed for 30 min at room temperature; pH of the solution
was again adjusted to 9.0, and volume made up to 100 mL, followed by heating at 70°C for
10 min in water bath. Glycerol (30% of the weight of WG) was added to the WG solution and
mixed thoroughly. Likewise, the C30B suspensions (5%, 10%, and 15% w.r.t weight of WQG)
were mixed with the WG solution with stirring at ambient temperature for two days (referred
to as WG-C30B 5%, WG-C30B 10%, and WG-C30B 15%). The same procedure was adopted
to prepare only WG-based film solution except for the addition of C30B, i.e., WG film. Around
95 mL of the film-forming solution was cast on Teflon-coated pan (19.5 cm x 19.5 cm) and
allowed to dry at 30 + 2 °C in an incubator for 48 h. The BNC films were stored at ambient

temperature for further characterization and use.

Heating at 70 °C on
water bath; 2 days
stirring

R 08 -~ Drying at
Wheat gluten- e - 30 °C for
WG) + RS R C2R 2 days

v o WS
e T Over
night
stirring -
WG-C30B
bionanocomposite
film

Cloisite 30B C30B solution

(C30B)

Scheme 3.1 A schematic representation of wheat gluten (WG)/cloisite30B (C30B)-based
bionanocomposite films

3.2.3 Physical Properties of BNC films
3.2.3.1 Mechanical Properties of BNC Films
Mechanical properties like tensile strength (TS) and elongation at break (EB) were determined

by using a Tensile Strength Tester (Digital vertical model, Angels Instruments, India) based on

a standard method IS 1060-1 (Indian Standard, Part 1) as reported earlier [41]. Each film
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sample was cut into rectangular strips (11 cm x 1.5 cm). The initial grip separation was kept at
90 mm with a 20 mm/min speed in order to measure the values. Experiment was done in

triplicate for an average value.

3.2.3.2 Thickness of BNC Films

The thickness of BNC films was measured with a micrometer thickness gauge (L&W
Micrometer, Switzerland). For each film, measurements were taken at six different locations.
The experiment was done in triplicate and average of these measurements represents thickness

of each film [41].

3.2.3.3 Surface Color Determination of BNC Films

Surface color of the films was determined by using a brightness tester (L&W Elrepho
Brightness Tester, Switzerland). The prepared film samples were cut into 3 cm X 3 cm pieces;
color coordinates such as L*, a*, b* and yellow indices (YIs) were measured in triplicates for

each sample and average values were tabulated.

3.2.4 Water Sensitivity Properties of BNC Films

3.2.4.1 Moisture Content (MC)

The film samples were cut into 2 cm x 2 ¢cm pieces to find moisture content. Initial weight of
film pieces was noted and placed in a hot air oven at 100 °C for 24 h to obtain weight of the
dried film samples [42]. Measurements were done in triplicate to get the average value. The

moisture percent (%) was calculated by the following equation (1):

Moisture percent (%) = % x 100 (1)

1

Where, m; = initial weight and m> = final weight after drying

3.2.4.2 Water Solubility
Water solubility was determined using a method reported earlier with some modifications [43].

First, the film samples were cut into 2 cm % 2 ¢cm pieces and allowed to completely dry at 100
°C for 24 h. The initial weight of dried samples (first drying) was recorded. Each dried film
was submerged in 50 mL of deionized water for 24 h at ambient temperature. Water was
drained off, and the wet films were dried again at 100 °C for 24 h to get final weight (second
drying). Measurements were done in triplicate to get the average value. The solubility (S) %

was calculated by the following equation (2):

a;—az

S (%) = *=2x 100 2)
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Where, a1 = weight after first drying and a> = weight after second drying

3.2.4.3 Water Contact Angle (WCA)

WCAs of the film samples were measured by goniometer contact angle measuring device
(Apex Instruments Co. Pvt. Ltd., India) in a static contact angle mode. Each film was cut into
square pieces (4 cm x 4 cm) and placed on a horizontal platform fitted with a WCA analyzer.
Aliquots of 3.0 uL deionized water were randomly dropped onto the surface of each BNC film.
Changes in the shape of water droplets were recorded. This process was done in triplicate to

get the average value for each film sample.

3.2.5 Instrumentation

3.2.5.3 X-ray Diffraction (XRD)

XRD patterns of powdered C30B and the film samples were examined by using a PANalytical-
Xpert-Pro (Almelo, Netherlands) diffractometer with Cu K-a (A = 0.154 nm) radiations, and
the data were taken at 20 = 5°—80° (with step size = 0.01°).

3.2.5.4 Field Emission Scanning Electron Microscopy (FESEM)

Surface morphology of the prepared materials was examined by FESEM (Carl Zeiss Sigma
500, Germany). To prepare the nanoclay sample, a drop-cast method was adopted. Briefly,
around 2.0 mg of C30B powder was dispersed in 5.0 mL of deionized water, and a few drops
of the suspension were cast on copper tape and allowed to dry completely at 35 °C. In the cases
of BNC films, they were cut into 1 cm x 1 cm pieces. All these samples were sputter coated

with a gold layer prior to analyses.

3.2.5.3 Atomic Force Microscopy (AFM)
AFM analyses (model: NT-MDT Solver NEXT, Russia) were carried out to examine the

topography of film samples under ambient conditions using a standard cantilever holder. Non-
tapping/non-contact modes were used for analyses. Average surface roughness (Sa) and root

mean square (Sq) were measured directly from the AFM images.

3.2.5.4 Thermogravimetric Analysis (TGA)

The thermogravimetric analyzer (NETZSCH STA 449 F3 Jupiter®-Thermal Analysis System,
Germany) was used to test thermal stabilities of both the film samples and C30B powder
(approximately 25 mg of each sample was taken for analysis). In each case, the heating rate

was kept at 10 °C/min from 25-800 °C under air with gas flow rate of 50 mL/min.
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3.2.6 Determination of Antibacterial Properties of the BNC Films

Disc diffusion method was adopted to examine the antibacterial activities of WG and
WG-C30B 10% films. Precultures of the food-borne bacterial strains, namely
Staphylococcus aureus (gram-positive) and Salmonella enterica (gram-negative) were used in
this study. In order to show antibacterial properties of the BNC films, following method was
adopted. Briefly, the BNC films were cut into discs of approximately 6 mm diameter and each
side of the disc was irradiated by UV light under laminar air flow for 25 min. Sterile discs of
similar dimension were also prepared using Whatman filter paper. The bacterial strains were
grown in Luria Broth (LB) for 16 h at 37°C. The overnight grown cultures were 3-fold diluted
with sterile standard saline solution and 80 pL of each diluted bacterial suspension was
uniformly spread onto Luria-Agar (LA) plates. Subsequently, the discs of the BNC films were
placed on the agar surface; the filter paper discs priorly dipped in tetracycline solution
(1.0 mg/mL) were also used as a positive control. The plates were incubated at 37 °C overnight.

Appearance of inhibition zones (colony-free areas) indicated antibacterial activities.

3.2.7 Daily Life Applications of the Prepared BNC Films
3.2.7.1 Application of BNC Coatings/Films in the Preservation of Fruits

In order to develop packaging material, both BNC coatings/films were used to preserve green
grapes. Briefly, healthy green grapes of similar weight, size, shape, color, and maturity, with
no mechanical injuries, were purchased from a local market. For surface sterilization, the
grapes were first washed with running tap water, then dipped in 0.5% sodium hypochlorite
(NaOCl) solution for 10 min, rinsed with sterile deionized water and allowed to aseptically dry
at room temperature. Both BNC solutions and films were treated with UV rays for 30 min
under laminar flow prior to their uses. For coating, the surface-sterilized green grapes were
dipped separately in WG and WG-C30B 10% solutions for 15 min, followed by gently drying
of the coated layers for 10 s over hot air surrounding the flame. The pretreated green grapes
were also wrapped with corresponding BNC films. For wrapping, the films were cut into
circular pieces and placed in the Petri dishes to cover both the upper and lower surfaces. The
grapes were then placed between the films, and the dishes were sealed externally before storage
and further analysis. All these coated/wrapped grapes were stored in the laboratory under
ambient conditions (with diurnal temperature variations of 30—-35°C + 2 °C/15- 20 °C + 2°C
being day/night temperatures with an average relative humidity of 27%, during late March to
mid-April) along with in the incubators set at 4 °C and 42 °C. Gradual changes in the grapes

were noted periodically for up to 18 days.
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3.2.7.2 Biodegradability of the BNC Films in Soil

Biodegradability test was conducted by composting method with some modifications [41, 44].
The following soil samples were used: soil directly from an agricultural field (pH ~6.4) and
soil mixed with sewage sludge (pH ~8.0). Both the soils were also heat-treated (at 45 °C for 24
h) for sustenance of thermophilic microbes. Completely sterile soils were prepared by calcining
them at 550 °C for 4 h in a muffle furnace (control). Approximately 0.5 g of the film samples
were kept inside 30 g of each soil sample in a clean and sterile glass jar and incubated at 30 +
2 °C. On every third day, each film sample was taken out of the soil, oven-dried at 40 °C for
3—4 h, adhering soil particles were removed prior to taking weight, then again placed inside the
soil. This test was continued for up to 12 days and done in triplicate to get the average values.

The extent of biodegradation was calculated by the equation given below (3):

) __ initial weight—final weight

Biodegradability (% x 100 3)

initial weight

Statistical Analysis

All the experiments were performed in triplicates, and the data was expressed as mean =+
standard deviation. The data analyses were performed by using one-way analysis of variance
(ANOVA) in GraphPad Prism (GraphPad Software, LLC, California, USA). Mean values
comparison was determined by Tukey's test. The differences were considered significant

at p <0.05.

3.3 Results and discussion

3.3.1 Physical Properties of BNC Films

3.3.1.1 Mechanical Properties of BNC Films

Mechanical strength is a critical parameter for packaging applications regarding handling,
transportation, and maintaining structural integrity during storage. Tensile strength (TS) and
elongation at break (EB) were determined to examine the mechanical properties of BNC films.
The effect of clay loading on prepared WG-based films was shown in Table 3.1. In the cases
of WG and WG-C30B 5% films, the TS values were 0.7+0.02 KNm/g to 0.82+0.01 KNm/g,
respectively; whereas, the value was significantly higher ie., 1.11£0.04 KNm/g for
WG-C30B 10% film which clearly indicated the reinforcing effect of organoclay. An increase

in TS value in polymer/clay nanocomposites could be due to the formation of electrostatic
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interactions and hydrogen bonds between polymer matrix and silicate layers [21]. The
reinforcement of gluten matrix by organoclay particles produced a robust network until
reaching a critical threshold concentration. The published report on gelatin/magnetic iron oxide
nanoparticle-based films supported this view [45]. Further increment in the concentration of
organoclay (WG-C30B 15%) led to a decrease in TS value (0.79+0.08 KNm/g). The addition
of a nanofiller beyond its optimal concentration resulted in the weakening of hydrogen bonding
within protein structure, which in turn showed plasticizing effect characterized by altering their
strength, stiffness, and enhanced strain at break. The tendency of agglomeration at higher
concentrations also led to a decrease in tensile strength. Usually, inorganic/organic composites
with inorganic fillers were known to be stiff and more brittle. Taheri and Sayyahi showed a
similar reduction in tensile strength (1940.52) for TPU loaded with a maximum 5%
concentration of OMMT [46]. According to earlier reports, layered structured nanofillers were
considered stress concentrators [47,48]. The effect of nanofiller was found to be more
prominent in terms of extensibility (EB), indicating an increase in film flexibility. There was a
significant difference (p = 0.001) in mechanical properties of the films.

The BNC films were prepared with varying concentrations of C30B i.e., 5%, 10%, and 15%
and their mechanical properties namely tensile strength were studied, as it was a crucial
parameter with regard to strength of a packaging material. The WG-C30B 10% film appeared
to be most suitable in comparison to other prepared films. More specifically, the results
indicated that WG-C30B 10% film showed better mechanical properties in terms of
compatibility between clay particles and protein matrix, compactness and strength. Keeping all
these aspects in view, the major focus was on WG-C30B 10% film for further characterization
and other experiments. Interactions between cationic groups of amino acid side chains (-NH3")
and Na' ions at the clay surface are considered to play important role in a BNC film [49,50].
The processes of intercalation and exfoliation of C30B organoclay significantly impact
mechanical properties of the BNC films. Intercalation reinforced the polymer matrix; however,
such changes remained less noticeable due to limited separation of clay layers. On the contrary,
exfoliation led to more homogeneous dispersion of clay layers resulting in a stress transfer
more or less uniformly across the BNC film. This explains why there is an increase of tensile
strength in the case of WG-C30B 10% film. Usually, the desirable mechanical properties of a
film can only be achieved at an appropriate concentration of nanofiller (such as 10% C30B in
this study); while at higher concentration, mechanical properties of the intercalated structures

could be affected due to uneven dispersion throughout the polymer matrix [22,51].
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Table 3.1 Mechanical Properties of BNC film samples (mean + standard deviation)

Film Samples Tensile Elongation at
strength break
(KNm/g) (%)

WG film 0.71+£0.02 7.5+0.36

WG-C30B 5% 0.82+0.01 20+0.57

film

WG-C30B 10% 1.11+0.04 36.2+0.60

film

WG-C30B 15% 0.79+0.08 28.6+0.35

film

3.3.1.2 Thickness of BNC Films

Several methods were reported for preparation of BNC films. As mentioned earlier, a simple
and efficient solution casting method was adopted in this study. The thickness of WG and
WG-C30B 10 % films was found to be 235+12.4 and 23045.8 um (p=0.000), respectively, as
shown in Table 3.2. The prepared films were found to be smooth, flexible, foldable, and mostly
uniform in appearance. Both films were translucent; however, the former was shiny while the
latter was matte in appearance. The data also indicated that organoclay (10% w.r.t. WG) had
no considerable impact on thickness of the film. Similar findings were also reported on soy
protein isolates and rice husk silica nanoparticles. The thicknesses of blend at varying
concentrations of SNPs were found to be in the range of 0.211-0.213 mm [52]. Usually,
thickness of a BNC film was known to depend on the extent of compatibility and incorporation
of a particular nanofiller into biopolymer matrix [53]. Sheet-like structure of C30B organoclay
could have probably replaced the surrounding water molecules of WG matrix. In the cases of
MMT/soy protein-, soy protein/ZnO-and nanocrystals-based BNC films, the changes in

thickness remained non-significant [54,55].
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Table 3.2 Thickness, water solubility and moisture content of WG film and
WG-C30B 10% BNC film samples (mean + standard deviation)

Film Samples Thickness Moisture Water
444(um) content solubility

MC %)  (S%)

WG film 235+12.4 11.51£1.2 69.56+0.5
WG-C30B 10% 230+5.8 8.04+0.5 39.83+0.7
film

3.3.1.3 Surface Color Determination of BNC Films

The color of film is a crucial aspect with regard to their looks and commercial uses [56]. Here
terms of L*, a*, b* and yellow index (YI) express the color of BNC films as shown in
Table 3.3. L* gives lightness, and a* represents red/green color, where a positive value stands
for redness and a negative value for green color. In the case of b*, it refers to yellow/blue color,
where the positive value gives yellowness, and the negative value was for blue color. Color
properties were found to be significantly influenced by the presence of the blended nanofiller.
However, the extent of color change was dependent on nanofiller contents. The a* values of
WG-C30B 10% film were found to be significantly higher positive in comparison to WG film
(indicating shift to red); whereas, the b* values remained positive and almost comparable for
both the films (indicating change to yellow), giving an overall red-yellow tone. These color
shifts were reflected in the YI parameter. A slight reduction of the L* values and increase in
the YI values were noticed after clay loading. All these values were significantly different
(»=0.000). Similar b* values indicated a higher amount of gluten protein fraction and the
presence of other components such as phospholipids and fats in the films [57]. These results
were different from the observations reported by Fu and co-workers on wheat gluten
protein/cellulose nanocrystals (WGP-CNC)-based films. The b* values were found to show an
increasing trend compared to pristine WGP film ie. 6.28+0.10 (WGP), 8.61+0.84
(WGP-CNC-1), and 7.83+0.25 (WGP-CNC-2); however, the maize protein, zein and soy
protein isolates (SPI)-based blends showed non-significant changes with increased CNC
concentration, which were in agreement with our findings [58]. The films' opacity increased at
higher clay concentrations, indicating a considerable affinity for gluten protein with clay
particles. Such changes could be due to surface properties like the hydrophobic nature of C30B
and its dispersion into the WG solution. Similar trends were also noticed in the cases of whey

protein isolates (WPI) blended with different nanoclays [23].
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Table 3.3 Color determination of WG film and WG-C30B 10% BNC films (mean + standard deviation)

Film Samples Film color
L* a* b* YI
WG film 67.44+0.0 11.17£0.63 52.30+0.0 103.31+0.0

WG-C30B 10%  66.38+0.0 13.62+0.23 51.94+£0.0 106.64=+0.0
film

Where, L*= lightness, a*= red/green; b*= yellow/blue, and YI= Yellow index, respectively

3.3.2 Water Sensitivity Properties of BNC Films
Measuring water sensitivity of the BNC films remained a crucial parameter in assessing their
suitability as a packaging material. Here, a few widely used methods were adopted to evaluate

the water sensitivity of the WG-based films.

3.3.2.1 Moisture Content (MC)

Moisture content is an indicator of the water sensitivity of biopolymer-based films. Particularly
for food packaging purposes, the extent of moisture transfer between foods and surroundings
must be considerably reduced [59]. Moisture contents (MC) of the WG and
WG-C30B 10% films were found to vary significantly (Table 3.2). Glycerol-based protein
films were more sensitive to water due to their inherent hydrophilic nature. This explained why
the MC value of the former reduced from 11.51£1.2 to 8.04+0.5 after loading hydrophobic
organoclay. The reduction of water content in the WG-C30B 10% film suggested strong
interactions between protein-clay and glycerol-clay interfaces, resulted in minimal available
sites for water retention [45]. A decrease in moisture content was correlated with an increase
in tensile strength due to the lower availability of water to plasticize the protein matrix. The
results were relatively more promising in comparison to wheat gluten and lignin nanoparticle
(LNP)-based BNCs. WG film loaded with 3 % LNP exhibited considerably higher moisture
content (10.14+0.81) [60].

3.3.2.2 Water Solubility

Water solubility is a vital aspect in assessing the stability of packaging films in a wet
environment [56]. The values of solubility (S%) of the prepared films were shown in
Table 3.2. As expected, WG film had shown significantly higher solubility in water
(69.56+0.5) as compared to WG-C30B 10% film (39.83+0.7) indicating the effect of
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organoclay in the BNC film (p = 0.001). It was likely due to interactions between clay particles
and wheat gluten molecules. Since free water molecules do not strongly interact with
nanofiller-based composite films as compared to biopolymer films. More specifically, the
formation of hydrogen bonds between the organo-modified nanofiller and biopolymers
lowered water solubility. The clay-loaded film retained structural integrity and did not form a
gel, whereas pristine gluten film was found to be dissolved in water. The findings were proved
to be better than previous reports for methylcellulose/MMT-based BNC films. At maximum
MMT concentration (60 wt%), the water solubility was 54.5+1.9. All these observations

recognized importance of nanofiller in developing biopolymer-based packaging materials [61].

3.3.2.3 Water Contact Angle (WCA)

WCA refers to a quantitative measure of the wetting properties of packaging materials.
Measure of WCA reveals hydrophobic or hydrophilic nature of a film surface [62]. As shown
in Fig. 3.1, the WCA value for WG film was 38.93°+0.008, suggesting its poor water resistance
due to the combined effects of inherent hydrophilicity due to presence of polar amino acids and
glycerol [63]. In the case of WG-C30B 10% film, the WCA value was significantly higher, i.e.,
77.56°+0.137, due to increased surface hydrophobicity. WCA values of the films were
significantly different (p=0.000). The clay-loaded film was found to be more hydrophobic than
the pristine WG film. It was shown that the organic modification of clay resulted in its enhanced
hydrophobicity [64]. Comparable results were showed by El-Wakil and co-workers for wheat
gluten/nanocellulose TiO2—based nanocomposites. The WCA value of WG blend with 12.5%
CNC increased to 78.48+1.18 and 89.70+0.14 with 1% TiO2 incorporation [39].
Poly(e-caprolactone)/cloisite 30B thin films also showed similar properties [65]. Films
exhibiting WCA values above 65° could be considered hydrophobic [66]. As reported earlier,
positive contact angle values indicated water droplet adhesion to the solid composite surface;

therefore, higher the positive value stronger is the bonding [67].
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( a) WG film (b) WG-C30B 10 % film
WCA=38.93°+0.008 WCA=77.56°=0.137

Fig. 3.1 Water contact angle (WCA) of (a) WG film, and (b) WG-C30B 10% film

3.3.3 Characterization

3.3.3.1 X-ray Diffraction (XRD)

The XRD patterns of C30B powder along with WG and WG-C30B 10% films were shown in
Fig. 3.2. Amorphous gluten proteins were associated with a-helical structures; this explained
why WG film showed two diffraction peaks corresponding to the 20 values at 10° and 20°. The
peak at 20 =10° of this film represented a mean interhelix distance, while average backbone
distance within the helix was linked to the peak at 20 =20° [68]. In the case of C30B, diffraction
peaks at 26 = 6°, 20°, 35.1° and 61.8° referred to crystallinity of the organoclay; here, 20 =6°
indicated d-spacing between the clay layers which was about 1.47 nm [69]. Once organoclay
was incorporated into the WG matrix, i.e., WG-C30B 10% film, some peaks conspicuously
disappeared with a concomitant decrease in intensities of the remaining peaks. The clay
particles were probably surrounded by polypeptide chains in the matrix. There was no
diffraction peak at 20 = 6° in this composite film, possibly due to considerable exfoliation of
silicate layers of the organoclay. Disappearing of C30B peak in WG-C30B 10% film suggested
uniform distribution of C30B particles into the gluten protein matrix and their compatibility
with each other. A distinct peak at 20 = 20° along with other peaks suggested a shift towards
crystallinity because of the intercalation of polypeptide chains of WG into clay layers. There
was no change in the peak positions of organoclay, indicating that C30B structure remained
unchanged. Very likely, interactions of these chains with aluminosilicate layers contributed to
the rise in crystallinity. Shahvalizadeh and co-workers reported similar results for gelatin,
tragacanth, and ZnO nanoparticle-based BNC films [70]. Similar features were noticed in the
cases of Nylon 6, 12/cloisite 30B electrospun nanocomposites [71]. Therefore,
intercalation/exfoliation of layered C30B structure in the WG matrix confirmed formation of

the WG-C30B blend.
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Fig. 3.2 X-ray diffraction (XRD) spectra of C30B, WG, and WG-C30B 10% films

3.3.3.2 Field Emission Scanning Electron Microscopy (FESEM)

FESEM was carried out in order to examine the surface morphology of organoclay and cross-
sectional views of the films. Micrographs of these materials were presented at two different
scales. Surface morphology of the organoclay, C30B, clearly showed multiple silicate layers
(Fig. 3.3a). The Fractured surface of the pristine WG i.e., WG film, revealed the presence of
an asymmetric porous surface with several holes (Fig. 3.3b). After addition of the clay, pores
became negligible; hence, forming a dense structure as shown in Fig. 3.3c. Bright/white
single/multiple strands along with sheet-like structures revealed the presence of rough surface
with partially aggregated clumps in WG-C30B 10% film. In previous reports, similar
observations for agglomeration were reported in WG/CNC 12.5% blend at higher CNC
(12.5%) concentration [34]. Very likely, strong molecular interactions between
amino/hydroxyl groups of gluten protein and hydroxyl groups of C30B particles contributed
towards association of the blend. Similar studies were carried out by Liu and co-workers on
polyvinyl alcohol/quaternary chitosan composite films [72]. Heterogeneous structure of the
film could be due to interference/rupturing of the protein network by organoclay, as proposed

in the earlier report [73].
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Fig. 3.3 Field emission scanning electron microscopy (FESEM) images of (a) Cloisite 30B, (b) WG
film, and (¢) WG-C30B 10% film at 2 uym and 10 um scale

3.3.3.3 Atomic Force Microscopy (AFM)

AFM was used to generate both 2-D and 3-D images of the BNC films in order to examine
their surface roughness (Sa) and respective root mean square (Sq) values, as shown in
Fig. 3.4(a—d). The Sq and Sa values of WG film were found to be 57.622 nm and 41.835 nm,
respectively, whereas, for WG-C30B 10% film, the corresponding values were 35.685 nm and
26.414 nm. A significant decrease in both Sq and Sa values of the WG-C30B 10% film was
reflected in terms of lowering in its roughness. In earlier reports, it was demonstrated that
incorporation of C30B into PVDF matrix reduced the surface roughness from 22.00 to 4.12,
indicating improvement in antifouling properties of the blend. Possibly, it was due to partial
agglomeration of the clay particles in protein matrix and presence of active functional groups
in the plate-like structure of C30B which impacted film surface characteristics [74]. Similar
observations were also reported in PES membranes mixed with high-concentration MWCNTs.
The surface roughness was decreased from 21.4+1.8 to 10.5+1.2 after loading of 0.04 wt%
MWCNTs to the PES matrix. The increased viscosity and reduced pore size led to surface
smoothness [75]. The pristine gluten film's roughness was mainly due to some insoluble protein

particles. The result was comparable to pectin- and gluten-based films [57]. Overall, the
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findings explained why there were non-significant changes in thicknesses of WG and WG-

C30B 10% films, as stated in the earlier section.

(@)

b) BRI
(b)

(d)

Surface roughness (Sa) = 41.835nm Surface roughness (Sa) = 26.414nm
Root mean square (Sq)=57.622nm Root mean square (Sq)= 35.685 nm

Fig. 3.4 Atomic force microscopy (AFM) images of bionanocomposite films (a, ¢) 2-D & 3-D images
of WG film, and (b, d) 2-D & 3-D images of WG-C30B 10% film

3.3.3.4 Thermogravimetric Analysis (TGA)

The thermal stability of BNC films was analyzed by TGA, as shown in Fig. 3.5. Step-wise
thermal degradation of C30B and the films was distinctly noticeable in a temperature range of
25-800°C. First step was associated with the process of water loss below 150°C. In next step,
multiple changes like breakdown of peptide bonds in the protein matrix, decomposition of
organic components of C30B, and loss of glycerol occurred at 200—500°C temperature range.
As evident from the literature, some wheat gluten/MMT-based nanocomposites and
starch/mineral clay-based films also showed similar trend [35,76]. In the last step of thermal
degradation process (500—-800 °C), significant chemical changes such as oxidation of partially
decomposed WG protein and dehydroxylation of C30B organoclay occured. The residual mass
of WG film was around 5%, whereas, it increased to 22% for WG-C30B 10% film. Such an
increase in thermal stability in the oxidative atmosphere could be due to physical barrier effect
of layered silicates in the protein matrix and superficial flame combustion zone. The results

were found to be significant than earlier reports on wheat gluten (WG)/cellulose nanofibrils

(CNF) and nanocrystals (CNC)-based BNCs where residual masses for 3% CNC and
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3% CNF-loaded WG film were 18.2% and 20.3%, respectively, while it was 21.1% for wheat
gluten (WG)/lignin nanopacticles (LNP)-based BNCs (WG/3LNP) [60,77].

100
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Fig. 3.5 Thermal degradation spectra of C30B, WG, and WG-C30B 10% films

3.3.4 Determination of Antibacterial Properties of BNC films

Unmodified and organically modified clays were known to vary in antimicrobial activities
depending on bacterial species. As evident from earlier reports, C30B organoclay was
successfully used as nanofiller in the packaging films, showing antibacterial properties. The
WG-C30B 10% film discs clearly showed antibacterial activity against both S. enterica and
S. aureus indicating the effect of nanofiller (Fig. 3.6) and the corresponding inhibition zones
were found to be 13 mm and 9 mm, respectively; whereas, there was no zone of inhibition in
case of WG film. Both the bacterial strains were sensitive to tetracycline [78,79] which was
used as a positive control in order to validate the antibacterial efficacy of the prepared BNC
films. Quaternary ammonium i.e., alkyl ammonium groups present in C30B silicate layers,
could potentially disrupt bacterial cell envelope, cell wall in particular, causing cell lysis [27].
Usually, bacterial cell walls attain a net negative charge under normal physiological conditions
due to carboxyl groups [80]. Therefore, due to mutual attractions, electrostatic interactions
between clay minerals of BNC films and bacterial cell surface appeared to be crucial for their
proximity. Moreover, hydrophobic interactions could considerably augment the process of
attachment and disruption. The organoclay component of BNC film exhibited antimicrobial

activity due to direct surface contact with food materials. For example, poly (e-
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caprolactone)/cloisite 30B thin films were found to be effective against S. haemolyticus and
S. epidermidi. The zone of inhibition was in the range of 6—13 mm for both bacterial strains
[65]. Among the organically modified MMT nanoclays, C30B appeared effective in
antimicrobial activity [23]. Moreover, addition of C30B organoclay into polymer matrices is
considered to enhance barrier properties of the films so that microbes fail to penetrate and grow
due to tortuous pathways. Therefore, such physical barrier contributes to overall antibacterial
activity [65, 81]. Keeping in view, the WG-C30B 10% film appeared to be promising for
developing a packaging material with antimicrobial potential. The C30B-blended BNC film of
this study could be classified under the 'good category' in view of clear inhibition zones noticed
around and under the sample. The result was consistent with the Standard Antibacterial Test

"SNV 195920-1992" endorsed by earlier reports [82,83].

(a) Salmonella enterica

- < Q»‘ o'

(b) Staphylococcus aureus

Fig. 3.6 Antibacterial activities of WG and WG-C30B 10% films (tetracycline used as a positive
control) (a) Salmonella enterica, and (b) Staphylococcus aureus

3.3.5 Daily life applications of BNC films

3.3.5.1 BNC Coatings/Films in the Preservation of Fruits

Both BNC coatings/films were tested to see whether they could effectively preserve green
grapes, as depicted in Scheme 2. Visual changes were noted under different storage conditions.
Surface sterilized green grapes were divided into 5 experimental groups having three grapes in
each set: (a) open air (control), (b) dip coated with WG solution, (c) dip coated with WG-C30B
10% solution, (d) wrapped with WG film, and (e) wrapped with WG-C30B 10% film. They
were kept under ambient conditions and also in the incubators set at 4 °C and 42 °C as
mentioned earlier. At 4 °C, the first three experimental groups, i.e., grapes kept open, dip coated

with WG and WG-C30B 10% solutions, exhibited watery surface by the third day;
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subsequently, there was a gradual development of brownish-slushy texture by 18" day as
shown in Fig. 3.7A(a—c). While the last two experimental groups i.e., grapes wrapped with
WG and WG-C30B 10% films, showed a gradual loss in color intensity without losing their
firmness throughout the period of observation (Fig. 3.7Ad and e). At low storage temperatures,
activities of various metabolic enzymes usually become very low, resulting in a concomitant
decline in microbial growth [84]. Similar strategies were adopted earlier with regard to shelf-
life extension of cherries with edible coating, and a delay in the degradation of protopectins to
soluble pectin and pectic acid was reported [85]. Under ambient conditions, grapes of the first
two experimental groups started rotting by third day and intensely deteriorated with a deformed
shape by 18™ day (Fig. 3.7Ba and b). For dip coating with WG-C30B 10% solution, the grapes
gradually deteriorated after 9" day and appeared to be soggy from 15" day onwards
(Fig. 3.7Bc¢). The grapes wrapped with WG film appeared to be squishy and wrinkled due to
leakage of sticky juice after 6 day, and turned brownish with a foul smell after 9" day
(Fig. 3.7Bd). Interestingly, grapes wrapped with WG-C30B 10% film appeared to be
considerably fresh, firm and healthy looking even after storage for more than 2 weeks since the
deterioration process remained almost negligible (Fig. 3.7Be). It was demonstrated that grapes
retained firmness with WG-C30B 10% film wrapping at both 4°C and ambient conditions
which could be due to barrier effects of organoclay particles. As expected, at higher
temperature (42 °C), grapes distributed to all five experimental groups started showing the
process of decay by 6" day and became worse by 18™ day due to extensive dehydration, turning
brownish, and distortion in shape as shown in Fig. 3.7C(a—e). Such changes at higher
temperature were due to enhanced chemical reaction rates and altered crystallization
characteristics in high sugar-containing foods [86]. It was shown that an elevated temperature
impacted metabolic rates; for example, synthesis and accumulation of several secondary
metabolites such as polyphenols and anthocyanins were affected [87]. At higher temperature,
probably the effects of organoclay remained negligible. Dip coating method had some
drawbacks, possibly due to non-uniform thickness of the coating layers, reduction in respiration
of products, damage of fruit surface, and various environmental factors including microbial
loads resulting in gradual loss of coating materials as proposed in earlier reports [88,89].
Keeping in view, wrapping with films appeared to be more effective as this process isolated
the grapes from microbial exposure in the external environment. This study suggested that
C30B-blended BNC film with superior protection properties and antimicrobial activities could

be a promising packaging material under ambient conditions. Our findings were consistent with
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earlier reports on the shelf-life extension of green grapes by wrapping them with agar/ZnO

nanoparticle-based films under ambient conditions [90].
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Scheme 3.2 A schematic representation of dip coating and wrapping methods for shelf-life extension
of green grapes.
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3.3.5.2 Biodegradability of BNC Films in Soil

Biodegradation of natural polymers occurs in the environment due to concerted biological,
chemical, mechanical and other factors. Such processes are responsible for the changes in their
chemical structures and generation of various products [91]. Soil burial is a widely used method
for studying biodegradation of different polymeric materials under field conditions. It has
become a common practice of waste disposal [92]. The biodegradability test of BNC films was
carried out in agricultural and sewage-sludge soils. As shown in Fig. 8a and b, there was a
gradual biodegradation of films in agricultural soil over a given period; however, the process
was visibly rapid in the case of sewage-sludge soil (Fig. 3.8¢c and d). The extent of
biodegradation of films was negligible in both sterile/heat-treated soil samples (data not
shown). Similar trends were showed in soy protein isolates/MgAl LDH-based BNC films and
cassava starch- corn starch-based bioplastics on biodegradation in soil [41, 44]. Various
environmental factors such as moisture content, soil pH, inorganic/organic matters, and diverse
microbes contributed to biodegradation of the films. Extent of weight loss was considered to
be an indicator of degradation of a film in agricultural soil. Overall weight loss was noted on
every third day after burial, and the process continued up to 12 days. WG and WG-C30B 10%
films showed approximately 72% and 56% weight loss (p = 0.000), respectively (Fig. 3.9). In
other words, the latter film was slowly biodegraded. Antimicrobial properties of the organoclay
could be a hindrance for microbes in terms of their access and subsequent metabolic
degradation of the BNCs in soils. Multiple factors were considered to impact complex
degradation process of BNCs/various polymer-based composites in the soil, such as their
physico-chemical properties, light, moisture, pH, temperature, aerobic/anaerobic conditions,
different inorganic/organic molecular constituents, metabolic activities of diverse microbial
population [93].

As evident from the findings, there was a considerable difference between the processes of
biodegradation of BNC films between agricultural and sewage-sludge soils. Sewage sludge is
rich in vast and diverse microbes including bacteria, fungi and other species that could rapidly
metabolize various organic materials and polymeric substances [94]. Nutrient-rich sewage
sludge with high moisture content triggered various microbial metabolic activities associated
with rapid biodegradation of the BNC films. Under such situation, potential antimicrobial
activity of the films remained insignificant. On the other hand, the distribution and overall
activities of microorganisms in an agricultural soil depend upon various factors such as soil
texture, pH, porosity, nature of nutrients, plant roots along with other biomass/debris including

their breakdown products. An agricultural soil could be rich with regard to microbial load, but
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it might lack diverse microbes, particularly BNC degrading ones [95]. The moisture content of
such soil mostly depends on irrigation and weather patterns; usually microbial activities get
significantly reduced during dry periods. All these factors could be responsible for slowdown
in the process of biodegradation of BNC films in agricultural soil [96, 97].

WG film WG-C30B 10% film
: \ | g

Agricultural soil

Sewage sludge soil

Fig. 3.8 Biodegradation of WG-C30B-based bionanocomposite films in (a, b) agricultural soil, and (c,
d) sewage-sludge soil
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Fig. 3.9 Weight loss of bionanocomposite films during the process of biodegradation in agricultural
soil (mean =+ standard deviation)

3.4 Conclusion

In this study, wheat gluten/cloisite 30B-based BNC films were successfully prepared using a

simple and reproducible solution casting method. Subsequently, effects of the organoclay on
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protein matrix were investigated. The XRD, FESEM and AFM data clearly reflected
interactions between C30B and the WG matrix because of intercalation/exfoliation of sheet-
like organoclay structure. WG-C30B 10% film showed desirable mechanical properties like
tensile strength and elongation at break in comparison to WG film. The former also appeared
to be promising in terms of water sensitivity as its moisture content and water solubility were
significantly lowered compared to the latter one. These findings exhibited more effectiveness
than the previous studies on wheat gluten-based BNC films. Moreover, the organoclay
nanofiller was found to render considerable hydrophobicity and thermal stability to the
WG-C30B 10% film. This film showed antibacterial activity against S. enterica and S. aureus.
The physical changes in green grapes were monitored under different storage conditions;
ambient conditions along with incubators set at 4 °C, and 42 °C. At 4 °C, grapes wrapped with
films maintained their firmness but showed gradual changes in color intensities, most likely
due to lowering of enzyme activities. Under ambient conditions, wrapping with
WG-C30B 10% film ensured shelf-life extension of green grapes by maintaining some
desirable qualities such as color, firmness, and healthy look up to 18 days. In comparison to
wrapping, dip coating with WG-C30B 10% solution appeared to be less effective as the grapes
began to deteriorate after 9 days. Grapes were unable to withstand storage at higher temperature
(42 °C) as there was rapid deterioration. There was no such report regarding preservation of
green grapes under different storage conditions using these methods for a duration of 18 days.
The prepared BNC films were found to be biodegradable in both normal agricultural and
sewage-sludge soils. In conclusion, this study would be useful in preparing biodegradable
biopolymer-based packaging materials with desirable physico-chemical properties for

preservation of different fruits/vegetables and other food products.
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Chapter- 4

SPIl/ZnAl LDH biocomposites for rapid tartrazine adsorption
and evaluation of their antimicrobial activity
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The schematic view shows synthesis of SPI/ZnAl LDH biocomposites and their comprehensive
characterization using structural and surface analysis techniques. It illustrates the efficient
adsorption of tartrazine dye from aqueous solutions and commercial food products under
optimized conditions, followed by successful regeneration over multiple cycles. Biocomposite
exhibited antimicrobial activity against the selected pathogenic bacteria, namely, Listeria

species and Acinetobacter calcoaceticus. It showed multifunctional application in food safety

and wastewater treatment.
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4.1 Introduction

Color significantly influences the consumer decisions in buying commercial products. Food
dyes (FDs) refer to chromogenic substances used for centuries to impart colors to food and
beverages. Nowadays, food industries mostly prefer synthetic dyes because of their large scale
productivity, water solubility, and extensive color range [1]. FDs pose serious risks to the
environment and human health [2]. Azo dyes represented a class of predominant synthetic
colorants released into the environment. These organic compounds are chemically represented
as R-N = N-R', where, R or R' are either aryl or alkyl compounds that typically determine the
color intensity and shade of a particular dye. Approximately 800,000 tons of synthetic food
dyes are produced annually with azo dyes constituting ~50% of this volume [3,4]. Tartrazine
(Tr) called Yellow 5 or E 102, is the most widely used food colorant. It is a highly water-
soluble anionic dye synthesized from coal tar as trisodium 5-oxo-1-(4-sulfonatophenyl)-4-[(4-
sulfonatophenyl)diazenyl]-4H-pyrazole-3 carboxylate. It is an attractive cost-effective
alternative to natural beta-carotene in processed cheese, canned products, beverages, candies,
cereals and non-food products. Tr poses significant toxicological risks. Upon entering the body,
it is converted to sulfanilic acid through gut microbiota and mammalian azo reductase leading
to allergic symptoms including urticaria and asthma [5]. It also triggers dermatitis, eczema, and
induces behavioral changes such as irritation or depression [6,7]. Several studies have
documented the elemination of tartrazine from wastewater and food products by employing a
variety of adsorbents [8—13].

The analytical methods namely Electrochemical Sensor, High Performance Liquid
Chromatography, Liquid-liquid extraction and Capillary Electrophoresis were used for
quantification and removal of dyes from food products [14—17]. Such methods are complex,
cost-intensive, and rely on excessive use of solvents. A precise, reliable, and sensitive method
is required to detect low quantities of Tr in food products. The process of adsorption has
emerged as a preferred alternative in addressing such limitations as it is associated with
minimal byproduct generation, ease of execution, and environmental protection for removal of
dyes from wastewater [18,19,20]. Fossil-based synthetic composites and sorbent materials are
chemically stable, and hazardous to the life forms due to release of microplastics, polycyclic
aromatic hydrocarbons (PAHs) and heavy metals into ecosystems. Also, they produce toxic
pollutants like dioxins and furans upon burning. Proper disposal and removal of such composite
materials from our surroundings remain a challenging issue [21]. Naturally occurring materials

and bionanocomposites are gaining importance as adsorbents due to their cost-effectiveness
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and biodegradability [22,23,24]. They are being used as bioadsorbents for various pollutants.
For instance, Ni>* and Congo red were eliminated by using crystalline nanocellulose-modified
coal bionanocomposites [25].

Protein-based adsorbents are being preferred over polysaccharide-based materials due to their
amphiphilic nature and electrostatic charges. Soy protein is a globular protein rich in functional
groups such as amino (—NHz), carboxyl (—COOH), hydroxyl (—OH), and sulfonate groups
(—SO:H) that provide active sites for adsorption and chelation of dyes and other contaminants
[26]. The incorporation of cellulose nanofibers and nanosilica into SPI-based nanocomposite
films led to increased surface hydrophilicity and a corresponding decrease in water contact
angle. An increase in surface hydrophilicity enhances adsorption process due to the interactions
between adsorbent and aqueous dye molecules [27]. SPI-based composite sponges are porous,
and their pore size increases with reduced wall thickness with increment in SPI content. Higher
porosity provides more surface area for dye adsorption and improves the overall adsorption
capacity of the composites [28]. Out of several types of lamellar solids, LDHs are emerging as
anionic clays with general formula: [(M*");x(M*")x(OH)2]*" (A" yn)' mH>0O. ZnAl LDH
possesses a layered brucite-like structure with positive charges due to partial substitution of
AP for Zn** ions within the octahedral layers. Their interlayer anion exchangeability enables
enclosing negatively charged functional biomolecules. They confer chemical stability and
biocompatibility [29]. The octahedrally coordinated metal cations with hydroxide ions forming
layers can exchange interlayer anions, making them excellent for adsorption [30]. Earlier
reports suggested that LDHs and their hybrids demonstrated superior adsorptive properties
against hazardous contaminants [31,32]. LDHs have ability to inculcate different antimicrobial
agents. The gradual release of these active chemicals enhances the effectiveness of the material
with fewer side effects [29]. The general structure of LDH is already shown in Fig.1.3.

The SPI integrated biocomposite with ZnAl LDH forms a hybrid material where the porous
LDH layers are embedded within or coated by the protein matrix. This combination leverages
high surface area, ion-exchange properties of LDHs with the SPI functional groups and
biocompatibility which enhances adsorption performance and antimicrobial potential[33,34].
Materials with antimicrobial properties are gaining importance in high-risk areas like public
places, food packaging and healthcare facilities as they eliminate microorganisms due to self-
sterilizing surfaces [35-39]. For instance, egg albumin and ZnO nanoparticles based
biocomposites exhibited antimicrobial effect against multiple bacterial strains [40].
Composites of fenugreek (FNP) and mung bean (MNP) seed proteins with silver nanoparticles

(Ag-NPs) demonstrated antimicrobial activity. The MIC values of Ag-FNP were low against

78



Salmonella typhimurium (20 pg/mL) and Pseudomonas aeruginosa (10 ug/mL), but higher
against E. coli and Listeria monocytogenes (162 pg/mL). Ag-MNP showed less MIC (20
ug/mL) for Staphylococcus aureus, yet required more concentrations (325 pg/mL) against
Listeria monocytogenes [41].

Although LDHs and their polymer-based hybrids have been extensively investigated for the
adsorption of synthetic dyes, most reported systems rely on polysaccharides, synthetic
polymers, or petroleum-derived matrices [42-45], which may suffer from limited
biodegradability, secondary pollution, or reduced performance in complex food matrices. The
present work reports a new protein-based ZnAl layered double hydroxide (LDH) biocomposite
developed using soy protein isolate (SPI) for effective removal of the anionic food dye
tartrazine leveraging the diverse functional groups and amphiphilic nature of SPI to enhance
dye—adsorbent interactions and adsorption efficiency. Demonstration of dye removal from real
commercial food products and food dye wastewater is a notable aspect of this report in
comparison to other studies that are restricted to laboratory-prepared dye solutions. In addition,
the incorporation of SPI improves the stability of LDH structure under acidic conditions and
imparts combined adsorption and antibacterial functionality, enabling effective action against
both bacteria. It is shown that SPI with ZnAl LDH can yield a multifunctional bio—inorganic
adsorbent capable of simultaneous food-dye removal and antibacterial activity. Considering
the growing need for sustainable water-treatment materials, the protein-LDH hybrids are
promising. Synthesis of protein-based hybrids, their characterization and performance

evaluation under relevant conditions are some of the important aspects of this study.

4.2 Materials and methods

4.2.1 Materials

4.2.1.1 Analytical materials

Commercial-grade soy protein isolate (SPI, 90% total protein content, dry powder) was
purchased from ProFoods, M/s ChemKart (Maharashtra, India). Tartrazine (C16HoN4Na3O9S,,
AR, >99%, dry powder) with molecular weight of 534.36 g mol!, Aluminium nitrate
nonahydrate (AI(NO3)3.9H>0, 98% extra pure, hygroscopic crystals), Zinc nitrate hexahydrate
(Zn(NO3)2.6H>0, 98 % AR, hygroscopic flakes), Sodium Hydroxide (NaOH, 97 % extra pure,
pellets) and ethanol (C:HsO, 99.9%, liquid) were procured from Loba Chemie, India.
Ampicillin (Ci6H19N304S, dry powder) was purchased from Himedia, India. Whatman filter
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paper was obtained from Global Life Sciences Solutions Operations UK Ltd. Deionized water

was purchased from Organo Biotech Laboratories Pvt. Ltd. (New Delhi, India).

4.2.1.2 Biological materials

Dry powdered Luria Broth (LB), Agar Agar Type I were purchased from Himedia, India

4.2.1.3 Commercial food products
Custard powder, yellow candies and mountain dew were procured from Weikfield Foods,

Perfetti Van Melle Pvt. Ltd. and PepsiCo, India, respectively.

4.2.2 Synthesis of SPI/ZnAl biocomposites

SPI/ZnAl-based biocomposites were synthesized using a simple co-precipitation method, as
reported earlier with minor modifications [46]. The Zn/Al ratio was kept at 3:1. Briefly, 1.5 g
Zn(NO3)2-6H20 and 0.65 g AI(NO3)3-9H20 were thoroughly mixed in 50 mL of deionized
water for 5 min. A known amount of SPI, i.e. 0.25 g,0.5 g, 1 g, 2g and 3 g, was dissolved in a
separate beaker with 50 mL of deionized water followed by ultra-sonication for 15 min. To
prepare the biocomposite solution, mixed metal solution was added to SPI solution and
refluxed at 90 °C for 24 h, in order to denature the SPI for effective interactions. Only ZnAl
LDH was synthesized using the same method without any addition of SPI. pH of the solutions
was maintained at 9.0 by dropwise addition of 1 M NaOH before refluxing. The solid
biocomposites, comprising organic and inorganic phases were precipitated. The precipitates
were centrifuged at 9000 rpm for 12 min, followed by multiple washes with deionized water
and ethanol to remove impurities. The obtained material was dried at 45 °C and ground into
fine powder for further use. A schematic representation of synthesis of SPI/ZnAl LDH

biocomposites was shown in Scheme 4.1.

Soy Protein Isolate (SPI) SPI/ZnAl-LDH Biocomposite

Hydrogen Bonding
- OH OH JO==

. CONH, °- Qﬁpﬁés 2
- 1

Co-precipitation
e [

Positively Charged LDH Layers

Partial Intercalation & Exfoliation

Scheme 4.1 A schematic representation of synthesis of SPI/ZnAl LDH biocomposites
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4.2.3 Instrumental characterization techniques

The XRD pattern of powdered ZnAl LDH and SPI/LDH biocomposites was recorded by using
a PANalytical-Xpert-Pro (Almelo, Netherlands) diffractometer with Cu K-a (A=0.154 nm)
radiations. The XRD pattern was taken at 20 = 5°—65° (with step size=0.01°). Crystallinity

index (CI) can be calculated by the following equation:

Cl = looz”lam o 4 (1)

looz

Where, Ioo2 corresponded to peak intensity of crystalline region and Iam represented peak

intensity of amorphous region within the diffractogram from the studied samples.

Fourier transform infrared spectroscopy (FTIR) analysis of grounded ZnAl LDH and SPI/ZnAl
LDH biocomposites was done by a Shimadzu IRTracer-100 Fourier Transform Infrared

Spectrophotometer, Japan, with ATR mode. The wavelength range was set at 400-3800 cm !,

with a scan range of 30 and a spectral resolution of 2 cm™

. Surface morphology of as-
synthesized ZnAl LDH and SPI/ZnAl LDH biocomposites was studied using scanning electron
microscopy (SEM, JSM, 65101v JEOL, Japan). The samples were dispersed uniformly on
specimen stubs. Before analyses, all samples were subjected to a thin gold layer sputter coating.
Elemental composition and distribution were determined by Energy Dispersive Spectroscopy
(EDS) analysis (Bruker, USA). A thermogravimetric analyzer (TGA) was used to analyze
thermal stability of the samples (NETZSCH STA 449 F3 Jupiter®-Thermal Analysis System,
Germany). For each sample, the heating rate was kept at 10 °C/min from 28 to 800 °C under a
nitrogen atmosphere. The thermal behavior of the samples was also evaluated by Differential
Scanning Calorimeter (DSC) using a Linseis PT-1600 analyzer, applying a heating rate of 10
°C min! between 27 and 600 °C under air. Alumina was used as reference material. The
balance’s detection limit was 0.1 mg while the temperature controller’s limit was 0.01-C. the
Surface area, pore size and pore volume were determined by Brunauer-Emmett-Teller analysis
(BET) using Quantachrome Touchwin v1.24 surface analyzer from Quantachrome
Instruments, USA. The bath temperature was kept at 77.35 K. Degassing was performed at 120
°C for six h.

4.2.4 Point of zero charge (PZC)

The PZC values were evaluated through salt addition method. A series of six 250 mL
Erlenmeyer conical flasks were prepared. Each flask contained 50 mL of 0.01 M NaCl solution.
Initial pH (pHi) values were adjusted to 2, 4, 6, 8, 10 and 12 by dropwise addition of 0.1 M

H>S04/NaOH solutions. Subsequently, an adsorbent mass of 0.1 g was introduced into every
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flask. The suspensions were agitated at 150 rpm for 48 h at 30 °C. The samples were
centrifuged, after which the pHr (final pH) of the supernatant was determined with a digital pH
meter (Eutech Instruments, Singapore). Values of PZC were determined from the graph of pH;

v/s ApH (pHi—pHjy).

4.2.5 Batch adsorption studies

The adsorption process of Tr dye on ZnAl LDH and SPI/ZnAl LDH biocomposites was
investigated through batch adsorption studies. The effects of pH, initial dye concentration,
adsorbent dosage, and contact time were evaluated systematically. Experiments were
conducted in test tubes by agitating 5 mg of adsorbent in 10 mL of dye solution (18-38 mg/L)
at a speed of 200 rpm under ambient temperature conditions (30°C + 2). pH was adjusted using
1 M H>S04/NaOH solutions. The adsorption process was carried out in dark for predetermined
time intervals. After that, adsorbent was separated from the remaining dye solution by
centrifugation at 9000 rpm for 10 min and the left-out dye solution was further analyzed using
a UV-visible spectrophotometer (JASCO V-750 Spectrophotometer, Japan) at the maximum
absorption wavelength (Amax) of 428 nm. Experiments were performed in triplicate to get the
consistent results. Percentage removal efficiency and total amount of dye adsorbed by the

absorbent at equilibrium, qe (mg/g), were calculated by equations (2) and (3).

% adsorption = C"C;Oce x 100 (2)

(Co—Ce)V
w

©)

Where Coy and C. are the initial and equilibrium dye concentrations (mg/L), respectively, V (L)

Adsorption capacity (qe)=

is the volume of dye solution, and W (g) is the weight of adsorbent in grams.

4.2.6 Adsorption isotherms
For studying the adsorption behavior of Tr dye onto ZnAl LDH and SPI/ZnAl LDH

biocomposites different isotherm models were used for the experimental data whose

corresponding linear equations are given below:

Langmuir isotherm model:

C 1 C

e — e 4

de Ky, qmax + dmax ( )
1

R, = 1+K L+ Co ®)

Freundlich isotherm model:

logq, = logkf +%logCe (6)
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Dubinin Raushkevich (D-R) isotherm model:

Ing, = Ingm — B2 (7)
_ 1

E = T (8)

Temkin isotherm model:

q. = BlnA + BInC, 9

where Ce (mg/L) and qe (mg/g) are the dye concentration and amount of dye adsorbed at
equilibrium, respectively. gmax (mg/g) demonstrates the maximum monolayer adsorption
capacity. Ki and Kris Langmuir and Freundlich constants. Rp represents a dimensionless
constant indicating the nature of adsorption and whether the process is favorable or unfavorable
in the Langmuir isotherm: Ry >1 (unfavorable), Rp =1 (linear), Rp =0 (irreversible), and 0 <RL
<1 (favorable). n tells the heterogeneity factor in freundlich isotherm model and values of n
range between 0 and 1, where n >1 represents favorable process. p (mol?KJ?/g) represents the
D-R activity constant, and ¢ is the Polanyi potential. E (E KJ/mol) is the mean free adsorption
energy. A (L/mg) refers to the Temkin equilibrium binding constant, and B is the constant
related to heat of adsorption. Model constants can be calculated by fitting the experimental data

using linear equations.

The following thermodynamic formula (Eq. 10) was employed to determine reaction's

spontaneity.
AG = —RT Ink (10)

Where R is the gas constant (8.314 J mol"'K™!), T corresponds to absolute temperature (298 K),
"k" represents the equilibrium constant, and it is feasible to determine the free energy of Tr

adsorption on 2:1 SPI/ZnAl LDH biocomposite.

4.2.7 Adsorption Kinetics study
The reaction rate was analyzed using pseudo-second-order, Elovich linear kinetic, and

intraparticle diffusion kinetic models. The linear form of rate equations is as follows:

Pseudo-second-order (PSO) kinetic model:
1 1 t

1Lt (11)

qt Kzqe2  qt

Elovich kinetic model:

1 1
q: = Eln(aﬁ) + Elnt (12)
Intraparticle diffusion kinetic (IPD) model:

q: = KaiVt+ C (13)
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where q: and e are adsorption capacity at time t and equilibrium, respectively. C; is the
concentration of dye at time t (min); Kz (g mg'min™') is the PSO rate constant; a (mg g™ min’
1) is the initial rate constant, and B (g mg™!) represents the desorption process constant in elovich
kinetic model; K4 (mg g! min'?) and Ci (mgg') are the intraparticle rate constant and

resistance to diffusion constant, respectively.

4.2.8 Antibacterial activity

The antibacterial properties of ZnAl LDH and 2:1 SPI/ZnAl LDH were investigated using the
agar disc diffusion method. This study used precultures of two bacterial strains namely
Listeria species (gram-positive) and Acinetobacter calcoaceticus (gram-negative). These
pathogenic bacteria are found in water, stored food, sewage, agricultural and industrial wastes
[47,48]. Briefly, both ZnAl LDH and 2:1 SPI/ZnAl LDH were separately dispersed in distilled
water at concentrations of 2, 6 and 10 mg/mL. The laminar airflow was irradiated by UV light
for 20 min prior to use. Using Whatman filter paper, sterile discs measuring around 6 mm were
created. Luria Broth (LB) was used to subculture the bacterial strains for 24 hours at 37 °C.
The overnight grown cultures were threefold diluted with sterile standard saline solution. A
uniform distribution of approximately 85 uL of each diluted bacterial suspension was applied
to Luria-Agar (LA) plates. Subsequently, the discs dipped in ZnAl LDH and 2:1 SPI/ZnAl
LDH suspensions were placed on an agar surface; filter paper discs previously dipped in
ampicillin (Amp) solution served as a positive control. The plates were incubated at 37 °C

overnight. Antibacterial activity was indicated by appearance of inhibitory zones (mm).

4.2.9 Practical application of SPI/ZnAl LDH biocomposite

Evaluating the performance of the proposed adsorption technique on real-world samples is
essential, as these samples typically exhibit greater complexity and variability compared to
laboratory-prepared model solutions. The adsorption percentage of 2:1 SPI/ZnAl LDH
biocomposite was assessed using three widely available commercial food products, namely
custard powder, yellow candy, and a soft drink (Mountain Dew) alongwith food dye
wastewater. The food samples were procured from a local market, while the dye-contaminated
wastewater was collected from bakery and sweets shop units located in 22 No. Market, Patiala,
India. For the food samples, a custard solution was prepared by dissolving 10 g of custard
powder in 100 mL of deionized water, followed by continuous stirring overnight to ensure
complete dissolution. The resulting thick solution was then filtered to eliminate any suspended
impurities. Yellow candies (14 g) were ground into fine particles and dissolved in 100 mL of

deionized water until a uniform yellow-colored solution was obtained. The Mountain Dew soft
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drink was used directly without any pretreatment. The adsorption experiments were conducted
under conditions consistent with those employed for commercial dye samples to ensure
comparability. The concentration of dyes in all solutions was quantitatively measured using a
UV-visible spectrophotometer (JASCO V-750, Japan). Each experiment was performed in
triplicate to ensure reproducibility and to obtain average values. The percent (%) removal was

calculated using the equation (2).

4.2.10 Desorption and regeneration studies of 2:1 SPI/ZnAl LDH biocomposite

To make the adsorption procedure more environment-friendly and economical, adsorbent
regeneration is essential. Three desorbing agents 0.1 M NaCl/H2SO4/NaOH were used for
desorption studies. 0.01 g of 2:1 SPI/ZnAl LDH biocomposite was treated with 10 mL dye
solution (18 mg/L) for 1 h. The adsorbent was filtered out and dried at 40 °C for 24 h. Now,
dye-loaded biocomposite was immersed in desorbing agents and stirred for 5 min at ambient
conditions. The final dye concentration was measured spectrophotometrically. The 2:1
SPI/ZnAl LDH biocomposite reusability test was conducted for five consecutive cycles.

Desorption efficiency was calculated by following equation.

Desorption efficiency (%) = W x 100 (14)
sorbed
XV 100 (15)
Co % Ce

Statistical analysis

All the experiments were performed in triplicates. The data analyses were performed by using
one-way analysis of variance (ANOVA) in GraphPad Prism (GraphPad Software, LLC, CA,
USA). Mean values comparison was determined by Tukey's test. The differences were

considered significant at p <0.05.

4.3 Results and discussion

4.3.1 Instrumental characterization

4.3.1.1 Crystallographic and morphological studies

XRD patterns obtained for ZnAl LDH and its biocomposites were shown in Fig. 4.2(a and b).
The distinctive diffraction peaks of synthesized ZnAl LDH at 26 = 11.7°, 23.4°, 31.7°, 34.6°,
36.3°, 39.2°, 46.7°, 52.9°, 56.5°, 60.2°, and 61° corresponded to (003), (006), (101), (012),
(015), (009), (018),(111),(110), and (113) crystal planes (JCPDS no. 38-0486) [49], confirmed
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its highly ordered lamellar structure. Upon incorporation of SPI, systematic changes in the
diffraction pattern were observed, providing insight into composite formation rather than
simple physical mixing. For biocomposites with lower SPI loadings (0.25:1, 0.5:1, and 1:1) the
characteristic LDH reflections were retained with only minor intensity reduction, indicating
that the layered structure remained intact while being surrounded by the protein matrix. With
increasing SPI content (2:1 and 3:1) a progressive decrease in peak intensity and peak
broadening was evident particularly for the basal reflections. This behavior signified partial
intercalation and exfoliation of LDH platelets within the SPI matrix caused by strong interfacial
interactions that disrupted long-range -crystallographic order without destroying the
fundamental LDH framework. The emergence of protuberance at 26 = 19.2° was ascribed to
SPI's amorphous B-sheet secondary structure confirming successful incorporation of the
protein phase. The simultaneous presence of LDH crystalline reflections and the amorphous
SPI signal demonstrated the formation of a hybrid bio—inorganic system [50]. CI values for
ZnAL LDH and SPI/ZnAl LDH biocomposites were shown in Table 4.1. Significant difference
of p = 0.001 was showed by the materials. The reduction in overall crystallinity at higher SPI
loadings further indicated that hydrogen bonding and electrostatic interactions between SPI
functional groups and LDH layers restricted crystal growth and stacking regularity. The
observations were consistent with earlier reports on chitosan and polyaniline-based composites

[51].

Table 4.1 Crystallinity Index (CI) values of ZnAl LDH and SPI/ZnAl LDH biocomposites

Sr No. Samples CI (%)

Ll ZnAl LDH 92.6+0.251
2. 0.2:1 SPI/ZnAl LDH  85.8+0.264
3. 0.5:1 SP/ZnAI LDH | 81.7+0.360
-k 1:1 SPUZnAILDH | 67.840.251
2 2:1 SPUZnAILDH | 53.8+0.416
6.

3:1 SPI/ZnAl LDH 44.4+0.40
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Fig. 4.2 XRD spectra of (a) ZnAl LDH, and (b) SPI/ZnAl LDH biocomposites

SEM analysis provides vital insights into the surface morphology and microstructural features
of the synthesized biocomposites which directly influence their adsorption performance. As
depicted in Fig. 3a, ZnAl LDH exhibited an asymmetric and porous morphology characterized
by aggregated, irregular-shaped particles with rough surfaces. Such morphological features are
indicative of synthesis conditions that favor formation of nanoscale particles with high surface
roughness and providing abundant active sites for adsorption processes. The non-symmetrical,
porous structure can be attributed to the synthesis methodology, potentially involving co-
precipitation techniques. Surface morphology of SPI/ZnAl LDH biocomposites (0.5:1 and 2:1
weight ratios) shifts towards a heterogeneous and denser structure with evident cracks and a
rough texture as illustrated in Fig. 4.3 (b and ¢). Presence of cracks can be considered as micro
voids arising from interfacial interactions, stress relaxation, or phase separation during
composite formation. The dense morphology with close packing of SPI and LDH particles
suggested strong interfacial adhesion possibly due to hydrogen bonding or electrostatic
interactions. Some morphological changes were observed in the materials after dye adsorption,

as shown in Fig. 4.3(d—f). The surfaces become more compact and smoother with
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reduction/disappearance of pores accompanied by the emergence of wrinkled polymeric
networks. These changes imply successful dye molecule adherence to the biocomposite
surface. Such evolution can be attributed to the physical and chemical interactions like
hydrogen bonding, electrostatic attraction or n-m stacking between dye molecules and the
functional groups of SPI and LDH which could result in surface coverage and pore blockage
[52,53]. The observed morphological transition from porous and rough surfaces to dense,
smooth, and wrinkled structures aligns with the mechanism of surface adsorption where dye

molecules penetrate or adhere to active sites leading to alterations in surface topology.

Before Adsorption After Adsorption
-'ﬂ’ Lt e 1%

G, 7

(d)

(b) SAl Laba. ¥

9 Jul 2024

Fig. 4.3 SEM images of ZnAl LDH, 0.5:1 SPI/ZnAl LDH and 2:1 SPI/ZnAl LDH, (a—c) before
adsorption, and (d—f) after adsorption

To complement the morphological interpretations EDS was performed. The EDS spectra for
ZnAl LDH, 0.5:1 and 2:1 SPI/ZnAl LDH biocomposites representing atomic and weight
percentage of elements was shown in Fig. 4.4 and Table 4.2. The weight % distribution of zinc
(Zn), aluminium (Al), carbon (C), oxygen (O) and nitrogen (N) for ZnAl LDH was 46.38, 4.97,
19.56, 38.02 and 0.90, as shown in Fig. 4a. In case of 0.5:1 SPI/ZnAl LDH it was 48.04, 3.30,
18.29, 25.24 and 5.13, while for 2:1 SPI/ZnAl LDH, weight % distribution of Zn, Al, C, O and
N was 8.83, 1.59, 40.13, 34.96 and 14.49 as shown in Fig. 4.4(b and c). From the analysis it
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was observed that the peaks of principle elements i.e Zn and Al were diminished and dominated

by C and N peaks with increase in SPI content.

Table 4.2 Weight and atomic % of different elements present in ZnAl LDH, 0.5:1 and 2:1 SPI/ZnAl
LDH biocomposites

Elements Weight % Atomic %

ZnAl 0.5:1 2:1 ZnAl 0.5:1 2:1

LDH SPI/ZnA SPI/ZnAl LDH SPI/ZnAl SPI/Zn

1 LDH LDH LDH Al LDH
Zinc (Zn) 46.38 48.04 8.83 17.12 16.99 2.00
Aluminium 4.97 3.30 1.59 4.44 2.83 0.87
(AD
Carbon (C) 9.74 18.29 40.13 19.56 35.23 49.46
Oxygen (0) 38.02 25.24 34.96 57.34 36.49 32.35
Nitrogen (N) 0.90 5.13 14.49 1.54 8.46 15.32
Total 100 100
(a) ZnAl LDH (b) 0.5:1 SPI/ZnAl LDH
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Fig. 4.4 EDS spectra of (a) ZnAl LDH, (b) 0.5:1, and (¢) 2:1 SPI/ZnAl LDH biocomposites
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4.3.1.2 Functional group and surface porosity analysis

FTIR spectroscopy provides direct molecular-level evidence of interactions between SPI and
ZnAl-LDH. The spectra of ZnAl LDH and SPI/ZnAl LDH biocomposites (0.5:1 and 2:1) was
represented in Fig. 4.5 with the corresponding functional group assignments summarized in
Table 4.3. Prior to adsorption, ZnAl LDH exhibited various characteristic absorption peaks
(Fig. 4.5a). 3412 cm™! corresponded to —OH stretching vibrations, while 1631 cm™! represented
the bending vibrations of interlayered water molecules. The adsorption peak at 1356 cm™ was
assigned to asymmetric stretching vibrations of interlayered CO3* anions probably due to the
presence of atmospheric CO,. Lower frequency region (946446 cm™) corresponded to metal-
oxygen bond stretching modes. Appearance of additional characteristic bands of SPI, most
notably at 1621 cm™ (amide I, C=O stretching), 1521 cm™ (amide II, N-H bending), and peak
at 2976 cm™ were due to asymmetric/symmetric stretching of —CH, groups indicated the
process of biocomposite formation and confirmed the successful incorporation of protein
components into biocomposite structures [54]. A broad absorption band that appeared at
3264 cm™' corresponded to the overlapping signals of —-OH and —NH groups present in SPI. A
peak at 1075 cm™ represented strong C—O stretching of C—O-C groups as shown in
Fig. 4.5(b and ¢). Following Tr adsorption, several changes were observed in the spectra, such
as some functional groups shifted to higher/lower frequencies. This shift was indicative of
strong hydrogen bonding interactions between the hydroxyl groups of LDH layers and the
amino, amide, and carboxyl groups of SPI, whereas certain bands disappeared, suggesting
formation of hydrogen bonds between the hydroxyl group of Tr and amino groups of protein
component. Weak electrostatic interactions probably contributed to the adsorbent—dye
molecule interactions. Additional spectral shifts and the appearance of sulfonate (SO3)-related
vibrations at 1250 cm™' confirmed dye adsorption as the same functional groups involved in
composite formation also participated in dye binding, clearly suggesting their chemical
accessibility and activity. Similar spectral modifications were reported earlier on the removal

of congo red dye using bael shell carbon [55].
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Table 4.3 Summary of functional groups assignment before and after adsorption of tartrazine dye on
ZnAl LDH, 0.5:1 and 2:1 SPI/ZnAl biocomposites

—OH stretching

—CH_ stretching of aliphatic groups

bending vibrations of the interlayered water molecules
amide I C=0 stretching

amide II N—H bending

asymmetric stretching vibrations of the interlayered COs~2
anions

—SO; stretching
strong C—O stretching of C—O—C groups

strong C—O stretching

stretching of metal-oxygen bond

_cHz .
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Fig. 4.5 FTIR spectra of (a) ZnAl LDH, (b) 0.5:1 SPI/ZnAl LDH, and (¢) 2:1 SPI/ZnAl LDH
biocomposites before and after adsorption
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Nitrogen adsorption-desorption measurements at 77.35 K serve as a fundamental approach for
characterizing the textural properties of porous materials, facilitating the quantitative
determination of specific surface area, pore size distribution, and pore volume. A Type-IV
Langmuir adsorption/desorption profile with distinctive H3 hysteresis loops by the nitrogen
sorption isotherm of ZnAl LDH and 2:1 SPI/ZnAl LDH biocomposite suggested multilayer
and mesoporous properties. The distinct H3 hysteresis suggested non-rigid, aggregated sheet-
like particles forming slit-like pores [56]. The material’s mesoporous nature (1-20 nm) was
confirmed by pore size distribution analysis. The initial rapid increase in adsorption volume
with increasing relative pressure during adsorption denotes multilayer formation and pore
filling phenomena, while the hysteresis observed in the desorption branch suggested capillary
condensation within mesoporous structures. Specific surface area and pore volume for ZnAl
LDH was dropped from 31.96 m?/g to 1.7939 m*g and 0.109 cm?®/g to 0.058 cm?/g after
incorporating SPI content, as shown in Fig. 4.6(a and b). This significant decline indicated
substantial occupation of pore spaces by the larger molecular size SPI which obstructs nitrogen
access to internal surfaces. The pore filling effect was consistent with molecular size exclusion
principles and surface blocking phenomena observed in organic-inorganic hybrid materials.
Decrease in porosity and surface area with higher SPI loading suggested that the organic
molecules not only fill interlayer spaces but also induces structural densification subsequently
diminishing accessible surface sites for nitrogen adsorption. Despite this substantial reduction
the lower BET surface area did not imply decreased adsorption performance. In aqueous dye
adsorption systems, particularly for ionic dyes such as tartrazine, adsorption was often
governed by electrostatic attraction, hydrogen bonding, and ion-exchange mechanisms, rather
than by surface area alone. The SPI matrix introduced abundant functional groups (—NHaz, —
COOH, —OH) that act as active binding sites which enhance dye—adsorbent interactions even
when the physical surface area was reduced. Moreover, LDHs inherently possessed anion-
exchange capabilities allowing dye molecules to interact with interlayer regions that could not
be fully probed by nitrogen adsorption. These results were consistent with earlier reports on
organically modified bentonite-based composites that were used to remove Tr from aqueous

solutions [57,58].
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Fig. 4.6 BET analysis (a) ZnAl LDH and (b) 2:1 SPI/ZnAl LDH biocomposites

4.3.1.3 Thermal properties

The thermal behavior and stability of ZnAl LDH and SPI/ZnAl LDH biocomposites were
evaluated by combining thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC), as both techniques provided complementary information on mass loss
events and associated thermal transitions. The data was presented in Fig. 7(a,b). Initial thermal
event observed below ~200°C were referred to the loss of physically adsorbed and interlayer
water molecules, as evident by both gradual mass loss in TGA and an endothermic peak in the
DSC thermograms. This transition reflected the hydrophilic nature of LDH layers and the
presence of bound water within the SPI matrix [59]. The major degradation region between
~200 and 450°C represented the most critical stability domain of the biocomposites (0.5:1 and
2:1). In this temperature range, TGA showed significant weight loss arising from overlapping
processes including dehydroxylation of LDH layers, release of interlayer carbonate species,
and thermal degradation of SPI polypeptide chains. Findings were consistent with the TGA
data obtained for Starch-NiFe-layered double hydroxide composites [60]. Correspondingly,
DSC displayed broad endothermic transitions associated with protein denaturation, peptide
bond cleavage, and structural rearrangements within the biocomposites. The broadening and
shift of these transitions in SPI/ZnAl LDH compared to pristine LDH indicated strong
interfacial interactions between SPI functional groups and LDH layers which retarded thermal
decomposition. At higher temperatures (>450°C), only minor weight changes were observed
in TGA accompanied by weak endothermic signals in DSC attributable to the conversion of
the LDH framework into stable mixed metal oxides (ZnO and Al.Os) and carbonization of the
protein residue [61]. Notably, the higher residual mass of the biocomposite at elevated

temperatures confirmed the stabilizing role of the inorganic LDH component. The combined
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TGA-DSC analysis demonstrated that incorporation of SPI into ZnAl LDH led to thermally
stable hybrid structures where the LDH layers acted as a protective barrier, delaying protein
degradation and improving resistance to thermal decomposition. These results confirmed the
structural integrity and suitability of the SPI/ZnAl LDH biocomposite for practical applications

involving thermal or acidic environments.
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Fig. 4.7 (a) TGA curves, and (b) DSC analyses of ZnAl LDH, 0.5:1 and 2:1 SPI/ZnAl LDH
biocomposites

4.3.1.4. Adsorption parameters optimization

4.3.1.4.1 Effect of initial dye concentration

Initial dye concentration on the adsorption process was investigated over the range of 18—38
mg/L at ambient temperature (30°C + 2°C), while keeping all other parameters, such as pH (2),
contact time (60 min), and adsorbent dosage (5 mg) constant. The results illustrated in
Fig. 4.8a demonstrated that adsorption percentage decreases with the increase in initial dye
concentration. This finding contrasts with the commonly reported trend in adsorption studies
where increased solute concentration typically enhances adsorption capacity due to a stronger
driving force for mass transfer [62]. The decline at higher dye concentrations suggested that at
lower concentrations the adsorbent surface possesses an excess of available active sites in
relation to the number of dye molecules facilitating efficient adsorption. Under such conditions,
adsorption is likely dominated by monolayer formation and favorable interactions between the
dye and adsorbent surface. The high site availability enables better utilization of the adsorbent
resulting in greater removal efficiency and capacity. As the dye concentration rises, number of
dye molecules exceeds the number of accessible binding sites resulting in saturation of active

sites. The limited number of active sites restricts the adsorption capacity and competition
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among dye molecules for these sites reduces the overall percentage of dye removal. The
reduced concentration gradient between the bulk solution and the adsorbent surface at higher

dye concentrations can slow down the adsorption rate. The optimal dosage was 5 mg.

4.3.1.4.2 Effect of initial pH

Solution pH often called the 'master variable’ critically affects the adsorption process by
governing adsorbent’s surface charge, ionization state, and functional group dissociation. In
this study, the adsorption of Tr dye was tested across a pH range from 2 to 12 (in increments
of 2 units) with constant initial dye concentration (18 mg/L), adsorbent dosage (5 mg), and
contact time (60 min) at 30 + 2°C. Results shown in Fig. 4.8b revealed declined adsorption
percentage with increasing pH. The 2:1 biocomposite showed early complete removal
(99.85%) at pH 2. ZnAl LDH exhibited a significantly lower removal efficiency of 47.9%,
likely due to partial hydrolysis or instability in strongly acidic conditions [63].

At pH 2, the surface of biocomposite becomes positively charged due to the protonation of
hydroxyl and amino groups. As Tr dye exists as anionic ions under acidic conditions (pKa
values —SO3~, = 2.0, —-COO— = 5.0, -N=N-— = 10.86) it carried a strong negative charge from
their sulfonate groups. These opposite charge interactions led to strong electrostatic attraction
between the adsorbent and the dye resulting in enhanced adsorption under acidic conditions.
As the solution pH rises, electrostatic repulsions and competition from OH™ ions reduce dye
uptake. Complete ionization of carboxylic groups within SPI matrix altered the equilibrium.
The PZC values for ZnAl LDH, 0.5:1, and 2:1 SPI/ZnAl LDH biocomposites were 6.10, 6.45,
and 6.72 (Fig. 4.9). Below PZC, surface of adsorbents are positively charged enhancing dye
uptake whereas above PZC, negative surface charge lowers the sorption capacity. The optimal
removal was achieved at pH 2. This explanation was also supported by FTIR analysis. The

color variations of Tr dye solutions after treatment were shown in Fig. 4.10.
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4.3.1.4.3 Effect of adsorbent dosage

The amount of adsorbent used play a critical role in determining the adsorption capacity as
each adsorbent has a finite number of active sites available for binding the adsorbate molecules.
To determine the optimal adsorbent requirement for maximum Tr adsorption, experiments
were run over a range of 1-9 mg. Initial dye concentration (18 mg/L), pH (2.0), and contact
time (60 min) were kept constant at ambient temperature. Results indicated that by increasing
the adsorbent dosage from 1 mg to 5 mg adsorption percentage enhanced significantly. This
could be attributed to increased availability of active sites and a larger effective surface area
for adsorption allowing more dye molecules to be captured. The adsorption percentage of Tr
dye was found to be 28 % to 45% for ZnAl LDH and from 43% to 99.85% across 0.25:1 to 3:1
SPI/ZnAl LDH biocomposites, with 2:1 achieving the highest adsorption, as shown in
Fig. 4.8¢c. However, when the adsorbent dosage exceeded 5 mg, a decrease in adsorption
percentage was observed. This decline was likely caused by the aggregation of adsorbent
particles at higher dosages which reduced the total accessible surface area and blocked the
active adsorption sites. Aggregation can also hinder effective dispersion of adsorbent in
solution leading to decreased interactions between dye molecules and active sites [64]. An
optimal dosage of 5 mg was selected for experiments to balance site availability and minimize

particle agglomeration

4.3.1.4.4 Effect of contact time

Contact time is a critical factor affecting the adsorption process as it directly influences the rate
at which adsorbate molecules are transferred from the bulk solution to the adsorbent surface
and subsequently bound to active sites. The impact of contact time on removal of Tr dye was
studied from 15-120 min keeping initial dye concentration (18 mg/L), pH (2) and adsorbent
dosage (5 mg) constant under ambient conditions. The adsorption profile (Fig. 4.8d) revealed
a rapid uptake of dye molecules during the initial 60 min followed by a gradual approach to
equilibrium. High adsorption rate observed at the beginning of the process could be attributed
to abundance of vacant adsorption sites on adsorbent surface and strong affinity between the
Tr dye molecules and functional groups present on the adsorbent. This leads to efficient surface
binding through electrostatic attraction, hydrogen bonding and n—m interactions. As the process
continued, number of available active sites diminished and the surface become increasingly
occupied by adsorbed dye molecules [65]. Consequently, repulsive forces develop between the
already adsorbed dye molecules and those remaining in the solution, this led to deceleration of

the adsorption rate.
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After 60 min, the system reached equilibrium which was evidenced by the plateau in dye
removal percentage where no further significant adsorption occurred. This indicated that the
adsorbent surface has become saturated and the dynamic exchange of dye molecules between
solution and adsorbent surface reached at balance. The overall rate of adsorption was often
controlled by diffusion of dye molecules from the bulk solution through the boundary layer to
the adsorbent surface. This was a process referred to as external mass transfer which could be
a rate-limiting step depending on the adsorbent's pore structure and surface chemistry [66]. The
UV-visible spectra under constant experimental conditions were shown in Fig. 4.11. The
adsorption performance of SPI alone (control) was evaluated under same experimental

conditions. The UV-visible spectrum was shown in Fig. 4.12.
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4.3.2 Adsorption isotherms

The interactions between dye molecules and synthesized adsorbent surfaces at equilibrium
were elucidated by employing different adsorption isotherm models to analyze the
experimental results of ZnAl LDH, 0.5:1 SPI/ZnAl LDH, and 2:1 SPI/ZnAl LDH. Linear plots
of isotherm models were shown in Fig. 4.13, whereas Tables 4.4 and 4.5 provided the
correlation values and adsorption isotherm constants. There was a significant difference (p =
0.001). Using the Langmuir isotherm model, according to which the monolayer adsorption
occurs when only one dye molecule interacts with each active site, where full site occupancy
was represented by saturation coverage. R? values for ZnAl LDH, 0.5:1 SPI/ZnAl LDH, and
2:1 SPI/ZnAl LDH were 0.9658, 0.9927, and 0.9935 (Fig. 4.13a). Corresponding maximum
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adsorption capacities (qmax) for each of these adsorbents were found to be 26.44 mg/g, 46.83
mg/g, and 49.01 mg/g, respectively. The increase in adsorption capacity with higher SPI
content could be attributed to the generation of additional active sites and enhanced surface
characteristics such as increased porosity and hydrophilicity [46]. Freundlich isotherm model
describes adsorption on heterogeneous surfaces with the potential for multilayer development.
This model yielded high correlation coefficients (R?) of 0.9745, 0.9962, and 0.9959 for ZnAl
LDH, 0.5:1 SPI/ZnAl LDH, and 2:1 SPI/ZnAl LDH (Fig. 4.13b). n and Ry values were less
than 1 validating favorable and homogenous adsorption during eliminating process. The
convergence of these parameters supported that adsorbents exhibited homogenous adsorption
sites with a high degree of affinity for the Tr dye molecules despite the model’s accommodation
for heterogeneous and multilayer adsorption. This indicated that while the adsorbent surface
might have some degree of heterogeneity the adsorption process remained efficient and well-
fitted by both Langmuir and Freundlich isotherms. The Gibbs free energy change (AG) for the
adsorption of Tr dye onto the 2:1 biocomposite was calculated (—2.72 kJ mol™). Since AG is
negative, this confirmed that the adsorption process occurred spontaneously under the studied
conditions. The magnitude of AG in this range also suggested that the adsorption mechanism
likely involves physisorption or weak chemisorption interactions which are typically associated

with moderate energy changes.
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Table 4.4 Calculated parameters of Langmuir and Freundlich isotherm models for tartrazine dye
adsorption onto ZnAl LDH, 0.5:1 SPI/ZnAl LDH and 2:1 SPI/ZnAl LDH based biocomposites

Langmuir Freundlich

isotherm isotherm

model model
Samples Qmax KL RL R? Kr n R?

(mg/g)

ZnAl LDH 26.44 2.2 0.023  0.9658 3.37 0.79  0.9745
0.5:1 SPI/ZnAl  46.83 4.2 0.012 0.9927 5.12 0.85 0.9962
LDH
2:1 SPI/ZnAl 49.01 3 0.052 0.9935 3.84 091 0.9959
LDH

Table 4.5 Calculated parameters of Dubinin Raushkevich (D—R) and Temkin isotherm models for
tartrazine dye adsorption onto ZnAl LDH, 0.5:1 SPI/ZnAl LDH and 2:1 SPI/ZnAl LDH based
biocomposites

D-R Temkin
isotherm isotherm
model model
Samples px 103 E R? B A R?
(mol’KJ%g)  (KJ/mol) (KJmol™) (L mg?h)
ZnAl LDH 3.8 3.59 0.9200 0.0019 11,133 0.8571
0.5:1 SPI/ZnAl1 LDH 2091 4.15 0.9837 0.0090 3.925 0.9658
2:1 SPI/ZnAl LDH 2.85 4.19 0.9395 0.00177 1.5 x 10" 0.9723

D-R isotherm model sheds light on the adsorption process using linear plots of In qe vs € (Fig.
4.13c¢). A critical parameter derived from the D-R model is the mean free energy of adsorption
(E kJ/mol) which provides insight into the nature of the adsorption process. It distinguishes
between physical adsorption, ion exchange, or chemical adsorption [67]. The calculated E
values for ZnAl LDH, 0.5:1 SPI/ZnAl LDH and 2:1 SPI/ZnAl LDH were 3.59 KJ/mol, 4.15
KJ/mol, and 4.19 KJ/mol, respectively. Since the values were less than 8 KJ/mol, it suggested
that the adsorption of Tr dye primarily occurs via physisorption, which involves weak van der
Waals forces rather than chemical bonding.

Complementary information was obtained from the Temkin isotherm model which accounts
for adsorbate-adsorbent interactions by assuming that the heat of adsorption decreases linearly

with increasing surface coverage due to adsorbate-adsorbate repulsion effects. Linear plots of
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qt vs vt were shown in Fig. 4.13d. The heat of adsorption (B) values for ZnAl LDH, 0.5:1
SPI/ZnAl LDH, and 2:1 SPI/ZnAl LDH were 0.0019 KJ/mol, 0.0090 KJ/mol, and 0.00177
KJ/mol, respectively. The positive values of B indicated endothermic process implying that
adsorption capacity increases with temperature. The relatively low magnitude of these B values
signifies that physisorption dominated, as weak physical interactions typically correspond to
small heats of adsorption. According to the findings, Langmuir and Freundlich isotherm
models best reflect the fit. Such fitting arose from the hybrid nature of the SPI/ZnAl LDH
biocomposite that contained both relatively uniform adsorption sites associated with LDH
layers and heterogeneous functional sites originating from the SPI matrix. The good fit to the
Langmuir model suggested presence of energetically favorable sites where adsorption occurred
in a near-monolayer fashion consistent with electrostatic interactions and anion exchange at
positively charged LDH surfaces. In contrast, the Freundlich model accounted for surface
heterogeneity and multilayer adsorption, considering the diverse functional groups (—NHa, —
COOH, —OH) present in SPI and the non-uniform distribution of active sites within the
composite as well. Although both models adequately described the experimental data but
Freundlich model more realistically represented the overall adsorption mechanism.

Comparison of adsorption efficiency of different composites for Tr dye was listed in Table 4.6.

Table 4.6 Comparison of adsorption capacities for tartrazine dye with other materials

Adsorbent Adsorbate Adsorbent pH Maximum  (max Reference
Initial amount adsorption (mg/g)
Concentration (mg) percentage
(mg/L)
Sawdust - 5000 3 97% 4.71 [68]
Bottom ash 46 100 2 86.85% 12.6 [69]
Polyaniline 50 500 2-5 98% 2.47 [70]
nanolayer composite
Polypyrrole coated 50 1000 = 87% 42.50 [71]
tenorite nanoparticle
S/MgAl LDH - 6 7 97.6% 162.9 [72]
Zn,Al/Cl1 LDH 40 40 5.8 96.8% 282.48 [73]
2:1 SPI/ZnAl LDH 18 5 2 99.85% 49.01 This work
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4.3.3 Adsorption Kinetics

Kinetic analysis offers important information about the mechanism and rate of adsorption
process. In this study, adsorption kinetics was investigated by monitoring the dye uptake over
a contact time range of 15 to 120 min at ambient temperature (30°C + 2°C). The adsorption
profile exhibited a rapid uptake phase within the initial 60 min followed by a slower approach
to equilibrium. Three kinetic models were applied to elucidate the adsorption mechanism.
Table 4.7 summarized the kinetic rate constants and correlation coefficients (R?) for ZnAl
LDH, 0.5:1 SPI/ZnAl LDH, and 2:1 SPI/ZnAl LDH with corresponding linear graphs as shown
in Fig. 4.14, providing visual confirmation of model fitting. There was a significant difference
(»=0.001).

PSO kinetic model demonstrated better agreement with the experimental adsorption data as
evidenced by correlation coefficients (R?) which approached to unity (Fig. 4.14a). A
noteworthy trend in the PSO rate constant (K2) at higher SPI concentrations indicated increased
electrostatic interactions between Tr molecules and the adsorbent surface. The experimentally
determined equilibrium adsorption capacities (qeexp) for ZnAl LDH, 0.5:1 SPI/ZnAl LDH, and
2:1 SPI/ZnAl LDH were 0.5899 mg/g, 0.8881 mg/g, and 1.1974 mg/g, which closely
corresponded to the values calculated from the model (qeca) 0f 0.6265 mg/g, 0.9573 mg/g, and
1.2430 mg/g, respectively. This close agreement validated the applicability of PSO model in
describing the adsorption kinetics. Adsorption process involves a combination of external mass
transfer and intraparticle diffusion mechanisms with chemisorption acting as the rate-limiting
step [74]. Such insights are critical for optimizing the adsorption system for practical
wastewater treatment applications.

The Elovich kinetic model was employed to characterize the adsorption behavior particularly
focusing on heterogeneous adsorbent surfaces and chemisorption kinetics. Plots of gt vs In t
were utilized for Elovich model determination (Fig. 4.14b). The initial adsorption rate constant
o (mg g ' min') and desorption constant B (g mg™') represented extent of surface coverage and
activation energy barriers. This model was based on assumption that adsorption rate decreases
exponentially with increasing surface coverage due to the heterogeneous nature of active sites.
The correlation coefficients (R? = 0.9782-0.9910) supported activated chemical adsorption
with minimal product desorption. 2:1 biocomposite provided highest o value (1.2806 mg g
min '), suggesting higher affinity for Tr dye molecules. The optimal proportion of SPI and
ZnAl LDH in biocomposite structure could be responsible for increased adsorption tendency.

IPD model was used to investigate that the adsorption process was controlled by diffusion of
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dye molecules into the porous structure of the adsorbent. Linear plots of q; vs v/t were shown

in Fig. 4.14c¢. The lower R? values (0.9011-0.9430) indicated that IPD was not the sole rate-

limited step for dye removal. This result suggested that surface-based interactions could be

more important in regulating the total adsorption kinetics than interior diffusion.

Table 4.7 Calculated parameters of Pseudo Second Order, Elovich adsorption kinetic models and
Intraparticle diffusion model for tartrazine dye adsorption onto ZnAl LDH, 0.5:1 SPI/ZnAl LDH and
2:1 SPI/ZnAl LDH based biocomposites

Pseudo
Second
Order
Samples Qeexp
(mg/g)
ZnAl LDH 0.5899
0.5:1 0.8881
SPI/ZnAl
LDH
2:1 SPI/ZnAl 1.1974
LDH
(a) 250

qecal K2 R2
(mg/ (g mg

g 'min™)

0.62 0.119 0.98
65 13
0.95 0.145 0.98
73 45
1.24 0.162 0.99
30 51
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0.06233 0.943
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Fig. 4.14 Linearlized fitting of (a) Pseudo Second Order, (b) Elovich adsorption kinetic models, and
(c¢) Intraparctile diffusion model for tartrazine dye onto ZnAl LDH, 0.5:1 SPI/ZnAl LDH, and 2:1
SPI/ZnAl LDH biocomposites
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4.3.4 Antibacterial activity

The antibacterial efficacy of ZnAl LDH and 2:1 SPI/ZnAl LDH biocomposite was assessed by
agar diffusion method at various concentrations (2, 6, and 10 mg/mL), as presented in Fig. 15.
At an intermediate concentration of 6 mg/mL, ZnAl LDH exhibited inhibition zones of
7 +0.57 mm and 5+0.26 mm against L. species and A. calcoaceticus, respectively. In contrast,
2:1SPI/ZnAl LDH biocomposite demonstrated enhanced antibacterial activity with
10 + 0.28 mm and 9 + 0.47 mm inhibition zones. Increasing the concentration to 10 mg/mL
resulted in further increase of inhibition zones to 9 + 0.12 mm and 10 £+ 0.35 mm for ZnAl
LDH and significantly larger zones of 12 = 0.36 mm and 16 = 0.17 mm for the biocomposite.
No inhibition zones were observed at 2 mg/mL for either of the material, indicating a
concentration-dependent antibacterial effect. Both the bacterial strains were sensitive to
ampicillin which was used as a positive control to validate the antibacterial efficacy. Inherent
basicity from —OH groups and the unique characteristics of constituent metal cations provide
LDH several advantages over other antibacterial agents. Zn-based LDHs could undergo partial
dissolution/ion exchange in aqueous media (and more strongly under slightly acidic
environments near bacterial surfaces) releasing Zn**. The Zn*" interfered with membrane
proteins and transport systems affecting metal homeostasis due to competition with essential
ions, and led to cell death. Surface hydroxyl groups on LDH can catalyze the formation of
reactive oxygen species (ROS) such as hydroxyl radicals (*OH) and superoxide ions (O2). In
the presence of molecular oxygen, the inducing oxidative stress led to disruption of cellular
components and DNA of bacterial cells. Consequently, lipid peroxidation and protein oxidation
caused membrane rupturing and enzyme inactivation [75,76,77]. For SPI, it was reported that
glycinin, one of its main constituents has demonstrated more potent antibacterial action than
B-conglycinin against various microbial species [78]. The electrostatic interactions between
positively charged amino acid residues of glycinin and negatively charged bacterial cell
membranes lead to destabilization of membrane structure which causes eventual cell lysis [79].
Synergistic integration of SPI with ZnAl LDH in the biocomposite likely enhanced the
dispersion of active sites and increased the effective surface area available for bacterial contact.
This synergy potentially facilitated a more controlled and efficient release of antibacterial Zn**
ions and ROS resulting in a significantly improved antimicrobial effect relative to the
individual components. The plausible antibacterial mechanism of SPI/ZnAl LDH-based

biocomposites is presented in Scheme 4.2.
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Fig. 4.15 Antibacterial effect of ZnAl LDH and 2:1 SPI/ZnAl LDH biocomposites against (a) Listeria
species and (b) Acinetobacter calcoaceticus (ampicillin used as a positive control)
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Scheme 4.2. Plausible antibacterial mechanism of SPI/ZnAl LDH biocomposites
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4.3.5 Proposed mechanism for adsorption of tartrazine

Adsorbent—adsorbate interactions in the SPI/Zn-Al LDH biocomposite are governed by a
combination of physicochemical forces making the adsorption mechanism inherently complex,
as illustrated in Scheme 4.3. The functional groups from SPI such as amino (—NHz), carbonyl
(C=0), and hydroxyl (—OH) groups played crucial role in forming hydrogen bonds with the
dye molecules. The shifts of these groups presented by FTIR spectra after adsorption also
provided their involvement in binding. Hydrogen bonding occurred between the hydroxyl and
amino groups on the biocomposite surface and the sulfonate and nitro groups of dye, hence,
stabilizing the dye molecules on the surface [80]. Partial unfolding of SPI during biocomposite
synthesis facilitated the accessibility of these functional groups, enhancing the density of
available binding sites for dye molecules. The layered structure of ZnAl LDH provided an
interlayer space that can accommodate the anionic dye by anion exchange mechanisms. Partial
exfoliation observed at higher SPI loadings increased the exposure of interlayer sites which can
facilitate the exchange of interlayer carbonate or hydroxyl ions with dye’s sulfonate groups
(—S03"). This exchange further enhances the dye uptake by providing additional binding sites
beyond surface interactions [31,32]. Such partial exfoliation also reduced diffusion resistance
allowing dye molecules to access both surface and interlayer regions more efficiently. The pH-
dependent studies revealed that electrostatic attractions played a dominant role in the
adsorption process at acidic pH. Under these conditions, LDH surface becomes positively
charged due to protonation of surface hydroxyl groups which enhanced its interaction with the
negatively charged sulfonate groups. This electrostatic complementarity facilitates initial
adsorption and molecular orientation at the solid-liquid interface [81]. Simultaneously,
protonation of SPI functional groups under acidic conditions contributed to an overall increase
in positive surface charge further reinforcing electrostatic attraction toward anionic dye
species.

D-R isotherm model was employed to describe the nature of adsorption process, revealing a
Gaussian distribution of energy over a heterogeneous surface. The calculated mean free energy
(E<@ kJ/mol) suggests that physisorption is the predominant mechanism, rather than
chemisorption. This is consistent with the involvement of non-covalent interactions such as
hydrogen bonding, van der Waals forces, and m-interactions. Cationic—r interactions were
proposed between the Zn?**/Al*" ions in the LDH structure and the m-electron system of the
aromatic rings in Tr. These interactions promote dye stabilization through non-covalent
association, especially in biocomposites with extended conjugated systems. These cation—n

interactions might further assist in anchoring dye molecules at the LDH surface, thereby
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limiting desorption during subsequent treatment or regeneration cycles. Van der Waals forces
contributed to the overall adsorption process, particularly in facilitating close contact between
the adsorbent surface and the planar aromatic regions of the dye molecules. These weak yet
cumulative forces played a critical role in the stabilization of adsorbed species. Multiple factors
such as hydrogen bonding, electrostatic attraction, anion exchange, cation—m interactions, and
van der Waals forces contributed the adsorption process via heterogeneous and multi-site
interactions. These findings confirmed that dye was effectively adsorbed onto the SPI/Zn-Al
LDH biocomposite through a synergistic interplay of multiple interactions. The presence of
SPI not only enhances surface functionality but also improves structural stability of the LDH
under acidic conditions, thereby accounting for the high adsorption efficiency, pH

responsiveness, and favorable regeneration behavior of the biocomposites [46,82].
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Scheme 4.3 Proposed mechanism for adsorption of tartrazine dye on SPI/ZnAl LDH biocomposites

4.3.6 Practical application of prepared SPI/ZnAl LDH biocomposite

The removal of dye from both food products and food dye contaminated wastewater was
evaluated using the adsorption capability of the 2:1 SPI/ZnAl LDH biocomposite under dark
conditions. In separate test tubes, 5 mg of the biocomposite was dispersed in 10 mL of each

food sample solution and wastewater with pH adjusted to 2 using 0.1 M H2SOs. The initial
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concentrations of dye in wastewater, custard powder, yellow candy and mountain dew were 22
mg/L, 21 mg/L, 20 mg/L, and 12 mg/L. The samples were stirred at 250 for 60 minutes to
facilitate adsorption. Following agitation, the mixtures were centrifuged at 9000 rcf (g) for 12
min to remove absorbent from the solutions.

The UV-Visible spectra for food samples were shown in Fig. 4.16(a—c). After one hour, the
adsorption percentage on 2:1 biocomposite was: Mountain Dew (81.43%) > yellow candy
(79.21%) > custard powder (77.85%), as depicted in Fig. 4.16d. For food dye wastewater it
achieved 75% adsorption in 1 hr (Fig. 4.17). A slight decrease in removal percentage from food
samples compared to commercial dye solution could be attributed to matrix effects along with
the presence of interfering compounds and inherent competing ions in the complex food
systems. Despite these minor variations, the considerable adsorption performance
demonstrated by the biocomposite across both food samples and dye wastewater validated the
effectiveness and applicability of this proposed method for real-world scenarios. These
findings highlighted the practical potential of 2:1 SPI/ZnAl LDH biocomposite for efficient

dye removal from complex effluents typical of the food industry.
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Fig. 4.16 (a—c) UV-visible spectra of food samples, and (d) Adsorption Percentage of tartrazine from
custard, yellow candy and mountain dew on 2:1 SPI/ZnAl LDH biocomposite. Experimental conditions:
pH = 2, initial concentration of tartrazine = 21 mg/L (custard), 20 mg/L (yellow candy), 12 mg/L

108



(mountain dew), 2:1 SPI/ZnAl LDH biocomposite dosage = 5 mg, contact time = 60 min and
temperature = 30° + 2° C
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Fig. 4.17 Uv-vis spectrum of food dye wastewater solution over 2:1 SPI/ZnAl LDH biocomposite
across 60 min dark environment

4.3.7 Desorption and reusability test

Desorption experiments were conducted to evaluate the release of Tr dye from the 2:1
SPI/ZnAl LDH biocomposite using three different eluents: 0.1 M NaCl, HSO4, and NaOH, as
presented in Fig. 4.18a. NaOH achieved the highest desorption efficiency of (81.2%), followed
by H2SO4(37.1%) and NaCl (12.5%). It was likely due to increased negative charge density on
the adsorbent surface under alkaline conditions which enhanced the electrostatic repulsion and
promoted dye release. Influence of pH on desorption highlighted the reversibility of adsorption
process which promotes adsorbent regeneration. Under alkaline conditions, the disruption of
electrostatic and hydrogen bonding interactions between the dye and biocomposite facilitates
dye’s detachment.

The stability and recyclability of the biocomposite were assessed over five adsorption-
desorption cycles using 0.1 M NaOH for desorption (Fig. 4.18b). A desorption efficiency of
~82% was attained in the first cycle. Removal percent was maintained between 75% and 82%
for three cycles. A slight decline to 73% was observed in the fourth cycle, after which the

performance stabilized. This decrease could be due to gradual degradation of SPI polymer
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chains by repeated acidic and alkaline treatments which affected the material’s structural
integrity and reduce the availability of active sites [83]. Overall, the biocomposite exhibited
excellent regeneration capability and maintained substantial adsorption performance
throughout multiple cycles. These results demonstrate the material’s potential for effective dye
removal applications in acidic environments alongside its ability to be efficiently regenerated
making it suitable for commercial and industrial use. The gradual decline in adsorption capacity
upon repeated use (~73 % retention by the fifth cycle) was mainly due to chemical swelling
and partial hydrolysis of SPI rather than thermal effects. During adsorption and regeneration
under ambient conditions, thermal stress was avoided and extended reuse was possible as pH-
controlled regeneration methods were employed.

The structural integrity of 2:1 SPI/ZnAl LDH biocomposites was also evaluated to confirm this
finding. Fig. 4.18¢ showed that the XRD spectra of recycled 2:1 SPI/ZnAl LDH biocomposites,
both before as well as after five recycling experiments, demonstrated no change in peak
positions, or overall crystallinity. This signified that the crystal structure of the biocomposite
remained unaltered throughout adsorption-desorption process. This stability underscores the
material's regeneration capacity. The consistent XRD pattern over cycles further corroborates

the durability and efficacy of this material in real applications.
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Fig. 4.18 (a) Desorption, and (b) 2:1 SPI/ZnAl LDH adsorbent reusability for dye adsorption, and (c)
XRD spectra of before and after 2:1 SPI/ZnAl LDH biocomposite
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4.3.8 Advantages and limitations of the SPI/ZnAl LDH biocomposite as an adsorbent

The SPI/ZnAl-LDH biocomposite exhibited several advantages as an adsorbent. The
combination of SPI functional groups with positively charged LDH layers enabled synergistic
adsorption via electrostatic attraction and hydrogen bonding, resulting in higher dye uptake
than the individual components. The composite having improved LDH dispersion and stability
due to the protein matrix effectively worked under acidic conditions suitable for food-dye-
containing effluents. In addition, the hybrid material was biodegradable, food-compatible,
regenerable, and also exhibited antibacterial activity, enhancing its applicability in water
treatment. However, there were some limitations too. Adsorption efficiency was decreased at
neutral to alkaline pH possibly due to weakened electrostatic interactions. Controlled Zn>*
release, while beneficial for antibacterial action, might require monitoring to see contamination
of other metals. As it was a protein-based material, the composite showed moderate mechanical
and thermal stability, which could restrict long-term use in harsh or high-temperature

environments.

4.4 Conclusion

This study reported the successful synthesis of a novel SPI/ZnAl-LDH biocomposite for
efficient tartrazine removal. The hybrid material also showed antibacterial activity. Under
optimized condition (pH 2.0, 60 min, 5 mg dosage), the 2:1 SPI/ZnAl-LDH achieved a high
adsorption efficiency of ~99.85% showing a maximum capacity of 49.01 mg g' with
spontaneous physisorption behavior. The biocomposite demonstrated effective dye removal
from real food products and wastewater (75-81%) and maintained ~73% adsorption efficiency
even after five regeneration cycles using mild alkaline desorption process. Additionally,
enhanced antibacterial activity against Listeria species and Acinetobacter calcoaceticus
demonstrated its multifunctionality. In conclusion, the protein—LDH hybrid appeared to be a
sustainable, regenerable, and eco-friendly material suitable with regard to food-safety aspects

and wastewater treatments.
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Conclusion and Future Aspects

This thesis demonstrated the development of protein-based bionanocomposites with
applications in sustainable packaging and environmental remediation. Three systems, namely
SPI/Mg—Al LDH, WG-C30B, and SPI/ZnAl LDH, were successfully synthesized using
solution casting and co-precipitation methods and comprehensively characterized to establish
their structural, thermal, mechanical, antimicrobial, biodegradation, and adsorption behaviour.
The SPI/Mg—Al LDH films showed improved thermal resistance and maintained acceptable
mechanical performance at moderate LDH incorporation. Structural analyses confirmed
intercalation and partial exfoliation of LDH within the SPI matrix, whereas higher filler loading
resulted in particle aggregation and a decline in tensile strength. The developed films also
exhibited biodegradation under natural conditions. WG—C30B BNC films demonstrated
improved thermal stability, enhanced tensile strength, lower water sensitivity, and antibacterial
activity. Among the prepared formulations, 10% (w/w) C30B loading provided the most
balanced performance and was effective in extending the shelf life of green grapes under
storage conditions while retaining biodegradability. SPI/ZnAl LDH biocomposite exhibited
high adsorption efficiency for tartrazine under optimized conditions, followed adsorption
isotherm and kinetic models, and maintained appreciable performance during regeneration
cycles. In addition, antibacterial activity and successful dye removal from commercial samples

highlighted its multifunctional applicability for wastewater treatment.

Overall, the study established that controlled integration of proteins with LDH and nanoclay
fillers can improve targeted functional properties while preserving sustainability attributes.
These findings support the potential of protein-based bionanocomposites as alternatives for
selected packaging and adsorption applications. Nevertheless, further studies on migration
behaviour, cytotoxicity, long-term stability, and scale-up feasibility are required before

industrial implementation.
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Abstract

Soy protein isolate has received much attention in recent decades due to its abundance, eco-friendliness, low cost, film-
forming capacity, and processability. In this study, novel soy protein isolate (SPI)-based bionanocomposite films were
prepared by integrating Mg—Allayered double hydroxide (LDH) at different loadings (0%, 2%, 5%, and 9% w/w) using a
simple solution casting process. The Mg—Al LDH was synthesized in a 2:1 molar ratio via a co-precipitation method. Fourier
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), field-emission scanning electron microscopy, and thermo-
gravimetric analysis (TGA) revealed intercalation/exfoliation of Mg—Al LDH sheets in the SPI matrix of bionanocomposite
films. Agglomeration of Mg—Al LDH was distinctly noticed as its concentration increased from 0 to 9% (w/w). The biona-
nocomposite films showed considerable thermal stability. Mechanical and biodegradation qualities were also investigated.
The tensile strength values of the prepared films with 0%, 2%, 5%, and 9% w/w LDH loadings were found to be 2.12 +0.25,
1.60+0.15, 1.64 +0.08 and 1.58 +0.06 KNm/g, respectively. The SPI-Mg/Al LDH 5% film showed a substantial increase
in tensile strength and efficiently degraded in non-sterile soil.

Keywords Soy protein isolate - Layered double hydroxide - Bionanocomposite films - Thermal stability - Biodegradability -
Mg-Al

Introduction

Bionanocomposites (BNCs) are rapidly emerging as eco-
friendly bioplastics during the recent decades in order to
minimize hydrocarbon-based plastic wastes. BNCs are also
referred to as ‘biocomposites’, ‘green composites’, and ‘bio-
hybrids’ as these are derived from renewable bioresources.
Bionanocomposites are regarded as the new generation
nanocomposites (NCs). Basically, BNCs are a group of
nanostructured hybrid materials developed mainly by the
applied aspects of nano, material and life sciences (Ozin
and Arsenault 2015). Biopolymers such as starch materials
along with other homo and heteropolysaccharides, proteins,
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chitosan, lipids are being frequently used in making various
bioplastics which potentially offer a better and cost-effective
solution for both packaging and waste disposal. Biopolymer-
based materials are significantly gaining importance due to
their biodegradability, and compatibility with the pharma-
ceuticals, processed food products and diverse agricultural
produce (Shameli et al. 2011). As reported in the literature,
bio-based packaging materials find multiple applications
with regard to containment, food safety, maintaining sen-
sory quality, and displaying product details for consumers.
A number of different proteins having distinct biochemi-
cal properties namely serum albumin, egg white, collagen,
gelatin, myofibrils, casein, whey protein, wheat gluten, corn
zein and some other proteins from plant sources such as soy-
bean, sesame, peanut, cottonseed, sunflower and rice bran
were used in preparing the BNCs as potential film-forming
materials (Hua et al. 2005; Ojijo and Ray 2013).

Proteins are linear hetero-biopolymers, and extremely
diverse with regard to three dimensional (3-D) structures
and biological activities. The presence of different functional
groups in the constituent amino acid residues of the individ-
ual polypeptide chains can form bonds at different positions
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Abstract

Preparation and characterization of biopolymer-based packaging materials have significantly gained importance because
of sustainability, biodegradability, and eco-friendly nature. In this study, novel wheat gluten (WG)/cloisite 30B (C30B)
organoclay—based bionanocomposite (BNC) films were prepared by solution casting method at various C30B concentrations
(5%, 10%, and 15%). X-ray diffraction and field emission scanning electron microscopy revealed intercalation/exfoliation
of C30B sheets into the WG matrix. WG-C30B 10% film was thermostable. It showed low surface roughness along with
higher water barrier properties and surface hydrophobicity. The tensile strength values of WG and WG-C30B 10% films were
found to be 0.7 +0.02 and 1.11 +0.01, respectively, indicating improvement in mechanical properties. WG-C30B 10% film
demonstrated antibacterial activity against both Staphylococcus aureus and Salmonella enterica. Shelf life of green grapes
was monitored under different conditions: 4 °C, ambient conditions, and 42 °C. WG-C30B 10% film proved effective in
extending shelf life up to 18 days under ambient conditions. More than 50% of the bionanocomposite films were degraded
in agricultural soil within 2 weeks, while completely degraded in sewage sludge soil after a few days. WG-C30B 10% film
appeared to be promising regarding the demonstrated physico-chemical and antibacterial properties. This report would be
useful in preparing biodegradable biopolymer-based packaging materials.

Keywords Bionanocomposite films - Water sensitivity - Thermal stability - Antibacterial activity - Shelf-life extension -
Biodegradability

1 Introduction

Currently, the development of biopolymer-based packaging
materials has become an emerging trend in bionanotech-
nology. Potentially, they could serve as viable alternatives
to petroleum-based, non-biodegradable materials due to
their biodegradability and eco-friendly nature. For exam-
ple, effective and safe packaging materials remain crucial
in food processing industries for safety, stability, quality,
and overall shelf life of food products. Proper packaging
can protect them from damages due to physical, chemical,
and biological changes during transportation, distribution,
and storage. Conventionally, several synthetic polymers
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like polylactic acid, polybutylene succinate, and polyvinyl
chloride were used in developing packaging materials [1].
Biodegradable packaging materials with antimicrobial prop-
erties are gaining importance as they could prevent spoilage
of food products due to pathogenic microbes [2—-6]. Among
various biopolymers, proteins are relatively more preferred
nowadays because of their characteristic physico-chemical
properties [7]. Various physical, chemical, and enzymatic
treatments are possible due to their amphiphilic nature, elec-
trostatic charges, and conformational changes like partial/
complete unfolding which were exploited in making various
coatings/films [8, 9].

Gluten is a storage protein found in the endosperm
of wheat, rye, and barley grains. Wheat gluten is widely
available, having a protein content of more than 75%. Glia-
din and glutenin are the major components of gluten that
influence the physico-chemical characteristics of cereal-
based food products. Gliadins are soluble in aqueous
70% alcohol whereas glutenin remains insoluble primar-
ily in common solvents because of its size and complex
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Zn-Al layered double hydroxide-soy protein isolate biocomposite exhibits
superior adsorption of tartrazine food dye and antimicrobial properties
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ARTICLE INFO ABSTRACT

Keywords: A novel soy protein isolate (SPI)/ZnAl layered double hydroxide (LDH) biocomposite was developed as an
Antibacterial activity efficient and sustainable adsorbent for the removal of azo food dye tartrazine from aqueous systems and com-
Dye adsorption mercial food products. The biocomposite was synthesized via a simple co-precipitation method and characterized
Food products to confirm successful integration of SPI with LDH, resulting in a functional, porous hybrid material. The opti-
mized SPI/ZnAl LDH composition exhibited rapid and highly efficient dye adsorption under acidic conditions,
driven by electrostatic interactions, hydrogen bonding, and interlayer anion exchange. Adsorption behavior
followed both Langmuir and Freundlich isotherm models, indicating favorable and spontaneous dye uptake
dominated by physisorption. The biocomposite demonstrated effective dye removal from real food matrices and
food dye wastewater, highlighting its practical applicability. In addition, the material showed notable antibac-
terial activity against both Gram-positive and Gram-negative bacteria and retained good adsorption performance
over multiple regeneration cycles. These results establish SPI/ZnAl LDH biocomposites as promising eco-friendly
materials for simultaneous dye removal and antimicrobial applications in food safety and wastewater treatment.

List of abbreviations (continued)
Ky Langmuir constant
LDH Layered double hydroxides K¢ Freundlich constant
SPI Soy protein isolate Ry, Dimensionless constant
Tr Tartrazine D-R Dubinin Raushkevich isotherm model
FDs Food dyes B D-R activity constant
LB Luria Broth £ Polanyi potential
LA Luria-Agar E Mean free adsorption energy
XRD X rays diffraction A Temkin equilibrium binding constant
FTIR Fourier transform infrared spectroscopy B Heat of adsorption constant
SEM Scanning electron microscopy AG Gibbs free energy
TGA Thermogravimetric analysis R Gas constant
BET Brunauer-Emmett-Teller analysis T Absolute temperature
PZC Point of zero charge k Equilibrium constant
ZnAl LDH Zinc Aluminium layered double hydroxide Qe adsorption capacity at time t
SPI/ZnAl LDH Soy protein isolate/zinc aluminium layered double hydroxide Qe adsorption capacity at equilibrium
H3S04 Sulphuric acid Ce Concentration at time t
NaOH Sodium hydroxide PSO Pseudo second order model
Amax Maximum absorption wavelength IPD Intraparticle diffusion
Co Initial concentration Ko Pseudo second order rate constant
Ce Concentration at equilibrium o Initial rate constant
A% Volume i} Desorption process constant
w Weight Kai Intraparticle rate constant
Qmax Maximum adsorption capacity Ci Resistance to diffusion constant
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