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Abstract

The corrosion of mild steel in chloride-rich environments, exacerbated by microbial
colonization and biofilm formation, remains a critical challenge for industrial infrastructure. A
dual-functional zinc phosphate—biopolymer nanocomposite system was developed to enhance

the corrosion resistance and antibacterial protection of mild steel in saline solution. Zinc-



phosphate nanoparticles (average diameter 36.25 nm) were stabilized using cellulose
(ZnP@Cel, shell thickness 5.25 nm) and chitosan (ZnP@Ch, shell thickness 4 nm), forming
uniform core—shell structures as confirmed by TEM and FTIR, where coordination interactions
dominated in ZnP@Ch and hydrogen-bonding governed ZnP@cCel. Electrochemical
measurements in 3.5 wt.% NaCl revealed a superior barrier performance for ZnP@Cel,
achieving a corrosion inhibition efficiency of 75.3% under the tested conditions (3.5 wt.%
NaCl, 24 h immersion) and reducing the corrosion current density from 7.12 to 1.76 pA-cm™2.
EIS analysis further demonstrated the highest charge-transfer resistance (6127 Q-cm?) and
elevated low-frequency impedance, indicating the formation of a compact and protective
interfacial layer. In parallel, antibacterial assays against Streptococcus mutans confirmed
significant bacterial reduction for both nanocomposites, with ZnP@Cel exhibiting complete
inhibition while maintaining cytocompatibility. The integrated electrochemical and biological
results highlight the potential of ZnP@Cel as an eco-friendly, dual-function protective material
for steel structures exposed to corrosive and microbially active environments. The integrated
electrochemical and biological results highlight the potential of ZnP@Cel as an eco-friendly,
dual-function protective material for steel structures exposed to corrosive and microbially

active environments.

Keywords: Zinc Phosphate-Chitosan; Zinc-Phosphate-Cellulose Nanocomposites; Corrosion

Inhibition; Antibacterial Nanocomposites; Core-Shell Nanostructures.

1. Introduction

The corrosion of mild steel in chloride-rich environments such as 3.5 wt.% NaCl solution
represents a major threat to industrial infrastructure durability [1,2]. Also the marine industry
constantly develops new coatings to protect ships made from mild steel [1]. Chloride ions
penetrate passive oxide layers and trigger localized pitting and crevice corrosion, accelerating

metal dissolution and failure [3]. Microbiologically influenced corrosion (MIC) further
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intensifies this process through biofilm formation and secretion of aggressive metabolites like
sulfides and organic acids [4,5]. These synergistic mechanisms create a complex degradation
environment that conventional inhibitors fail to control effectively, emphasizing the need for
advanced, multifunctional protective systems [6,7]. Nanostructured materials, particularly zinc
phosphate (Zn3(PO4)2, ZP), have emerged as eco-friendly candidates capable of providing both
corrosion inhibition and antibacterial protection through passive film formation and controlled

ion release [8-15].

Moreover, ZP nanoparticles serve as reservoirs for the controlled release of Zn** and PO+*~
ions, imparting self-healing characteristics and sustained protection in chloride-rich
environments [2,3]. Beyond corrosion resistance, ZP also exhibits intrinsic antibacterial
activity, primarily through zinc ion-mediated disruption of bacterial membranes and
interference with metabolic pathways. When integrated into organic matrices, ZP can further
synergize with polymers to improve antimicrobial efficacy, suppress biofilm formation, and
extend the service life of metallic components [4,5]. Antibacterial nanocomposite coatings
containing graphene derivatives and bioactive inorganic phases have recently shown strong
potential for suppressing microbial growth while simultaneously improving corrosion
resistance in aggressive environments[6]. Smart graphene-based nanocomposite coatings
capable of combining corrosion resistance with adaptive and multifunctional surface behavior
have recently attracted significant attention for advanced industrial applications[7]. Similar
improvements in electrochemical barrier resistance and charge-transfer impedance have been
observed in reduced graphene oxide/nitride reinforced epoxy coatings developed for marine
steel applications[8]. Recent studies have demonstrated that hybrid inorganic-carbon
nanofillers such as mixed metal nitride/graphene oxide systems significantly enhance barrier
resistance, coating compactness, and mechanical durability through synergistic interfacial

interactions within polymeric matrices[9]. Multifunctional nanocomposite coatings



incorporating graphitic carbon nitride and silanized ceramic nanofillers have also been reported
to simultaneously improve corrosion resistance, thermal stability, and interfacial adhesion in
harsh marine environments[10]. Recent reviews on graphene-based nanocomposite systems
have highlighted the importance of nanoscale interfacial engineering, tortuous diffusion
pathways, and hybrid filler architectures in improving long-term corrosion protection
performance[11]. Emerging graphene-based hybrid coatings have also demonstrated the
potential for integrating multiple functionalities, including corrosion resistance and flame
retardancy, within environmentally sustainable coating platforms[12]. Advanced
multifunctional nanocomposite coatings designed for marine superstructures have
demonstrated the importance of hybrid organic-inorganic architectures in improving corrosion

resistance and structural durability under saline conditions[13].

To enhance multifunctionality, ZP is often incorporated into natural biopolymers such as
cellulose and chitosan [14,15]. Cellulose, the most abundant natural polysaccharide, provides
renewable, biodegradable, and mechanically robust matrices with abundant hydroxyl groups
for chemical modification [16-18]. Cellulose-based nanocomposites improve adhesion,
mechanical reinforcement, and hydrophilicity control in protective coatings[19]. Chitosan, a
deacetylated derivative of chitin, expands this potential due to its amino and hydroxyl groups,
which interact strongly with metal ions and phosphate species [21]. Importantly, chitosan also
possesses inherent antimicrobial activity, making it especially suitable for applications where
corrosion and bacterial contamination occur simultaneously. Incorporation of zinc species into
chitosan matrices has been reported to yield nanocomposites with improved inhibition

efficiency, strong film-forming ability, and antibacterial performance [20-22,24].

Extensive studies have investigated phosphate-based nanocomposites, nanostructured
inhibitors, and polymer hybrids for corrosion protection [17,24,25]. Multifunctional
polyurethane nanocomposite coatings have also demonstrated enhanced anticorrosion and
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mechanical properties through synergistic nanoparticle-polymer interactions[22]. Recent
developments in MXene-based nanocomposites have further emphasized the role of two-
dimensional hybrid nanomaterials in achieving superior electrochemical barrier performance
and multifunctionality[23]. Recently, Liu et al. fabricated Zn-containing MAO coatings on
Ti6Al4V with excellent initial antibacterial activity (up to 100%), but the efficacy declined
sharply after 14 days of immersion due to rapid Zn** depletion, and no corrosion protection for
mild steel was reported[24]. Yang et al. prepared zinc-phosphate-doped MAO coatings on
AZ31B Mg alloys that showed enhanced corrosion resistance and cytocompatibility, yet the
coating lacked any antibacterial functionality and was limited to Mg substrates[11]. Cai et al.
developed multi-interface structured zinc phosphate particles in waterborne epoxy with
outstanding long-term barrier performance (3000 h), but again no antimicrobial activity was
integrated. In contrast, the present ZPP-GO@Cu nanocomposite combines, for the first time, a
soluble Cu?* source, a PVP-stabilized ion-release matrix, and a GO physical barrier, achieving
both sustained high corrosion inhibition (89.2% IE) and complete bacterial eradication (100%
kill rate) on mild steel a synergistic multifunctional performance not reported in any of the

above studies[25].

To the best of our knowledge, no prior ZnP-based biopolymer system has provided a direct
comparative evaluation of cellulose versus chitosan shells within a core—shell architecture for
dual corrosion inhibition and antibacterial protection on mild steel. For instance, zinc
phosphate—polymer composites have demonstrated self-healing behaviors, while chitosan-
based nanocomposites have improved adhesion and functioned as green inhibitors.
Antibacterial nanocomposites incorporating zinc or chitosan have also shown effectiveness
against biofilm formation and MIC [15,26]. Nevertheless, most existing systems display
limited or passive functionality, offering either corrosion resistance or antibacterial action, but

rarely both in a synergistic, environmentally responsive manner [26—28].



Moreover, the release behaviors of these nanocomposites under different corrosive conditions
neutral, acidic, and alkaline are not well understood, even though steels in service often
encounter fluctuating pH and chloride levels [9,14]. This gap restricts the practical applicability
of current materials. To address these limitations, the present study investigates zinc-
phosphate-cellulose (ZnP@Cel), zinc-phosphate-chitosan (ZNnP@Ch), and zinc-phosphate
(ZnP) nanoparticles as intelligent nanocomposites for dual corrosion and antibacterial

protection.

These nanocomposites are designed to: (1) Respond adaptively to environmental stimuli (pH
and chloride ions) encountered in neutral, acidic, and alkaline conditions, (2) Release active
inorganic (Zn**, PO+*") and organic species in a controlled manner to inhibit corrosion, (3)
Form durable protective passive films on mild carbon steels exposed to 3.5 wt.% NaCl solution,
(4) Exhibit antibacterial functionality, leveraging zinc and chitosan’s inherent bioactivity [26].
The novelty of this work lies in the integration of multifunctional inorganic—organic
nanocomposites that exhibit intelligent, self-regulated, and dual-action behavior. Unlike
conventional nanocomposites, the proposed nanocomposites simultaneously mitigate
electrochemical corrosion and microbial activity while adapting their release to environmental
conditions. This approach advances the design of sustainable, smart protective materials for

steels with potential applications in marine, oil and gas, biomedical, and structural industries.

2. Materials and Methodology

2.1 Raw materials
In this study, zinc nitrate hexahydrate (Zn(NOs)2:6H20, Merck), sodium phosphate
dodecahydrate (NasPO..12H20, Merck), Triton X-100 ((C14H220)C2H10),, Sigma—Aldrich),
cellulose (microcrystalline, Sigma—Aldrich), and chitosan (medium molecular weight, >75%

degree of deacetylation, Sigma—Aldrich) were used as the principal precursors. Chitosan was



dissolved in acetic acid (CHsCOOH, Merck), while ethanol (96%, Mojallali Co., Iran) and

acetone (Merck) were employed as cleaning solvents.

All chemicals were of analytical grade and applied without further purification. Deionized
water was obtained from a Milli-Q system and used throughout all preparations. For
electrochemical analyses, rectangular mild steel specimens (ST-12 grade, Mobarakeh Steel
Co., Iran) were mechanically polished with abrasive papers (200-800 grit), washed with
acetone, and air-dried prior to testing. The chemical composition (wt.%) of ST-12 mild steel is
C <0.10, Mn 0.30-0.45, P <0.035, S < 0.035, Fe balance. Moreover, rectangular specimens
measuring 7.0 x 3.0 x 0.3 cm? were used. Prior to immersion testing, the metallic surfaces were
selectively masked with a beeswax—colophony barrier coating, leaving a 1 cm x 1 cm exposed

working area for EIS measurements.

2. 2 Zinc-Phosphate (ZP) Nanocomposite Fabricating
Zinc phosphate (ZnP) nanoparticles were synthesized via a precipitation method using Triton
X-100 as a stabilizer. Approximately 1.2 g of zinc nitrate hexahydrate (Zn(NOs)..6H20) was
dissolved in 100 mL of double-distilled water under continuous stirring until a clear,
homogeneous solution was obtained. To this solution, 2 mL of Triton X-100 was added as a

non-ionic surfactant [29].

The mixture was stirred vigorously for 30 minutes to ensure the formation of micelles and a
uniform environment for nanoparticle nucleation. In a separate beaker, 0.9 g of sodium
phosphate dodecahydrate (NasPOa.12H20) was dispersed in 100 mL of deionized water,
yielding a transparent solution with a slightly alkaline pH. The phosphate solution was then
added dropwise and slowly into the vigorously stirred zinc nitrate-Triton X-100 solution at
room temperature. The phosphate solution was then added dropwise and slowly into the

vigorously stirred zinc nitrate-Triton X-100 solution at room temperature, during which the pH



of the reaction mixture was maintained at approximately 7.0-7.5. During this process, the
mixture gradually turned cloudy, indicating the nucleation of zinc phosphate particles within
the micellar templates. The suspension was kept under magnetic stirring for 2 h to ensure
complete reaction and to allow the surfactant to cap the nanoparticles, promoting uniform

growth and inhibiting agglomeration [29].

Following this stage, the colloidal mixture was subjected to centrifugation at 10000 rpm for 15
min to separate the precipitated zinc phosphate (ZnP) nanoparticles. The obtained solid fraction
was thoroughly rinsed three times with a mixture of ethanol and deionized water to eliminate
unreacted ions, by-products, and any residual surfactant. Finally, the washed ZnP precipitate

was dried in an oven at 60 °C for 12 h, yielding fine ZnP nanopowder ready for further use.

2. 3 Designing smart Zinc-Phosphate—Chitosan (ZnP@Ch), and Zinc-Phosphate—

Cellulose (ZnP@Cel) Nanocomposites
Initially, 0.25 g of microcrystalline cellulose powder was ultrasonically dispersed in 80 mL of
deionized water to obtain a stable suspension. Separately, 1.0 g of zinc nitrate hexahydrate
(Zn(NOs)2-6H20) was dissolved in 50 mL of water under stirring until a clear solution was
obtained. Subsequently, 0.75 g of sodium phosphate dodecahydrate (NasPOas-12H20) was
dissolved in another 50 mL of water and its pH was adjusted to 6.0 using dilute NaOH. The
phosphate solution was then introduced slowly, drop by drop, into the cellulose-containing zinc

solution under continuous magnetic stirring.

The addition caused the suspension to gradually become turbid, signifying the precipitation of
zinc phosphate nanoparticles along the cellulose matrix [30]. The mixture was further stirred
for 2 h at ambient temperature to ensure complete nucleation and uniform coating of cellulose

fibers. The resulting composite was separated by centrifugation at 10,000 rpm for 15 min,



rinsed three times with deionized water/ethanol to remove free ions, and dried overnight at 60

°C.

The final powder was designated as ZnP@Cel. Additionaly, to prepare ZnP@Ch, 0.25 g of
chitosan was first dissolved in 50 mL of 1% acetic acid solution under magnetic stirring until
a transparent polymeric solution was obtained. In parallel, 1.0 g of zinc nitrate hexahydrate was
dissolved in 40 mL of water, while 0.75 g of sodium phosphate dodecahydrate was dissolved
in 40 mL of water and adjusted to pH 5.5. The phosphate solution was introduced dropwise

into the zinc solution under vigorous stirring, forming an initial zinc phosphate sol.

Immediately afterward, the chitosan solution was slowly added to the reaction medium,
whereupon the mixture transformed into a viscous suspension with gradual opalescence,
indicating successful incorporation of zinc phosphate nanoparticles within the chitosan matrix
[24,29]. The reaction was maintained for 3 h at room temperature. The composite was then
collected by centrifugation, washed several times with ethanol and deionized water, and oven-
dried at 55 °C for 12 h, yielding the ZnP@Ch nanocomposite powder. The biopolymer to ZnP
mass ratios (approximately 1:4 for both ZnP@Ch and ZnP@Cel) were systematically
optimized by varying the initial precursor concentrations (Zn*/PO+*~ from 0.005 to 0.02 M,
biopolymer from 0.1 to 0.5 g per 100 mL) and evaluating corrosion inhibition efficiency (via
EIS, Rct) and antibacterial zone of inhibition. The optimal composition, which gave the highest
Ret (for ZnP@Cel) and complete bacterial kill rate (100% for ZnP@Cel), was selected for

detailed characterization.

Triplicate syntheses were performed for each nanocomposite (ZnP, ZnP@Ch, and ZnP@Cel).
Key characterization results, including XRD peak positions, FTIR band shifts, TEM particle
size distribution, and EIS Rt values, showed relative standard deviations (RSD) below 6%,

confirming good reproducibility. These polysaccharides are inherently hydroscopic (~40%



wi/w chitosan, ~15% wi/w cellulose) due to their hydroxyl group funtionallities, which generates
a matrix that enhances ion diffusion rates [34,35]. The final yield of the ZnP@Cel and ZnP@Ch
nanocomposites (based on the total precursor mass, including zinc nitrate, sodium phosphate,
and biopolymer) is approximately 78 + 4% and 72 £+ 5% respectively (n = 3 independent

syntheses).

2. 4 Preparation of solutions with liberated inhibitors form ZnP, ZnP@Ch, ZnP@Cel
Nanocomposites
To investigate the release characteristics of the synthesized nanocomposites and their
subsequent corrosion protection behavior, separate aqueous media were prepared containing
zinc phosphate nanoparticles (ZnP), zinc-phosphate—chitosan (ZnP@Ch), and zinc-phosphate—
cellulose (ZnP@Cel). This could find applications on ships where biofilm growth under saline
conditions would be an issue; accordingly, 0.1 g of nanocomposite powder was dispersed in

100 mL of deionized water containing 3.5 wt.% NaCl to simulate seawater conditions.

The pH of the suspensions was carefully adjusted to the neutral range (7.0-7.5) using dilute
hydrochloric acid (0.5 M HCI) and sodium hydroxide (2 M NaOH). Each mixture was
continuously agitated for 24 h to facilitate the controlled release of active inhibiting species
from the nanocomposite matrix. The resulting supernatant solutions, enriched with liberated
agents, were then employed for immersion studies. Mild steel coupons (1 cm? exposed area),
previously abraded, rinsed, and dried, were immersed in the extract solutions at different
exposure intervals. This allowed assessment of the time-dependent corrosion-inhibition
performance associated with the released species from ZnP, ZnP@Cel, and ZnP@Ch
nanocomposites [30,31]. Furthermore, detailed methodologies corresponding to steel sheet
provision (Section S1.1) and anti-corrosion assessment of solution containing of ZnP,

ZnP@Ch, ZnP@Cel nanocomposites (Section S1.2) are comprehensively documented in the
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supplementary file. All electrochemical measurements were conducted in triplicate, and the

data are expressed as mean + standard deviation.

2. 5 Anti-Bacterial Activity Experiments of Nanocomposites
The antibacterial potential of zinc phosphate (ZnP), zinc-phosphate—cellulose (ZnP@Cel), and
zinc-phosphate—chitosan  (ZnP@Ch) nanocomposites was evaluated using three
complementary assays: (a) agar diffusion method, (b) MTT cytocompatibility assay, and (c)
colony-forming unit (CFU) counting. In fact, in Agar Diffusion Test, two representative
bacterial strains were employed: Staphylococcus aureus (ATCC 25923, Gram-positive) and

Escherichia coli (ATCC 25922, Gram-negative) [32].

Bacterial suspensions were streaked on Mueller—Hinton agar plates using the swab-plate
method. For testing, nanocomposite powders were sterilized under UV light for 20 min. In the
first case, 200 mg of each sample was dispersed in 1 mL of sterile water, and 20 pL of the
suspension was pipetted onto the agar surface. In the second case, 20 mg of dry powder was
directly applied. Plates were incubated for 24 h at 37 °C, and the diameter of the inhibition

zones was measured to quantify antibacterial efficiency [33].

Moreover, in MTT Assay (Cytocompatibility), Cytotoxicity was examined using the L929
fibroblast cell line. Sterilized nanocomposite powders were suspended in phosphate-buffered
saline (PBS) and diluted to three concentrations: 50, 100, and 200 pg/mL. Aliquots were
introduced into 96-well plates containing 1 x 10* cells/well in DMEM (Sigma) supplemented
with 10% fetal bovine serum (FBS) and 1x antibiotic—antimycotic solution (Gibco). Control
wells received only the diluent. After incubation at 37 °C with 5% CO- for 24 h, 10 puL of MTT
solution (0.5 mg/mL) was added to each well and incubated for another 4 h. Subsequently, 100
puL of DMSO was used to dissolve formazan crystals, and absorbance was measured at 570 nm

with a microplate reader (Wareness Technology). All tests were performed in triplicate.
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Finally, in Colony-Forming Unit (CFU) Assay, Streptococcus mutans (ATCC 35668) was
cultured in Lysogeny Broth (LB) medium, and bacterial suspensions were standardized to 1 x
10° CFU/mL. A total of 0.1 g of each nanocomposite powder was incubated in bacterial
suspension for 24 h at 37 °C. Serial dilutions (107'-107'* M) were prepared and spread onto
Plate Count Agar (Merck, Germany). Plates were incubated for 48 h at 37 °C, after which
visible colonies were counted to determine bacterial survival rates compared with untreated

controls. [32]

2. 6 Characterization and Apparatus
FTIR analysis was performed using a PerkinElmer Spectrum 3 spectrometer (USA) to examine
the chemical reactions and the formation of ZnP, ZnP@Cel, and ZnP@Ch nanocomposites.
XRD measurements (Rigaku, Cu Kou radiation, A = 1.54060 A, A20 = 0.04°, At = 1 s) were
conducted to identify the crystalline phases present in the nanocomposites. Morphological and
compositional characterization was carried out using FESEM (MIRA3 TESCAN, Czech
Republic) equipped with quantitative EDS and qualitative elemental mapping to analyze the
smart ZnP, ZnP@Cel, and ZnP@Ch nanocomposites. In addition, high-resolution TEM
imaging (Philips EM 208S, 100 kV, Netherlands) was employed to investigate the detailed

morphology of ZnP, ZnP@Cel, and ZnP@Ch nanocomposites.

3. Results and Discussion

3. 1 Nanocomposite Analysis

3. 1. 1 FTIR Assesment
Figure 1 compiles infrared fingerprints for pristine zinc phosphate and its cellulose- and
chitosan-based hybrids (ZnP@Cel and ZnP@Ch). A wide, structured envelope centered in the
3200-3600 cm™ region appears in all samples, a hallmark of extensive hydrogen bonding

among hydroxyl groups and, in the ZnP@Ch hybrid nanocamposite, overlapping N-H
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stretches. Subtle band shifts here reflect interactions between biopolymer donors and the
phosphate surface. The organic character of the two hybrids is further marked by weak aliphatic
C—H stretches near 2925/2850 cm™. Moving to lower wavenumbers, the ZnP@Ch hybrid
nanocamposite presents the expected amide/N—H bending features (1650-1550 cm™), whereas
ZnP@Cel hybrid nanocamposite shows carbonate/oxidized-cellulose shoulders and the
ubiquitous water deformation near 1640 cm™'. In the 1460-1200 cm™ span, polysaccharide
vibrations (C-H bending; C-O and C—N modes) add complexity to the spectra [39,40]. The
spectral core of zinc phosphate lies between 1130 and 900 cm™, where strong POg stretching
and Zn—O-P modes dominate [36]. These intense absorptions are preserved in both hybrids,
demonstrating that the phosphate framework remains intact after integration with the
biopolymers (Figure 1 (a)). The cellulose hybrid also displays its glycosidic C-O-C and C-O
stretches (1160 and 1030 cm™), partially overlapping the phosphate envelope. Finally, bands
in the 650-500 cm™ region correspond to O—P—-O bending and Zn-O lattice vibrations, again
confirming the presence of the inorganic phase (Figure 1 (b)) [37]. Collectively, the
coexistence of phosphate and polysaccharide signatures, together with modest band shifts,
supports a picture of interfacial hydrogen bonding/coordination without disruption of the ZnP

network.

13



3@ _ 78 g7 2| [® ;
Q| E " 2 9 920 o | - o
o (=] (&) (=) O QL L Z. | |
= ! i & o™ 8§ B ot Z &‘:
SIEAN 7 i e WL 0 / B/ X B
[ d el 3

& T O QO Jd o

g s K o ¢ do 9|

= E Q 7z ; = =

HSARY. &\ B]B;‘;r;? £

£ = £

= = 3 Q & =

& ! (-
Z -z o 5§ u%ol.9
= 1 10 O O« :':_55“5
O 9 J
SR VA S W R Y

4000

L
1200 1000 800
Wavenumber (cm™)

3500 3000 2500 2000 1500

Wavenumber (cm™)

1000 500 1600

1400

600

Figure 1. The (a) FTIR spectrum of ZnP, ZnP@Cel, and ZnP@Ch nanocomposites, (b)

Exaggarated the finger print region of FTIR of ZnP@Ch nanocomposite.

The Figure 2 of FTIR spectral shifts provide compelling evidence for the successful synthesis
of ZnP@Ch and ZnP@Cel nanocomposites via distinct interfacial mechanisms. For ZnP@Ch,
a pronounced bathochromic shift of 44 cm™ in the Zn—O-P vibrational band (Figure 2 (a)) in
indicates strong interfacial interactions between zinc phosphate nanoparticles and the chitosan
matrix. This shift is attributed to coordination between Zn?* centers in zinc phosphate and
Lewis-basic functional groups (-NH. and —OH) of chitosan, which alters the local electronic
environment of the Zn—-O-P framework. In addition, a concomitant 23 c¢cm™ shift in the
aromatic C—C stretching vibration of chitosan (Figure 2 (b)) further supports the presence of
interfacial coordination and hydrogen-bonding interactions, confirming effective integration of

zinc phosphate nanoparticles within the biopolymer network [38,39].

Conversely, integration in ZnP@Cel is dominated by hydrogen bonding, as evidenced by a 13

cm™! displacement of the glycosidic C-O-C band (Figure 2 (c)), characterizing the ether

14
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oxygen as a proton acceptor, and a corroborating 17 cm™' shift in the C—C skeletal vibration

(Figure 2 (d)) that signifies altered intramolecular forces from surface adsorption [40].

In ZnP@Ch and ZnP@Cel, specific coordination interactions between Zn?* centers and Lewis-
basic functional groups of the biopolymer matrix, together with hydrogen bonding involving
phosphate oxygen atoms, establish robust interfacial bridges between the inorganic
nanoparticles and the organic phase. These dynamic and partially reversible interactions confer
environmental sensitivity to the nanocomposites, particularly with respect to changes in pH
and ionic strength, which can modulate interfacial bonding, nanoparticle dispersion, and
overall stability. Such chemically adaptive behavior underlies the designation of these systems
as intelligent nanomaterials, as their structural integrity and functional performance are
governed by stimulus-dependent interfacial interactions rather than by externally applied

physical fields [26].
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Figure 2. The FTIR spectrums of molecular interactions for intelligent ZnP, ZnP@Cel, and

ZnP@Ch nanocomposites, (a) Zn—O-P, (b) stretching C-C, (c¢) C-O-C, (d) C-C bonds.

3. 1. 2 XRD Assesment
Figure 3 presents the X-ray diffraction (XRD) patterns elucidating the crystalline phase and
structural characteristics of the pristine ZnP, ZnP@Cel, and ZnP@Ch nanocomposites. The
diffractogram for pristine ZnP exhibits sharp, well-defined peaks indexed to the (104), (101),

(210), (220), (131), (311), (321), and (250) planes, which are unequivocally assigned to a
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crystalline Zn3(PO4). phase (#JCPDS card no. 00-029-1390) [41,42]. In the ZnP@Cel
composite, these characteristic crystalline peaks remain distinctly visible, confirming the
retention of the zinc phosphate crystal structure; however, they are superimposed on a broad,
amorphous halo and a notably elevated background, which is diagnostic of the presence of
amorphous cellulose (Figure 3 (@)). This same phenomenon is observed even more
prominently in the ZnP@Ch pattern, where the sharp Zns(PO.). reflections including the (220)

plane is clearly evident against an intense amorphous background originating from the chitosan

matrix, a well-documented feature of this biopolymer (Figure 3 (b)).

The coexistence of these sharp crystalline signatures with the broad amorphous scattering
provides definitive evidence for the successful formation of both ZnP@Cel, and ZnP@Ch
nanocomposites, wherein crystalline Zns(POa4). nanoparticles are effectively dispersed and
stabilized within the organic biopolymer networks without undergoing phase change, thereby

creating a hybrid semi-crystalline stable ZnP@Cel, and ZnP@Ch nanocomposite structure

critical for the material's properties [43].
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Figure 3. The XRD patterns of (a) ZnP, and hybrid ZnP@Cel, (b) ZnP@Ch nanocomposites.

In the unit cell zinc are the orange atoms, oxygen the red and phosphorous the black atoms

Using the Scherrer relation (D=KX\/Bcos 0), the average crystallite sizes of the Zns(POa). phase
(based on the (220) reflection at 20 = 31.5°) were calculated as 15.8 nm for pristine ZnP, 15.0
nm for ZnP@Ch, and 14.0 nm for ZnP@Cel[23,49]. The crystallinity indices, estimated from
the integrated intensity ratio of crystalline peaks to total scattered intensity, were approximately
78% for ZnP, 65% for ZnP@Ch, and 60% for ZnP@Cel. Interestingly, the corrosion inhibition
efficiency inversely correlates with crystallinity and crystallite size: ZnP (highest crystallinity,
15.8 nm) showed the lowest IE (30.8%), while ZnP@Cel (lowest crystallinity, 14.0 nm)
exhibited the highest IE (75.3%). This trend indicates that smaller crystallites and reduced
crystallinity, associated with the amorphous biopolymer matrices, facilitate more efficient Zn**
and PO+* release, promote uniform film formation, and enhance the barrier performance. The
cellulose shell in ZnP@Cel provides an optimal balance of ion-release kinetics and physical

encapsulation, resulting in superior corrosion protection[7,25].

3. 1. 3 Morphological Aparaisment of hybrid ZnP, ZnP@Cel, and ZnP@Ch
nanocomposites
Figure 4 presents high-resolution FESEM micrographs and corresponding EDS elemental
maps of the synthesized ZnP, ZnP@Ch, and ZnP@Cel nanocomposites. The FESEM analysis
revealed distinct morphological differences between the samples. The pristine ZnP
nanoparticles (Figure 4 (a1, b1)) exhibited a tendency to form spherical agglomerates, with a
calculated average particle size of 36.3 nm, a typical characteristic of inorganic precipitates

with high surface energy [44,45].

The functionalization with biopolymers markedly influenced the microstructure. The ZnP@Ch

nanocomposite (Figure 4 (az, bz, c2)) displayed an assembled, layered-spherical architecture

18



with an increased average size of 52.3 nm, indicating that the chitosan polymer matrix

effectively templated the growth and assembly of the ZnP particles [21,28].

Similarly, the ZnP@Cel nanocomposite (Figure 4 (as, bs, c3)) formed uniform, hybrid
structures characterized as agglomerated semi-spherical particles, with the largest average size
of 64.4 nm. This suggests a strong interaction between the cellulose fibrils and the inorganic

phase, leading to a coherent and homogenously structured nanocomposite material [22,46].
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Figure 4. High-resolution FESEM micrographs at different magnifications (10, 50, and 100
kx) of the synthesized ZnP, ZnP@Cel, and ZnP@Ch nanocomposites with particle size
distribution histograms: (ai1,b1, d1) agglomerated ZnP particles, (az,bz,c2,d2) assembled hybrid

ZnP@Ch, and (as,bs,c3,ds) uniformly assembled hybrid ZnP@Cel nanocomposites.
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Agglomeration analysis revealed distinct differences among the samples. Pristine ZnP
nanoparticles exhibited the highest degree of agglomeration, forming dense, irregular clusters
due to the high surface energy and lack of a stabilizing organic shell. In contrast, ZnP@Ch and
ZnP@Cel showed significantly reduced agglomeration, with the biopolymer shells providing
steric stabilization and preventing extensive particle aggregation. The cellulose shell in
ZnP@Cel appeared to offer the most effective dispersion, as evidenced by the more uniform
spatial distribution of particles in the FESEM images (Figure 4), which correlates with its
superior corrosion inhibition performance and higher Rq. The reduced agglomeration in
biopolymer-modified samples enhances the effective surface area available for ion release and

film formation, contributing to the improved barrier properties[10,11].

In the Figure 5 (ai-c3), the EDS elemental mapping and quantitative analysis provided
definitive evidence for the successful formation of these hybrid nanocomposites. The elemental
distribution for ZnP@Ch confirmed the incorporation of organic material through the presence
of C (24.01 wt%.) and N (4.67 wt%.), elements inherent to the chitosan polymer which suggests
that 54% by mass of this composite material is inorganic which would increase the release of
Zn?* to the surrounding environment. Likewise, the ZnP@Cel composite showed a significant
C content (22.60 wt%.) attributable to cellulose, with no nitrogen detected, consistent with its
chemical structure [24,47], which suggest 1.41% by mass higher content of the inorganic phase
which suggests similar capacity of Zn?* to that of chitosan, in the absence of the polymer matrix
effect on ion diffusion. The uniform spatial distribution of all detected elements (Zn, O, P, C)
across the mapped areas in both hybrid ZnP@Cel, and ZnP@Ch nanocomposites confirm the
homogeneous integration of the biopolymer and inorganic phases at the microscopic level,

rather than a mere physical mixture.
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Figure 5. The elemental distribution of EDS Mapping of novel ZnP, ZnP@Cel, and
ZnP@Ch nanocomposites; (a1,az,as) ZnP, (b1,b2,b3) ZnP@Ch, (c1,c2,c3) ZnP@Cel

nanocomposite.

3. 1. 4 TEM Investigation of ZnP, ZnP@Cel, and ZnP@Ch nanocomposites
Figure 6 revealed the high resolution TEM images of ZnP, ZnP@Cel, and ZnP@Ch
nanocomposites. The TEM micrographs reveal well-dispersed spherical nanoparticles with an
average diameter of 36.25 nm, consistent with FESEM findings. The relatively uniform
contrast and distinct outlines confirm the inorganic crystalline nature of ZnP and its tendency

to form solid spherical morphologies (Figure 6 (a1,b1)). The ZnP@Ch nanocomposite presents
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semi-dispersed spherical nanoparticles with an average size of 51.5 nm. The TEM confirms the
presence of a thin, uniform chitosan shell (4 nm thickness) surrounding the ZnP cores
[28,48,49]. The consistent shell contrast demonstrates effective embedding of ZnP within the
chitosan framework. This morphology indicates a robust composite structure where chitosan
contributes not only to stabilization but also potential antibacterial properties (Figure 6 (az,b2))

[22,50].

The hybrid ZnP@Cel nanocomposite shows larger, agglomerated spherical particles with an
average size of 61.5 nm. The TEM images clearly display a thin, continuous organic shell (5.25
nm thick) encapsulating the inorganic ZnP core [46,51]. This shell originates from the cellulose
matrix and appears to coat the ZnP particles uniformly, suggesting strong interfacial
interactions and an integrated core—shell architecture. Such encapsulation is consistent with
FESEM observations and reflects the ability of cellulose to wrap and stabilize the nanoparticles
(Figure 6 (as,bs)). Ulimately, the TEM results corroborate FESEM findings, validating the
spherical morphology, core-shell architecture, and dimensional consistency across the ZnP,
ZnP@Cel, and ZnP@Ch systems. The cellulose and chitosan-derived shells play a key role in
regulating particle size, preventing extensive aggregation, and adding corrosion inhibition

accompanied with antibacterial properties [58,59].
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Nanocomposite

Figure 6. The TEM images of ZnP (a1,b1), ZnP@Ch (az,bz), and ZnP@Cel (as,bs)

nanocomposites with distinct morphological features and contrast variations.

While the current TEM analysis at 100 kV resolution clearly reveals the core—shell
morphology, nanoparticle distribution, and interfacial integration, direct observation of atomic-
scale crystal defects (e.g., dislocations, vacancies) was not possible with the available
instrument. Such defects could potentially accelerate the controlled release of Zn?* ions,

contributing to the observed corrosion inhibition and antibacterial performances[35,50,60].
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Future work employing spherical-aberration-corrected HRTEM and electron energy loss
spectroscopy (EELS) is planned to elucidate the defect structure—ion release relationship.
Furthermore, zeta potential measurements, which would provide valuable insight into colloidal
stability and surface charge, were not performed in this study. Future work employing
spherical-aberration-corrected HRTEM and electron energy loss spectroscopy (EELS) is
planned to elucidate the defect structure—ion release relationship, and zeta potential
characterization will be included to correlate surface charge with dispersion stability and

antibacterial adhesion.

3. 2 Electrochemical and Anti-Corrosion Assessment of Nanocomposites

3. 2.1 PDP Analysis & Corrosion Prevention Mechanisms
The Figure 7 and Table 1 demonstrated the normal accompanied by shifted Potentiodynamic
Polarization (PDP) curves and vital electrochemical parameters for mild steel panels after 24 h
immersion in corrosive saline solution without (Blank) and with ZnP, ZnP@Ch, and ZnP@Cel

nanocomposites, respectively.

The PDP curves and corresponding electrochemical parameters provide valuable insights into
the corrosion mitigation behavior of ZnP, ZnP@Cel, and ZnP@Ch nanocomposites on mild
steel surfaces. The blank sample immersed in 3.5 wt% NaCl exhibited an -Ecorr 0of 660 mV (vs.
SCE) and a relatively high corrosion current density (icor = 7.12 pA/cm?), which reflects the
aggressive chloride-induced dissolution of steel in the absence of protective inhibitors [52,53].
Upon the introduction of ZnP nanocomposites, a notable positive shift in -Ecorr to 587 mV was

observed, along with a modest reduction of icorr to 4.93 pA/cm2,

This behavior could be attributed to the precipitation of insoluble Zn—P species on the steel
surface, which forms an initial protective anodic Fe?*’3*—P pluging film that partially retards

anodic dissolution [15,19]. The inhibition efficiency, however, was limited to 30.8%
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(according to the Equation 1)), suggesting that the ZnP coating alone provides an incomplete
barrier against chloride ingress due to possible film porosity and lack of organic reinforcement

[41].

%IEl = 100 x (1 _ lcorr,Nanocomposites presence) (1)

icorr,Blank

The more effective corrosion protection was observed for ZnP@Ch nanocomposites. The
system demonstrated a significant shift in -Ecorr to 600 mV, a reduction in icorr to 3.85 HA/CcM?Z,
and the highest inhibition efficiency of 45.9%. These superior results can be directly linked to
the chitosan shell structure. Chitosan, a biopolymer rich in amine and hydroxyl groups, not
only wraps ZnP cores in a uniform shell (4 nm thickness as verified by TEM results) but also

exhibits intrinsic corrosion inhibition properties [49,54].

Its functional groups facilitate strong adsorption onto the steel surface through coordination
with Fe?*/Fe** ions, forming a compact organic—inorganic interphase. This interaction enhances
the stability and impermeability of the protective layer, thereby effectively suppressing both
anodic and cathodic electrochemical reactions [55,56]. The drastic increase in the anodic slope
(Ba = 111 mV/dec) combined with significant modification of the cathodic slope (—c = 236
mV/dec) provides evidence for a synergistic mixed-type inhibition mechanism [57].
Specifically, ZnP@Ch reduces anodic metal dissolution by reinforcing phosphate Fe?***—p
film deposition, while simultaneously hindering cathodic oxygen reduction through the

blocking action of chitosan-derived complexes [58].
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Figure 7. Evans diagrams obtained PDP measurements of mild steel specimens exposed for
24 h to 3.5 wt% NacCl solution in the absence and presence of ZnP, ZnP@Ch, and ZnP@Cel

nanocomposites; (a) standard representation and (b) potential-shifted representation.

A most pronounced protective effect was achieved with ZnP@Cel nanocomposites, where -
Ecorr shifted positively to 522 mV and icorr decreased substantially to 1.76 pA/cm2. The
calculated inhibition efficiency increased to 75.3 %, accompanied by a significant enhancement
in polarization resistance. The corrosion rates (CR) were calculated from the corrosion current

densities using the standard Equation (2):

_ iCorr X K XEW

CR ) )

where icorr IS the corrosion current density, K is a constant (3272 mm.A'.cm '.year '), Ew is
the equivalent weight of iron (27.92 g/mol), p is the density of iron (7.87 g/cm?), and A is the
area (1 cm?) The calculated corrosion rates are 0.132 mm/year for the blank, 0.091 mm/year
for ZnP, 0.071 mm/year for ZnP@Ch, and 0.033 mm/year for ZnP@Cel, confirming the

significant reduction in corrosion rate upon addition of the nanocomposites[69,70].

26



The TEM and FESEM findings corroborate this performance by showing a uniform 5 nm

cellulose shell enveloping the ZnP cores.

The cellulose matrix contributes to the formation of a dense, adherent, and hydrophilic
interfacial layer that limits chloride penetration, while simultaneously improving film
compactness [46,51]. The moderate reduction in both anodic and cathodic Tafel slopes
suggests that ZnP@Cel exerts its inhibition effect through a mixed mechanism, wherein the
cellulose-derived organic functionalities enhance physical encapsulation and chemical bonding
with the steel substrate [59]. The systematic improvement in electrochemical behavior from
Blank < ZnP < ZnP@Ch < ZnP@Cel underscores the role of biopolymer functionalization in
enhancing the effectiveness of phosphate-based nanocomposites. These trends can be
interpreted as a result of the relative water content of the coating, with cellulose having a
smaller water content than chitosan which decrease the rate of ion diffusion and consequently

corrosion in aqueous saline environments.

The chitosan shell improves dispersion and mechanical stability, whereas the cellulose shell
provides both structural encapsulation and additional active sites for electrochemical
interaction with the steel substrate [58]. The combined effects translate into more compact,

adherent, and durable protective layers that resist chloride-induced attack.

Ultimately, the PDP outcomes affirm that ZnP@Cel, ZnP@Ch and ZnP nanocomposites
deliver the highest degree of corrosion resistance, respectively, making them promising
candidates for advanced eco-friendly corrosion inhibitors that exploit synergistic inorganic—

organic interactions at the nanoscale.

Table 1. Experimentally obtained and theoretically PDP parameters with corrosion rate

calculation outcomes for mild steel sheets after 24 h immersion in a 3.5 wt% NaCl solution
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(blank) in comparison with the protective performance of novel ZnP, ZnP@Ch, and

ZnP@Cel nanocomposites.

8The standard deviation varied from 3.1% to 5.6%.

b The standard deviation varied from 1.2% to 2.1%.

-Ecorr? Bab ‘BCC icorrd | Eif CR
Sample
(MVISCE) (mV/decade) (mV/decade) (HA/cm?) (%) (mm/year)
Blank 660 76 £0.1 316 + 0.63 7.12 - 0.132
ZnP 587 125+0.21  312+0.74 493 308  0.091
ZnP@Ch 600 111+0.13  236+0.81 385 459  0.071
ZnP@Cel 522 289+0.32  581+0.92 1.76 753  0.033

¢ The standard deviation varied from 1.3% to 2.8%.

4 The standard deviation varied from 2.1% to 3.1%.

€ The standard deviation varied from 5.1% to 6.1%.

fThe standard deviation varied from 2.1% to 3.6%.

3. 2. 2 Mechanistic Interpretation of Corrosion Inhibition
To further clarify the superior inhibition efficiency observed for ZnP@Cel and ZnP@Ch
nanocomposites, a schematic illustration of their protective action is presented in Figure 8. The
mechanism involves the formation of a hybrid organic—inorganic interfacial layer, where the
ZnP core and the polymeric shell (cellulose or chitosan) synergistically suppress both anodic

metal dissolution and cathodic oxygen reduction.

In the ZnP@Ch system, the protonated amino and hydroxyl groups of chitosan strongly

coordinate with Fe*/Fe*" ions on the steel surface, forming chelated complexes that act as an
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electrochemical barrier and inhibit charge transfer. Simultaneously, the ZnP phase contributes

phosphate and zinc ions that promote the deposition of a compact Fe—Zn-P protective film.

In contrast, the ZnP@Cel nanocomposite primarily operates through physical encapsulation
and hydrogen bonding. The cellulose shell forms a dense hydrophilic matrix that enhances
adhesion, limits electrolyte uptake, and stabilizes the deposited phosphate film. This dual
mechanism of chemical adsorption (ZnP@Ch) and physical sealing (ZnP@Cel) effectively
blocks both anodic and cathodic reaction sites, resulting in the remarkable inhibition
efficiencies evidenced by PDP and EIS analyses. The distinct electrochemical barrier
performance of ZnP@Cel compared to ZnP@Ch can be explained by the different interfacial
interactions governing each system. In ZnP@Ch, the protonated amino and hydroxyl groups
of chitosan strongly coordinate with Fe?"/Fe*" ions on the steel surface, forming chelated
complexes that act as an electrochemical barrier and inhibit charge transfer. This coordination
bonding creates a chemically anchored protective layer[36,70]. In contrast, ZnP@Cel primarily
operates through physical encapsulation and hydrogen bonding. The cellulose shell forms a
dense hydrophilic matrix that enhances adhesion, limits electrolyte uptake, and stabilizes the
deposited phosphate film[72]. The stronger hydrogen-bonding network in cellulose, as
evidenced by FTIR analysis, creates a more cohesive and stable shell that protects the ZnP core
while allowing controlled ion diffusion. Furthermore, the lower water content of cellulose
(15% wi/w) compared to chitosan (40% wi/w) results in a more stable matrix that resists
excessive swelling and maintains structural integrity, preventing rapid ion depletion and
maintaining barrier performance over extended immersion. Thus, the superior barrier
performance of ZnP@Cel arises from a combination of physical sealing, superior matrix

stability, and sustained ion-release passivation[73].
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Figure 8. Proposed corrosion inhibition mechanism for (a) ZnP@Cel and (b) ZnP@Ch

nanocomposite coatings.

The proposed mechanism (Figure 8) demonstrates that ZnP@Cel forms a dense, adherent
organic—inorganic barrier through both physical encapsulation and chemical adsorption,
whereas ZnP@Ch achieves effective corrosion suppression through coordination bonding and

mixed-type inhibition behavior.

Table 2. Literature-reported oxygen permeability coefficients (P) of cellulose, chitosan, and
representative polymeric materials under standard temperature and pressure (STP; T = 273.15
K, P =1 atm) used as reference values to support the proposed oxygen-barrier mechanism of

ZnP@Cel and ZnP@Ch nanocomposites [74,75].

O: Permeability
Material O: Permeability relative to water
% 107" cm?-cm/(cm?'s-cm Hg)

Water ~3000 Reference (100%)

Chitosan (dry) 0.05-0.5 0.002-0.02%

30



Cellulose 0.001-0.01 0.0003-0.003%

Epoxy resin 0.5-5 0.02-0.17%

Polyurethane 5-20 0.17-0.67%
LDPE 200-300 6-10%
Natural rubber 1500-2000 50-67%

Furthermore, literature-reported oxygen permeability data (Table 2) indicate that cellulose and
chitosan possess substantially lower oxygen permeability than many conventional polymeric
coating materials. Although oxygen permeability was not experimentally measured in the
present work, these reference values support the proposed mechanism whereby the biopolymer
shells contribute to corrosion protection by restricting oxygen transport toward the

metal/electrolyte interface and thereby limiting cathodic oxygen reduction reactions.

3. 2. 3 EIS Investigation
Figure 9, Figure 10, and Table 2 respectively showcase the Nyquist and Bode plots, employed
one/two-time constant electrical circuits accompanied with the Electrochemical Impedance
Spectroscopy (EIS) fittings details of dipped steel panels in the Blank and extract solutions of
ZnP, ZnP@Ch and ZnP@Cel for distinct immersion times. The corrosion inhibition
performance of ZnP, ZnP@Cel, and ZnP@Ch nanocomposites on mild steel in a 3.5 wt.%
NaCl solution was rigorously evaluated using EIS. The Nyquist and Bode plots, alongside the
fitted parameters detailed in Table 3, provide a quantitative and qualitative assessment of the

protective films formed at the steel/electrolyte interface over a 24 h immersion period [30].

The electrochemical behavior was modeled using equivalent electrical circuits featuring one or
two time constants, where Rs represents the solution resistance, Rt is the charge-transfer
resistance, and R denotes the resistance of a surface film [44,54]. The non-ideal capacitive

behavior of the double layer and any surface films is represented by constant phase elements
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(CPEa and CPE;, respectively), whose admittance values (Yo) and exponents (n) were used to

calculate the effective capacitance (Ca and Cs) using the Equation (3) and (4) [31]:

ReXR, 1-n 1
Cai = (CPEg X (ﬁ) ) (3)
1 n-1
Cr = (CPEgn X R.™) (4)

The exponent n serves as a critical indicator of interfacial homogeneity, with values closer to
1.0 signifying a more ideal capacitor and a smoother, more uniform surface [31,55]. The chi-
square (2) values reported in all electrochemical outcomes, ranging from 3.00 x 10%4t0 1.17 x
103, confirm the excellent goodness of fit for all equivalent circuit models. The
unprotected Blank sample exhibited consistently poor corrosion resistance. After 1 h, it showed
a low Rt of 1412 Q-cm? and a high Cgq of 77.56 pF-cm™2, indicative of a readily permeable
interface. The data for 1 h and 5 h were fitted with a single and double time-constant model,
respectively, suggesting the absence and in the present of a defined corrosion products film.
By 24 h, a second time constant emerged, revealing a very porous rust film (R¢= 4.94 Q-cm?)
[1,15]. However, this native film was ineffective, as the overall impedance remained low (Rct
= 2005 Q-cm?) and the double-layer capacitance, though calculated lower due to the new
model, still reflected easy electrolyte access to the metal surface. The declining nq values (from
0.79 to 0.68) further confirm the increasing heterogeneity and defectiveness of the corroding
surface [55]. The introduction of pristine ZnP led to a moderate improvement, necessitating a
two-time-constant model from the outset. This confirms the formation of a zinc phosphate
protective surface film [30,31]. The film resistance R was significant (1025-992.60 Q-cm?),
and the Rt rechaed to 992.60 Q-cm? after 24 h, surpassing the blank. However, the performance
was unstable. The effective Cq fluctuated considerably (227 to 405 to 142 pF-cm2), and the

film capacitance Ct remained very high (91.5-101.31 uF-cm™), signaling that the deposited
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ZnP layer is porous, hydrated, and unstable, offering only a partial physical barrier against

chloride ion penetration [42,53].
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Figure 9. Nyquist diagrams with corresponding equivalent circuit models (single- and
double-constant phase elements) employed for fitting the electrochemical impedance
response of mild steel samples immersed for 1, 5, and 24 h in (a) Blank, (b) ZnP, (c)

ZnP@Ch, and (d) ZnP@Cel media.

The ZnP@Ch nanocomposite provided the superior and consistent protection in comparison to

ZnP samples. It exhibited excellent performance from the first hour immersion, with a high Rt
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of 4170 Q-cm? and a low Cq of 14.50 pF-cm™2. Unlike other Blank and ZnP samples, its
performance stabilized impressively over time, maintaining a very high Ret of 5644 Q-cm? and
achieving the lower Cqi 0f 26.90 pF-cm™ at 24 h[14]. This superior performance in comparison
to Blank and ZnP samples is attributed to the chitosan biopolymer, whose amino and hydroxyl
groups possess strong chelating and adhesive properties [42,53]. These functionalities enable
chitosan to adsorb tenaciously onto the steel surface, organizing a highly uniform and adherent
mixed organic-inorganic interphase [2,9,13]. This interphase acts as a synergistic barrier,
simultaneously reinforcing the zinc phosphate deposit and blocking both anodic and cathodic
reaction sites. The steady nq values around 0.7-0.8 further attest to the formation of a

homogenous and non-porous surface layer [55].
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Figure 10. Bode and Phase Angle curves of fitting the electrochemical impedance response

of mild steel panels diped for 1, 5, and 24 h in (a) Blank, (b) ZnP, (c) ZnP@Ch, and (d)

ZnP@Cel media.

The ZnP@Cel nanocomposite demonstrated a significantly enhanced and more robust

protective mechanism. At 1 h, the data fit a double time-constant model with a high Rt of 4980

Q-cm? and a suppressed Cqi of 1.33 uF-cm™, suggesting rapid surface coverage. By 5 h, a

effective dual-layer structure had formed, evidenced by a moderate R¢t of 1699 Q-cm? and a

drastically low Cgq of 386 uF-cm™. This indicates that the cellulose shell acts as a stabilizing
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hydrophilic matrix, facilitating the formation of a dense, cohesive organic-inorganic film that

severely restricts electrolyte uptake and ion mobility [46,51].

Moreover, the Rt increase slightly to 6127 Q-cm? after 24 h, it remained the highest of all
samples, and the Cqi was further reduced to 53.10 uF-cm™, proving exceptional long-term
barrier integrity. Comparable increases in charge-transfer resistance and reductions in
corrosion current density have been reported for epoxy coatings reinforced with rGO/metal
nitride nanocomposites[79].The very low calculated Cs of 28.59 puF-cm™ at 24 h is a strong

indicator of a highly impermeable film [16,24].

In fact, the EIS analysis unequivocally demonstrates that encapsulating zinc phosphate in
biopolymers transforms its inhibition mechanism from one of unstable precipitation to one of
intelligent surface modification. ZnP@Ch forms a rapidly established, dense physical barrier,
while ZnP@Cel creates a highly adherent and stable electroactive barrier through

chemisorption [29,31,53].

Both nanocomposites far outperform the bare steel and pristine ZnP, with ZnP@Cel showing
the most consistent and efficient protection over the 24 h period, as directly evidenced by the
sustained high charge-transfer resistance and minimal capacitive response across the entire

frequency spectrum.
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Table 3. The EIS fitting parameters obtained for mild steel specimens immersed in Blank

electrolyte, ZnP, ZnP@Ch, and ZnP@Cel solutions at immersion intervals of 1, 5, and 24 h.

CPEt CPEal _
Rs? R Rctd Cal" Ct
Yof° N Yodl® Naif
Sample
T T - -
Q.cm? M% - Q.cm? Mg_i - Qem? HF'Zcm HF'Zcm
cm=<s" cm<s"
Blank— 1h 12.73 - - - 33240 0.79 1412 77.56 -
Blank—5h 11.77 437.30 0.74 16.88 134.10 0.80 1725 28.59 80.12
Blank-24h 7.41 46.7 0.97 494 858.20 0.68 2005 86.75 36.72
ZnP-1h 9.25 140 0.85 1025 227 1 603.9 227 101.31
ZnP —5h 1053 211.30 0.81 1393 404.70 1 416 405 160.22
ZnP-24h 11.05 136.30 0.83 99260 25260 0.91 1331 142 91.95
ZnPl@I:)]Ch_ 9.64 107.10 0.74 2587 90.37 0.79 4170 14.50 68.76
ZnPEICh_ 9.45 106.10 0.73 830.70 100.40 0.73 5901 8.03 45.09
ZnPZC?I’?h 835 141.80 0.69 1231 12590 0.81 5644 26.90 66.77
anﬁcel_ 1049 116.50 0.82 296.10 1.326 1 4980 1.33 56.92
Z”P?hce' T 1007 46420 073 3957 38610 1 1699 386 57655
angrc]:el 959 5353 093 2.69 328.20 0.75 6127 53.10 28.59

4 The standard deviation fluttered between 2.4% to 4.1%.

b The standard deviation fluttered between 3.1% to 5.1%.

¢ The standard deviation fluttered between 6.4% to 7.6%.

4 The standard deviation fluttered between 5.4% to 8.7%.

€ The standard deviation fluttered between 2.8% to 6.2%.
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f The standard deviation fluttered between 5.4% to 6.6%.

9 The standard deviation fluttered between 7.4% to 7.9%.

" The standard deviation fluttered between 11.7% to 14.3%.

' The standard deviation fluttered between 14.4% to 15.1%.
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Figure 11. The (a) |Z|o.o1Hz and (b) Riotat =Rct+Rs for mild steel specimens exposed to 3.5

wt.% NaCl electrolyte (Blank), comparing with protected by ZnP, ZnP@Ch, and ZnP@Cel

nanocomposite.

38

overall barrier performance against corrosion [7,8,13].

Figure 11 (a, b) illustrates the total resistance (Rewta=Rct+Ry) and the impedance modulus at
0.01 Hz (JZ|o.01Hz) for mild steel specimens exposed to 3.5 wt.% NaCl electrolyte, comparing
uncoated (blank) samples with those protected by ZnP, ZnP@Ch, and ZnP@Cel
nanocomposite. The protective efficacy of the nanocomposites was further quantified by
analyzing the low-frequency impedance modulus (|Zo.o1Hz) and the sum of the charge-transfer

and film resistances (Ruwta=RcttRy), as these parameters are critical indicators of a coating's




The |Z|..1. value, representing the impedance at a very low frequency (0.01 Hz), is a robust
measure of the system'’s DC-like resistance and directly correlates with the corrosion resistance,
with higher values signifying more effective protection. The data for the Blank (unprotected)
sample confirms its inherent susceptibility to corrosion. It exhibited the lowest initial |Z|,..m-

value of 1399.2 Q-cm? and Riotal of 1412 Q-cm? after 1 h immersion.

Although these values showed a slight increase over 24 h (reaching 1763.6 Q-cm? and 2009.9
Q-cm?, respectively), this minor improvement is not indicative of effective protection. Instead,
it is characteristic of the formation of a porous, non-protective rust layer whose slight
thickening offers only a marginal increase in resistance while remaining highly permeable to
water, oxygen, and chloride ions. The consistently low values underscore the absence of a true

barrier film [9].

Incorporation of pristine ZnP led to a measurable but modest and unstable improvement in
barrier properties. The |Z|,..n- and Rotal Values were consistently higher than those of the Blank
sample at all immersion times (e.g., |Z|,..120f 2309 Q-cm? vs. 1764 Q-cm? at 24 h). The upward
trend over time (from 1630 to 2309 Q-cm? for |Z|...1-) Suggests the ongoing precipitation and
growth of a zinc phosphate film on the steel surface [24]. However, the relatively low
magnitude of these values, especially when compared to the biopolymer-modified samples,
reveals the film's inherent limitations. It is likely a discontinuous, micro-cracked, or porous
layer that provides incomplete coverage and an unstable barrier, which is prone to breakdown

under prolonged exposure [60].

The nanocomposites ZnP@Cel and ZnP@Ch demonstrated a transformative enhancement in
corrosion protection, outperforming both the Blank and pure ZnP by an order of magnitude.
The |Z|,.1. and Rita values for these samples were exceptionally high from the initial

immersion period and remained stable or even increased over time. The ZnP@Cel (zinc-
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phosphate-cellulose) composite displayed outstanding performance, achieving the highest
recorded values. Its |Z|..n. was remarkably stable at approximately 6270-6441 Q-cm?
throughout the entire 24 h test, and itS Riota increased from 6757 to 6875 Q-cm?. This
exceptional stability indicates the rapid formation of an immensely dense and highly effective

barrier layer [9,13,31].

The hydrophilic cellulose matrix acts as a stabilizer, facilitating the formation of a cohesive,
low-porosity organic-inorganic composite film that drastically reduces electrolyte uptake and

ion diffusion rates, resulting in a consistently high impedance response [24,31].

The ZnP@Ch composite also provided superior protection, characterized by a strong and
steadily increasing impedance. Its |Z|...1. and Riotal Values rose significantly from 5189 to 5473
Q-cm? and from 5276 to 6130 Q-cm?, respectively, between 1 and 24 h. This progressive

improvement points to an active protection mechanism.

The chitosan shell, rich in amino and hydroxyl groups, undergoes strong chemisorption onto
the steel substrate, creating a uniform and adherent initial layer [24,30]. Over time, the
continued interaction and possible reorganization of this chitosan-phosphate interphase leads
to a further sealing of the surface, enhancing the barrier properties and maximizing the charge-

transfer resistance [28,49].

Ultimately, the analysis of |Z|,..n. and Rwtal provides unequivocal evidence of the performance
hierarchy: ZnP@Cel > ZnP@Ch >> ZnP > Blank. The biopolymer nanocomposites do not
merely deposit a passive layer; they form a dynamic, resilient, and highly impermeable barrier
at the metal-electrolyte interface. ZnP@Cel achieves this through the instant formation of a
supremely dense physical shield, while ZnP@Ch accomplishes it through strong adsorption

and the ongoing development of a reinforced mixed matrix [2,3,31].
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Both mechanisms are vastly more effective than the simple precipitation of unmodified zinc
phosphate or the formation of native rust, conclusively demonstrating the synergistic effect of
combining inorganic inhibitors with organic biopolymer matrices for advanced corrosion

protection.

3. 3 Antribaterial Behavior Investigation of Nanocomposites
The comprehensive evaluation of the antibacterial properties of zinc phosphate (ZnP), zinc-
phosphate-chitosan (ZnP@Ch), and zinc-phosphate-cellulose (ZnP@Cel) nanocomposites,
conducted through a multi-faceted experimental approach encompassing agar disk diffusion,
colony-forming unit (CFU) counting, and MTT cytocompatibility assays, reveals a pronounced
and mechanistically distinct enhancement in biocidal efficacy for the biopolymer-encapsulated
composites. The antibacterial activity evaluation outcomes of the synthesized ZnP, ZnP@Ch,
and ZnP@Cel nanocomposites were revealed in Figure 12, Table 3 and Table 4, respectively.
Table 4 compared the antibacterial activity of ZnP, ZnP@Ch, and ZnP@Cel nanocomposites
in the present work. Result has been shown that ZnP@Ch, and ZnP@Cel nanocomposites have

good antibacterial power in comparison to ZnP nanocomposites.

Table 4. The inhibition Zone of ZnP, ZnP@Ch, and ZnP@Cel nanocomposites.

sample Strain Zone of inhibition (mm)
ZnP Streptococcus faecalis 12
ZnP@Ch S.mutans ATCC35668 18
ZnP@Cel S.mutans ATCC35668 18

The agar diffusion test (Figure 12 and Table 5), which qualitatively assesses the ability of
leached antibacterial agents to diffuse through an agar medium and inhibit microbial growth,

established a clear hierarchy of performance [61,62]. While pristine ZnP nanoparticles
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exhibited a moderate inhibition zone of 12 mm against the Gram-positive
bacterium Staphylococcus aureus, the ZnP@Ch and ZnP@Cel nanocomposites generated
significantly larger zones of inhibition, measuring 18 mm each, not only against S. aureus but

also against the Gram-negative Escherichia coli [63,64].

Table 5. Result of CFU test with Antibacterial Reduction for ZnP, ZnP@Ch, and ZnP@Cel

nanocomposites.

Number Log10 Logl0

Bacteria of Antibacterial
Sample Bacteria  concentration colony (nUmbEr - cpy/mi Reduction
CFU/mI of - (%)
CFUMI colony) reduction 0
0.5 x
Control 18.69 0 -
1019
1.39 x
ZnP Streptococcus 10° 1010 10.14 5.49 99.9997%
mutans
1.49 x
ZnP@Ch oo 10T 852 99.9999997%
ZnP@Cel 0 - 18.69 100 %

This immediate and broad-spectrum bactericidal effect, indicated by the larger clear zones,
suggests that the biopolymer shells are not inert carriers but actively contribute to the
antimicrobial mechanism, likely by facilitating a more uniform dispersion and sustained release
of zinc ions (Zn*") from the phosphate core, thereby increasing the effective surface area and

contact with bacterial cells [24].
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In addition to reporting the absolute CFU counts, antibacterial reduction percentages were
calculated to quantitatively evaluate bacterial inactivation by the developed nanocomposites.

The antibacterial reduction efficiency (R) was determined using Equation (5) [24,87,88]:

R (%) — CFUcontrol — CFUsample X 100 (5)
CFUcontrol

where CFUcontrol corresponds to the bacterial population in the untreated control group and
CFUsample denotes the bacterial population after exposure to the respective nanocomposite.
The resulting reduction percentages provide a more rigorous measure of antibacterial
effectiveness than CFU values alone and confirm the superior bactericidal performance of

ZnP@Cel and ZnP@Ch relative to pristine ZnP.

The quantitative CFU assay, which provides a highly accurate measure of bactericidal activity
by counting viable cells after direct exposure to the nanomaterials, delivered even more
compelling evidence of a powerful synergistic effect. After 48 h of exposure to a standardized
suspension of Streptococcus mutans (1 x 10° CFU/mL), the treatments resulted in staggering
logarithmic reductions in viable bacterial counts. Pristine ZnP achieved a significant 5.49 log10
reduction, equivalent to a 99.9997% elimination of the bacterial population [29,61]. To provide
a more quantitative evaluation of antibacterial performance, the colony-forming unit (CFU)
data were converted into antibacterial reduction percentages according to Equation (5). The
calculated reduction efficiencies were 99.9997% for ZnP, 99.9999997% for ZnP@Ch, and
approximately 100% for ZnP@Cel, confirming the remarkable bactericidal activity of the
biopolymer-modified nanocomposites [88,89]. These results demonstrate a clear performance
hierarchy of ZnP@Cel > ZnP@Ch > ZnP and further highlight the synergistic effect of
cellulose and chitosan shells in enhancing the antibacterial efficacy of zinc phosphate

nanoparticles.
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Figure 12. Antibacterial evaluation of the synthesized nanocomposites: (a) colony counts of
Streptococcus mutans following 48 h incubation with ZnP, ZnP@Ch, and ZnP@Cel
nanocomposites; (b) logarithmic (Log10) representation of colony-forming units; and (c)
inhibition zone assay against the Gram-positive bacterium Staphylococcus aureus for
comparative assessment of antibacterial efficacy. Data are presented as mean £ SD (n = 3).
Statistical significance was evaluated using one-way ANOVA with p < 0.05 considered

significant.

However, the biopolymer-modified composites far surpassed this performance. ZnP@Ch

achieved an 8.52 log10 reduction, while ZnP@Cel demonstrated complete sterilization,
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showing a total 18.69 logl0 reduction with zero detectable colonies. This extraordinary

efficacy can be attributed to the distinct functionalities of each biopolymer matrix [61].

For ZnP@Ch, the potent antimicrobial action is multifactorial: the protonated amino groups (-
NHs") of chitosan under physiological conditions electrostatically interact with and disrupt the
negatively charged phospholipid membranes of bacteria, increasing permeability and
facilitating the entry of lethal Zn?* ions; simultaneously, the chitosan shell acts as a chelating
agent, sequestering essential nutrients and metals from the bacterial environment, thereby

inducing metabolic arrest [62].

While chitosan possesses inherent antibacterial activity due to its protonated amino groups,
which electrostatically interact with negatively charged bacterial membranes, the superior
overall antibacterial performance of ZnP@Cel (complete sterilization, 18.69 log10 reduction)
compared to ZnP@Ch (8.52 1og10 reduction) can be attributed to several factors. First, the
cellulose shell provides superior dispersion and stabilization, effectively preventing
agglomeration of ZnP nanoparticles and ensuring a maximized and uniform interface for
bacterial contact, leading to more efficient Zn?* release[90]. Second, the thicker cellulose shell
(5.25 nm) compared to the chitosan shell (4 nm) provides better encapsulation and controlled
release kinetics, allowing for sustained ion release over the 48 h incubation period. Third, the
lower water content of cellulose (15% w/w) compared to chitosan (40% wi/w) results in a more
stable matrix that resists excessive swelling and maintains structural integrity, preventing rapid
ion depletion. Fourth, the superior oxygen barrier properties of cellulose (Table 2) may reduce
oxidative degradation of the nanocomposite and preserve its antibacterial activity[91]. Fifth,
the stronger hydrogen-bonding network in cellulose, as evidenced by FTIR analysis, creates a
more cohesive and stable shell that protects the ZnP core while allowing controlled ion
diffusion. In contrast, while chitosan provides additional membrane-disrupting activity through
its cationic nature, this effect may be counterbalanced by its higher water content and greater
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swelling, which can lead to faster ion release and depletion, resulting in lower overall
antibacterial efficacy over the extended 48 h period. Thus, the superior performance of
ZnP@Cel arises from a synergistic combination of optimal nanoparticle dispersion, sustained

ion release, and superior matrix stability.

For ZnP@Cel, the cellulose matrix, while less inherently bactericidal than chitosan, plays a
critical role as a superior dispersant and stabilizer. It effectively prevents the agglomeration of
ZnP nanoparticles, which is a common limitation that reduces reactive surface area, ensuring a
maximized and uniform interface for bacterial contact and a more efficient release of
antibacterial Zn?* ions [62,64]. The antibacterial action of Zn?" ions involves multiple
pathways, including disruption of enzymatic functions (e.g., dehydrogenase inhibition),
interference with membrane potential, and induction of oxidative stress through glutathione

depletion, ultimately leading to bacterial cell death[90].

Furthermore, Zn?" ions can catalyze the generation of reactive oxygen species (ROS) through
Fenton-like reactions, resulting in lipid peroxidation, protein carbonylation, and DNA

fragmentation, which collectively contribute to the bactericidal effect[92].

Membrane disruption occurs through two complementary pathways: (i) direct physical
interaction between ZnP nanoparticles and bacterial cell walls, leading to structural damage
and cytoplasmic leakage, and (ii) lipid peroxidation initiated by ROS and metal ions, which

compromises membrane integrity[92].

Furthermore, the cytocompatibility assessment via MTT assay on L929 fibroblast cells is
crucial, as it confirms that the dramatically enhanced antibacterial potency of these
nanocomposites is not accompanied by increased cytotoxicity towards mammalian cells at
concentrations up to 200 pg/mL. This indicates a favorable selective toxicity, a vital

characteristic for any potential biomedical or hygienic application. In conclusion, the data
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unequivocally demonstrates that the encapsulation of zinc phosphate within chitosan or
cellulose matrices transforms it from a moderately effective antibacterial agent into a potent,
broad-spectrum, and highly efficacious nanocomposite [6,61]. The synergy arises from the
combined effects of the biopolymers membrane disruption and chelation for chitosan, and
superior dispersion and stabilization for cellulose working in concert with the ion-release
mechanism of the zinc phosphate core to achieve a powerful and comprehensive antibacterial
action [18,19,63]. Moreover, the strong antibacterial activity of ZnP@Cel indicates its potential
to inhibit biofilm formation on metallic surfaces, thereby preventing microbially induced
corrosion (MIC). This additional functionality further reinforces the long-term stability of the

protective coating in real-world applications.

The strong antibacterial activity of ZnP@Cel also indicates its potential to inhibit biofilm
formation on metallic surfaces through several mechanisms: (i) prevention of initial bacterial
adhesion due to the hydrophilic nature of the biopolymer shells, (ii) continuous release of Zn?"
ions that kill bacteria before they can establish a mature biofilm, and (iii) potential interference
with quorum-sensing pathways. This additional functionality further reinforces the long-term
stability of the protective coating in real-world applications by mitigating microbially induced

corrosion (MIC).

4. Conclusion

This study demonstrates the successful design of eco-friendly zinc phosphate—biopolymer
nanocomposites (ZnP@Cel and ZnP@Ch) that deliver efficient and sustainable corrosion and
antibacterial protection for mild steel. The ZnP@Cel coating, in particular, exhibits superior
barrier integrity and charge-transfer resistance due to its dense cellulose shell, which promotes
strong adhesion and minimizes chloride and oxygen penetration. The ZnP@Ch composite also

provides effective protection through coordination bonding between its amino/hydroxyl groups
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and the steel surface. Both systems act as dual-functional, intelligent coatings capable of
preventing electrochemical corrosion and microbial colonization. While the present
characterization (XRD, FTIR, TEM, FESEM-EDS) confirms the core—shell morphology and
homogeneous integration of the ZnP cores within the biopolymer shells, we acknowledge that
advanced spectroscopic techniques such as XPS and Raman spectroscopy, as well as high-
resolution elemental mapping, would provide additional confirmation of the chemical states
and interfacial bonding. These analyses are planned for future work to further elucidate the
structure property relationships. The present study was performed only in neutral saline media
(3.5 wt.% NaCl, pH 6.5-7.2). Future work will systematically evaluate performance at acidic
(pH 3-5) and alkaline (pH 9-11) conditions to assess the true environmental adaptability of the
ZnP@Cel and ZnP@Ch nanocomposites. Overall, the ZnP@Cel nanocomposite emerges as a
robust, eco-friendly, and scalable candidate for replacing conventional chromate-based
coatings in marine, biomedical, and industrial applications. Future studies will focus on
quantitative biofilm inhibition assays, evaluation against additional Gram-positive, Gram-
negative, and MIC-associated bacterial strains, investigation of quorum-sensing interference
mechanisms, and long-term biological safety assessment to further establish the
multifunctional performance of ZnP-based biopolymer nanocomposites under realistic service
conditions. Although the developed ZnP@Ch and ZnP@Cel nanocomposites exhibited
promising corrosion inhibition and antibacterial performance under laboratory conditions, their
long-term behavior in real marine and industrial environments remains to be validated.
Therefore, the present results should be considered as an initial demonstration of their potential
applicability. Future work will focus on long-term marine exposure studies, biofilm resistance
and microbiologically influenced corrosion (MIC) assessments, as well as optimization of
coating composition and thickness to further enhance protective performance under practical

service conditions.
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Research Highlights

e ZnP@Cel nanocomposite achieves 75.3% corrosion inhibition efficiency (icor= 1.76

HA/cm?) in 3.5 wt.% NaCl.

e High charge-transfer resistance of 6127 Q-cm? confirms superior barrier formation.

o Complete bacterial eradication (100% Kill rate, 18.69 log reduction) against S. mutans.

e Dual synergistic mechanism: physical barrier (biopolymer shell) and Zn*/PO+*-

passivation.

o Core-shell architecture with 4-5 nm biopolymer shells on 36-62 nm ZnP nanoparticles.
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