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ZINC OXIDE EMBEDDED ON CHITOSAN/GRAPHENE OXIDE COMPOSITE: A ROBUST HYDROPHOBIC MATERIAL
FOR ANTIBACTERIAL COATING

Organic coatings often face limitations in providing enhancement of corrosion protection in aggressive environments. This
study introduces a multifunctional Graphene oxide and zinc oxide embedded in chitosan (CGZ) composite incorporated into an
epoxy (EP) matrix to enhance the antibacterial activity, hydrophobicity, and corrosion resistance of carbon steel substrates. Struc-
tural and morphological characterization successfully addresses the fabrication of CGZ composite. SEM images reveal that the
CGZ composite possesses a more compact and less porous structure than pure chitosan. Tafel plots also indicate that increasing
the zinc oxide weight percentage in the chitosan matrix shifts the corrosion potential (£.,,,) towards more positive values, enhan-
cing the anticorrosion performance due to the combined effects of ZnO and GO and the composite’s reduced porosity. Moreover,
the antibacterial testing demonstrating a moderate antibacterial effect against of CGZ against E. coli and S. aureus in contrast to the
zero-impact observed with pure chitosan. These findings suggest that the CGZ composite is a promising material for various ap-

plications, significantly improving chitosan alone.
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1. Introduction

Microbial-influenced corrosion (MIC), also known as bio-
corrosion, is a major concern in various industries, leading to
significant economic losses and structural failures due to micro-
bial activity [1,2]. Biofilms formed by bacteria such as Staphy-
lococcus aureus and Escherichia coli accelerate the degradation
of carbon steel, reducing its service life and increasing mainte-
nance costs [3,4]. Conventional corrosion protection methods,
including organic coatings and chemical inhibitors, often suffer
from limited durability, toxicity concerns, and environmental
impact, necessitating the development of more sustainable and
multifunctional protective materials [5]. Chitosan, a renewable
biopolymer derived from chitin, has attracted attention as a green
alternative due to its biodegradability, biocompatibility, and
inherent antimicrobial properties. However, despite these ad-
vantages, pristine chitosan exhibits limited corrosion resistance,
weak barrier properties, and insufficient mechanical strength,
making it less effective in aggressive microbial environments [6].
Therefore, enhancing its compatibility and hydrophobicity is
critical for its practical application in corrosion protection.

Recent studies have explored the incorporation of nanoma-
terials to improve chitosan-based coatings [7,8]. Among these at-
tempts was the incorporation of zinc oxide in the coating matrix,
which endowed the matrix with strength [9,10]. For instance,
Hasanan et al. employed zinc oxide nanoparticles with a chitosan
matrix to prevent corrosion in highly acidic media [11]. Similarly,
the addition of graphene oxide (GO) has been shown to improve
mechanical strength, increase surface area, and enhance barrier
properties in composite coatings [12]. GO material is renowned
for its excellent barrier properties, high surface area, and me-
chanical strength [13-16]. Meanwhile, ZnO provides significant
antimicrobial and anticorrosive properties. However, previous
studies have primarily focused on the individual incorporation
of ZnO or GO in chitosan matrices, leaving a research gap in
developing a multifunctional composite that integrates both
materials for synergistic protection.

This study addresses this gap by synthesizing and evaluating
a novel multifunctional composite (CGZ) comprising graphene
oxide (GO), zinc oxide (ZnO), and chitosan. The key research
question focuses on how the synergistic combination of these
materials enhances both the antibacterial and anticorrosion
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properties of the composite coating compared to chitosan alone.
The study systematically evaluates the morphology, structural
integrity, antibacterial efficacy against S. aureus and E. coli, and
corrosion resistance of CGZ-coated carbon steel in a simulated
corrosive environment. By overcoming the limitations of previ-
ous single-component coatings, this research introduces a more
robust, sustainable, and effective solution for microbial corrosion
mitigation in various industrial applications.

2. Materials and method
2.1. Materials

Graphite flakes (+100 mesh) were purchased from the
graphene market. Acetic Acid, Ethanol, Mueller Hinton Agar
(MHA), Sodium chloride, Zinc acetate, Potassium persulfate,
phosphorus pentoxide, Sulfuric acid, Potassium permanganate,
and Hydrogen peroxide were purchased from Sigma-Aldrich.
Chitosan (CHT, Mv =~1000,000) was purchased from Shanghai
Dibai Biotechnology Co., Ltd.

2.2. Preparation of GO material

The GO was prepared using the modified Hummer method
and freeze-drying [17]. The typical process starts with the per-
oxidation of graphite flakes and the transfer of graphite into
intercalated graphite compound (GIC). Briefly, graphite flakes
(4 g) were added to a mixture of K,S,04 (6 g), H,SO,4 (60 mL),
and P,Os (6 g) and then refluxed at 80°C for 6 h. After that, the
GIC was washed with distilled water until the pH reached neu-
tral 7 to remove impurities and prevent extra oxidation. Next,
the full-oxidation stage was conducted to prepare GO, by mixing
the intercalated graphite compound with a preprepared solution
of H,SO,4 (300 mL) and KMnOy, (35 g) at 35°C for a duration
of a minimum of 4 h. The mixture was diluted using 700 ml
of Deionized water, and the oxidation process was halted by
employing hydrogen peroxide (100 mL of H,0O,). HCI solution
(1:10) was employed to wash the GO until the pH was neutral-
ized. The GO aerogel form was obtained by freeze-drying the
mixture.

2.3. Preparation of ZnO NPs

ZnO NPs were fabricated via the sol-gel method [18]. Zinc
acetate (CH;CO0O),Zn-2H,0, Oxalic acid (H,C,0,), and ethanol
were employed as a precursor, sphere-shaped directing agent,
and solvent, respectively. The process started by dissolving
50.1 mmol of (CH;COO),Zn-2H,0 in 300 mL of ethanol for
30 min at 60°C under continuous stirring. A 140 mmol of H,C,0,
was added with 200 mL of ethanol and slowly mixed into the
previously prepared solution. The final mixture was refluxed at
50°C for 60 min and then cooled to 25°C. Finally, the ZnO NPs

in a gel-like form were dried in oven overnight at 80°C before
calcination for 4 h at 650°C to remove any impurities.

2.4. CGZ composite fabrication

The CGZ biopolymer was synthesized following Zhang et
al. approach [19]. 0.75 g of chitosan was completely dissolved
in an acidic solution of 30 ml acetic acid (1.5% w/v), after the
total dissolution of chitosan, 0.30 g of GO was directly added into
the mixture under stirring for 3 h at RT before adding 0.25 g of
the fabricated ZnO while stirring for another 30 min. Afterward,
the mixture was dried in an oven at 120°C using a Teflon-lined
autoclave piece for 12 hr. Finally, the composite was cooled to
room temperature, purified using deionized water and methanol,
and dried in a freeze-dryer.

2.5. Structural and Morphological Characterizations

The successful synthesis of the GO, ZnO, and CGZ
composite was confirmed by observing the functional groups
change employing an IR spectrometer (FT-IR, Spectrum 100,
PerkinElmer). The crystalline structure of as-synthesized pure
GO, ZnO, and CGZ composite was investigated using X-ray
diffraction (XRD) spectroscopy (Rigaku X-ray diffractometer
(Miniflex II with Cu-Ko radiation at 30 kV, 15 mA, A =1.5406 A)
within the 26 range of 10° to 80°. The hydrophilicity of coated
substrates on carbon steel was evaluated using a contact angle
measurements tool following the drop shape analysis approach
(DSA325, Kruss Advance, Japan). One droplet of DI water
was enough to be used to assign the coatings’ contact angle.
Morphology for all synthesized materials was investigated by
scanning electron microscope equipped with energy-dispersive
x-ray spectroscopy (SEM/EDX, JEOL, JISM7800F).

2.6. Bacterial species selection

The antibacterial effect of the fabricated CGZ composite
was evaluated against two harmful bacterial species. The micro-
bial scope of the study was E. coli (UPMC 1480) and S. aureus
(UPMC 1484).

2.7. Zone of inhibition assay

The agar well-diffusion method was applied to measure
the minimal inhibitory zone (MIZ) in millimetres. The process
involved preparing Huellar Hinton Agar (MHA) solutions for
growing bacteria. The solutions were sterilized before use by
an autoclave at a temperature of 121°C and 15 psi for 15 min.
After that, the growth medium was cooled and poured into
sterile glass Petri dishes in an aseptic environment. Using a
micropipette tip, several wells per sample were made in agar



plates to start the MIZ. Incubated microbes were in a concen-
tration of 5x10® CFU mL™'. Each empty well in the medium
received 100 pL of the CGZ composite from the stock solution
(5 mg mL ™). A loop of the bacterial broth was evenly wiped on
each medium surface and allowed to disperse for half an hour.
Plates were incubated at 37 + 0.5°C for 24 h. Then, scaling in
millimetres was performed by determining the clear area around
each well with inhibition of growth. The greater the diameter of
the clear zone, the greater the inhibitory effect.

2.8. Pre-treatment and coating of the carbon
steel surface

2 wt.% mg of the prepared CGZ composite was dispersed in
ethanol for 15 minutes under ultra-sonication to obtain a mixture
solution for each substrate. The mixtures were then magnetically
stirred overnight at room temperature until uniform solutions
were obtained. Finally, 50 mg of prepared epoxy (2 risin: 1 harde-
ner) was added to the prepared substrates and mixed well in
slow motion to avoid air bubbles. The carbon steel substrates
(30 mm x 50 mm x 3 mm) were sanded with 420# sandpaper,
and then with 800# sandpaper for 5-10 min. The polished cou-
pons were ultrasonically cleaned with ethanol absolute before
coating to remove any impurities from specimens. The carbon
steel substrates were then drop-casting coated using a paint ap-
plicator (thickness = 75 pm) with several drops of the uniform
mixture painting solution of different substrates. Coated speci-
mens were then dried at room temperature overnight until the
solvent evaporated.

3. Results and discussion
3.1. Structural and morphological characterizations
XRD technique is utilized to determine the crystalline
structure changes of the graphite flakes upon oxidation. Be-

sides, it was employed to study the crystalline structure of the
as-prepared CGZ composite [17]. The XRD patterns of the
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graphite, GO, ZnO, and CGZ composite are shown in Fig. 1a-b.
Successful graphite oxidation was confirmed by the disappear-
ance of the peak at 26 = 26.4° and the appearance of an intense
peak at 26 = 10.5°, which is attributed to the (001) crystal plane
of GO [20]. Further, all intense peaks (Fig. 1b) are consistent
with the standard library card (JCPDS No. 36-1451), which ap-
peared at 26 values of 31.8°, 34.5°, 36.1°, 47.5°, 56.5°, 63.0°,
and 68.2°, corresponding to (100), (002), (101), (102), (110),
(112) and (201) crystal planes, in respect [19,21]. Interestingly,
the CGZ spectrum showed diffraction peaks at 26 =10.5°, 17.1°,
19.3°, and 22.9°, corresponding to the GO and chitosan chain
in the composite. Moreover, low-intensity peaks appeared at
20=33.3°,38.5°,44.7°, and 54.58°, belong to ZnO in the com-
posite indexed as (110), (102), and (110), respectively, according
to the JCPDS No. 36-1451 [22,23]. It is worth noting that the
peaks intensities at 26 values of 31.8°,34.5°,36.1°,47.5°, 56.5°,
63.0°, and 68.2° changed upon the incorporation of chitosan and
GO. Furthermore, these peaks shifted upon the intercalation of
ZnO/GO NPs, which is significant proof of GO/ZnO synergisti-
cally incorporated with chitosan chains.

FTIR was employed to confirm the GO and ZnO NPs’ suc-
cessful synthesis and identify the functional groups in the CGZ
composite, as shown in Fig. 1c. All samples exhibited strong
peaks at ca. 3400-3500 cm ™, corresponding to hydroxyl groups
stretching vibration. The peaks at ca. 1711 cm™' in the CGZ
spectrum correspond to O single bond H distorting vibration
representing the excess of water species in the chitosan matrix,
while the redshift of ca. 1670 cm™' in CGZ IR spectrum provides
another piece of evidence about the successful interaction of
the O—H functionalities and the interference of protonated N-H
groups [19]. Another peak revealed intensely at ca. 1053 cm !
and ca.1040 cm ™! in GO and CGZ of sp? C—O stretching vibration
[24]. Further, characteristic peaks of carbonaceous-based species
can be noted in GO and CGZ at ca. 1600 cm™ ' corresponding to
aromatic sp? C=C stretching and ca. 1403 cm™ ' for C—H bending,
which is absent in the ZnO absorption spectrum [25]. Peaks at
around ca. 795-882 cm ™! range in ZnO and CGZ spectra are rela-
ted to Zn—OH stretching, which is absent in the GO spectrum [26].

Interface wettability is considered an essential parameter
during coating development since it concerns in how corrosive
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species attach to surfaces. The higher CA value in degree indi-
cates the higher hydrophobicity of the surface [27]. All prepared
coatings were analyzed using water contact angles of DI droplets
of water around 2 pL, resulting in pictures snapped by a digital
camera as presented in Fig. 2a-b. It is worth noting that the
contact angle of CGZ coating revealed the highest angle value
endowing epoxy coating with more hydrophobicity. The find-
ings compete with other CHIT/GO/Metal oxides [24]. The high
C/A value of CGZ could be attributed to the synergistic effect
of GO and ZnO and the rigid structure of the CGZ composite.
Thus, the presence of GO and ZnO typically enhances the hy-
drophobic nature of the chitosan-based coating. Fig. 3 illustrates
the surface morphology of chitosan, GO, ZnO NPs, and CGZ
composite at different magnifications. The as-synthesized GO in
Fig. 3a-b displayed a smoothy interface with thin-layered sheets

[20], increasing the film’s surface area. On the other hand, the
ZnO material demonstrated a spherical 3D shape with a mean
size of 150 nm (Fig. 3¢c-d). The ZnO NPs are embedded on the
surface of CGZ film. It shows a neat CGZ film with a smooth
and homogenous surface. Unlike the chitosan network film in
Fig. 3e, the surface of CGZ composite film is compacted and
less porous (Fig. 3f), which could be attributed to GO sheets
incorporation endowing CGZ composite the ability to prevent
oxygen ions from reaching the metal surface, which may el-
evate the corrosion resistance performance. Furthermore, the
EDX results show the contributions of Zn, C, O, and N, which
are 5.3%, 46.3%, 43.5%, and 4.9%, respectively. All findings
suggested that GO and ZnO were successfully intercalated into
the chitosan polymer matrix due to the physical electrostatic
attraction and chemical hydrogen bonding.
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Fig. 3. SEM images of the GO (a-b), ZnO (c-d), Chitosan film (e), and CGZ composite (f-h) in different magnifications



3.2. Zone of inhibition assay

The bacterial zone of inhibition was measured for chitosan
and CGZ composite employing the agar well-diffusion method.
As expected, chitosan showed zero antibacterial effect. At the
same time, the performance of the CGZ composite (Fig. 4)
suggested that the CGZ inhibited growth against S. aureus
and E. coli species. The MIZ values of CGZ composite were
measured to be 6.44 mm and 6.65 mm, respectively, which is
considered a medium effect compared to previous reports [28].
The antibacterial effect could be strongly related to the release
of reactive oxygen species (ROS) from ZnO NPs, which endows
CGZ with antimicrobial potential [29].
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Fig. 4. Minimum Inhibition Zone (MI1Z) for Chitosan (5%) and CGZ in
different ZnO wt.% against (a) S. aureus and (b) E. coli

3.3. Tafel Test (Electrochemical Corrosion Test)

The corrosion performance of CGZ (1:1) and CGZ (2:1)
coatings was evaluated using the Tafel polarization approach in a
3.5% NaCl solution. Fig. 5 represents the polarization outcome,
where it indicates that the corrosion potential, £,,,,. for CGZ (2:1)
is shifted towards a positive direction at —0.019V compared to
—0.0398V for CGZ (1:1). The corrosion current, /., also shows
the same trend with E,,,,., the higher ZnO content electrode is
shifted toward positive direction at—0.481 pA cm 2 for CGZ (2:1)
compared to CGZ (1:1) at —0.588 uA cm 2. The higher positiv-
ity value of E_,,,- and the lower negativity value of /., denote
better corrosion resistance of CGZ (2:1). This observation mani-
fested that the high ZnO content makes the coating a stronger
passivation against corrosion. As proven from the composite
characterizations, the higher CGZ hydrophobicity, the higher
compacting structure, and the lower porosity effectively obstruct
water permeation through the coating for corrosion initiation.
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Fig. 5. Tafel plots for CGZ composite at different ZnO wt.% content
studied in 3.5% NaCl electrolyte solution

4. Conclusion

In this study, we successfully synthesized a novel com-
posite material composed of graphene oxide, zinc oxide, and
chitosan (CGZ). Comprehensive structural and morphological
characterizations confirmed the successful formation of the CGZ
composite. The SEM analysis revealed that the CGZ composite
exhibited a more compact and less porous structure than pure
chitosan. The CGZ composite’s antibacterial efficacy was also
evaluated against Escherichia coli and Staphylococcus aureus.
The results demonstrated that the CGZ composite exhibits
a moderate antibacterial effect against both bacterial species,
unlike pure chitosan, which showed no antibacterial activity.
Moreover, Tafel plots indicated that increasing the zinc oxide
weight percentage in the chitosan matrix significantly enhances
the anticorrosion performance of the composite. The corrosion
potential (£.,,,) shifted towards more positive values with the
addition of ZnO and graphene oxide, which, along with the
improved structural integrity, contributed to the enhanced per-
formance. In summary, the CGZ composite provides a moderate
antibacterial effect and significantly improves anti-corrosion
properties compared to pure chitosan. These findings suggest
that the CGZ composite is a promising material for applications
requiring both antibacterial and anticorrosion functionalities.

Study limitations

While this study demonstrates the enhanced anticorrosion
and antibacterial properties of the CGZ composite, some limita-
tions should be acknowledged. The corrosion resistance evalu-
ation was primarily based on electrochemical measurements,
which provide short-term insights; long-term durability tests are
required for practical applications. Additionally, the mechanical
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properties of the CGZ composite were not investigated, which is
essential for its application as a protective coating on real-world.
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