www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Efficacy of zinc and copper
oxide nanoparticles as heat and
corrosion-resistant pigments in
paint formulations
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This study focuses on the synthesis of zinc and copper oxide nanoparticles using green methods

by plant extracts. The resulting metal oxides were analyzed using FT-IR spectroscopy, TGA, TEM,
zeta potential and assessed for their efficacy as pigments based on properties such as Hydrogen

lon Concentration, Oil absorption, Moisture Content, Fineness of grinding, Bleeding, and loss on
ignition. The results confirmed that the prepared ZnO and CuO nanoparticles exhibited the formation
of nanoparticles in the range of 10-40 nm with potential as pigments. Two paint formulations
incorporating these nanoparticles and silicon resins as binders were tested for physico-mechanical
attributes, chemical resistance, heat resistance, and corrosion resistance of the dry paint films. The
study found that the films containing the prepared oxides demonstrated excellent performance,
with no damage or color alteration observed after exposure to temperatures up to 500 °C. Moreover,
the paint films containing ZnO nanoparticles showed superior efficiency after a 500 h salt spray test
compared to those with CuO nanoparticles. These findings suggest that the synthesized mixed oxide
nanoparticles are promising candidates for heat-resistant pigment applications.

Keywords Protective paints, Heat resistant paint, Corrosion resistance paint, Pigments, Zinc oxide and
copper oxide NPs

Ensuring the protection of outdoor carbon steel equipment, including items like exhausters, furnaces, BBQ
chimneys, grills, and ovens, poses a considerable challenge, particularly when it comes to applying decorative
coatings. These coatings must not only enhance aesthetics but also perform well under varying weather conditions.
Specifically, they need to exhibit both heat resistance and corrosion resistance. Moreover, coatings used on
cooking gadgets must also comply with indirect food safety laws. High-temperature coatings are specifically
formulated to preserve their barrier properties even when exposed to aggressive environmental conditions at
temperatures exceeding 1200 °C. Among these coatings, Silicon-based coating materials are of particular interest
in the realm of protective coatings for high-temperature applications because of their favorable thermal stability
features! . Polysiloxane is the binder often employed in coatings for high-temperature applications. Its unique
properties, such as excellent thermal stability and resistance to extreme temperatures, make it well suited for
protective applications in challenging environments?. Researchers have often modified the polymer backbone
by incorporating aromatic and aliphatic groups to enhance thermal stability, and it has been studied for its
applications at elevated temperatures™®. Zinc-rich coatings, containing zinc powder, provide excellent cathodic
protection to steel substrate. After the coating is cured, zinc imparts electrical conductivity to the matrix. Zinc
particles are attacked preferentially by the corrosive medium during the early stages of coating performance,
which ensures cathodic protection for the steel substrate”®. Zinc-rich inorganic coatings, which utilize an ethyl
silicate binder, fall under the category of high-performance coatings. They are specifically designed to safeguard
steel from corrosion in challenging environments, including underground, marine, and industrial settings, as
well as in nuclear power plants. These coatings provide great resistance against corrosion even at temperatures
high as 400 °C for steel substrates”!?. Although there are numerous heat-resistant coatings and coatings designed
for corrosion protection, only a few studies have specifically addressed the combination of both criteria! =14,
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The study also examined the prediction of heat accumulation in solar reflecting coatings, based on the
physico-chemical properties of complex inorganic color pigments!®. Heat-resistant coatings play a crucial
role in industrial applications, particularly in equipment such as reactors, exhaust pipes, spacecraft, and stacks
that experience permanent or occasional exposure to elevated temperatures. When formulating heat-resistant
coatings, adhering to specific restrictions is a challenge. Notably, pigments that sublime, decompose, or change
color under heat are clearly inappropriate. Consequently, this limitation effectively rules out most organic and
inorganic pigments, although some may withstand moderate heat; they fail completely at higher temperatures'.
Anticorrosive spinel structures have been extensively studied over the years. Typically, they are heat stable, high-
quality, heat-resistant pigments come in various shades and are well-suited for demanding applications. Notably,
anticorrosive pigments fall within this crucial category of inorganic pigments and are known for their inhibiting
effect when applied to paints!”. A selection of nanosized mixed metal oxides were synthesized and assessed
as pigments with exceptional heat resistance!®!”. These pigments exhibited good corrosion resistance (in 5%
NaCl for 500 h) and heat resistance (up to 600 °C). The synthesis techniques used for these pigments are simple
and cost-effective, making them suitable for various industrial applications®®. Additionally, recent studies have
explored nontoxic anticorrosive pigments based on iron oxide and divalent metal oxides in ferrites, which offer
improved corrosion protection?!. However, further research is required to develop more efficient nanosized
pigments for the coating industry. Over the last decade, researchers have well known a fascinating category of
coatings known as organic-inorganic hybrids. These coatings combine the advantages of organic and inorganic
materials to produce nanocomposites with unique properties. By incorporating low-cost inorganic particles into
resins, these hybrids offer improved anticorrosive, thermal, and mechanical properties, as well as enhanced wear
resistance. Notably, these inorganic materials are renowned for their heat and corrosion resistance??. Coatings
made from silicon resin can withstand temperatures up to 600 °C, but their high cost poses a challenge. To
address this, researchers propose developing novel heat-resistant coatings that maintain high-temperature
performance while being more cost-effective??%. The study reported the utilization of nano-magnesium oxide
(MgO NPs) and nano-zinc oxide (ZnO NPs) as flame retardants and anticorrosion agents. Various tests including
AFM, XRD, FT-IR, combustion test, thermal conductivity, thermal gravimetric decomposition, corrosion rate,
hardness, and tensile strength were conducted to evaluate their effectiveness?®. A new approach was used to
introduce high-temperature binders, namely Al(H,PO,), solution and silica sol. At high temperatures, they
transformed into macromolecular polymer chains, network architectures, and SiO, particles, resulting in both
high-temperature stability and adhesion. A study was conducted to investigate the impact of several types of
silica sol, additives, and functional fillers on the corrosion resistance of the coating. The ecologically friendly
inorganic insulating coating, when cured at 475 °C and annealed at 800 °C, exhibits exceptional corrosion
resistance. This coating is compatible with the existing rolling process of orientated silicon steel. The salt-spray
resistance can endure for a minimum of 24 h and a maximum of 72 h!*. New heat- and corrosion-resistant
coating methods, suitable for use in outdoor areas where there is indirect contact with food, have been created.
Two systems were developed to address the limitations of traditional heat-resistant surface-protective solutions
for outdoor cooking equipment. The first system is a single-layer, polysiloxane-based solution that is oven-
dried. The second system is a two-layer solution that contains zinc phosphate active pigment and is cured at
ambient temperature?®. The study aims to examine and compare the anticorrosive characteristics of PANI/Zn
and PANI/epoxy/Zn nanocomposite coatings to assess the impact of the epoxy component on the corrosion
resistance of the PANI/Zn coating®. A study was conducted to prepare modified alkyd and PEA nanocomposite
binders using bio ZnO and bio CuO/ZnO nanoparticles. The materials were then analyzed for their corrosion
resistance, physico-mechanical characteristics, and chemical resistance properties. The results showed that the
newly developed materials exhibited unique physical and mechanical properties, as well as promising corrosion-
resistance properties when applied to steel substrates exposed to a saline corrosive medium. Additionally,
double-cation MMOs pigments (CaMnO, and Ca,Cr,0, compounds) were successfully prepared using solid-
state calcination and co-precipitation methods. These oxides exhibit good heat resistance (up to 600 °C) and
corrosion resistance. In silicone resin-based paints, the optimal pigment mass loading ratio was found to be 2:1
(resin to pigment), a recommended by the silicone resin manufacturer and confirmed through resin property
analysis after oxide pigment additions?’. Multifunctional coatings are designed to respond effectively to external
environmental conditions and provide multiple functions within a single coating. In this study, a cost-effective
coating system was developed by blending an expensive resin (silicon) with a more affordable resin (alkyd) in
a 4:1 ratio. The presence of the cation-exchanged P-zeolite enhanced the heat and corrosion resistance of the
system. Various zeolite materials, including Na-P-Ze, Cu-P-Ze, Zn-P-Ze, and (Zn.Cu)-P-Ze, were investigated
for their synergistic effects in practical applications'2.

Thermal coatings are advanced materials applied to metallic surfaces in high-temperature environments,
such as gas turbine parts and automotive exhaust systems. These coatings insulate components from prolonged
heat loads, allowing for higher operating temperatures while reducing oxidation and thermal fatigue. However,
due to differences in thermal expansion between the substrate and coating, cracks may form, leading to a
hierarchical structure?®. Organic coatings play a crucial role in protecting metal substrates from corrosion. They
achieve this through two primary mechanisms:

1. Electrochemical Passivation Anticorrosive pigments within the coating inhibit corrosive reactions. By sharing
these pigments, the coating forms a stable and strongly adhesive layer on the metal surface. This passivation
process helps prevent aggressive agents (such as water and oxygen) from reaching the metal.

2. Barrier Mechanism The coating acts as a barrier, limiting the access of corrosive environmental elements to
the metal surface. This protective function helps extend the lifespan of metal components.
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Additionally, spinel pigments - characterized by the general formula AB,O, - contribute to these coatings.
Their almost cubic oxygen arrangement accommodates cations at tetrahedral and octahedral sites. These spinel
pigments exhibit high hardness and color stability®.

The aim of this study is to examine and compare the effects of metal oxide nanoparticles as Heat and
Corrosion-Resistant Pigments in Paint Formulations.

Experimental procedure

All the employed resins, extenders, additives, solvents, and chemicals were fine chemical grades and were
products of different international and local companies. Chemically pure grade calcium Carbonate (CaCO,)
was purchased from Merck Germany. Iron Trioxide (Fe,O,) is a product of Sensient chemicals Co. England. Zinc
acetate and copper nitrate were purchased from a pioneer (Chemicals-Piochem, Egypt).

Preparation of NPs

The formation of nanoparticles using plant extract is illustrated in Fig. 1. As shown, okra extract (100 mL) was
added separately to 100 ml of 1mM zinc acetate and 100 ml of ImM copper nitrate solution while stirring at
room temperature. The temperature was then raised to 55 °C until a light-yellow and brown color appeared for
ZnO and CuO NPs respectively. The nanoparticles were separated by centrifugation at 10,000 rpm for 5 min and
subsequently calcined at 450 °C for 3 h to obtain pure metal oxide nanoparticles.

Method of instrumental analysis

FT- IR spectroscopy

Fourier-transform infrared (FTIR) spectra were obtained using a Bruker (Vector 22) single-beam spectrometer
with a resolution of 4 cm~!. The specimens were pulverized using potassium bromide (KBr) in a ratio of 1:100,
forming a tablet. These tablets were then affixed to the sample holder located within the spectrometer’s cavity.
The measurements were taken at ambient temperature within the range of 400 to 4000 cm™!.

Thermogravimetric analysis
Thermogravimetric analysis, a Perkin Elmer thermal analysis (DSC 6000, USA) the temperature increased at a
rate of 5 °C per minute under a nitrogen atmosphere.

Transmission electron microscope (TEM)
The samples were examined using transmission electron microscopy (TEM) on a JEOL (GEM-1010) instrument
at a voltage of 76 kV.

Scanning electron microscope (SEM)
A JEOL JSM-T 330A scanning electron microscope operating at an acceleration voltage of 30 kV was used to
investigate the physical properties of the precipitated powder.

Hydrodynamic size distribution and zeta potential
Particle size and zeta potential of the prepared NPs were measured using a Zeta-Sizer (Malvern, UK).

Plant extract

Heating and stirring Centrifuge Calcination ZnONPs

Fig. 1. Schematic diagram for the green synthesized nanoparticles.
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Ingredients F1 F2 F3 F4
Silicone resin 55 55 55 55
Silica Fumed 3 3 3 3
Zinc phosphate 25

The prepared ZnO NPs 25 25
The prepared CuO NPs

Talc 25

Butyl glycol 4 4 4 4
Xylene 13 13 13 13
Total 100% | 100% | 100% | 100%

Table 1. Ilustrates the heat-resistance paint formula including the prepared pigments. Total pigment: 56. Total
P/B:2:1.

Time 6h 6h 6h 6h 6h 3h
Temperature | 225 °C | 250 °C | 300 °C | 350 °C | 400 °C | 500 °C

Table 2. Results of the heat resistance test at different times and temperatures.

Pigment evaluation

The prepared pigments were evaluated for their oil absorption (ASTM D281-95, 2007), bleed test (ASTM
D 279-87, 1997), moisture content (D 280-95), hydrogen ion concentration (pH value) (ASTM D 1583-01,
Fineness of Dispersion 1210-96, and loss of ignition (ASTM D1208).

Techniques

Paint preparation

Two paint formulations, containing ZnO and CuO NPs as pigments and silicon resins as binders, were
prepared. The paints were formulated with a pigment-to-binder ratio of 2:1 and were prepared using a ball mill.
Subsequently, the corrosion and heat resistance of the coated films were compared. The formulations based on
the ZnO and CuO nanoparticles are listed in Table 1. The steel surface was prepared following ASTM D609-00
(Procedure D: solvent wiping), and the paints were applied using a film applicator with a thickness of 80 + 5 pm*2.

Methods of testing and evaluation of the coated films

Physical and mechanical tests

Several physical and mechanical assessments of the paint films were conducted. The sample preparation
and evaluations encompassed pertinent methodologies. The process of preparing the steel panels D609-17.
Quantification of the thickness of a film in accordance with the ASTM standard method D1005-13. The specular
gloss measurements were conducted in accordance with the ASTM technique D523-18, while the film hardness
was assessed using a pencil hardness tester following the ASTM method D3363-11. Adhesion was assessed
using a cross-hatch cutter, following the guidelines of ASTM method D3359-17. Flexibility was measured in
accordance with ASTM method D522-17. The standard test method D 2794-93 (Reapproved 2001) measures
the resistance of organic coatings to the effects of rapid deformation, specifically impact.

Heat resistance test

The ASTM D248the 5-91 shows test methods for evaluating the heat-resistant coating designed to protect steel
surfaces exposed to high temperatures environments. Two methods were described: Method A for interior
service coatings and Method B for exterior service coatings. The panels were positioned in a muffle furnace and
maintained at various times and temperatures, as indicated in Table 2.

Corrosion tests
Summary of corrosion tests conducted on the coated steel panels.

1. Salt Spray Exposure (ASTM B117-03): The coated panels were placed in a salt spray cabinet at 35 °C with
100% humidity. The test solution consisted of 5% NaCl in water, with an exposure duration of 500 h.

2. Degree of Rusting (ASTM D6294-98, 2007): Researchers evaluated the amount of visible surface rust using
a standardized zero-to-ten scale. Rust distribution was classified as spot rust, general rust, pinpoint rust, or
hybrid rust.

3. Degree of Blistering (ASTM D714-07, 2007): The size and density of blisters formed on the painted steel
surfaces were assessed. This helps compare the severity of blistering due to corrosion.

4. Filiform Corrosion Resistance Inspection: Photographic inspection and grading of paint films were per-
formed using standard methods. This evaluation focused on the filiform corrosion resistance.

5. Scribe Failure (ASTM D1654-92, reapproved 2000): The adhesion loss at a scribe mark or other film failure
was determined for painted or coated specimens subjected to corrosive environments.
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Results and discussion

Characterization of the prepared ZnO and CuO NPs

Infrared spectra of NPs

FT-IR spectroscopy was used to identify the main bonds in the green-synthesized ZnO and CuO NPs. In Fig. 2,
the FT- IR spectrum of ZnO nanoparticles displays a peak at 871 cm~! which is associated with Zn-O stretch.
The absorption peak at 3398 cm™ is associated with the stretching vibration of the ~-OH group while the peak
at 2361 cm™' maybe be attributed to atmospheric CO,***!. The presence of the ester’s C=O stretch bond is
confirmed by the absorbance peak at 1732 cm™! confirms the presence of the C=0 stretch bond of ester, and
the peak at 1556 cm™! is related to the C=C stretch bonds of cyclic alkene2. The spectrum of CuO NPs reveals
peaks at 3372, 1354 cm™! corresponding to ~OH stretching of water surrounding in the copper oxide. The
Peak at 1073 cm™! indicate the presence of C-O stretching frequency, while the peak at 1643 cm™! indicates an
unreacted ketone group, suggests the presence of flavanones adsorbed on the CuO nanostructures’ surface®, a
long with peaks at 1073, 833, 472, 442, 427, and 418 cm™ . The characteristic peaks of CuO range from 418 to
472 ¢cm~13*35 The band at 820 cm™! may be due to stretching vibration of the Cu-O-Cu bond*.

85

ZNnO NPs

4000

120

L} L) L} L} L} L]
3500 3000 2500 2000 1500 1000 500

VWavenumber cm™’

0.0

CuO NPs

L] L] L] L] L] L] L]
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber cm™’
Fig. 2. FT-IR analysis of the green-synthesized ZnO and CuO NPs.
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Thermogravimetric analysis

In Fig. 3, the thermogravimetric analysis (TGA) revealed a two-stage weight loss pattern for both ZnO and
CuO NPs, with losses of 4% and 6% observed at distinct temperature ranges. This multi-step decomposition
process provides valuable insights into the composition and stability of the synthesized nanoparticles. The initial
weight loss, occurring between 50 °C and 400 °C, can be attributed to two primary factors: The evaporation of
physically adsorbed water molecules on the surface of the nanoparticles. This surface-bound water is loosely
attached and readily desorbs at relatively low temperatures and the volatilization of highly volatile chemical
components present in the sample. These may include residual solvents or unreacted precursors from the
synthesis process. The subsequent weight loss, observed in the temperature range of 400 °C to 700 °C, is more
significant and can be linked to the thermal decomposition of bioorganic components. These organic materials
are likely derived from the plant extract used in the green synthesis of Zn and CuO NPs¥. The plant extract
serves as both a reducing agent and a capping agent during the nanoparticle formation, and its residual presence
contributes to the observed weight loss at higher temperatures. The enhanced thermal stability can be attributed
to strong interactions between the hydroxyl functional groups present in the plant extract and the metal oxide
nanoparticles®.

Transmission electronic microscope

Figure 4 illustrates a variety of morphologies observed in the synthesized nanoparticles, prominently featuring
spherical and hexagonal shapes, as well as aggregates. Notably, the spherical particles are predominant in
both cases examined. The size distribution of the ZnO nanoparticles ranges from 20 to 40 nm, while the CuO
nanoparticles exhibit a smaller size range of 10 to 25 nm®*. This size variation is significant because it can
influence the physical and chemical properties of the nanoparticles, including their reactivity, surface area, and
potential applications in fields such as catalysis and drug delivery. These findings presented here are consistent
with previous research that has investigated copper oxide nanoparticles synthesized using plant extracts,
specifically Magnolia champaca. Studies?®*! have demonstrated that plant-mediated synthesis not only affects
the morphology but also enhances the stability and biocompatibility of metal oxide nanoparticles. The use of
natural extracts for nanoparticle synthesis is gaining traction due to its eco-friendly approach compared to
traditional chemical methods.

CUuNPs H

.ZnNP.s_

0O 100 200 300 400 500 600 700 800 900

Temperature (°C)

Fig. 3. Thermogravimetric analysis of ZnO and CuO NPs.
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Fig. 4. TEM images of (a) ZnO and (b) CuO nanoparticles.

Hydrodynamic size, and zeta potentials

As shown in Fig. 5, the average hydrodynamic size of ZnO NPs and CuO NPs was 834 nm and 318 nm,
respectively. The variation in size of NPs is attributed to the presence of polyphenolic compounds which have
strong attractive forces between and holds the particles together which results in the formation of particles with
variable size. Agglomerates formation is particularly due to the presence of intermolecular hydrogen bonding
between hydroxyl groups of different phenolic compounds*2.

Zeta Potential analysis is used to quantify the overall surface charge of the NPs and reflects the colloidal
stability of nanoparticles. According to previous literatures, zeta potential value < —30 mv or >+ 30 mv forms
stable colloidal suspension®®. The zeta potential values of ZnO and CuO NPs were — 28.3 and — 19.7 respectively.
The magnitude of zeta potential value reaches the maximum when formation of small-sized ZnO and CuO NPs
is complete. This can also be correlated to the fact that the crystallite size decreases at phase of optimal growth;
consequently, leading to an increase in the overall surface charge. The formation of any unstable aggregates in
the reaction leads to a drop in the Zeta Potential. Therefore, good stability of the synthesized NPs is indicative of
the absence of well-dispersed NPs without aggregates formation*4*°.

Pigment and paint evaluations
The characteristics of the pigments, as measured in accordance with ASTM standards, are summarized in Table 3.
So, based on Table 3, the following results are observed:

Hydrogen ion concentration (pH)
The pH values of the prepared pigments are 11 for ZnO, indicating a strongly alkaline nature, and 8 for CuO,
indicating a slightly alkaline nature. These results are consistent with the literature.

Oil absorption

Oil absorption is an indicator of the amount of binder required to achieve full wetting of the pigment and form
a uniform paint film. The ZnO NPs exhibited a high oil absorption value of 115, while CuO NPs showed a lower
value of 75, suggesting that ZnO NPs will require more binder when used in paints.

Moisture content
The low moisture content in both ZnO and CuO NPs suggests that moisture has minimal impact on the pigments’
weight, both before and after their use in paint formulations.

Fineness of grind

The “fineness of grind” refers to the dispersion level of the pigment in a vehicle system, typically seen in liquid
coatings. The results indicate that ZnO NPs (8 H) have a finer grind than CuO NPs (5 H), suggesting better
dispersion of ZnO NPs in pigment-vehicle systems.

Bleeding of pigments

The bleeding test evaluates the color stability of a pigment when it comes into direct contact with various
solvents. This is a quick and straightforward method for assessing the pigments resistance to bleeding. The data
in Table 3 show that the prepared ZnO and CuO nanoparticles exhibit no bleeding (non-precipitable color),
indicating a high level of stability in the coatings. The results further suggest that the prepared pigments have a
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Fig. 5. Zeta potential and hydrodynamic size distribution of ZnO and CuO NPs.

high degree of stability, maintaining their color and form under exposure to light and heat, which indicates their

excellent resistance to environmental factors.

Loss on ignition

This test measures the loss of pigment weight when subjected to high temperatures. The results show that both
ZnO and CuO NPs maintain their weight and color under high temperatures, suggesting excellent thermal

stability.
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Property ZnO NPs | CuO NPs
Bleeding (various solvents) | None None
Fineness (Hegman units) 8H 5H
Moisture (%) 0.2 0.4

Oil Absorption (g/100 g) 115 75

pH 11 8

Loss on Ignition (%) 0 0

Table 3. Physical properties of prepared ZnO and CuO NPs as pigments. Note L.O.I=Loss on Ignition,
H =Hegman (fineness unit), The various solvents including Ethylene Glycol, Toluene, Butyl Glycol, Normal
Butanol, Methyl Ethyl Ketone. Dichloromethane, Chloroform, and Carbon tetrachloride.

Fig. 6. SEM images of the paint formula based on (a) ZnO and (b) CuO NPs.

Composition Impact (Kg) | Adhesion | Pending | Dry film thickness | Acid | Alkali | Solvent and Water
Formulation based on ZnO NPs | D=1.5 5B Pass 80+5um Good | Pass Pass
Formulation based on CuO NPs | D=1.4 5B Pass 80+5 um Fair Pass Pass

Table 4. Physical, mechanical properties and chemical resistance of dry painted films based on ZnO, CuO
NPs.

Characterization of the prepared paint formulation based on the prepared ZnO and CuO NPs

SEM of the paint formula based on ZnO and CuO NPs

In Fig. 6, there are no morphological irregularities. This indicates that the dispersion of ZnO NPs and CuO
NPs in pigment-vehicle are good dispersion bat may be ZnO NPs was more dispersed than CuO NPs and this
agreement with the obtained result of oil absorption and fineness of grind for both prepared metal oxides NPs.

Mechanical properties of dry painted films

The physical and mechanical properties of the dry paint film from the prepared sample were evaluated
and summarized in Table 4. Notably, films based on the prepared oxide nanoparticles exhibited excellent
performance. These coatings, applied at a thickness of 8045 um to mild steel strips using a spray method,
showed no observable changes during testing.

Interestingly, the composition of the coating was unaffected by using different prepared pigment NPs.
Films based on silicon resin demonstrated higher impact resistance and ductility, attributed to silicon’s elastic
properties that enhance atomic movement within the film. Additionally, the integration of ZnO and CuO NPs
into silicon cavities contributed to good film hardness, preventing defects that could lead to damage.

The chemical resistance of the dry-painted film, based on the prepared ZnO and CuO NPs, was evaluated
against various solutions (Na,CO,, H,0, and H,SO, mineral turpentine) as detailed in Table 4. Coated glass
plates were submerged in these solutions for 48 h after curing. Remarkably, the films exhibited good resistance to
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acid. Glass plates submerged in distilled water, alkali, and solvent showed no change, likely due to their elevated
hydrophobicity and the presence of prepared metal oxide NPs!>18-20,

Heat resistance test

These test techniques assess the heat-resistant qualities of coatings specifically formulated to safeguard steel
surfaces that are subjected to high temperatures during their operational lifespan. We assessed the resistance to
high temperature by visually comparing the surface with photographic reference standards that were also used.
One important consideration is the degree of cracking and the change of color. So, based on the examination of
these tested painted samples, we have observed that there is no damage, no cracking, and more uniform films
and the same color before and after exposure to different elevated temperatures until 500 °C for both painted
samples based on zinc phosphate (F2) and ZnO (F3), or CuO (F4) NPs as represented in Figs. 7 and 8, comparing
with the blank or control sample (F1), this attributed to the degree of thermal stability can be ordered as: painted
based on CuO > painted panels based on ZnO NPs. > painted panels based onzinc phosphate pigment. And this
agreement with the loss on ignition test which has been done for the prepared metal oxides NPs before their
using as a pigment in the paint formulation, which confirmed that there is no change in the weight and color for
the prepared ZnO and CuO NPs, comparing with the control sample based on F1.

Also, the good results of painted steel panels based on F4, F3 and F2 may be attributed to the superior heat
resistance of silicon compared to organic resins is its high thermal stability. This is attributed to the higher bond
strength of Si-O, which is measured at 445 k] mol~!. Consequently, more energy is required to disrupt this
bond. The good results of heat resistance of all coated films containing (ZnO, CuO NPs) also, may be because
of the good integration of ZnO and CuO into the cavities of silicon can hinder any defect that leads to cracking
and damage. in addition to the high hiding power and best performance of the prepared ZnO and CuO NPs
compared with sample blank and paint based on F2!820,

Corrosion resistance
Table 5 presents data and statistical information related to the salt spray test. After the films did not adhere
properly, the salt spray test was stopped after 500 h exposer Fig. 9, visually presents the salt spray test results,
featuring images of dried paints formulated with zinc phosphate as anticorrosive pigment (F2), ZnO (F3) or
CuO nanoparticles (F4), as pigments or without pigment but based on the talc as filler (F!). Notably, the painted
steel panels based on the prepared CuO and ZnO NPs were nearly similar with the results of painted steel panels
based on zinc phosphate as a standard control formula, and the both formulations were noticed more efficiency
than painted steel panels based on talc (F1), this results were agreement with the literature survey which
confirmed that paint formulation based on zinc phosphate or zinc oxide are good choose for steel protection
against corrosion because of the presence of zinc metal which enhance the corrosion resistance and protect and
prevent the ions from the attack steel substrate.

The high hiding power of the prepared ZnO and CuO NPs can develop the opacity in paint systems due to
the nanoparticle, and also the best performance of prepared pigments are increase the efficiency the corrosion
resistance comparing with the blank formula (F1) and F2.

Fig. 7. The photographic of the steel painted films before exposer to heat resistance test. (a) Painted film of
based on F1 before exposure to heat, (b) based on F2, (c) based on F3, (d) based on F4.
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Fig. 8. The photographic of the testes heat resistance of all the steel painted films. (a) Painted film of based on
F1 After (6 h) exposure to heat at 500 °C (b) based on F2, (c) based on F3 and (d) based on F4.

Blank (F1) 4
Formulation based on zinc phosphate (F2) | 9
9
7

Formulation based on ZnO NPs (F3)
Formulation based on CuO NPs (F4)

||| Y
W N NN
AN | O | W

Table 5. Evaluation the corrosion resistance of the painted films.

Also, strong adhesion of the painted steel substrate based on the F2, F3 and F4 prevents moisture vapor from
penetrating the coating and condensing in low-adhesion areas, which could lead to blistering. This consideration
is crucial when selecting coating systems. The distribution of ZnO and CuO nanoparticles blended with silicon
resin significantly impacts corrosion protection. Gradual incorporation of ZnO and CuO NPs reduces blister
density and spot rusting. Overall, good corrosion protection and performance are linked to well-dispersed metal
oxide NPs within the silicon polymer matrix. This improved adhesion acts as a barrier, isolating mild steel from
corrosion due to its impermeability to water and corrosive ions*.

Conclusion

This study successfully synthesized zinc and copper oxide nanoparticles using eco-friendly plant extract
methods. Comprehensive analyses confirmed the formation of nanoparticles, demonstrating their potential as
effective pigments. The incorporation of these nanoparticles into paint formulations, alongside silicon resins,
resulted in films with excellent physico-mechanical properties, chemical and heat resistance, and corrosion
resistance. Notably, ZnO nanoparticle-containing films exhibited superior performance in a 500 h salt spray test
compared to those with CuO nanoparticles. These promising results highlight the potential of these synthesized
mixed oxide nanoparticles for use in heat-resistant pigment applications.
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Painted steel based on F1

based on F2 based on F3 based on F4

Fig. 9. Photograph of the painted film after salt spray test (5% of NaCl). Where, F1: sample blank (without
inhibitors). F2: standard control containing corrosion inhibitor zinc phosphate). F3: paint formula based on
ZnO NP. F4: Paint formula based on CuO NPs.
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The datasets used and analyzed during the current study are available from the corresponding author upon
reasonable request.

Received: 7 August 2024; Accepted: 25 September 2024
Published online: 18 October 2024

Re
1

ferences
. Hergenrother, P. M. Perspectives in the development of high-temperature polymers. Angew. Chem. Int. Ed. Engl. 29, 1262-1268

(1990).
2. Mathivanan, L., Selvaraj, M., Azim, S. S. & Balakrishnan, K. Evaluation of heat resistant properties of silicone based coatings by
SEM and ac impedance techniques. Prog Org. Coat. 28, 113-116 (1996).
3. Mathivanan, L. & Radhakrishna, S. Heat-resistant anti-corrosive paint from epoxy-silicone vehicles. Anti-Corros. Methods Mater.
44, 400-406 (1997).
4. Wiering, L., Qi, X. & Battocchi, D. Corrosion performance of high-temperature organic coatings subjected to heat treatments. Prog
Org. Coat. 159, 106418 (2021).
5. Ogliani, E., Yu, L., Mazurek, P. & Skov, A. L. Designing reliable silicone elastomers for high-temperature applications. Polym.
Degrad. Stab. 157, 175-180 (2018).
6. Kazhuro, I. P, Koshevar, V. D. & Shkadretsova, V. G. Methods of pigmentation of polysiloxane resin and heat-resistant coatings on
their basis. Izv. Vyssh. Uchebn. Zaved. Khim. I KHIMICHESKAYA Tekhnol. 61, 77-82 (2018).
7. Marchebois, H., Joiret, S., Savall, C., Bernard, J. & Touzain, S. Characterization of zinc-rich powder coatings by EIS and Raman
spectroscopy. Surf. Coat. Technol. 157, 151-161 (2002).
8. Hussein, J. & El-Naggar, M. E. Synthesis of an environmentally quercetin nanoemulsion to ameliorate diabetic-induced
cardiotoxicity. Biocatal. Agric. Biotechnol. 33, 101983 (2021).
9. Hoshyargar, F, Sherafati, S. A. & Hashemi, M. M. A new study on binder performance and formulation modification of anti-
corrosive primer based on ethyl silicate resin. Prog Org. Coat. 65, 410-413 (2009).
10. Parashar, G., Srivastava, D. & Kumar, P. Ethyl silicate binders for high performance coatings. Prog Org. Coat. 42, 1-14 (2001).
11. Tamboura, M., Mikhailova, A. M. & Jia, M. Q. Development of heat-resistant anticorrosion urethane siloxane paints. . Coat.
Technol. Res. 10, 381-396 (2013).
12. Ahmed, N. M., El-Gawad, A., Selim, W. M., Souaya, E. R. & M. M. & Novel durable corrosion and heat resistant coatings. Bull.
Mater. Sci. 44, 184 (2021).
13. Tyukanko, V., Demyanenko, A., Dyuryagina, A., Ostrovnoy, K. & Lezhneva, M. Optimization of the composition of silicone
enamel by the Taguchi method using surfactants obtained from oil refining waste. Polymers (Basel) 13, 3619 (2021).
14. Liu, Y. et al. Component design of environmentally friendly high-temperature resistance coating for oriented silicon steel and
effects on anti-corrosion property. Coatings 12, 959 (2022).
15. Zubielewicz, M., Kaminska-Tarnawska, E., Slusarczyk, A. & Langer, E. Prediction of heat build-up of solar reflecting coatings based
on physico-chemical properties of complex inorganic colour pigments (CICPs). Prog Org. Coat. 72, 65-72 (2011).
16. Youssef, E. A. M. Heat-resistant anticorrosive paints based on Egyptian manganese ore. Anti-Corros. Methods Mater. 43, 17-21
(1996).
17. Ahmad, S., Ashraf, S. M., Riaz, U. & Zafar, S. Development of novel waterborne poly (1-naphthylamine)/poly (vinylalcohol)-
resorcinol formaldehyde-cured corrosion resistant composite coatings. Prog Org. Coat. 62, 32-39 (2008).
18. Fouad, O. A. et al. Synthesis, characterization and application of some nanosized mixed metal oxides as high heat resistant
pigments: Ca2CuO3, Ca3C0206, and NiSb206. J. Alloys Compd. 537, 165-170 (2012).
Scientific Reports|  (2024) 14:24413 | https://doi.org/10.1038/s41598-024-74345-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.
45.

46.

Hassan, A. M. et al. Synthesis, characterization and application of mixed metal oxides part CaMnO3, Ca2Cr205, CaSb206. Egypt.
J. Chem. 54, 447-461 (2011).

Wahba, O. A. G. et al. Synthesis of nanosized mixed metal oxides heat and corrosion resistant pigments: CaMnO3, Ca2Cr205 and
CaSb206. Pigm. Resin Technol. 44, 379-385 (2015).

Sayed, M. A., Abdelmaksoud, W. M. A,, Teleb, S. M., El-Din, A. M. & Abo-Aly, M. M. Low-cost fabrication and physicochemical
characterization of ZnFe204 nanoparticles as an efficient multifunctional inorganic pigment. J. Coat. Technol. Res. 20, 1997-2006
(2023).

Jha, B. & Singh, D. N. Fly Ash Zeolites: Innovations, Applications, and Directions Vol. 78 (Springer, 2016).

Zhao, E, Guan, J., Bai, W,, Gu, T. & Liao, S. Transparent, thermal stable and hydrophobic coatings from fumed silica/fluorinated
polyacrylate composite latex via in situ miniemulsion polymerization. Prog Org. Coat. 131, 357-363 (2019).

Liu, Q., Huang, S. & He, A. Composite ceramics thermal barrier coatings of yttria stabilized zirconia for aero-engines. J. Mater. Sci.
Technol. 35, 2814-2823 (2019).

Fayyadh, S. M., Ahmed, A. & Ben A comparative study between the use of nanoparticles of magnesium oxide and zinc oxide as
coating for polymeric surfaces a flame retardant and corrosion resistance. Mater. Chem. Phys. 314, 128899 (2024).

Felhési, I. et al. Corrosion protection and heat resistance of paints for outdoor use. Materials 16, 2753 (2023).

Olad, A., Barati, M. & Behboudi, S. Preparation of PANI/epoxy/Zn nanocomposite using zn nanoparticles and epoxy resin as
additives and investigation of its corrosion protection behavior on iron. Prog Org. Coat. 74, 221-227 (2012).

Han, J. C. Thermal shock resistance of ceramic coatings. Acta Mater. 55, 3573-3581 (2007).

Abd El-Ghaffar, M. A., Ahmed, N. M. & Youssef, E. A. A method for preparation and application of micronized ferrite pigments
in anticorrosive solvent-based paints. J. Coat. Technol. Res. 7, 703-713 (2010).

Ezealisiji, K. M., Siwe-Noundou, X., Maduelosi, B., Nwachukwu, N. & Krause, R. W. M. Green synthesis of zinc oxide nanoparticles
using Solanum torvum (L) leaf extract and evaluation of the toxicological profile of the ZnO nanoparticles-hydrogel composite in
Wistar albino rats. Int. Nano Lett. 9, 99-107 (2019).

Kirik, N. S. & $ahin, B. Characteristics modification of ZnO/CuO composite films by doping rare-earth element Dy for real-time
hydration level monitoring. Micro Nanostruct. 167, 207290 (2022).

Kumari, N., Sudharsan, V., Kutty, T. M., Jayan, N. & Bhatlu, M. L. D. Green synthesis and characterization of zinc and copper oxides
nanocomposite using Phyllanthus emblica extracts and its antibacterial and antioxidant properties. Mater. Today Proc. (2023).
Tiwari, V. et al. Application of green synthesized copper oxide nanoparticles for effective mitigation of Fusarium wilt disease in
roots of Cicer arietinum. Physiol. Mol. Plant. Pathol. 131, 102244 (2024).

Vasantharaj, S. et al. Enhanced photocatalytic degradation of water pollutants using bio-green synthesis of zinc oxide nanoparticles
(ZnO NPs). J. Environ. Chem. Eng. 9, 105772 (2021).

Nava, O. J. et al. Influence of Camellia sinensis extract on Zinc Oxide nanoparticle green synthesis. J. Mol. Struct. 1134, 121-125
(2017).

Farhadnejad, H. et al. Facile preparation and characterization of pH sensitive Mt/CMC nanocomposite hydrogel beads for
propranolol controlled release. Int. J. Biol. Macromol. 111, 696-705 (2018).

Hag, S., Rehman, W,, Waseem, M., Javed, R. & Shahid, M. Effect of heating on the structural and optical properties of TiO 2
nanoparticles: Antibacterial activity. Appl. Nanosci. 8, 11-18 (2018).

Jabeen, A. et al. Biogenic synthesis of levofloxacin-loaded copper oxide nanoparticles using Cymbopogon citratus: A green
approach for effective antibacterial applications. Heliyon 10 (2024).

Alahdal, F. A. M., Qashqoosh, M. T. A., Manea, Y. K., Mohammed, R. K. A. & Nagqvi, S. Green synthesis and characterization of
copper nanoparticles using Phragmanthera Austroarabica extract and their biological/environmental applications. Sustain. Mater.
Technol. 35, €00540 (2023).

Santhoshkumar, J. & Shanmugam, V. Green synthesis of copper oxide nanoparticles from magnolia champaca floral extract and its
antioxidant & toxicity assay using Danio Rerio. Int. J. Recent. Technol. Eng. 8, 5444-5449 (2020).

Rehana, D., Mahendiran, D., Kumar, R. S. & Rahiman, A. K. Evaluation of antioxidant and anticancer activity of copper oxide
nanoparticles synthesized using medicinally important plant extracts. Biomed. Pharmacother. 89, 1067-1077 (2017).

Munin, A. & Edwards-Lévy, E Encapsulation of natural polyphenolic compounds; a review. Pharmaceutics 3, 793-829 (2011).
Yedurkar, S., Maurya, C. & Mahanwar, P. Biosynthesis of zinc oxide nanoparticles using ixora coccinea leaf extract: A green
approach. Open. J. Synth. Theory Appl. 5, 1-14 (2016).

Bhattacharjee, S. DLS and zeta potential-what they are and what they are not? J. Control. Release 235, 337-351 (2016).

Bian, S. W., Mudunkotuwa, I. A., Rupasinghe, T. & Grassian, V. H. Aggregation and dissolution of 4 nm ZnO nanoparticles in
aqueous environments: Influence of pH, ionic strength, size, and adsorption of humic acid. Langmuir 27, 6059-6068 (2011).
Elfadel, R. G. et al. Preparation of new surface coating based on modified oil-based polymers blended with ZnO and CuZnO NPs
for steel protection. Sci. Rep. 13, 7268 (2023).

Author contributions

H. Abd El-Wahab: Conceptualization, Formal analysis, Investigation, Writing—review, *, Ebtsam K Alenezy:
Writing—review, Investigation & editing Noha Omer: Writing—review & editing Rasha Jame: Writing - review
& editing, Mahmoud A. Abdelaziz: Writing - review & editing, Shareefa Ahmed Alshareef: Writing—review &
editing and M. E. Owda: Conceptualization, Formal analysis, Investigation, Methodology, Writing - review &
editing Data curation. All authors reviewed the manuscript.

Funding
Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in cooper-
ation with The Egyptian Knowledge Bank (EKB).

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.A.E.-W.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports|  (2024) 14:24413 | https://doi.org/10.1038/s41598-024-74345-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports | (2024) 14:24413 | https://doi.org/10.1038/s41598-024-74345-0 nature portfolio


http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Efficacy of zinc and copper oxide nanoparticles as heat and corrosion-resistant pigments in paint formulations
	﻿Experimental procedure
	﻿Preparation of NPs
	﻿Method of instrumental analysis
	﻿FT- IR spectroscopy
	﻿Thermogravimetric analysis
	﻿Transmission electron microscope (TEM)
	﻿Scanning electron microscope (SEM)
	﻿Hydrodynamic size distribution and zeta potential
	﻿Pigment evaluation


	﻿Techniques
	﻿Paint preparation
	﻿Methods of testing and evaluation of the coated films
	﻿Physical and mechanical tests
	﻿Heat resistance test
	﻿Corrosion tests


	﻿Results and discussion
	﻿Characterization of the prepared ZnO and CuO NPs
	﻿Infrared spectra of NPs




