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Herein, the performance of stainless steel and ceramic commercial cooking utensils was investigated
under varying temperature, hydrogen evolution and pH. X-ray fluorescence (XRF) analysis was used
to determine the elemental composition of commercial products manufactured by a local company.
Prior to XRF analysis, the products were immersed in universal buffer for 2 days at different pH and
temperature values before and after coating with silver nanoparticles/graphene oxide/chitosan. Release
assessments were performed for both types of commercial utensils. Total reflection XRF was used to
precisely examine the wt% of Cr, Mn, and Ni for the stainless steel sample and Si, Ti, and Ba for the
ceramic sample after immersion under certain conditions. The ion release from both materials was
temperature- and pH-dependent before and after nanocoating. All experiments showed that the lowest
hydrogen evolution and amount of release for both commercial utensils occurred at low temperature
and high pH values with this nanocoating. The coatings were also studied electrochemically; the
stainless steel was more passive than the ceramic without coating. After coating, they were comparable
at temperatures of 75 - 250 °C from pH 5 - 11, where the ceramic performed better than the stainless
steel and was more passive. The novel nanocoating reported in this work will enable both customers
and manufactures to upgrade the quality of their products.
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1. INTRODUCTION

X-ray fluorescence (XRF) is a fast, accurate and non-deteriorating technique with detection
limit in the order of ppm for different elements [1,2]. Therefore, XRF analysis is extensively utilised in
various fields, especially in the food industry.

Ceramic materials [3] are unique because of their exceptional properties, such as low electrical
and thermal conductivity. Therefore, owing to which they are extensively used in numerous areas.
XRF techniques can be employed to examine the corrosion difficulties that occur in ceramics as
recently done in several studies on food interaction [4,5].

Stainless steel is commonly used to manufacture cooking utensils and kitchen tools owing to its
high corrosion resistance [6-10]. Austenitic steel is most widely used in utensils, and the AISI 303
alloy is permitted for use with food [11,12]. However, AlISI 303 austenitic releases a higher amount of
Mn than other known stainless steel [13]. To minimize metal transfer to food, utensils are often
covered with a coating such as silver nanoparticles, chitosan and graphene oxide nanoparticles. If these
metals and alloys are not shielded, metal ions may migrate into food, leading to negative effects on
human health [14].

The analysis of steel or ceramic is beneficial for numerous purposes [15]. However, most
analyses include only the standard wet chemical method or inductively coupled plasma atomic
emission, which are unhelpful [16]. The XRF technique is practical in several areas, particularly for
metal and alloy analyses [1, 17]. Sample preparation for XRF is relatively simple and requires less
time and effort [18].

Temperature and pH are critical parameters that govern the type of alloy that can be used in
utensil production [19]. High temperatures may increase the metal corrosion that occurs upon contact
with food, resulting in a high percentage of toxicity. Moreover, food consists of proteins,
carbohydrates, fats and other compounds, which have a wide pH range that impacts food corrosivity
[20], significantly influencing cooking utensils. Several studies have been published on the release of
alloy elements into different food and food simulators [11,21,22].

In this study, we tested commercial cooking utensils by covering them with a coating that is
safe for human health. A novel nano-coating consisting of silver nanoparticles (AgNPs), graphene
oxide (GO) and Chitosan (CS) polymer was applied on stainless steel and ceramic utensils at various
temperature and pH values to test its potential use for industrial application. CS is a natural non-toxic
polymer [23-24], AgNPs are safe and non-toxic [25-26], GO was utilized to strengthen the nano-
coating [27]. The elemental composition of the stainless steel and ceramic commercial utensils, both
coated and uncoated, was determined by XRF after exposure to different pH (simulated food contact)
and temperatures. In addition, different electrochemical techniques were used to study the two
materials before and after coating to ensure sufficient protection using this novel nano-coating.
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2. MATERIALS AND METHODS

2.1. Preparation of samples

Stainless steel and ceramic samples were cut from pans obtained commercially from a famous
supermarket in Egypt; the compositions are listed in Tables 1 and 2, respectively. The sample
composition of the stainless steel and ceramic was measured by XRF. The samples were cut from the
flat portion of each pan in the form of a disc with a diameter of 40 mm.

Table 1. Chemical composition of stainless steel pan by XRF.

Elements Fe Cr Ni Mn Si Mo Al \Y/ Mg
W1t% 69.7 1822 8.9 131 044 023 013 0.09 0.04

Table 2. Chemical composition of ceramic pan by XRF.

Elements Si Ti Ba Fe Mn Al Mg Cr Ni
Wt% 68.2 19.14 89 0.74 0.5 0.3 025 014 0.04
W1%

2.2. Chemicals and reagents

CS from crab shells (85% deacetylated) and graphite powder were purchased from Sigma-
Aldrich, USA. AgNOs was purchased from Merck. Glutaraldhyde, KNO3z, NaOH, phosphoric acid,
glacial acetic acid and boric acid were used as analytical reagents.

The universal buffer used [28,29] comprised a 100 mL mixture of acids: 0.04 M phosphoric
acid, 0.04 N acetic acid, 0.04 N boric acid and was adjusted to the required pH (2.0-11) using 0.2 N
sodium hydroxide.

2.3. Instrumentation

2.3.1. Apparatus

All voltametric measurements were performed using an SP 150 potentiostat/galvanostat (Bio-
Logic Science) workstation. The three electrodes were connected toan electrochemical workstation.

Electrochemical impedance spectroscopy measurements were performed at an AC amplitude of
10 mV in the frequency range of 100 mHz to 100 kHz. Data fitting was performed using EC-Lab®
software. The potentiodynamic polarisation curves were measured from -1.0 V to 0.4 V (SCE) at a
scan rate of 1 mV/s after immersing the samples in the test solutions for 3 h to obtain a stable open
circuit potential.
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2.3.2. S8 TIGER-Spectrometer

A Bruker high performance sequential wavelength-dispersive XRF (S8 TIGER) was used for
universal qualitative, quantitative and "standard-less” multi element analysis of the elements
(depending on the optional spectrometer configuration), ensuring a non-destructive and ecologically
safe analytical process. The S8 TIGER spectrometer is widely used in process control, quality control,
research and development, and Monitoring; its robust, dirt-resistant design ensures efficient analysis
even under extreme conditions with a 4 Kw high-power XRF.

2.3.3. Chillo Baths NB7 series

The Chillo bath contained two components a thermo-circulator which provided temperature
control while simultaneously stirring/mixing liquids in the bath, and external circulation. The thermo-
circulator was fitted onto a compressor cooling system comprising a stainless steel tank above a
refrigeration compressor, which operates at ambient pressure from -20 °C to 130 °C.

2.3.4. pH meter

An Adwa 1030 digital pH meter (Romania) linked to glass electrode was used to measure the
pH.

2.4. Methods

2.4.1. Alloy Evaluation

Stainless steel and ceramic samples with a diameter of 40 mm were used. Universal buffer
solutions of different pH values were prepared. The samples were subjected to various conditions, such
as different pH values (2-11) and different temperatures (10-250 °C) using Chillo baths.

A commercially available ceramic pan was evaluated for particle migration under used
conditions. The migration of Ti, Si, and Ba was evaluated using buffer solutions with different pH
values and temperatures.

The same experiments were repeated for a stainless steel pan (commercially available). The
migration of Fe, Cr, and Ni was evaluated under the same conditions.

2.4.2. Deposition of the Coating

CS gel was prepared by adding 0.50 g of CS to 98.0 mL of water and 2.0 mL of glacial acetic
acid to attain a pH of approximately 3 and stirring for 2 h [30]. GO was prepared from graphite powder
using a modified Hummer’s method [31] after which the prepared GO (0.5 g) was dispersed in 30 mL
of the prepared chitosan solution with ultrasonic stirring for 20 min. An aqueous solution of 10° M
AgNO3zin 0.1 M KNO3z was added to the GO/CS solution under stirring. Subsequently, a potential of -
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0.4 V was applied for 2 min to form AgNPs [32], and the films were precipitated on the sample surface
(stainless steel or ceramic) to form the final AQNP/GO/CS nanocomposites.

2.4.3. Coating characterization and electrochemical study

A JEOL JXA-840A scanning electron microscope combined with an energy-dispersive X-ray
spectroscopy (EDX) unit for elemental analysis was used for the characterisation of the coating.

3. RESULTS AND DISCUSSION

3.1. XRF analysis

The effects of temperature (10-250 °C) and pH on the stainless steel alloy are displayed in
Figure la—e. The elemental percentage of metals (Fe, Cr, and Ni) on the alloy surface increased with
increasing pH of the medium from acidic to basic. This may be attributed to the initial formation of
oxides, followed by the formation of hydroxides of the metal ions at the highest pH of 11. However,
the elemental percentage decreased with increasing temperature, indicating that high temperature
deteriorated the stainless steel.

Corrosion resistance is a significant property of austenitic stainless steel owing to the
development of passive films of Cr.Oz, NiO, and iron oxides at low pH values, followed by those of
Cr(OH)s, Ni(OH)2, and iron hydroxides at higher pH [33,34]. The passive film thickness decreases
with decreasing pH [34]. Thus, increasing the solution pH is beneficial for creating passive films with
better shielding behaviour [35].

In practice, varying the pH has a noteworthy effect on the corrosion behaviour of stainless steel
[36]. Increasing the pH leads to a thickening of the nanocoating, mainly because of the stabilisation of
iron oxides in basic solutions. In acidic solutions, a chromium-rich oxide film is formed because of the
slower dissolution rate of chromium oxide than that of iron oxide [37,38]. A low pH was found to have
a significant effect on the corrosion behaviour of stainless steel [36,39] with a low hydrogen evolution
rate.
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Figure 1. XRF results for stainless steel alloy at different pH values and temperatures a) 10 °C; b) 50
°C; ¢) 100°C; d) 150°C and, F) 250 °C; after immersion in universal buffer for 2 days.
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Figure 2. XRF results for ceramic samples at different pH values and temperatures of a) 10 °C, b) 50
°C, ¢) 100°C, d) 150 °C, and e) 250 °C after immersion in universal buffer for 2 days.

Figure 2a—e display the effect of temperature from 10 to 250 °C along with the influence of pH
on the ceramic material. The wt% of Si was stable over all investigated pH values and temperatures
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due to the formation of a passive layer, except at 250 °C for the pH values of 2 and 5, where the wt%
first decreased and then increased with increasing pH. The wt% of Ti and Ba on the ceramic surface
first decreased at low pH values of 2 and 5 and then increased from a pH of 7 onwards over all
investigated temperatures.

However, the elemental percentage decreased with increasing temperature, and it was observed
that the temperature deteriorated the ceramic by a lower percentage than that of stainless steel. This is
because the elements that comprise the ceramic are higher in passivity than those present in the
stainless steel. Titanium plays a major role in improving the chemical stability of the ceramic and
improving its microstructure with increasing pH (lower hydrogen evolution) by forming titania
[40,41].

Generally, it was found that the release of elements from both tested materials decreased owing
to the high adsorption of chitosan on the material surface [41]. The addition of GO strengthened the
film and significantly decreased surface corrosion. Finally, adding AgNPs [25] to the coating further
decreased the release of elements because the NPs increased the effective surface area of the coating,
covering more of the surface of the stainless steel and ceramic samples. This suggests that both types
of materials when coated with AgNP/GO/CS can be used safely at all pH values and temperatures up
to 250 °C. Therefore, this coating can be used industrially as a safe and environmentally friendly
nanocoating.

3.2. SEM and EDX analysis
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Figure 3. SEM and EDX results for AQNP/GO/CS nanocomposite.
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Figure 3 shows the SEM and EDX results of the nanocoating. An thich crystalline compact
film is observed in the SEM image, where GO and AgNPs are densely packed within the chitosan
matrix. The EDX analysis confirmed the formation of the nanocoating. This nanocoating ensures high
protection performance in both types of utensils and retains its protection capability even at high
temperatures [44,45].

3.3. Impedance and polarisation measurements

3.3.1. Effect of temperature and pH

Figure 4a and b show the Bode plots for the stainless steel alloy at 250 °C. The inset shows the
polarisation curves at the same temperature. The AgNP/GO/CS coated materials were established, and
the effects of different pH values (2, 7, and 11) on the samples at 250 °C are summarized in Tables 3
and 4 for the stainless steel and ceramic samples, respectively. Fig. 5 shows the model circuit that fits
[46-50] these data, which are provided in Tables 3 and 4. The model is a two time constant model with
an internal oxide layer whose capacitance and resistance are denoted by Q: and Ry, respectively. Q2
and R2 correspond to the external layer capacitance and resistance, respectively. Q is introduced to
account for the non-surface homogeneity [51-54].

For the polarisation data, the electrochemical parameters (corrosion potential (Ecorr) and
corrosion current density (icorr)) Were obtained by extrapolation of the Tafel curves. The anodic branch
indicates film breakdown, and the cathodic branch indicates hydrogen evolution (H21) [55]. The
potential showed a positive shift with increasing pH (bare or coated surface). In addition, the hydrogen
evolution rate increased with decreasing pH values.

The data in Tables 3 and 4 show that the impedance value is lower for the bare surfaces of both
types of materials compared to the coated ones. At low pH, the hydrogen evolution rate is high, and H*
ions destabilise the passive layer on both materials. Thus, the impedance value and phase angle
maximum were lowest at pH 2 and highest at pH 11.

The impedance value for the AQNP/GO/CS nanocoating was sufficiently high even at 250 °C
in comparison to previously published electrochemical results [44,45] owing to the high degree of
surface coverage with the nanocoating even at high temperatures. In addition, the film provided a large
surface area due to the nanoparticles of silver and also AGNPS imparting a shiny colour to both
material surfaces.

Thus, the optimal pH value was 11 with the lowest hydrogen evolution rate, which indicates an
improvement in the corrosion resistance with the nanocomposite coating at pH 11.

The protection efficiency was calculated from the polarisation parameters using the following
equation [52]:

PE% = (icorr— 10 / 10) %X 100 1)
where io and icor represent the corrosion current densities of the bare and coated specimens,
respectively. The PE% values are listed in Tables 3 and 4. Thus, the protection efficiency was the
highest for the AgNP/GO/CS nanocomposite at pH 11.
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Additionally, the protection efficiency was calculated using the impedance and the following
equation [52] and tabulated in Tables 3 and 4:

(o]
%PE = RT(inhibited) - RT(BIank)
T (inhibited ) (2)

where RT and Tare the total resistances of steel in the absence and presence of inhibitors,
respectively. These results are comparable with those obtained from the protection efficiency
calculated from the polarisation.

The corrosion or hydrogen evolution on stainless steel may be due to the reaction of the buffer
with iron in the stainless steel:

Anodic reaction (Oxidation reaction)

Fe — Fe?* + 2¢° (3)
Cathodic (Reduction reaction or hydrogen evolution reaction)
2H" + 2¢" — H»t 4)

The proposed mechanism at low pH is the VVolmer reaction (slow step) as the primary discharge
step, M + H3O" + e <> MHaq + H20, the Heyrovsky reaction (fast step) as the second step, followed by
an electrochemical desorption step, MHag + H3O* + € — M + Hz + H0. The final step is the Tafel
reaction (fast step), a recombination step, MHag + MHag — 2M + Ha. Therefore, the hydrogen
evolution reaction occurs in three steps. If the Volmer reaction is fast, the Tafel and/or Heyrowsky
reaction must be slow, and vice versa [55].
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Figure 4. Bode plots for AgNP/GO/CS nanocomposite-coated stainless steel after immersion in
universal buffer solution for 3 h at 250 °C (inset shows Tafel plots).
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Figure 5. Equivalent circuit for fitting of impedance results.

Finally, the behaviour of the AgNP/GO/CS coating at different pH values in a universal buffer
solution at 250 °C (oven temperature) is shown in Figure 4. The coating behaviour is satisfactory up to
pH values as low as 2 and temperatures as high as 250 °C. Polarisation data and impedance data are in
good agreement, as shown in Tables 3 & 4. The current density decreases and the impedance value
increases with increasing pH. Thus, this coating at 250 °C exhibited the lowest impedance or highest
current density while maintaining its stability.

Table 3. Polarisation and impedance parameters for bare stainless steel and AgNP/GO/CS
nanocomposite coated stainless steel after immersion in universal buffer solution for 3 h at 250

°C.
Tem |corr Ecorr PE ol RT PEim
o Bleamode  pH . R DO e o
pH 2 1876 -0.617 - 0.252 -
250 Bare pH 7 1393 -0.511 - 0.550 -
pH 11 656.0 -0.323 - 1.380 -
pH 2 531.0 -0.436 1.7 0.871 71.1
250 AgNP/GO/CS pH 7 370.7 -0.320 73.4 1.995 72.4
pH 11 113.7 -0.268 82.7 6.310 78.1

Table 4. Polarisation and impedance parameters for bare stainless steel and AgNP/GO/CS
nanocomposite coated ceramic after immersion in universal buffer solution for 3 h at 250 °C.

Rt

|corr Ecorr PEpoI PEimp

oy el PR ey ) ) SO )
pH 2 1998 -0.982 - 0.186 -
250 Bare pH 7 1481 -0.980 - 0.257 -
pH 11 811.0 -0.963 - 0.562 -

pH 2 610.4 -0.691 69.5 0.631 70.5

250 AgNP/GO/CS pH 7 315.9 -0.643 78.7 1.000 74.3

pH 11 110.1 -0.582 86.4 3.163 82.2
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4. CONCLUSIONS

In this study, we examine the concentration of metals in stainless steel and ceramic pans before
and after immersion in buffer solutions with different temperature and pH values. The stainless steel
and ceramic pans had the lowest corrosion rate at high pH and low temperature, however; the ceramic
pan was more stable than the stainless steel pan, especially at pH > 7 at all temperatures.

The release of metal ions was higher at lower pH values because of the aggressiveness of the
medium and high hydrogen evolution. In addition, high temperatures increased the deterioration of
both stainless steel and ceramic. The ceramic was more stable at high temperatures than the stainless
steel alloy.

Our results demostrate that the proposed procedure for analyzing the wt% of metals using XRF
analysis is reliable, and it may be useful to determine the composition of materials used for food
manufacturing cooking utensils.

It was found that the percentage release of elements in both types of utensils decreased more
with the AgNP/GO/CS nanocoating than with GO/CS or chitosan on the material surface. This
indicates that both stainless steel and ceramic utensil coated with the AgNP/GO/CS coating can be
used at all pH values and temperatures up to 250 °C. Thus, this coating can be used industrially as a
safe and environmentally friendly nanocoating.

Electrochemical studies on the effect of temperature up to 250 °C (oven temperature) and that
of pH as low as 2, demonstrated a stable coating behaviour with a reliable impedance value.
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