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Abstract

In this study, we fabricated a novel CMC/Chitosan-a-Fe,O; nanoparticles (NPs)-
coated 17-4 PH stainless-steel foam. The CMC/Chitosan matrix was preferred as a
stabilizing role in the uniform dispersion of a-Fe,O; NPs in the colloidal solution.
The BET, SEM/EDX, XRD, and FT-IR techniques were used to determine the func-
tional groups and surface of the nanostructure. The a-Fe,O; NPs were uniformly
dispersed and had a spherical shape with an average particle size of 10-20 nm with
a surface area of 180.37 m%g. Additionally, we examined to identify the physico-
chemical properties of the a-Fe,O, NPs under ultrasonic irradiation. According to
SEM results, we found that the average particle size of CMC/Chitosan-a-Fe,O; NPs
was between 10 and 20 nm with a spherical shape. We observed the effects of the
operating parameters such as the concentration (0-1 ppm), mass fraction (10-20%)
of silica, mass fraction (1-5%) of CTAB, temperature (2545 °C), pH (3-10), soni-
cation time (5-20 min), and the amplitude of sonication (10-40%). A mathematical
modeling was performed, which related surface tension via the operating variables.
The critical micelle concentrations were found 0.399, 0.428, and 0.573 ppm for
mass fractions 10, 15, and 20% of silica, respectively. An error analysis was con-
ducted in order to evaluate the physicochemical properties of the constructed mod-
els. Results showed that the effect of ultrasonic irradiation on the surface tension of
biopolymer blend based a-Fe,O; NPs and the design of uniform stainless-steel foam
with a-Fe,O; NPs coatings.
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Introduction

Iron oxide nanoparticles have been commonly preferred due to their unique bio-
compatibility, tunable surface modifications, magnetic, chemical, biological, and
electrical properties in various fields of industrial applications and approved by
the US Food and Drug Administration (FDA) for use on the clinical studies [1-5].
Surface modification with nanomaterials such as iron oxide nanoparticles provide
an advantage in the field of drug delivery, magnetic resonance imaging (MRI),
and theragnostic for biomedical applications [6].

Recently, the various studies have reported on the NPs have received atten-
tion due to their large surface area, excellent catalytic activity and morphological
features (shape, size and dimension, surface activity, and low reduction potential
[7-12]. Especially, the preparation of iron oxide NPs was reported using different
methods such as chemical precipitation [13], sol—gel [14], ultrasonic irradiation
[15], and emulsion methods [16] in previous studies. In this study, we prepared
the CMC/Chitosan-a-Fe,O; NPs using the green and low-cost ultrasonic irradia-
tion method and we coated onto the surface of 17-4 PH stainless-steel foam with
polymer blend-a-Fe,O; NPs to fabricate the novel bio-nanomaterial. We noticed
that no studies had reported in the literature regarding the coating of 17-4 PH
stainless-steel foam with polymer blend-a-Fe,O; NPs. Therefore, we focused on
this surface modification of 17-4 PH stainless-steel foam in this study.

17-4 PH stainless-steel foam is suitable for use as a biomaterial due to its
excellent mechanical and biological properties such as easy producibility, high
porosity, corrosion resistance, strength, and biocompatibility [17-19]. Surface
modification of the stainless-steel foams depends on some critical factors such
the homogeneous distribution, particle morphology, sinter density, and sensitiza-
tion [20]. Based on our previous experience, we used synthesized CMC/Chitosan-
a-Fe,0; NPs due to their characteristic properties such as their nanoscale size,
shape, high surface area, chemical property, and surface chemistry and we inves-
tigated the effect of surface modification on the surface characteristics and surface
chemistry of the structure [21]. We evaluated the change in surface tension with
different sonication inputs such as time, power, and amplitude on nanosystem
formation and stabilization based on the surface tension behaviors. Furthermore,
we defined the correlation between surface tension and surface modification,
which depends on the types of sonication inputs and experimental parameters.
This correlation was examined with the characteristic surface factor based on the
surface modification of the surface with a mathematical approach. The novelty
of this study was to prepare the novel CMC/Chitosan-a-Fe,O; NPs coated 17-4
PH stainless-steel foam and investigate the surface characteristics of the coating.
We investigated surface properties of the nanostructure and CMC/Chitosan-o-
Fe,O; NPs coated 17—4 PH stainless-steel foam using Brunauer—Emmett—Teller
(BET), Scanning Electron Microscopy/Energy-Dispersive X-Ray Spectroscopy
(SEM/EDX), X-Ray diffraction (XRD), and Fourier transform infrared spectros-
copy (FT-IR) techniques and to compare the surface tensions of CMC/Chitosan-
a-Fe,0; NPs. The surface characterization results showed that the a-Fe,O; NPs
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had a spherical shape, nanosize (10-20 nm), large surface area (180.37 m?/g) and
homogeneous distribution in colloidal solutions. The surface tensions of CMC/
Chitosan-a-Fe,O; NPs were compared to determine the surface properties of the
nanostructure as affected by the operating parameters such as the concentration
(0-1 ppm), mass fraction (10-20%) of silica, mass fraction (1-5%) of cetyltri-
methylammonium bromide (CTAB), temperature (25-45 °C), pH (3-10), sonica-
tion time (5-20 min), and the amplitude of sonication (10-40%). Furthermore,
experimental results provided a mathematical model to describe the effect of
CMC/Chitosan-a-Fe,O; NPs on the surface tension for colloidal solutions. Error
analysis is also conducted to assess the validity of the obtained models. Accord-
ing to previous reported studies, this study is the first report of the rheological
properties of the CMC/Chitosan-a-Fe,O; NPs as a coating biomaterial for foams
under ultrasonic irradiation. As far as we know, the coating of CMC/Chitosan-
a-Fe,O; NPs on the pore channels of 17-4 PH stainless-steel foam has not been
reported. For the first time, a mathematical model was formulated to determine
the change in surface tension of a-Fe,O; NPs for homogeneous coating process.
This novel nanomaterial can be a candidate for to be used as a new implant with
excellent surface property in bone tissue engineering applications. Consequently,
we have suggested that CMC/Chitosan-a-Fe,O; NPs has a great potential for
designing a promising nanomaterial for biomedical applications.

Materials and methods
Materials

Iron (III) chloride hexahydrate (FeCl;-6H,0) (>99%), chitosan (low molecular
weight), chitosan (Mw: 50-190 kDa) and carboxymethyl cellulose (CMC) (Mw:
250 kDa, high viscosity, the degree of substitution: 0.90) were purchased from
Sigma-Aldrich Company (Germany). Polyvinyl alcohol (PVA), carbamide particles
(CO(NH,),), sodium borohydride (NaBH,), ethyl alcohol (C,HsOH), and silica gel
(SiO,) (pore size 60 A, 70-230 mesh), acetic acid (glacial, 100%), NaOH (>99%
purity), and cetyltrimethylammonium bromide (CTAB) (Average mass: 364.448 Da)
were purchased from Merck Company. 17-4 PH stainless-steel powder was pur-
chased from Carpenter Company (Sweden). The chemical composition of 17-4 PH
stainless-steel powder was presented in Table 1. All chemicals and reagents were
analytical grade and used without further purification.

Characterization part
Characterization of the CMC/Chitosan-a-Fe,0; NPs
The surface morphology of all samples was investigated using a scanning electron

microscope (SEM, Quanta FEG 450). An X-ray diffractometer (Bruker D8 Advance
X-ray Diffractometer) was used (Cu Ka, 1=0.15418 nm, 40 kV, 40 mA, 26 angles
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Table 1 Chemical composition

of 17—4 PH stainless-steel Element %
powder Cr 15.18
Ni 4.470
Cu 3.470
Mn 0.650
Si 0.380
Nb+Ti 0.200
Mo 0.150
S 0.030
0.020
P 0.016
Fe Balance

from 2 to 75 with a step size of 0.02°/s). FTIR spectroscopy was recorded using
the Perkin Elmer FTIR emission spectrometer (Spectrum Two) with KBr powder
(4000-600 cm™! frequency range with a resolution of 4 cm™! and 8 scans). Meas-
urements of surface tension of all colloidal solutions were performed with a force
tensiometer (K11, KRUSS, Germany) at 25+0.5 °C.

Characterization of the uncoated and coated 17-4 PH stainless-steel foams
with CMC/Chitosan-a-Fe,0; NPs

The density and porosity content of sintered 17—4 PH stainless-steel foam were
determined using Archimedes’ principle in a Sartorius precision balance equipped
with a density determination kit. Mechanical properties of the specimens were stud-
ied by the compression test performed on a Zwick—Roell Z050 materials testing
machine. The surface roughness of the uncoated and coated 17—4 PH stainless-steel
foams with CMC/Chitosan-a-Fe,O; NPs was measured using a Surftest 210 type
Mitutoyo surface profilometer (Mitutoyo, Japan) (5 pm tip radius). The arithmetic
average of the surface roughness (Ra) was achieved by significantly bigger than the
pores with a chisel point pen to eliminate the effects of pore size change on the
measurements. The thickness of the coatings was examined using optical micro-
scope (Nikon ME600). The pores of the steel foam were filled with a cold-hardening
epoxy resin and then etched in 2% Nital solution for optical analysis.

Preparation of the CMC/Chitosan-a-Fe,0; NPs

The CMC/Chitosan-a-Fe,O; NPs were prepared following the procedure described
in our previous paper [21]. A solution of FeCl;-6H,0 (0.54 g/30 mL) in a mixture
of 24 mL ethanol/6 mL of distilled water was dissolved at 25 °C. 0.1 M NaBH, and
FeCl;-6H,0 solutions were mixed then it was stirred vigorously under nitrogen gas
atmosphere for 15 min. 0.1 g of CMC was dissolved in 100 mL of distilled water for
24 h, and 0.05 g of chitosan was dissolved in 50 mL 2% (v/v) glacial acetic solution
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for 30 min. Then, the CMC and chitosan solutions were mixed, and 0.02 g of silica
was added in 100 mL water. All solutions were mixed and sonicated for 10 min at
room temperature under nitrogen gas atmosphere. Finally, the synthesized CMC/
Chitosan-a-Fe,0; NPs were stored at 25 °C until further use.

Preparation of 17-4 PH stainless-steel foam

17—4 PH stainless-steel foam as the substrate material was produced by the space
holder-water leaching technique in powder metallurgy. This technique involved
four main stages: powder mixing, compaction, removal of space holder by water
leaching, and sintering.Initially, 2.5 g of PVA was dissolved in 97.5 mL of distilled
water. 250 g of steel powder was added to PVA solution. The blend was mixed for
30 min. Then, 20 g of blend was mixed with 80 g of irregular shaped carbamide
particles (710-1000 pm) in a Turbula type mixer for 60 min. The mixture was com-
pacted uniaxially at 200 MPa in a steel die using a hydraulic press into cylindrical
specimens with a diameter of 10 mm and heights of 15 mm. The green steel foams
were immersed in distilled water at room temperature to leach the space holder. The
PVA in the green specimens was thermally removed as part of sintering cycle,
which consisted of heating at a ramp rate of 5 °C/min to 410 °C (debinding) with a
dwell time of 40 min, followed by heating at rate of 10 °C/min to sintering tempera-
tures. The steel foams were sintered at 1260 °C for 40 min under high purity hydro-
gen gas atmosphere in a horizontal tube furnace.

Coating process of CMC/Chitosan-a-Fe,0; NPs/17-4 PH stainless-steel foam

For the coating process, the cylindrical foam samples were cut into slices with a
small diameter (~—0.5 cm) by EDM (Electrical Discharge Machining) with process
parameters such as peak current: 3 A, pulse-on time: 50 ps, pulse-of time: 30 ps,
open circuit voltage: 60 V, and wire feed speed: 5 m/s. CuZn37 master brass wire
with 0.15 mm diameter (900 N/mm? tensile strength). After the cutting step, the dust
was removed from the sample surface with compressed air. The uncoated 17-4 PH
stainless-steel foam was immersed in the coating a-Fe,O; NPs solution in a direc-
tion perpendicular, kept in the solution for 5 min at room temperature. The sample
was dried at 50 °C with a 30% relative humidity for 3 h. Based on weight difference
results of the uncoated foam before and after coating, 3.3 mg of solution was loaded
on the foam.

Surface tension measurement of CMC/Chitosan-a-Fe,0; NPs

In this study, applying a force tensiometer, the surface tensions of all colloidal solu-
tions were measured at 25+0.5 °C. The measuring error and measurement range
were 0.1 mN/m and 0.000015-0.0001 mN/m, respectively. To calibrate the system,
the surface tension of distilled water was measured at 25 °C. We focused on the
operating parameters such as the mass fraction (1-10%) of silica, the concentration
(0—1 ppm) of solutions, sonication time (1-15 min), the amplitude of sonication
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(10-40%), and temperature (25-45 °C) on the surface tensions of synthesized nano-
particles and results were compared to design a promising nanomaterial for biomed-
ical applications.

Construction of mathematical model

Critical micelle concentrations are obtained for each mass fraction (10%, 15%, and
20%) of silica by intersecting the lines, which are obtained by linear regressions
applied to the decreasing and stable part of the concentration data [22]. A mathe-
matical model for surface tension is also obtained as a function of the operating var-
iables, namely, concentration, mass fraction of silica, mass fraction of CTAB, tem-
perature, pH, sonication time, and amplitude of sonication. In order to obtain such a
model, first an exponential regression is applied to the concentration surface tension
data corresponding to concentration, for each mass fraction (10, 15, and 20%) of
silica. The R? values of these regressions are computed as 0.958, 0.988, and 0.985,
respectively. Then, another exponential regression is applied to the surface tension
data corresponding to temperature (R*=0.997). Linear regressions are conducted
for pH, sonication time and surface tension data corresponding to mass fraction of
CTAB, and linear relations are obtained for the stated variables with R? values of
0.955, 0.971, 0.915, respectively. For modeling of amplitude of sonication, a logistic
regression is performed (R*>=0.985). Then, the equations obtained using regressions
are normalized with respect to the fixed parameters in the surface tension data cor-
responding to concentration. The values of these fixed parameters are 25 °C (tem-
perature), 5 (pH), 20 min (sonication time), 5% (mass fraction of CTAB), and 40%
(amplitude). After the normalization of equations for each operating parameter, all
functions reconstructed have been multiplied by the exponential function of surface
tension data corresponding to concentration for each mass fraction of silica.

Error analysis methods

In this study, we used four different error analysis methods such as the sum of
squares of errors (SSE), the hybrid fractional error function (HYBRID), Mar-
quart’s percentage standard deviation (MPSD), and the average relative error (ARE)
all expressions were given in Table 2 [23-26]. Where, y,: experimental surface

Table 2 The error analysis

Expressions Error analysis References
methods methods
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tension, y,: calculated surface tension, n: number of data points and p: number of
parameters.

Results and discussion
Characterization of 17-4 PH stainless-steel foam

The photograph of the sintered stainless-steel foam and SEM image of stainless-
steel foam were shown in Fig. 1a and b, respectively. The specimens had a relatively
uniform distribution of pores. Cell walls separating each pore from its neighbors
were clearly seen. No cracks were observed in the highly porous structures, but large
numbers of micropores were formed in the cell walls. Although the macropores in
foams appear to be isolated from each other, they were in fact connected owing to
the micropores in the cell walls. In spite of sintering between steel particles, the
macroporous structure remained with a small shrinkage. This suggested that the
pore structures could be designed by using morphological properties such as proper
size, shape and content of the carbamide particles.

Total porosity and pore size had a critical role in tissue ingrowth into the implant.
The minimum pore size was considered to be 100 mm and larger pore size results
in greater tissue ingrowth. In the case of pores with size less than 100 mm, cells did
not grow into the pores because of spanning of pores by the cells. The morphology
of the final pores of the sintered 17—4 PH stainless-steel foams replicated the initial
shape of the carbamide particles that were used as space holder. In this study, the
total porosity of the specimen consisted of about 58% open and 14% closed porosity.

The mean size and the mean sphericity of the pores were determined to be 620 pm
and 0.58, respectively. These values for carbamide particles were determined to be
780 pm and 0.64, respectively. The decrease in the size and sphericity was attrib-
uted to crushing of the carbamide particles during pressing and moistening before
mixing. Compression tests were conducted on the foam to evaluate their elastic and

Fig. 1 a The photograph of stainless-steel foam and b SEM image of stainless-steel foam
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plastic deformation behavior. The compressive yield strength and Young’s modulus
of 17-4 PH stainless-steel foam were 48 MPa and 0.51 GPa, respectively. Compres-
sive yield strength and Young’s modulus of cancellous bone are 40-150 MPa and
0.09-1.5 GPa, respectively [27]. As a result, mechanical properties of the 17-4 PH
stainless-steel foams were close to cancellous bones. The average surface rough-
ness value of uncoated steel foam was measured in the range of 3.98-4.25 pm. As
known, these optimum parameters (surface roughness, mean size and sphericity val-
ues of the pores) are suitable for biomedical applications [27].

Characterization of a-Fe,0; NPs and a-Fe,0; NPs coated 17-4 PH stainless-steel
foam

In this study, the synthesized CMC/Chitosan-a-Fe,O; NPs were used in the first
time as a green coating material for 17-4 PH stainless-steel foam. There have been
several reported studies on the enhanced surface properties of stainless-steel foam
and improving the biocompatibility of the stainless-steel foams, but limited studies
have been reported on surface properties of NPs coated stainless-steel foam [28—32].
The surface morphologies of the 17-4 PH stainless-steel foam and CMC/Chitosan-
a-Fe,O; NPs coated 17-4 PH stainless-steel foam in Fig. 2a and b. EDX image of
CMC/Chitosan-a-Fe,O; NPs was given in Fig. 2c. In Fig. 2, the surface morphol-
ogy results showed the treated surface of 17—4 PH stainless-steel foam was com-
pletely covered with CMC/Chitosan-a-Fe,0; NPs and CMC/Chitosan-a-Fe,0; NPs
were uniformly dispersed in the CMC/Chitosan@silica [33]. The average particle
size of CMC/Chitosan-a-Fe,O; NPs was 10-20 nm with a spherical shape. Accord-
ing to BET results, the surface area of CMC/Chitosan-a-Fe,O; NPs was measured
180.37 m?/g.

The average surface roughness value of the CMC/Chitosan-a-Fe,O; NPs coated
steel foam was measured in the range of 4.59-5.91 um. The coating thickness val-
ues were measured using an optical microscope in the range of 15 and 30 pm closer
view of pore walls of coated steel foams were observed in Fig. 3 and it was clear that
there were micropores obvious in the cell walls. The coating thickness values were
measured using an optical microscope in the range of 10 and 20 pm. In this study,
we observed that the coating process of stainless-steel foam was effective and there
were no cracks or delamination was observed along the interface. According to our
experimental results, we demonstrated that the coating process had a major role in
the surface and structural properties of the foam due to the changes in the morphol-
ogy and surface roughness parameters.

In our previous study, X-ray powder diffraction (XRD) was used to identify the
structural properties of a-Fe,O; NPs and to determine the crystallinity of a-Fe,0;
NPs.

The XRD patterns of CMC/Chitosan-a-Fe,O; NPs were given in Fig. 4. Accord-
ing to XRD results, the characteristic peaks of CMC/Chitosan-a-Fe,O; NPs (2 theta:
31° and 45°) were observed. The FTIR spectra of the a-Fe,0; NPs were given in
Fig. 5. In our previous FTIR results, the characteristic peaks of CMC/Chitosan-a-
Fe,0, NPs were observed at 3479 cm™! (-OH), 2924 cm™! (-OH), 1750 cm™! (C=0
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Fig.2 SEM images of a 17-4 PH stainless-steel foam withx200.000 magnification and b CMC/
Chitosan-a-Fe,0; NPs coated 17—4 PH stainless-steel foam with x 200.000 magnification ¢ EDX images
of CMC/Chitosan-a-Fe,03; NPs

stretching), 1514 cm™!' (-NH), 1318 cm™! (-CH,0OH) and at 530 cm™! (a-Fe,05)
[21].

The measurement of surface tension of the CMC/Chitosan-a-Fe,0; NPs

There have been limited studies on the surface tension of the synthesized nano-
structures [34-36]. In this study, we focused on the effect of the mass fraction
(1-10%) of silica, the concentration (0—1 ppm) of solutions, sonication time
(1-15 min), the amplitude of sonication (10-40%), and temperature (25-45 °C)
on the surface tension of CMC/Chitosan-a-Fe,O; NPs solutions were shown in
Figs. 6 and 7. The surface tension of NPs /water from 47.83 to 36.22 mN/m
by changing the concentration of colloidal solutions in a range of 0-0.05 ppm
(pressure: 1 atm, temperature: 25 °C) was measured (Fig. 4). We investigated
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coating w4

Fig.3 Cross-sectional surface microstructure of pore wall of the CMC/Chitosan-a-Fe,0; NPs coating on
steel foams
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Fig.4 XRD analysis of the CMC/Chitosan-a-Fe,O; NPs

the effect of the mass fraction on the NPS/water nanofluid behavior based on
the surface tension and found that there was a relationship between the additive
functions of the systems and the surface tension using a mathematical model
(Figs. 6 and 7). According to results, the surface tension of a-Fe,O; NPs/water
was increased with the increase in the concentration of a-Fe,0; NPs [37]. There
have been few studies reported on a mathematical approach to evaluate the
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Fig.5 FTIR analysis of the CMC/Chitosan-a-Fe,0; NPs

effects of the sonication inputs such as time, power, and amplitude on the nano-
system formation and stabilization based on surface tension behaviors [38]. We
showed that the sonication method reduced the surface tension and improved
the stability of colloidal solutions. Also, we observed that surface tension
results, and surface analysis results were compatible. The effect of temperature
(25-45 °C) on the surface tension of a-Fe,O; NPs/water system (the interface
between NPs and water phase) was proven. The results showed that the tem-
perature was increased, and the surface tension decreased as the attraction forces
between the particles decreased [38]. The novelty of this study was that it had a
large amount of data on the surface tension of NPs/water system, a mathemati-
cal relationship was established between the values of the inputs (mass fraction,
concentration, sonication time and amplitude) and the output (surface tension)
and all parameters was used to fit the equation for the surface tension of nano-
particles [39-41].

Determination of critical micelle concentrations

Critical micelle concentrations are determined by intersecting the lines, which
are obtained by linear regressions applied to the decreasing and stable part of
the data. The critical micelle concentrations were found to be 0.399, 0.428, and
0.573 ppm for mass fractions of 10, 15 and 20% silica, respectively (Fig. 6). The
experimental data are available in the Supplementary Materials.
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Fig. 6 Determination of critical micelle concentrations for 10% (a), 15% (b), 20% (c) mass fractions of
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Fig.7 The effects of concentration for each mass fraction of silica (a), temperature (b) pH (c), amplitude
of sonication (d), sonication time (e) and mass fraction of CTAB (f) on surface tension of a-Fe,0; NPs/
water system

Modeling of surface tension

In this study, we have obtained surface tension as a function of operating variables con-
centration (C), temperature (7), pH, amplitude of sonication (AMP), sonication time
(z,), and mass fraction of CTAB (mr,p) for each mass fraction (10, 15, and 20%) of sil-
ica. Firstly, an exponential regression is applied to the surface tension data correspond-
ing to the concentration, while the remaining variables are kept constant at 7=25 °C,
pH=5, AMP=40%, ;=20 min, and mcpsg=>5%. As a result of these regressions, the
functions of y,((C) Eq. 3.1, y¢;5(C) Eq. 3.2, and y,,(C) Eq. 3.3 are provided for mass
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fraction of 10%, 15%, and 20% silica, respectively. These functions are illustrated with
the experimental data (see Supplementary Materials) in Fig. 7a.

Yero(C) = 26.31286 + 6.64406¢ 75w 3.1)
Ye15(C) = 39.08639 + 1.80472¢ 70 3.2)
Yero(C) = 46.86883 + 0.3793¢ 757 (3.3)

Then, regressions are applied to the surface tension data corresponding to tempera-
ture, pH, amplitude of sonication, sonication time, and mass fraction of CTAB respect
to fixed parameters given in Table 3 (Eqs. 3.3-3.8). Thus, equations in Table 3 are
obtained and all functions and the experimental data (see Supplementary Materials) are
illustrated in Fig. 7.

After obtaining Eqgs. 3.4-3.8, the functions y;(T), v,4(PH), Y app(AMP), v,,(t5), and
Yimepy (Mcrap) are normalized as in Eqs. 3.9-3.14, respectively. The normalization is
performed in a way that the normalized functions result 1 at fixed parameters 7=25 °C,
pH=5, AMP=40% min, #,=20 min, and mqpyg=>5%.

yr(T) 0.0407727
T) = —— =1.12477 — 0.045384¢™
(@ = 255 e (3.9)
Yo (PH)
Vo (PH) = L2 = 0.039915pH + 0.80043 (3.10)
P Ypr(3)
_ Yaup(AMP) 0.39563
Yampn(AMP) = Yaup(40) 0.97924 + 1 + 0.35426AMP—11.27723 G.1D
yts(tS)
tg) = ——— = —0.016623¢, + 1.33246 3.12
raw(ts) = =50 oF (3.12)

Table 3 Equations via experimental fixed operating parameters of a-Fe,0; NPs

Equations Eq. # Experimental operating parameters

C(ppm) T(°C) pH AMP (%) t,(min) mecrap (%)

y(T) = 40.84154 — 4.5406¢ 75200 G 042 - 5 40 20 5
You(PH) = 1.47174pH + 29.51358 (3.2) 042 25 - 40 20 5
Yaup(AMP) = 35.3128 + % (33) 042 25 5 - 20 5
¥ (ts) = —0.59857t, + 47;; o (3.4) 042 25 5 40 - 5
Y (Memas) = —3.1532Tmepyp + 52.56092(3.5)  0.42 25 5 40 20 -
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ym m
Yo (Memp) = _tulrens) _ —0.085312mpyp + 142656 (3.13)

Ym(3)

Finally, multiplying all normalized functions by y¢;0(C), 7¢15(C), and yyy(C);
we obtain the surface tension as a function of the operating variables for mass
fractions of 10%, 15%, and 20% silica, respectively Eqgs. 3.14-3.16.

Y10% (T, PH,AMP, 1., mcppg, C) = v (DY pun CH)Y appn(AMP)y (ls) Ymn (mCTAB) Yc10(0)

(3.14)
Visoo(T-PH,AMP, t,mcpa5. C) = v (T)Y iy (PH)Y appn (AMP)Y o (1) Yy (M) Y15(C)

(3.15)
720%(T’PH JAMP, 1, g, C) = v (DY pun H)Y appn(AMP )szzv(ls)VmN(mcrAB)Yczo(C)

(3.16)

Error analysis

In this study, we investigated the effects of ultrasonic cavitation on surface mor-
phology evolution of NPs. Also, the successful optimization strategy of NPs was
experimentally designed with different operating parameters (ultrasonic irradia-
tion inputs) using the mathematical model with to the surface tension data. Addi-
tionally, we highlighted that the interaction of the water with NPs under ultra-
sonic irradiation plays a major role in modulating particle size and distribution
due to performance of physicochemical properties.

Also, we conducted an error analysis for functions obtained in Eqs. 3.14-3.16
in order to evaluate the performance of the obtained models. SSE, HYBRID,
MPSD and ARE values for each function are determined by comparing the results
of each equation with 104 experimental data points. The results were given in
Table 4 and the schematic diagram of the experimental procedure was given
in Fig. 8. By applying Eqs. 3.14-3.16, we compared in terms of accuracy, it is
seen that Eq. 3.16 (20% silica) represents the experimental data the best. While
the absolute error is relatively higher in Eq. 3.14 (10% silica), the similarity in
MPSD value suggests that the standard deviation percentage is similar for each
relation. These error values provide a reference for the modeling of surface ten-
sion with respect to similar operating variables.

Table 4 Error analysis results of 10% Silica 15% Silica 20% Silica

mathematical models for CMC/

Chitosan-o-Fe,0; NPs SSE 4333011 76.93431 46.91477
HYBRID 10.40619 1.669168 0.911355
MPSD 92.78478 90.64954 90.32642
ARE 4.462957 1.620021 1152615
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Rheological analysis a-Fe,0, NPs

Surface tension

Mathematical modelling

a-Fe,0; NPs coated 17-4 PH stainless steel foam

Dip coating

17-4 PH stainless steel foam

Fig. 8 The schematic diagram of the experimental procedure

Conclusion

In this study, preparation, characterization and surface properties of the synthe-
sized CMC/Chitosan-a-Fe,0; NPs and CMC/Chitosan-a-Fe,O; NPs coated 174
PH stainless-steel foam were investigated. Surface tension behaviors of CMC/
Chitosan-a-Fe,0; NPs were experimentally determined as a function of the oper-
ating parameters. The influence of CMC/Chitosan-a-Fe,O; NPs coating on mor-
phology properties of 17-4 PH stainless-steel foam was performed. This study
proposed a mathematical model to determine the change in surface tension of
NPs for homogeneous coating process. Our research model presented as a meth-
odological prediction, which explains the relation between surface tension and
operating parameters using different error analysis methods with minimum error
values. The novel CMC/Chitosan-a-Fe,0; NPs coated 17-4 PH stainless-steel
foam is a candidate nanomaterial for biomedical applications.
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