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1. Introduction

The optimization effect of different parameters on
the super hydrophobicity of prickly-shaped
carbonyl iron particlest

Y. Rabbani,® M. Shariaty-Niassar @ *2 and S. A. Seyyed Ebrahimi®?

In this study, the effects of glucose concentration, temperature, and time parameters of the hydrothermal
reaction on the growth of prickly-shaped carbonyl iron were studied by using an experimental design to
obtain the maximum superhydrophobicity of the magnetic particles. The experimental design was
carried out by Response Surface Methodology (RSM) analysis using the Central Composite Design (CCD)
method. Field Emission Scanning Electron Microscopy (FESEM) analysis was performed to qualitatively
assess the growth of the prickly-shaped carbonyl iron, and Water Contact Angle (WCA) analysis was used
to quantify the superhydrophobicity of the resulting particles. The results revealed that the elevation of
the concentration and time increased the roughness (prickly shape) of the particle surface and contact
angle up to a point, after which it did not affect them. The temperature elevation caused an increase in
the prickly shape of the particles and contact angles and then reduced them. The optimum
concentration, temperature, and time were 0.75 Mol L™} 170 °C, and 4 hours, respectively, for the
maximum growth of prickly-shaped particles and the maximum contact angle was 169.7°. Fourier-
Transform Infrared Spectroscopy (FT-IR) and thermogravimetric analysis (TGA) results confirmed the
presence of glucose and stearic acid chemically bonded to the carbonyl iron particles. The X-ray
Diffraction (XRD) results showed that the carbonyl iron had been not converted into iron oxide during
the synthesis procedures of the superhydrophobic particles. Vibrating Sample Magnetometer (VSM)
analysis showed that making the particles superhydrophobic had little effect on the magnetization
reduction.

conducted by different strategies and materials from the macro-
to the nano-scale. Numerous materials with different properties
have been produced so far by several strategies such as elec-

Nowadays, with the development of different industries and the
rapid increase in the population, the amount of produced
wastewater has increased dramatically. Industrial wastewater
discharge, as well as oil spills in seas, rivers, and other vast
water resources not only threaten the ecosystems and human
health, but also destroy a wide spectrum of natural resources on
the Earth, all of which have encouraged researchers to come up
with constructive, drastic, and solution-oriented methods to
mitigate this kind of serious environmental problem. Some
industries that are directly or indirectly related to oil and
lubricants commonly use different viable methods for oil/water
separation on different scales.”® The common method for oil
and water separation is filtration adsorption, which can be
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trodeposition, photolithography, chemical vapor deposition,
colloidal assembly, and electro-spinning. Since almost all of the
separation processes are profoundly influenced by interfacial
characteristics, synthesized materials for separation should
meet the required surface features, such as excellent wettability
or superhydrophobicity, large area, good durability, etc.*®

In these situations, porous materials such as sponges,’
foams,' and textiles are applied in oil adsorption but these
materials suffer from poor selectivity, non-recovery, low effi-
ciency, and low adsorption capacity. The utilization of magnetic
particles is one of the favored strategies for oil adsorption from
oil-water mixtures due to their cost-effective and fast recovery,
low toxicity, and availability.'**?

Micronanostructures with magnetic and superhydrophobic
properties are dispersed in spilled oil layers. The super-
hydrophobicity of the particles makes them a suitable adsor-
bent to selectively adsorb oil, and their magnetization
properties lead to their easy collection by a strong magnet.
Thus, these modified particles with low cost and stable
magnetization capability can be used as efficient and easy-to-
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control oil adsorbents for separating oil from complex multi-
phase mixtures.”** Superhydrophobic surfaces, which have
a contact angle of higher than 150°, are among the most
effective options for oil and water separations, which are typi-
cally used in the form of particles," porous,'® membrane,'”*® or
mesh materials.’”* Various studies have been conducted to
improve the capacity of oil-water adsorption.*>*

Simmons et al.*® studied oil separation by magnetic nano-
particles in the oily wastewater treatment industry. Doan et al.*®
suggested a simple approach for surfactant-free and surfactant-
stabilized structures to separate the oil-water mixture and
emulsions by superhydrophobic/superoleophobic iron parti-
cles. They found that these particles have a WCA above 160° and
separation efficiency above 99.9%. Zhou et al* developed
Fe,O;@C magnetic nanoparticles with high oil adsorption
selectivity. They showed that these particles were highly
hydrophobic with a WCA of 162.9° and could be recycled in
water-oil separation for four cycles with a low decline in water
contact angle.

High magnetic saturation, high magnetic permeability, and
reversible behavior, as well as good stability in a varied range of
temperatures, are the features that make the carbonyl iron
particles a potential tool for oil adsorption in the oil spillage
process.”*° A few studies have been made on the modification
of carbonyl iron particles to separate oil from water. Duan
et al.** studied the effect of superhydrophobic/superoleophobic
carbonyl iron particles on the removal of organic pollutants,
where the surface of the carbonyl iron was modified with
copper. They showed that the water contact angle was between
140 and 164°, with adsorption efficiency above 99.9%. Another
study was conducted to show the mechanism of carbonyl iron
magnetic particles for Pickering emulsions in the presence of
a magnetic field.*

In this research, in order to obtain the maximum super-
hydrophobicity of the magnetic particles, the effects of glucose
concentration, reaction temperature, and reaction time
parameters have been optimized in the hydrothermal synthesis
of carbonyl iron particles with stearic acid and glucose. There-
fore, first, the experimental design was performed with Design-
Expert software to achieve maximum hydrophobicity. Secondly,
the qualitative evaluation of the growth of these prickly shapes
was done by FESEM analysis, while WCA analysis was per-
formed for the quantitative evaluation of the super-
hydrophobicity of the particles. Finally, the optimum
superhydrophobic particles were characterized by FESEM, FT-
IR, TGA, XRD, and VSM.

2. Experimental method
2.1 Materials

Carbonyl iron particles (BASF Company, Germany) (CI) were
used as the magnetic core, along with glucose (G), and stearic
acid (SA) (Sigma-Aldrich, Germany) as the hydrophobic mate-
rial. Acetone, toluene, and ethanol were provided by Merck
Company. In this paper, the @ symbol shows the chemical
bond.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.2 Synthesis of carbonyl iron with glucose (CI@G)

Carbonyl iron particles (5 g) were dispersed in ethanol and then
sonicated for about 40 minutes, after which it was washed three
times with ethanol and deionized water. Glucose solution
(50 ml of C molar) was added and irradiated for about 40
minutes by an ultrasonic probe, deoxygenated with nitrogen,
and located for ¢ (1 : 4 hour) hours at temperature T (160-200
°C) in an autoclave (these parameters were optimized by the
Design-Expert software). Ethanol, toluene, and acetone were
used to wash the product three times. Finally, the magnetic
particles were collected and dried for 4 hours at 60 °C in an
oven.

2.3 Modification of CI@G with stearic acid (CI@G@SA)

Here, 2 g of glucose-modified carbonyl iron particles were
combined with toluene and agitated for 20 minutes. Next, 0.2 g
(10 w%) stearic acid was dissolved in toluene (10 mL) and
agitated for 20 minutes before being added to the carbonyl iron
solution. At 75 °C, the resultant mixture was agitated for 4 hours
under nitrogen gas, and then ethanol, toluene, and acetone
were used to wash the product three times. After that, the
magnetic particles were collected using magnetic equipment
and dried for 4 hours at 60 °C in an oven.

2.4 Experimental design method

Response Surface Methodology (RSM) analysis is a mathemat-
ical and statistical method for process modeling and

Table 1 Central Composite Design for all variables obtained from the
Design-Expert software

Range and levels

Independent variables -2 -1 0 1 2

Concentration of glucose (C, %) 0 0.25 0.5 0.75 1
Temperature of reaction (7, °C) 160 170 180 190 200
Time of reaction (¢, hour) 1 2 3 4 5

Experimental design

Temperature Concentration
Run (°C) (Mol L™ Time (hour)
1 160 0.5 3
2 170 0.25 2
3 170 0.25 4
4 170 0.75 2
5 170 0.75 4
6 180 0 3
7-12 180 0.5 3
13 180 0.5 1
14 180 0.5 5
15 180 1 3
16 190 0.25 2
17 190 0.25 4
18 190 0.75 2
19 190 0.75 4
20 200 0.5 3
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optimization. This method is especially useful when the effects
of multiple independent variables are evaluated simulta-
neously. In this research, the independent variables included
the concentration of glucose (C), reaction temperature (7), and
reaction time (f), which were used for examining WCA
measurements. The level and range of variables in a coded and
decoded manner are presented in Table 1. The independent
variables’ values were considered by a five-level experimental
method and assigning the lowest value of —2 and maximum
value of 2 in the full Central Composite Design (CCD) of RSM
via the Design-Expert (Ver.11) software. As can be seen in Table
1, 20 tests including 8 factorial points with 6 axial points and 6
replications in the central point were selected to study the
effects of several parameters such as time, temperature,
glucose, and concentration on the hydrothermal reaction effi-
ciency and, thus, WCA.

Water Contact Angle (WCA or Y) and operational parameters
were defined by the following equation.

5 5 4 5
Y =09+ Z o Xi+ Z DL[,-/YI.Z —+ Z Z C(,‘/‘X,')(j + ¢ (1)
i=1 i=1
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Y denotes the predicted response (% predicted WCA), and X;,
X; are the independent variables. The «; were defined as linear
effects, a;; as quadratic effects, o;; as binary interactions, and ¢ as
the estimation coefficient effects on the response. Coefficients in
eqn (1) were achieved from the Analysis of Variance (ANOVA).
The values of F and P determined the degree of importance of the
model parameters. The F-Test was used for comparing model
variance with residual variance. The P-value was used to deter-
mine the possibility of the null hypothesis being true. In this
regard, the model term is significant if the P-value is less than
0.05 and has a meaningful effect on the response. Finally, the
individual and interaction effects of variables were visualized
using three-dimensional response levels.

2.5 Characterization

Field emission scanning electron microscopy (FESEM TESCAN
MIRA3) was used to examine the surface structures of the
produced particles. The thermo-oxidative stability of modified
particles was measured by thermogravimetric analysis (TGA, TA

=l j=itl company, US, Q600). X-ray diffraction analysis (XRD, Philips,
PW1730) was also performed on the hydrophobic particles.
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Fig. 1 The mechanism of (A) the reaction of ethanol with the CI molecule, (B) the reaction of Fe?* with glucose, (C) the reaction of Cl@G with

stearic acid.
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Infrared spectra were obtained on an FT-IR spectrophotometer
(THERMO, AVATAR). Princeton Applied Research (Vibrating
Sample Magnetometer, Model no. 155) was used to investigate
the magnetic characteristics of the hydrophobic particles.

2.6 Water contact angle measurement

The values of the water contact angle were measured for all
modified particles using a sessile drop approach and oscilla-
tion. This method was done using a CAG-20, Jikan Co. instru-
ment and Jikan Assistant, and Image-J software. Five microliters
of the water droplets were placed on the sample and then
photographed by a high-precision camera. For more accuracy,
the measurement of the water contact angle was repeated five
times and at the end, the average was reported. The oil contact
angle was also measured in the same way.

3. Results and discussion

The synthesis was carried out according to Table 1 based on the
method described in Section 2. The order of synthesis of each
sample was randomly selected based on software suggestions.
Runs 7 to 12 were done for repeatability tests and were operated
in different orders among other runs to prevent systematic
error. Fig. 1 depicts the reaction mechanism of glucose and
stearic acid on the carbonyl iron particles. Some researchers
have looked into a similar method mechanism.*

View Article Online

RSC Advances

Ethanol molecules cause two orbitals of the Fe atom in the CI
molecule to be empty and ready to accept electron pairs; in
other words, the O atom of the OH group available in the
ethanol molecule donates its electrons to make a bond with the
C atom in the electrophile CO group connected to Fe. The
proton of the OH group bonds to the Fe, and the Fe-CO bond
becomes disconnected in this way. This happens to two CO
groups of the CI molecule and thus causes two orbitals of the Fe
atom to be empty and ready to accept the electron pairs of O
atoms that are available in the glucose molecule. In this regard,
a stable cycle with five sides is formed. It is worth mentioning
that Fe bonds to two OH groups of glucose, which are on the
same side. In the next step, the stearic acid carboxyl group
bonds with the OH group of the glucose linked to C of type 1. To
be more specific, the carboxyl group of stearic acid draws one
proton, resulting in the formation of the OH** leaving group.
The OH>" species leaves the stearic acid molecule after receiving
an electron pair from the stated OH group of glucose, and
stearic acid binds to glucose.

The structural characterization of some modified carbonyl
iron samples is depicted in Fig. 2. The carbonyl iron particles
have a uniform size of about 2.3 £ 0.3 p as shown through the
image processing of the obtained FESEM image. As seen in
Fig. 24, the reaction did not occur due to the low concentration
of glucose and short reaction time (run 6). Further, at low
glucose concentrations, glucose and carbonyl iron reactions

Fig.2 FESEM images of the obtained particles under the different conditions of synthesis: A (run 6), B (run 3), C (run 1), D (run 7), E (run 19), F (run

4), G (run 14), H (run 15), | (run 5).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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started to go forward over time (Fig. 2B (run 3) and 2C (run 1)).
On the other hand, the temperature parameter had a negative
effect on the reaction efficiency since with the increase in
temperature, the growth of prickly-shaped particles decreased
(Fig. 2D (run 7), Fig. 2E (run 19), and Fig. 2F (run 4)).

Eventually, the prickly shape of carbonyl iron particles grew
with the reduction of temperature and elevation of the
concentration of glucose and the time of the reaction (Fig. 2G
(run 14), Fig. 2H (run 15), and Fig. 2I (run5)).

FESEM images in Fig. 2 were magnified twice to display the
prickly shape of the particles (Fig. S1T). FESEM images (Fig. 2
and S17) indicate that samples Fig. 2G, H, and I (run 14, 15, and
5) had better coverage than the others, as well as a more
homogeneous coating of glucose and roughness of the surface
of the particles. These samples had a prickly structure, and the
thickness of the blades was about 10 to 100 nm. Based on the

.',

Cantact Angle :

J
0°
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obtained results, it seems that time and glucose concentration
had greater effects on the growth of the prickly shape of the
particles as compared to temperature. However, more evidence
is required to confirm this claim using quantitative analysis. For
the quantitative assessment of the superhydrophobicity of the
modified particles, the WCA values were measured using the
sessile drop approach and oscillation for all synthesized parti-
cles, with the results presented in Fig. 3 and Table 2.%

The WCA of samples were investigated by Image-] software,
with the resulting data reported in Table 2. The contact angle
can be used to compare the hydrophobicity of the particles; the
larger the contact angle, the more hydrophobic the particles are.
As can be seen in Table 2, the contact angle did not increase due
to the low concentration of glucose and short reaction time (run
6), while the contact angle was then elevated by increasing the
reaction time (run 3 and 1). Overall, the WCA of modified

o
el

Super-Hydrophobic

Hydrophobic

90 ° 180 »

v

Fig.3 The opticalimages of a water droplet placed on a bed of the Cl @ Glucose @ Stearic acid for different samples: A (run 6), B (run 3), C (run 1),
D (run 7), E (run 19), F (run 4), G (run 14), H (run 15), | (run 5) and J (the schematic of hydrophobicity based on the shape of a water droplet).
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Table 2 The water contact angles for all modified samples
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Factors

Temperature Concentration Water contact
Run (°Q) (Mol L) Time (hour) angle (degree) Contact angle hysteresis (degree)
1 160 0.5 3 157.04 £+ 0.50 3+1
2 170 0.25 2 153.01 £+ 0.40 3+1
3 170 0.25 4 155.05 + 0.50 3+1
4 170 0.75 2 163.02 £+ 0.30 2+1
5 170 0.75 4 169.71 £+ 0.20 0+1
6 180 0 3 150.01 £+ 0.50 5+1
7-12 180 0.5 3 160.00 + 0.50 2+1
13 180 0.5 1 156.98 + 0.40 3+1
14 180 0.5 5 164.01 + 0.20 241
15 180 1 3 167.99 + 0.30 1+£1
16 190 0.25 2 152.50 = 0.40 5+1
17 190 0.25 4 154.07 £+ 0.50 4+1
18 190 0.75 2 158.01 £+ 0.20 3+1
19 190 0.75 4 163.03 £+ 0.30 2+1
20 200 0.5 3 154.00 £+ 0.50 3+1
Table 3 The ANOVA results based on the Design Expert Software®
Source Sum of squares Degree of freedoms Mean square F-value P-value
Model 488.41 9 54.27 123.73 <0.0001
T 23.06 1 23.06 52.59 <0.0001
c 353.53 1 353.53 806.05 <0.0001
t 53.33 1 53.33 121.58 <0.0001
C 13.03 1 13.03 29.71 0.0003
Tt 0.6105 1 0.6105 1.39 0.2654
Ct 8.43 1 8.43 19.21 0.0014
i 32.98 1 32.98 75.20 <0.0001
c? 1.84 1 1.84 4.19 0.0679
£ 0.2754 1 0.2754 0.6279 0.4465
Residual 4.39 10 0.4386
Lack of fit 4.39 5 0.8772
Pure error 0.0000 5 0.0000
Fit statistics
Std. Dev 0.6623 Adjusted R 0.9831
Mean 158.91 Predicted R 0.9261
C.V. % 0.4168 Adequate precision 41.5918
R 0.9911

@ A P-value of less than 0.0001 implies that the model was significant. Accordingly, the terms Tt, t*, and C, which are the interaction effect of two T
and ¢ parameters and the square effect of each ¢ and C parameter, were omitted.

particles increased with the decrease in temperature and
increase in the concentration of glucose and the time of the
reaction (run 14, 15, and 5).

Generally, there are two essential factors in making CI
particles superhydrophobic: high surface roughness and low
surface energy. The high roughness of the surface makes more
cavities throughout the surface, which become filled with air
and make less of the surface contact with water. On the other
hand, the low surface energy increases the hydrophobicity by
reducing the coherence of the water droplet.>**® In this regard,
glucose molecules were used to boost the roughness of the CI
particles, and stearic acid molecules were used to reduce the
surface energy. As can be seen in Fig. 2, 3 and Table 2, the

© 2022 The Author(s). Published by the Royal Society of Chemistry

optimized parameters that can increase the prickly shape of the
modified CI particles can also mount the contact angle of the
particles.

Also, the contact angle hysteresis (CAH) was measured and
reported in Table 2 for all samples. Finally, the oil contact angle
was measured for all particles, which was zero.

3.1 Polynomial regression model and analysis of variance
(ANOVA)

In the experimental design software, a model predicting the effect
of different parameters was represented. The ANOVA analysis was
then used to determine whether each variable of the model
attributed to each evaluating parameter is meaningful in the

RSC Adv, 2022, 12, 12760-12772 | 12765
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Fig. 4 The predicted vs. actual data for the water contact angle (A) and the effects of different parameters on WCA, (B) temperature, (C)

concentration, (D) time.

model or not. In other words, the ANOVA method recognizes
which parameter has a significant effect on the target response.
According to the experimental design method and the polynomial
model (eqn (1)), the results are reported in Table 3.

In this case, T (temperature), C (concentration), ¢ (time), TC,
Ct, and T° terms are significant. More specifically, TC, Ct, and T*
terms are the interaction effects of two T and C parameters as
well as C and t parameters, respectively. The 7% term, on the
other hand, shows the square effect of parameter 7. Based on
the F-value, the importance of variables is as follows:

C>t>T (2)

As shown in Fig. 4A, the experimental data fit the regression
line where the coefficient of determination is 0.9911. The model
predicted by the Design-Expert software is shown in eqn (3). Note
that the insignificant terms have been omitted from the equation.

Contact angle = —259.24244 + 4341297 + 102.70295C
+4.11767t — 0.510500T x C +4.10500 C xt —4.32545C>(3)

12766 | RSC Adv, 2022, 12, 12760-12772

3.2 The impact of various parameters on the contact angle

According to the results provided by the Design-Expert software,
the one-factor plots related to each parameter of temperature,
concentration, and time can be seen in Fig. 4B-D. From the
figures, the WCA increased with increasing concentration and
time. WCA was also diminished by the temperature elevation.

The interaction plots related to the interaction parameters of
temperature-concentration, concentration-time, and tempera-
ture-time can be seen in Fig. 5.

As depicted in Fig. 5A and 5B, the contact angle increased
with the elevation of the glucose concentration due to the
creation of a prickly-shaped layer on the carbonyl iron surface.
This increase causes greater surface hydrophobicity and
increases the contact angle. The elevation of the temperature
first increases the contact angle and then decreases it (Fig. 5A),
suggesting that at temperatures below 180, the contact angle
increased sharply. It also shows that at low temperatures,
increasing the concentration had a greater effect on the contact
angle.

As shown in Fig. 5B and 5C, increasing the time leads to
a greater contact angle. In this regard, blades need to have

© 2022 The Author(s). Published by the Royal Society of Chemistry
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enough time to grow and increase the contact angle. Further-
more, at low concentrations, the blades did not grow signifi-
cantly since there were insufficient reactants to be consumed in
the reaction. As a result, the effect of the concentration
parameter on the contact angle has not been significant within

WCA (Degree)
g

200

180

C (Concenteration, Mol/L) 025 T (Temperature, ° C)

WCA (Degree)

WCA (Degree)

180

t (time, hour) T (Temperature, ° C)

1 160

View Article Online

RSC Advances

low concentration ranges. Fig. 5C shows that the contact angle
value remained constant as the time increased beyond 3 hours.
According to Fig. 5, the optimal ranges for temperature,
concentration, and time are 160 to 180 °C, 0.5 to 1 Mol L™*, and
3 to 5 hours, respectively.

t time; hour) C (Concenteration, Mol/L)

t (time, hour)

WCA (Degree)

0.75

05

025

160 170 180 190 200

T (Temperature, ° C)
WCA (Degree)

0 025 05 075

C (Concenteration, Mol/L)

WCA (Degree)

T (Temperature, ° C)

Fig.5 3D response surface and contour plot of WCA: (A) the interaction between concentration and temperature at a constant time, t = 3 h. (B)
The interaction between concentration and time at a constant temperature, T = 180 °C. (C) The interaction between temperature and time at
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3.3. Optimization of the effects of different parameters on
WCA and validation results

The optimization was performed using the Design-Expert soft-
ware. Many local optimal points were suggested, the best of
which were the concentration, time, and temperature of 170 °C,
0.75 Mol L%, and 4 hours, respectively. In this regard, the
contact angle value with the optimum amount of mentioned
parameters was predicted to be 168.954°. The experiment with
the best parameter values was repeated three times and the
experimental WCA was obtained as 168.50° with a relative
standard deviation (RSD) of 0.6%.

3.4. Characterization of an optimized sample

The results of the FESEM, FT-IR, XRD, TGA, and VSM analyses
for the sample obtained using the optimum amount of
parameters are given as follows. In the optimal sample, due to
sufficient time, appropriate concentration and temperature, the
blades grew to 100 nm (FESEM image in Fig. 6A). The roughness
due to glucose and low surface energy using stearic acid

View Article Online
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dramatically increased the hydrophobicity (increased contact
angle up to 168.954° for the optimum sample). The surface
roughness created on the surface of the iron carbonyl particles
created more cavities on the surface that were filled with air and
reduced the surface contact with water. On the other hand, low
surface energy increased the hydrophobicity by reducing the
adhesion of water droplets. Therefore, the synthesized rough
micro-nano structures had maximum hydrophobicity.

The Fourier-transform infrared (FT-IR) spectra of the opti-
mized sample confirmed the presence of the functional groups
related to stearic acid and glucose coated on the CI particles.
The FT-IR spectra of carbonyl iron and the carbonyl iron
modified by glucose and stearic acid are displayed in Fig. 6C.
The coordination of Fe*" in CI with the carbonyl group of
glucose caused the peak related to the C=0 group to appear at
a lower wavenumber. As a result, in the FT-IR spectrum of
CI@G, the peak of the C=O carbonyl group shifted from
1632 cm™ ' to 1617 cm™ " as compared to CI particles. The peak
for the C=0 group was observed at 1700 cm™ " in the FT-IR
spectrum of stearic acid, which was also evident in the FT-IR
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(A) FESEM image of the optimum sample. (B) TGA curve of carbonyliron particles before and after modification. (C) FT-IR spectra of Cl@G:

carbonyl iron particles modified with glucose, SA: stearic acid and Cl@G@SA: carbonyl iron particles modified with glucose and stearic acid.

12768 | RSC Adv, 2022, 12, 12760-12772

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra09334g

Open Access Article. Published on 26 April 2022. Downloaded on 11/28/2025 8:11:43 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

spectrum of CI@G@SA acid. As a result, the existence of peaks
related to the carbonyl groups of stearic acid and glucose
revealed that glucose and stearic acid were reacting on the CI
particles.

The thermogravimetric analysis (TGA) curves of carbonyl
iron particles before and after modification are shown in
Fig. 6B. As can be seen, the Fe of the carbonyl iron particles was
oxidized between 300 and 400 °C due to iron oxide formation
(FeO and Fez0,). The degradation of CI@GI@SA particles
occurred due to the coating of CI with SA and G. TGA of
CI@GI@SA confirmed the chemical bond between CI, glucose,
and stearic acid since through the temperature increase, the
sample weight increased due to the oxidation process. If
CI@GI@SA contained volatile compounds physically bonded to
each other, the TGA curve would show a decrease through the
loss of these components.?”**

Surface modification of carbonyl iron particles at high
temperatures may alter the crystal structure or cause the surface
of the particles to oxidize. The XRD patterns of CI, CI@G, and
CI@G®@SA are presented in Fig. 7A. The XRD results show that
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there was no peak related to iron oxide (the iron oxide peak
appears at approximately 18.3°, 30.1°, and 35.4°). However, the
20 of 44° (assigned to (110)) and 65° (assigned to (200)) related
to the Fe peaks in the synthesized sample, were observed in the
XRD pattern. Therefore, oxidation did not occur during the
synthesis process.***® It was found that all the diffraction peaks
were well indexed with the ferrite.

VSM was used to measure the magnetic characteristics of the
modified particles at room temperature. Fig. 7B shows the
magnetic plot of the CI, CI@G, and CI@G®@SA particles. The
magnetic curve is a graph obtained when the magnetization of
particles (emu g™ ) is plotted versus the applied magnetic field
(Oersted or Oe). As can be seen in Fig. 7B, the magnetization of
particles increases to a point and then reaches a saturation
point where no change in the magnetic field can increase the
magnetization property of the particles. Overall, when the CI
particles were modified by nonmagnetic materials, the
magnetic property decreased. With this explanation, the satu-
ration magnetization (Ms) for CI, CI@G, and CI@G@SA were
210, 199, 189 emu g ', respectively. The absence of magnetic
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(A) XRD pattern of carbonyliron particles before and after modification. (B) VSM plot for modified carbonyliron particles. (C) Stability of the
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residue in the particles modified with glucose and stearic acid
indicates that the particles were well modified and there was no
aggregation of particles after modification. The slight decrease
in the magnetic saturation of these particles is due to the non-
magnetic modification of these particles.*'

Fig. 7B shows that Ms values of modified CI particles are
close to the CI particles without modification (10% difference),
which confirmed the high magnetization of the modified
particles. The high magnetic properties of these particles,
despite the modification, are an excellent property for control-
ling the process of collecting contaminants. The stability of
modified particles (optimal sample) was measured over time by
contact angle for 6 months. Fig. 7C shows the water contact
angle of the optimum sample at a different time point. As can be
seen, the superhydrophobicity of this sample did not change
over time and this fact indicated that the structure of the
particle hydrophobicity did not change over time.

4. Conclusions

In this paper, the parameters affecting the synthesis of
CI@G®@SA particles were optimized to increase the hydropho-
bicity of the particles. In this regard, the five-level experiment by
the full Central Composite Design was used in the Response
Surface Methodology by the Design-Expert software (Ver.11.0.0)
to optimize the hydrophobicity of the particles. To achieve the
maximum hydrophobicity, 20 experiments were selected based
on experimental design to study the effects of glucose concen-
tration, temperature, and reaction time parameters.

The qualitative and quantitative analyses were conducted on
the synthesized samples to confirm the synthesis process. The
qualitative analysis included Field Emission Scanning Electron
Microscopy (FESEM), and the quantitative analysis included the
measurement of the contact angles of all samples using a sessile
drop approach and oscillation. The results showed that the
increase in glucose concentration and time initially caused
more surface roughness of the particles and increased the
contact angle, and in the end, the increase of the glucose
concentration and time did not affect the blade growth on the
particles, or the contact angle. The temperature also first caused
an increase in the blade growth and then led to a sharp decrease
in the blades and the contact angle. Software optimization
showed that the best values of the concentration, temperature,
and time parameters to achieve the maximum blade growth and
hydrophobicity were 170 °C, 0.75 Mol L', and 4 hours,
respectively, which resulted in the contact angle of 168.954°.
The experiment with the best parameter values was repeated
three times and the experimental WCA of 168.50° was obtained
with a relative standard deviation (RSD) of 0.6%.

X-ray diffraction analysis(XRD) was performed on the
optimum superhydrophobic particles and the results showed
that there was no peak related to iron oxide and thus, the
oxidation reaction did not occur during the synthesis process.
Infrared spectra were also obtained using an FT-IR spectro-
photometer. The FT-IR spectrum of the synthesized particles
confirmed the presence of the functional groups of glucose (C=
O, C-0, and OH) and stearic acid (COOH and CH,) bonded to
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CIL The thermogravimetric analysis (TGA) showed that the CI
was degraded between 300 and 400 °C due to iron oxide
formation. Also, the oxidization of CI@G@SA occurred due to
the chemical bond between CI with glucose, and stearic acid.
After that, a Vibrating Sample Magnetometer (VSM) was used to
determine the magnetic characteristics of the hydrophobic
particles. The results of the VSM analysis showed that the values
of the magnetic saturation of CI, CI@G, and CI@G@SA were
210, 199, 189 emu g ', respectively. The superhydrophobic
particles showed good stability after the sample was stored and
the results showed that the superhydrophobicity of the optimal
sample did not change over 6 months. All the results obtained
by different analyses showed that the modified particles had
good superhydrophobicity and, therefore, the application of
these particles in the oil-water separation approach is worth
studying due to their high level of superhydrophobicity.
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