Eﬁ AIMS Materials Science, 11(6): 1096—1124.
AIMS DOI: 10.3934/matersci.2024053
%g Received: 17 July 2024
' Revised: 05 November 2024
Accepted: 13 November 2024
Published: 28 November 2024

http://www.aimspress.com/journal/Materials

Research article

Banksia Ashbyi-engineered facile green synthesis of magnetite
nanoparticles: Characterization, and determination of micro-strain,

stress, and physical parameters by X-ray-based Williamson-Hall analysis

Gérrard Eddy Jai Poinern'*, A F M Fahad Halim!, Derek Fawcett!, Peter Chapman? and
Rupam Sharma3

—

School of Engineering and Energy, Murdoch University, Western Australia 6150, Australia
Department of Chemistry, Curtin University, Perth, Western Australia
ICFE-Central Institute of Fisheries Education, Mumbai, India

[FSIE S

%

Correspondance: Email: g.poinern@murdoch.edu.au.

Abstract: Magnetite nanoparticles (MNPs) were synthesized by a straightforward one-step biogenic
process using a leaf extract taken from the Australian indigenous plant Banksia ashbyi (BA). Several
advanced characterization techniques, such as X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FT-IR), energy-dispersive spectroscopy (EDS), thermogravimetric analysis (TGA), and
Raman spectroscopy were used to investigate the physical and chemical properties of synthesized
MNPs. In addition, the size and morphology of the synthesized particles were examined using both focused
ion beam scanning electron microscopy (FIBSEM) and transmission electron microscopy (TEM)
methods. FT-IR analysis revealed the presence of a Fe—O band located at 551 cm™!, which confirmed
the formation of BA-MNPs. Both FIBSEM and TEM image analysis confirmed the nanoparticles were
spherical in shape and had a mean diameter of 18 nm with a particle distribution that ranged
between 13 and 23 nm. The strong iron (Fe) and oxygen (O) peaks seen in the EDS analysis also
confirmed the formation of the MNPs. TGA analysis revealed the leaf extract not only acted as the
reducing agent but also served as a capping agent. The XRD analysis revealed that the synthesized
MNPs exhibited a high degree of crystallinity and did not contain any impurities. Furthermore, X-ray
peak profile analysis using Williamson-Hall methods found the average crystallite size was 9.13 nm,
with the crystal lattice experiencing a compressive stress of 546.5 MPa and an average micro-strain
of 2.54 x 1073, In addition, other material properties such as density (5.260 kg/m?), average Young’s
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modulus of elasticity (217 GPa), modulus of rigidity (90 GPa), and Poisson’s ratio (0.235) were also
estimated from the XRD data.

Keywords: magnetite nanoparticles; green biosynthesis; Williamson-Hall analysis; material
properties; micro-strain; compressive stress

1. Introduction

In recent years, ferroic materials have attracted considerable scientific interest due to their
intriguing and unique physical and chemical properties. In particular, magnetite (Fe3Os) exhibits
distinctive structural, electronic, and magnetic properties [1]. Bulk scale magnetite displays a cubic-inverse
spinel arrangement, while magnetite nanoparticles (MNPs) have a mixed spinel form due to increased
surface strains. The mixed spinel form also results in two distinct crystallographic sites, namely tetrahedral
and octahedral. The distribution of divalent (Fe*") and trivalent (Fe**) cations in the respective
tetrahedral and octahedral sites plays an important part in influencing the properties of ferrite
materials [2]. In turn, these properties influence the type of function that MNPs can deliver in specific
applications. To date, MNPs have been used in a wide variety of applications, including: (1) imaging
agents in magnetic resonance (MRI) analysis [3—7]; (2) solid component in ferro-fluids [4]; (3) agents
in hyperthermia therapy [3,4,7-9]; (4) carrier agents in bio-sensing and diagnosis [7,10,11]; (5) drug
delivery platforms for pharmaceuticals [3,4,7,10-13]; (6) adjuvant and carrier agent in cancer
treatments [7-9,14,15]; (7) electronics and data storage devices [15,16]; (8) catalyst supports [4,15,17,18];
(9) incorporated into magnetic paints and inks [15,19]; (10) components in energy storage
systems [20—23]; and (11) adsorbents for the removal of contaminants from wastewater [18,24-27].

The wide variety of applications in which MNPs are utilized is a direct result of their size,
composition, purity, and material properties. Importantly, nanoparticle size and its properties can be
regulated by the type of fabrication process used in its manufacture. MNPs can be generated by
either top-down or bottom-up methods. Top-down methods include several techniques, such as
photolithography, ball milling, and grinding [28]. Bottom-up methods include pyrolysis [29], micro-
emulsion [30], hydrothermal/solvo-thermal [1,31], sol-gel [32], sonochemical and microwave-assisted
synthesis [33], chemical co-precipitation [34,35], and biosynthesis [29]. Furthermore, in recent years,
there has been significant scientific interest in developing biological synthesis methods. These methods
have the potential to replace several conventional chemical and physical methods and deliver better,
greener, and less energy-intensive synthesis procedures [36]. Many of these conventional chemical
and physical methods also have disadvantages like high manufacturing costs, the usage and disposal
of harmful chemicals, and the creation of harmful by-products [37-39]. Thus, using alternative biogenic
methods and the principle of green chemistry avoids these disadvantages. Biogenic synthesis has
focused mainly on two types of biological entities, namely bacterial and plant-based techniques [39,40].
In recent years, a significant research effort has focused on plant-based techniques to produce
nanoparticles. Studies have shown that extracts taken from stems, leaves, fruits, and seeds can be used
to synthesize nanoparticles [40—43]. Nanoparticle synthesis via plant extracts is due to the presence of
phytochemicals (e.g., amino acids, polyphenols, or reducing sugars), which act as stabilizing and
reducing agents [43].
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One bottom-up method for generating MNPs that has attracted significant interest in recent years
involves iron salt hydroxylation in alkaline solutions followed by the dehydration of the resulting
hydroxides. The method’s advantages include: (1) use of readily available precursors; (2) being a
straightforward chemical synthesis process; (3) not relying on complex and expensive laboratory
equipment; (4) being more eco-friendly when compared to other methods that use hazardous chemicals
and solvents, and (5) having the potential to be scaled up to facilitate large scale production [44].

The present exploratory study evaluates the use of a leaf extract taken from the Australian
indigenous plant Banksia ashbyi (BA) as an agent for controlling nanoparticle size and size distribution
when incorporated into the iron salt hydroxylation/dehydration method mentioned above. In this
one-pot, facile, and green method, the aqueous BA leaf extract first assists in reducing the Fe precursors
and then acts as a capping agent to form stable MNPs. Advanced characterization techniques were
used to investigate the physiochemical and material properties of the MNPs. Fourier transform infrared
spectroscopy (FT-IR), energy dispersive spectroscopy (EDS), and Raman spectroscopy confirmed the
formation and chemical nature of the MNPs. UV-visible (UV-Vis) spectroscopy was used to determine
the band gap, and thermo-gravimetric analysis (TGA) was used to evaluate the thermal stability of the
MNPs. The geometric parameters of the MNPs including crystallite size and particle size were studied
using X-ray diffraction (XRD), focused ion beam scanning electron microscopy (FIBSEM) and
transmission electron microscopy (TEM). In addition, X-ray peak profile analysis using Williamson-Hall
methods was used to determine strain, stress, and strain energy due to lattice deformation of the MNPs.
XRD analysis was used to determine material properties, such as Young’s modulus of elasticity,
modulus of rigidity, and Poisson’s ratio.

2. Theory: Estimating material properties from X-ray diffraction spectroscopy data
2.1. Crystallite size, lattice stress, and strain derived from Williamson-Hall analysis

Physical properties, such as crystallite size, lattice stress, lattice strain, and elastic modulus can
be estimated from X-ray peak profile analysis using Williamson-Hall analysis. Peak broadening occurs
in X-ray diffraction spectra due to instrumental effects and imperfect sample crystallinity. To correct
for instrumental broadening and remove this aberration, it is necessary to collect a diffraction pattern
using a standard material such as silicon. Then, the peaks in the silicon diffraction pattern are used to
correct the corresponding peaks of the sample diffraction pattern using Eq 1 [45]:

) 0.5
Bniry = [:B(zhkl) (measured) — :B(zhkl) (Lnstrumental)] (D

Then, the crystalline size (D) of the sample is calculated using the Debye-Scherer formula
presented in Eq 2 [46]:

kA

,B(hkz) Cos H(hkl)

Dprry = (2)
In Eq 2, 4 is the wavelength of the monochromatic X-ray beam, and £ is the crystallite shape constant,
which is 0.9 for spherical crystals with cubic unit cells. S s the full width at half maximum (FWHM)
of the peak at the maximum intensity, and O is the peak diffraction angle that satisfies Bragg’s law
for the (h k ) plane. Dy is the crystallite size of the sample. Eq 2 also shows that the crystalline
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size (D) 1s dependent on the reciprocal of cosine 6. The crystallographic distance (d) between planes
for given Miller indices 4, k, and / can be estimated using Bragg’s equation, as presented by Eq 3:

nA = 2d sin @ 3)

In Eq 3, n and @ represent the diffraction order (usually n = 1) and the Bragg angle, respectively.
In the case of a cubic structure, the d spacing is related to the lattice constants and Miller indices 4, k,
and / through Eq 4. Thus, Eq 4 can be used to estimate the size of the respective lattice constants.

a

BTt @

Once the lattice constant (a) is determined, then the unit-cell volume can be estimated using
Eq 5 [47]:

V=a3 (5)
Studies have shown that crystallite size and strain both contribute to the peak broadening and are
independent of each other [45,46]. Both parameters can be expressed by Eq 6:
ﬁ(hkl) = ﬁ(crystallite size) + :B(strain) (6)

The strain-induced peak broadening component of Eq 6 can be determined from Eq 7, which
shows the strain (¢) is inversely proportional to tan (6):

_ Bawn

— 7
4tan 6@ )

Thus, combining the crystallite size and strain-induced peak broadening components expressed
in Eqs 2 and 7, Eq 8 below can be derived:

kA
= + 4etan 6
ﬁ(hkl) D (hk1y cos 9(hkl) e ran ®)

Then, rearranging Eq 8 gives Eq 9. Both Egs 8 and 9 form the basis of Williamson-Hall analysis
of peak broadening effects seen in sample powders.

Bnir cos O = + 4esinf 9)

(hkl)

Eq 9 represents the uniform deformation model (UDM), which assumes a uniform strain in all
crystallographic directions and that material properties are independent of the direction along which
measurements are made. When the resulting experimental measurements are plotted, with 4siné along
the x-axis and p(hkl) cosd along the y-axis, the resulting graph gives a linear fit to the data. From the
graph, strain (slope) and crystallite size (y-intercept) can be determined. The second Williamson-Hall
analysis uses the uniform stress deformation model (USDM), which assumes the sample material
follows Hooke’s law. Thus, there is a linear relationship between the stress and strain, as seen in
Hooke’s law expressed by Eq 10.
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E= (10)

g
&

In Eq 10, E is the elastic modulus, also known as Young’s modulus of elasticity, and o is the stress
present in the crystallite structure. Incorporating Eq 10 into Eq 9 gives Eq 11, which is used in
the (USDM) analysis.

kA 4 40 sin 6
Dty  Enky

ﬁ(hkl) cosf = (11)

In Eq 11, Emiy 1s the modulus of elasticity occurring perpendicular to the (hk/) crystal lattice plane.
Because Ek 1s dependent on the crystallographic direction, it must be calculated for each orientation
within the cubic crystal structure, as seen in Eq 12 [48,49].

1
E hkry

1
=51—2 (511 — Sz — 5544) (l%l% + l%l% + l%l%) (12)

In Eq 12, Si1, Si2, and Sy are the elastic-compliances, and /;, [>, and /3 are the orientation
parameters derived from Eqs 13—15, respectively.

l; = h(h? + k? + 12)705 (13)
I, = k(h? + k? +12)705 (14)
Iy = I(h? + k2 + [2)705 (15)

In addition, the elastic compliances (S:7, S12, and Sy4) are related to the stiffness parameters (Cyy,
C12, and Cy4) of the material through Eqs 16—18 below.

(Cll + ClZ)

S = 16
1 (€11 — C12)(C11 + 2 Cy) (16)
_C12
S, = 17
12 = (€1 = Ci) (Cas + 2C1) (17)
1
Sps = —
"= (18)

Once the respective elastic-compliances and orientation parameters are derived, then the E) for
each crystal plane can be calculated. Next, the respective Emiy values are then substituted into Eq 11.
Then, by plotting 4sinf/E i) along the x-axis and Sy cosO along the y-axis, the resulting graph gives
a linear fit to the data. From the graph of the USDM data, the slope of the graph is the stress present
in the sample and the y-intercept is the estimated crystallite size. However, in many cases, the
assumption of homogeneity and isotropy in all crystallographic directions is not achieved. When strain
energy density (u) is considered, the proportionality normally associated with the stress and strain
relationship may no longer be independent. The strain energy density (u#) can be calculated using
Eq 19 presented below. When the strain energy density equation is rearranged and substituted into
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Eq 9, the modified equation (using Eq 20) becomes the uniform deformation energy density
model (UDEDM) [50].

u = & Fwey (19)
2
1
2u \2
Bnkiy cos 8 = + 4sinf ( > (20)
(hkl) (hkl)

Thus, by plotting 4sin@(2/Em)"? along the x-axis and Suycosd along the y-axis, the resulting
slope gives the lattice strain, and the y-intercept gives the crystallite size. Once the lattice strain is
determined, the respective strain energy density value can be calculated.

2.2. Determining physical properties from XRD data

Further analysis of the XRD data can be used to determine physical properties such as: (1)
density (pxrp); (2) longitudinal (V7), shear (Vs), and mean (V,,) wave velocities; (3) longitudinal modulus
(L); (4) modulus of rigidity (G); (5) bulk modulus (B); and (6) Poisson’s ratio of the sample material.

2.2.1. X-ray density (pxrp)

The X-ray density (pxrp) is calculated using Eq 21, where M = molecular weight (g mol~! and for
magnetite 231.54 g mol™!), N4 = 6.022 x 10> mol~! (Avogadro’s number), z = unit cell number, in this
case 8, and a = lattice parameter determined from XRD data.

M A

P(XRD) = N, X3 (21)

2.2.2.  Longitudinal (V7), shear (Vs), and mean (V) wave velocities
The respective longitudinal (77), shear (Vs), and mean (V7,) wave velocities are calculated from

Eqs 22-24, respectively. Both stiffness parameters C;; and Cyy are determined as discussed in the
previous section.

1
Ci1\2
v, = (ﬁ) (22)
p
CnZ  V
2
Ve = (ﬁ) _ L (23)
p V3
3 1 2
oyt (24)
vE VRV
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2.2.3. Longitudinal modulus, modulus of rigidity, bulk modulus, and Poisson’s ratio

Once the wave velocity values V7 and Vs are determined, they can be used to determine other
physical properties present in the sample material. The longitudinal modulus (L) can be determined
using Eq 25, and the modulus of rigidity (G) can be determined using Eq 26 [51].

L=px V)2 (25)

G =px (Vs)? (26)

The values obtained from Eqs 25 and 26 can then be substituted into Eq 27 to determine
Poisson’s ratio.

_(L-26)

0_—2(L—G) 27)

In addition, the bulk modulus (B) of the sample is calculated using Eq 28 and the stiffness
parameters C;; and Cys determined in the previous section.

1
B = 3 X (C11 + 2C13) (28)

3. Materials and methods
3.1. Materials

Ferrous sulfate heptahydrate (FeSOs-7H>0), ferric chloride (FeCls), and aqueous ammonia
(NH4OH, 28% w/w.) were purchased from Chem-Supply Pty Ltd, Australia. The analytical-grade
ethanol used in the washing stages was supplied by Rowe Scientific Pty Ltd, Australia. All chemicals
and solvents were used as supplied by the respective provider. All aqueous-based solutions prepared
in this study were prepared using Milli-Q® water (18.3 M Q cm™') generated by an ultrapure water
system (Barnstead Ultrapure Water System D11931; Thermo Scientific, Dubuque, 1A).

3.2. Preparation of BA leaf extract

A subset of healthy leaves was selected from BA plants located around the Murdoch University
campus, Perth, Western Australia (32.0680° S, 115.8352° E). Selected leaves were thoroughly rinsed
three times using Milli-Q® water to remove surface contaminants. Cleaned leaves were placed into a
pre-heated oven at a temperature of 60 °C for 6 h to remove surface moisture. After the drying period,
leaves were taken from the oven and individual leaves were cut into square (1 < 1 cm) pieces. From
these leaf squares, 2 g was selected and placed into a glass beaker containing 100 mL of Milli-Q®
water. This leaf-containing solution was heated to 80 °C and then maintained at this temperature
for 120 min. During this period, the leaf-containing solution was constantly stirred, and the initial clear
aqueous solution slowly changed to a yellow color. After 120 min, heat was removed and the solution
containing the leaves and leaf extract was allowed to naturally cool down to room temperature (24 °C).
Following the cooling period, the solution was filtered (Whatman® glass microfiber filters, Grade
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GF/A) to remove the filtrate and produce the yellow-colored BA leaf extract solution (pH 5). The
experimental procedure is schematically presented in Figure 1.

GOOD HEALTH 13 CLIMATE CLEAN WATER
ACTION ANDSANITATION

AND WELL-BEING

M"é:ner

o
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Green synthesized
MNPs

Applications

Add 10 ml
NH,OH

Drying
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Fel C‘I Fe! SO 7H,0

! s
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eat and Stir for
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Figure 1. The overall biogenic procedure for producing MNPs from leaf extracts taken
form BA.

3.3. Green synthesis of magnetite nanoparticles using BA leaf extract

Magnetite nanoparticles were synthesized using a co-precipitation method. Two types of
nanoparticles were produced in individual 50 mL test solutions prepared in small flasks. The first type
was the control and its starting solution was a 50 mL solution of Milli-Q® water. The magnetite
nanoparticles produced in the aqueous solution were designated as MNPs. The second type of
magnetite nanoparticles were created in a 50 mL solution of BA extract and these magnetite
nanoparticles were designated as BA-MNPs. The test solutions were placed on a hotplate and heated
to 80 °C. Next, FeCls and FeSO4-7H>0, in a molar ratio of 2:1, were added to each of the test solutions.
The resulting reaction was then allowed to run for 30 min at 80 °C while being constantly stirred.
During this period, the color of the BA extract solution changed from yellow to brown. At the end of
the 30 min period, a 10 mL solution of NH4OH (28% w/w.) was added dropwise to each test solution
to increase the solution pH to between 11 and 12. After a further 15 min of stirring at 80 °C, a sizeable
amount of black precipitate accumulated at the bottom of each flask. Then, both heating and stirring
were stopped, and an external neodymium magnet was used to collect and remove the black precipitate
from each of the test solutions. Before the respective black precipitates were vacuum-dried at 80 °C
for 6 h, they were washed three times with Milli-Q® water and finally washed with an ethanol solution.
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The overall reaction of the BA-assisted synthesis of MNPs is presented in Eq 29 below, and the
experimental procedure is schematically presented in Figure 1.

BA leaf extract + Fe*" + 2Fe*" + 8OH —(BA-MNPs) capped with phyto-molecules + 4H,O  (29)
3.4. Advanced characterization studies of the synthesized MINPs

X-ray diffraction was used to study the crystalline nature and particle size distribution of the
samples using a Rigaku SmartLab X-ray diffractometer. The 20 values were collected over the
range 5—80°, with step angle increments of 0.01° and at a speed of 1°/min. The diffractometer used a
Cu-Ka radiation source (A = 1.5406 A) and operated at 45 kV and 200 mA. Two electron microscopy
studies were conducted to determine particle size, structural features, and morphology using a Zeiss
Neon 40EsB FIBSEM located in the John de Laeter Center at Curtin University and a Philips CM200
TEM located at the FEG-TEM facility at Sophisticated Analytical Instrument Facility (SAIF), Indian
Institute of Technology, Mumbai (India), for high-resolution images. In addition, the Zeiss Neon also
used its energy dispersive spectroscopy (EDS) attachment to determine the compositional analysis of
the samples and the Philips CM200 also provided selected area electron diffraction (SAED) patterns
of the samples. For the Zeiss Neon, samples were deposited on carbon tape-covered SEM holders and
then sputter coated (E5000, Polaron Equipment Ltd.) with a 2 nm thick layer of platinum to prevent
charge build-up. Samples for the Philips CM200 TEM were prepared by placing the samples on a
carbon-coated TEM support grid (copper) and then sputter-coated with a 10 nm thick layer of gold to
prevent charge build-up. A PerkinElmer FT-IR/NIR Spectrometer Frontier fitted with a universal
signal bounce Diamond ATR attachment was used to carry out an FT-IR study of the samples to
identify the various functional groups present. The analysis was carried out over the wavenumber
interval between 400 and 4000 cm™!, with a wavenumber resolution step of 1 cm~'. Raman
spectroscopy was used to determine the molecular vibrations and chemical compositions of the various
samples. Measurements were made using a LabRAM 1B Raman spectrometer that used a 632.82 nm
Helium-Neon laser light source. Analysis was carried out over the wavenumber interval between 0
and 3000 cm™!, with a wavenumber resolution step of 1 cm~!. UV-vis was carried out using a Perkin
Elmer STA 8000 spectrometer over a spectral range between 300 and 1100 nm, with a range resolution
of I nm. TGA was conducted to evaluate the thermal stability of the respective samples using a Perkin
Elmer simultaneous thermal analyzer STA 8000. Samples were placed into a ceramic (Alumina)
crucible and loaded into the STA 8000. Thermal stability analysis was conducted with an airflow rate
of 20 mL min~! and over a temperature range between 30 and 800 °C, with an incremental heating rate
of 25 °C min~!.

4. Results and discussion
4.1. X-ray diffraction measurements

XRD analysis was used to identify crystallographic structures and phase purity of the synthesized
control MNPs and BA-MNPs. XRD spectra of the respective samples are presented in Figure 2a.

Inspection of Figure 2a reveals six significant diffraction peaks occurring at 26 locations
of 30.46, 35.78, 43.46, 53.88, 57.48, and 63.08°. These peaks were indexed and found to conform to
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the Miller indices of (220), (311), (400), (422), (511), and (440) crystal planes, respectively. These
peaks are in good agreement with the standard card pattern (JCPDS No. 19-629) for pure Fe3O4
nanoparticles and correspond to a cubic structure with a space group of Fd-3m [52,53]. The diffraction
patterns also confirm there were no other impurities present and indicate the capping agents were
effective in preventing atmospheric oxidation.

(a) (b)
BA-MNPs

60 Mean = 18.2 nm

1505 Distribution = 16 to 20 nm

1200 4

40 1

Control MNPs
30 \
\
600 4

2 | \
300 Control MNPs / \

Intensity (a.u.)
Density function

10 1 .1
-t 0 'J ! ' ! ' J T L
02 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
20 (degree) Crystallite size (nm)

Figure 2. (a) Representative XRD patterns of control MNPs and BA-MNPs and (b) particle
size distribution of control MNPs and BA-MNPs.

Analysis of the XRD data revealed the BA-assisted synthesis process produced BA-MNPs with
a smaller crystallite size. Table 1 presents the results of the crystallite size and crystallite size
distribution study. Inspecting both Figure 2b and Table 1 reveals that both the size and size distribution
of the BA-MNPs were smaller than the control MNPs produced without the presence of BA extract.
Importantly, the crystallite size distribution of the BA-MNPs was very narrow when compared to the
control MNPs. The narrow range between 16 and 20 nm of the BA-MNPs shows that the presence of
BA extract in the synthesis process acts as a nanoparticle size regulator.

Table 1. Crystallite size and size distribution of synthesized control MNPs and BA-MNPs.

Sample Scherrer (nm) Rigaku SmartLab XRD

Size (nm) Size distribution (nm)
Control MNPs 38 40 5-75
BA-MNPs 16.03 18.2 16-20

4.2. X-ray peak profile analysis using Williamson-Hall methods

The XRD data was first analyzed using the uniform deformation model (UDM) that was presented
in Eq 9. Then, by plotting 4 sinf along the x-axis and Bkiy cosO along the y-axis, a linear relationship
was established, as seen in Figure 3a. From the graphical analysis, the micro-strain (slope) was found
to be —2.6 x 10~ and indicated the sample was under compression. The crystallite size determined

AIMS Materials Science Volume 11, Issue 6, 1096—-1124.
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from the y-intercept was found to be 9.11 nm, smaller than the Scherrer value of 38 nm. The second
analysis method used the uniform stress deformation model (USDM) presented in Eq 11. The
respective mechanical compliances for the BA-MNPs were determined and summarized in Table 2.
The compliances were then used to determine the respective elastic modulus Egxy for each
crystallographic plane, as seen in Table 3. Then, by plotting 4sin6/E sk along the x-axis and Sy cos 0
along the y-axis, a linear relationship was established, as seen in Figure 3b.

a b
(a) 0.014 (b) 0.014
° e
0.013 0.013 | e
0012 . . 0.012 . ................. .
0.011 0011 ——————————— | .
0.01 e - =
v
s y =-0.0026x + 0.0159 g y =-0.5465x + 0.0158
5 0.009 R>=0.8337 5 0.009 R>=0.8937
& 0.008 <& 0.008
0.007 0.007
0.006 0.006
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> UDM 0-005 USDM
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C
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)
0.013 =
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151 y=-0.0267x + 0.0159
2 0.009 R = 08668
& 0.008
0.007
0.006
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0.004 UDEDM
0.090 0.110 0.130 0.150 0.170 0.190 0.210

4sin6 (2/E )"

Figure 3. (a) UDM, (b) USDM, and (c) UDEDM plots of synthesized BA-MNPs.

Table 2. Mechanical compliance values for the synthesized BA-MNPs [54].

Material property Value
Elastic compliances Si 4.80 x 1072 pa!
Si2 -1.37 x 10712 Pa™!
Sq4 10.13 x 10712 Pa!
Stiffness parameters Cu 270 GPa
Cr 108 GPa
Cu 98.7 GPa

AIMS Materials Science Volume 11, Issue 6, 1096—1124.
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Table 3. Modulus of elasticity for each crystal orientation in the synthesized BA-MNPs.

Crystal orientation Modulus of elasticity, E (GPa)
{220} 221.06
{311} 225.49
{400} 208.33
{422} 220.94
{511} 220.44

From the graphical analysis, the stress was found to be —546.5 MPa, indicating the stress was
compressive in nature. The micro-strain was estimated to be —2.47 x 1073, and the crystallite size was
found to be 9.17 nm. The third analysis method used the UDEDM presented in Eq 20. In this analysis,
the UDEDM considers the influence of the strain energy density (u), which was calculated using
Eq 19 and then substituted into Eq 20. Then, by plotting 4sin6 (2/E )" along the x-axis and Suycosd
along the y-axis, a linear relationship was established, as seen in Figure 3c. From the graphical analysis,
the energy density was found to be 710 KJ/m?, and the micro-strain was estimated to be —2.54 x 1073,
The analysis also found the crystallite size was 9.11 nm. The results of the three models are summarized
in Table 4.

Table 4. Summary X-ray peak profile analysis using Williamson-Hall methods.

Sample UDM USDM UDEDM Average E
(GPa)
BA-MNP Dy Straine D Stressc  Straine  Dgwy  Energy density Strain €
mm (1073) mm (MPa) (1073) mm (KJ/m%) (1073)
9.11 -2.60 9.17 -546.5 247 9.11 710 -2.54 217.44

Table 5. Size comparison between other studies using a chemical synthesis method to

generate MNPs.
Researcher Average crystallite size Dy (nm) References
Chaki, S.H., et al. (2015) 6.58 [55]
Yusoff, A.-HM., et al. (2017) 8-28 [56]
Kushwaha, P., et al. (2021) 13-18 [57]
Ilyas, S., et al. (2019) 22.5 [58]
Control sample 5-75 This study
Williamson-Hall modeling Mean 9.13 This study
Debye-Scherrer method 16.03 This study
Rigaku SmartLab FP analysis 18.20 This study

The Dy value of the BA-MNPs estimated using the Debye-Scherrer equation was found to
be 16.03 nm, slightly smaller than the 18.02 nm determined by the Rigaku SmartLab FP analysis. The
Dy values determined from UDM, UDSM, and UDEDM models are consistent with each other, as
seen in Table 4. The mean D) value of 9.13 nm determined from these models is also consistent with
the values obtained using the Debye-Scherrer method and Rigaku SmartLab FP analysis. Importantly,
these sizes are comparable to those obtained by other researchers producing magnetite nanoparticles
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using similar chemical precipitation techniques, as seen in Table 5. In addition, the UDM, UDSM, and
UDEDM models also give consistent negative lattice micro-strain values, thus indicating that the
BA-MNPs are experiencing compressive stress and explaining the peak broadening seen in the XRD
data [47]. Significantly, the presence of strain, whether compressive or tensile, often leads to peak
broadening and even displacement of the 26 peak position [59]. In addition, the synthesis technique
itself contributes to the micro-strain experienced by the formed nanoparticles. For instance, during
planetary ball-milling, nanoparticles experience high stresses, and the high residual stress generates
large micro-strains [60]. Less stress-inducing chemical synthesis techniques like the co-precipitation
method used in this study produce lower micro-strains in the generated MNPs [61,62].

4.3. Physical properties determined from XRD data

Data derived from the XRD diffraction pattern was used to determine the lattice parameter (a), as
presented in Eq 4; the lattice volume (V) was calculated using Eq 5, as detailed in section 2. Then, the
lattice parameter value was used to calculate the sample density purp) using Eq 21. The calculated

values for a, V, and pxrp) are presented in Table 6.

Table 6. Lattice constant, unit cell volume, and XRD derived density of synthesized BA-MNPs.

Sample Lattice constant a (A) Unit-cell volume V (A%) pxrp) (gem™)
BA-MNPs 8.362 584.696 5.260

Once the puxrp) was calculated, its value was substituted into Eqs 22-24 to calculate the
longitudinal (V7.), shear (Vs), and mean (V,,) wave velocities, respectively. The calculated values for
the respective wave velocities are presented in Table 7. Next, the wave velocity values of V7 and Vs
were used to determine the longitudinal modulus (L) and the modulus of rigidity (G) using Eqgs 25
and 26, respectively. Then, the longitudinal modulus and modulus of rigidity values were substituted
into Eq 27 to calculate Poisson’s ratio (). The calculated value of Poisson’s ratio was found to
be 0.2354, within the range between —0.9 and 0.5, which is consistent with the theory of isotropic
elasticity. Finally, the bulk modulus of the sample was calculated using Eq 28. The values obtained in
this study are similar to those derived by other researchers investigating the properties of magnetite
nanoparticles [63,64]. The various calculated values, such as wave velocities, moduli, and Poisson’s
ratio, are summarized in Table 7.

Table 7. Physical properties of synthesized BA-MNPs determined from XRD data.

Sample pxrp)(gem™)  Vo(ms™)  Vs(ms™) V,(ms') L(GPa) G(GPa) o B (GPa)
BA-MNPs 5.260 7164.5 4136.4 4592.2 270.01 89.98 0.2354 159.87
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4.4. FIBSEM and TEM microscopy studies
4.4.1. FIBSEM microscopy study

The size, chemical composition, and morphology of the BA-MNPs produced in this study were
characterized using a Zeiss Neon 40EsB FIBSEM and a Philips CM200 TEM. Inspection of the
FIBSEM image presented in Figure 4a reveals that the synthesized BA-MNPs are highly agglomerated
and need ultrasonic treatment to break up the large nanoparticle clusters [65]. Analysis of the FIBSEM
images presented in Figure 4b also reveals the BA-MNPs have a spherical geometry with a mean
diameter of 18 = 5 nm. This size range is similar to the size estimates of 16.03 and 18.2 nm produced
by the Scherrer method and the Rigaku SmartLab, respectively. In addition, the £5 nm limits of the
particle diameter also confirm the results of the Rigaku SmartLab analysis, which gave a size
distribution range between 16 and 20 nm. Moreover, an EDS analysis was performed to confirm the
formation and elemental composition of the BA-MNPs, as seen clearly in Figure 4c. Inspection of the
EDS analysis reveals two strong Fe peaks located at 0.7 and 6.4 KeV, and a less pronounced Fe peak
located at 7.1 KeV. Moreover, there is an intense peak located at 0.4 KeV, which represents the
presence of oxygen. No other elements were detected in the EDS analysis. Thus, the ratio between Fe
and O signals confirms the synthesized nanoparticles are indeed magnetite [66].
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Figure 4. FIBSEM images of BA-MNPs. (a and b) showing spherical morphology and (c)
EDS elemental analysis confirming BA-MNPs formation.

4.4.2. TEM microscopy study

Figure 5 presents the results of the TEM investigation. Inspection of Figure 5a,b confirms the
particle size and shape seen in the FIBSEM images presented in Figure 4. The images also confirm the
tendency of the BA-MNPs to agglomerate. The agglomeration of the BA-MNPs can be attributed to
the effects of van der Waals forces that facilitate nanoparticle attraction and clustering. Moreover, it is
worth noting that the BA leaf extract contains the O—H functional group that has the potential to induce
agglomeration [67]. In addition, SAED pattern analysis and high-resolution TEM image analysis was
carried out to determine lattice plane spacing. Figure 5S¢ shows the SAED pattern for the BA-MNPs
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sample. The diffraction rings were successfully indexed as (311), (220), (400), (422), (511), and (440).
The indexing agreed with the XRD analysis, and similar results have been reported in the literature for
magnetite nanoparticles [59,68]. The high-resolution TEM image shown in Figure 5d confirms the
nanometer-scale polycrystalline structure of the BA-MNPs. The image analysis also found that the
lattice spacing planar distance was 0.22 nm, confirming the results of the XRD data. Both the SAED
pattern data and high-resolution image analysis confirm the well-defined crystalline structure of
the BA-MNPs.

Figure 5. TEM images (a and b) of the BA-MNPs showing their size and structure, (c)
SAED pattern, and (d) high-resolution image showing nanometer scale polycrystalline
structure of the BA-MNPs.

4.5. Fourier-transform infrared and Raman spectroscopy
4.5.1. FT-IR spectroscopy study

All the functional groups present in the BA extract and BA-MNPs were studied by FT-IR. Figure 6a
shows a representative spectrum of each sample. The upper spectra in Figure 6a is the BA extract and
shows bands located at 3357, 2918, 2849, 1731, 1604, 1516, 1161, and 1032 cm™'. The presence of
these bands in the BA extract indicates the presence of flavonoids and phenolic functional groups in
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the BA extract, which have the potential to initially reduce metal ions to form metal nanoparticles and
then stabilize the formed nanoparticles. A broad band was observed at 3357 cm™! and was attributed
to O-H stretching. Bands located at 2918 and 2849 cm™' were assigned to C—H asymmetric and
symmetric stretching vibrations of the methyl group. The band located at 1731 cm™' was assigned to
C=0 stretching, and 1604 cm~! was attributed to C—O vibrations. The band the located at 1516 cm™!
was assigned to Amide II linkage, and bands 1161 and 1032 cm™! where attributed to coupled C—C
and C-O vibrations of the phenolic group. The respective bands and assigned functional groups are
summarized in Table 8.

Table 8. Summary of characteristic FT-IR absorption bands and functional groups seen in
FT-IR spectra for BA extract and BA-MNPs.

Wavelength (cm™) Functional group References
3000-3600 O-H functional group of phenol from BA-Raw [69]
2918, 2849 C-H asymmetric and symmetric stretching vibrations of the methyl group  [70]
1731 C=0 stretching due to xylan in hemicellulose [71]
1631 C=0 group of carboxylic acid [72]
1604 C-O/aromatic [73]
C—C stretching
1516 Amide II linkage [74]
1432 Asymmetric and symmetric vibration of COO— [74]
1400-1466 H—C-H bending vibrations [75]
551 Fe—O bond vibration [75]
1000-1350 Coupled C—C and C—O vibrations of the phenolic group [76]

The lower spectrum in Figure 6a is the BA-MNP sample and shows bands located at 3408, 1631,
1432, 1105, and 551 cm™!. The band located at 3408 cm™' was attributed to O—H stretching and was
shifted from 3357 cm™! in the BA extract spectra. The shift suggests that the O—H functional group is
acting as a reducing agent during the synthesis of the BA-MNPs [72,77,78]. The band located at 1631 cm™!
is believed to be the C=O group of carboxylic acid, which represents the carboxyl functional
group (—COOH), with a slightly increased magnitude. The increase in magnitude of the band suggests
the carboxyl functional group is acting as a capping agent during the formation of the BA-MNPs [78].
The band located at 1432 cm™' was assigned to the asymmetric and symmetric vibration of COO—,
while the band located at 1105 cm™! was assigned to the C—O stretching vibration of phenolic groups.
The final band in the spectra is located at 551 cm™! and is assigned to Fe—O (stretching vibration) and
confirms the formation of MNPs [72, 79—81]. The respective bands and assigned functional groups are
summarized in Table 8.
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Figure 6. (a) FT-IR spectra of raw BA extract and BA-MNP samples and (b) Raman
spectrum of BA-MNP sample.
4.5.2. Raman spectroscopy study
Figure 6b shows a representative Raman spectrum of a BA-MNP sample. The spectrum shows a
strong peak located at 1283 cm™!, identified as the D-band of the BA-MNPs. The four peaks seen
at 396, 471, 582, and 6555 cm™! correspond to the vibration modes of the Fe—O bonds present in the
BA-MNPs [82,83]. Also present are two strong peaks located at 220 and 286 cm™!, which were the
result of an oxidation reaction that occurred during the Raman spectroscopy procedure [84]. Moreover,
peaks located at 788 and 1040 cm™! suggest organic compounds have induced surface modifications
on the BA-MNPs. This result suggests the phytochemicals present in the BA extract can influence

surface functionalization processes on the BA-MNPs [85,86]. Overall, the Raman spectrum is similar
to other Raman studies reported in the literature and also confirms the formation of BA-MNPs [87].

4.6. UV-VIS spectroscopy and thermo-gravimetric analysis

4.6.1. UV-VIS spectroscopy study

A UV-visible spectrum of a representative BA-MNP sample is presented in Figure 7a. The spectra
show a wide absorption range between 300 and 800 nm. However, there is a significant region of
absorbance between 350 and 450 nm [88]. The absorption band in the UV range between 330 and 450 nm
confirms the formation of BA-MNPs and is similar to reports discussed in the literature for
plant-synthesized magnetite nanoparticles [89,90]. In addition, the UV-visible data was used to
calculate the direct optical band-gap energy (Eg) for the BA-MNPs using Tauc’s equation below:

ahv = K(hv — E,)" (30)

In Eq 30, a = absorption coefficient, /v = incident photon energy, B is a material-dependent
constant, E, = optical band gap in electron-volts (eV), and n = an exponent that can take different
values depending on the nature of the electronic transition. When the data from Eq 30 was plotted
graphically with /v along the x-axis and o/’ along the y-axis, the Tauc curve was produced, as seen
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in Figure 7b. Interception of the extrapolated linear part of the curve with the x-axis gave a band gap
value of 2.63 eV. This band gap value is similar to those reported in the literature for magnetite
nanoparticles synthesized by plants [88-91].
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Figure 7. UV-VIS spectroscopy analysis of BA-MNP sample: (a) UV-VIS spectrum
investigated in the study, (b) calculation of BA-MNP band gap energy, and (c) TGA
analysis of control MNPs and BA-MNPs.

4.6.2. Thermo-gravimetric analysis

The results of TGA studies of the control MNPs and the BA-MNPs are presented in Figure 7c.
Analysis of the control MNPs shows a steady decrease in sample weight of around 1.51% between 24
and 330 °C. During the early part of this stage, water present in the capping vaporizes, leaving the
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salt-based capping still attached to the surface of the MNPs. However, at around 330 °C, the salt-based
coating has decomposed, leaving the bare MNPs. After 330 °C, a small increase in weight occurs as
the temperature and time increase. This small increase in weight was caused by the control MNPs
undergoing surface oxidation [92]. TGA analysis of the BA-MNPs shows a two-step decomposition
process over the temperature range, as seen in Figure 7c. During the first stage, between 24 and 120 °C,
there was a weight loss of 1.09% due to water evaporation and decomposition of some volatile
phytochemicals [93,94]. During the second stage, between 150 and 400 °C, there was a further weight
loss of 2.99%. During this stage, salts and phytochemicals on the surface of the nanoparticles
decomposed until only bare MNPs remained [95-97]. Overall, the thermal studies have shown the
nanoparticle capping starts to decompose around 100 °C; by 400 °C, the capping agent was no longer
present on the surface of the BA-MNPs.

4.7. Life cycle assessment and cost analysis
4.7.1. Life cycle assessment (LCA) of the BA-MNPs

LCA analysis was used to assess the environmental impact of the BA-MNPs produced in this
study. The LCA analysis adhered to the procedures and guidelines as specified in ISO14040:2006 and

ISO14044:2006 [98,99]. Table 9 presents a complete list of items used in preparing BA-MNPs.

Table 9. Inventory data needed to conduct an LCA analysis for the preparation of
BA-MNPs from BA leaf extract.

Material/Process Unit Input
Transportation t-km 0
Transportation of BA leaves t-km 0

Preparation of BA leaf extract - -

BA leaves g 2
Milli-Q® water for cleaning BA leaves mL 100
Electrical energy for drying leaves MJ 0.04
Deionized water for supernatant mL 100
Electrical energy for heating MJ 2.29
BA-Mag NPs synthesis - -
FeCl3 g 1.33
FeSO4- TH,O g 0.67
Electrical energy for heating MJ 0.72
NH4OH (28%) g 0.01
Ethanol for cleaning mL 50
Milli-Q® water for cleaning mL 200
Electrical energy for vacuum drying MJ 0.72
Total energy use MJ 13.99
Total water use mL 400
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The life cycle inventory (LCI) for producing BA-MNPs from BA leaf extract was developed by
deconstructing process inputs and emissions, as shown in Table 10. The procedure uses Eco-Invent
datasets to model the environmental impact associated with the production and consumption of each input.

Table 10. Summary of LCI inputs needed to prepare BA-MNPs from BA leaf extract.

Category Unit Total CO; emissions
Total water use mL 400 N/A

Total energy use MJ 3.77 0.0784 kg CO,
Total CO, emissions kg - 0.0784 kg CO,

From the LCI analysis, the overall CO> emissions for the complete process were 0.0784 kg. The
CO; was generated from the energy needed for experimental processes like heating and vacuum drying
and the production of precursor materials like FeClz and FeSO4-7H>0. In terms of CO> emissions, the
production of FeCls, FeSO4-7H>0, ethanol, and NH4OH are minimal.

4.7.2. Cost analysis of producing BA-MNPs

An assessment of the costs associated with new nanoparticle-based products is essential for
determining their viability in transitioning from laboratory-based exploratory projects to pilot-based
studies and then to large-scale industrial manufacturing for specific commercial applications [100].
The present cost analysis assesses the financial feasibility of the experimental procedure for producing
BA-MNPs. Thus, a comprehensive analysis of the critical elements affecting the cost of production is
crucial and needs to take in several factors, including: (1) availability of raw materials; (2) processing
conditions and protocols; (3) processing equipment; (4) transportation; (5) labor; and (6) operational
costs. In the context of the present exploratory study, the precursor BA leaves were readily available,
other precursor material costs were negligible, and processing the BA-MNPs at the laboratory scale
was straightforward and used standard in-house equipment. Therefore, the following analysis considers
the driving expenses associated with synthesizing BA-MNPs. These expenses were determined
through Eq 31.

BA-MNPs production cost = DC + HC + VDC (31

In Eq 31, DC is the cost of drying samples after initial cleaning, HC is the heating cost during
processing, and VDC is the vacuum drying cost after initial nanoparticle synthesis. Thus, the major
expenses associated with BA-MNP production were drying, heating, and vacuum drying. The cost of
each energy consumption activity was calculated using Eq 32.

Activity cost = Time (h) x Equipment Power (kW) x electricity tariff in Australia (32)

Other cost items are listed in Table 11. Inspection of Table 11 reveals the cost of producing
BA-MNPs in this exploratory study was 1.26 USD/kg.
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Table 11. Estimated cost for producing 1 kg of BA-MNPs.

BA-Mag NPs synthesizing steps Cost ($/kg)
BA-MNP production cost (D¢ + He + VDc) 0.78
Cost of FeCl; (IG)* 0.14
Cost of FeSO4 7TH,0 (IG)* 0.10
Cost of NH4OH (28%) 0.01
Cost of EtOH 0.23
Total cost 1.26

**]G is the estimated cost of chemicals (www.chemsupply.com.au & www.sigmaaldrich.com).
5. Conclusions

This exploratory study established that the Australian indigenous plant BA could be used in a
co-precipitation method involving FeCls and FeSO4-7H>0 to regulate the size and size distribution of
the synthesized BA-MNPs. The mean particle size of the BA-MNPs was found to be 18.2 nm, and the
narrow size distribution ranged from 16 to 20 nm. X-ray peak profile analysis using the UDM, USDM,
and UDEDM models found the average crystallite size to be 9.13 nm. All the models showed that the
crystal lattice of the BA-MNPs experienced a compressive stress of around 546 MPa. The models also
found the BA-MNPs experienced an average micro-strain of 2.54 x 1073, The study also used the XRD
data to determine material properties, such as density (5.260 kg/m?®), average Young’s modulus of
elasticity (217 GPa), and modulus of rigidity (90 GPa). Both FIBSEM and TEM microscopy studies
confirmed the crystalline nature of the BA-MNPs and their size range. FT-IR and Raman spectroscopy
verified the purity of the BA-MNPs and confirmed that the phytochemicals present in the BA extract
acted as both reducing and capping agents. TGA analysis found the BA-MNPs were thermally stable
over a temperature range of 24-800 °C, with the capping decomposing at around 400 °C. The
laboratory cost for producing the BA-MNPs was found to be 1.26 USD/kg, and the overall emission
of CO; during the synthesis process was 0.0784 kg. Overall, the results show the co-precipitation
method, using BA leaf extracts as a particle size regulator, can produce highly stable and pure
BA-MNPs within a narrow size distribution. Future work will involve scaling up the current
experimental procedure to produce commercial quantities of BA-MNPs. Future work will also involve
refining the experimental procedure to tailor the properties of the BA-MNPs for specific applications,
such as photocatalysts, bio-sensing and diagnosis carriers in medicine, and components in electronic
and data storage devices.
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