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The objective of the present study is to investigate the impact of gold nanoparticles (Au NPs) on the thermo-
optical parameters of Fe3O4 (NPs), which can be used in seawater desalination cycles. The SEM and the EDX
were used to obtain the compositional structure. The observed optical characteristic peaks of UV-visible ab-
sorption spectra depend mainly on the size of the particle and the suspension medium. With the addition of
AuNPs, both the optical direct band gap (Eg) and the electronegativity decreased, while the refractive index
increased. The deep analysis of the optical conductivities has revealed the influence of seawater conductivity on
the efficiency. The morphology and structural investigation and crystal size were performed by means of the
(TEM), and (XRD), that showed a spherical shape structure for the Au/Fes04 NCs, corresponding to surface
Plasmon of the Au NPs, and the exciting of Fe3O4 (NPs). A highly sensitive photoacoustic (PA) technique has
been utilized to investigate the thermal parameters. Moreover, the (PA) technique, and the surface modification
of Nano black particles using nonionic surfactant, were boosted with heat exchange and their values imply the
possibility of improving the solar thermal conversion efficiency through the combination of morphological and
elemental information of the addition of Au NPs to Fe304 (NPs).

1. Introduction

The shortage of the resources of freshwater, due to the increase of the
population, made the desalination a global trend to unconventional
water sources. The desalination is a feasible and reliable solution for
having freshwater from seawater. Recently several attempts had been
given by researchers to develop and reduce the coast desalination
technology [1-4]. The (Fe304) magnetic nanoparticles (NPs) have been
used successfully for brackish water desalination attracted, because of
their broad range of photo thermal applications, extensive photon ab-
sorption cross-section, and strong intermolecular bonds [5-7]. Due to
the movement of the sun, collectors require solar tracking, which is
called direct absorption volumetric solar collectors [8-12]. Absorption
of sunlight causes an increase in the molecule’s vibration and hence
increasing temperature. Most of the absorbed solar radiation is con-
verted to solar energy [13-15]. It has been established that the metallic
nanoparticles have unusual chemical and physical properties which
make them suitable for desalination uses. Estimating freshwater nowa-
days is a major problem; therefore, desalination became a key factor for
the sustainability of the world’s population [16-19]. The purpose of the
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present article is to study the capability of adding Au NPs to Fe304 NPs
on modifying optical properties, particle size and thermal parameters.
Au NPs can produce particles of well-defined grain size. Additionally,
the effect of the addition of surfactant on the efficiency of seawater is
also investigated. The interrelation features between the optical pa-
rameters and the characterizations had been also discussed for
improving the thermal efficiency of seawater desalination.

2. Experimental work
2.1. Synthesis of FesO4 NPs & Au/Fe304 NCs

Amalgamation of Fe304 magnetics nanoparticles (NPs) were set up
by co-precipitation of ferric and ferrous salts under the nearness of Ny
gas. 16.25g FeCls and 6.35 g of FeCl, were dissolving into 200 mL of
refined water. Chemical precipitation was accomplished at 300 °C, after
60 min of vigorous stirring of mixing ammonium solution arrangement
drop by drop. The completed precipitation of Fe3O4 at pH was achieved
somewhere between 8 and 14 [20]. After the system was cooled to room
temperature, the precipitates were isolated by a permanent magnet and
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washed with deoxygenated refined water until pH neutral. Finally,
nanoparticles of FegO4 NPs in powder form were prepared after being
washed with acetone and dried in oven at 60-700 °C for 1 h. The
Au/Fe3s04 Nanocomposite (NCs) particle was prepared by
Co-precipitation method with hydroxylamine in the presence of Fe304
(NPs) as seeds. First, the seeds were made through the chemical
co-precipitation of Fe (II) and Fe (III) ions in alkaline medium, followed
by rinsing several times with water until the pH reached 6-7. An
external magnetic field was used during the washing process. In order to
absorb Au®* onto Fe304 NPs, a 20.0 mL of 4.0 mg/mL Fe304 NPs was
dispersed in 100.0 mL of 0.1 mol/L HAuCl,-4H50 solution in a beaker,
and slowly mixed. Finally, 40.0 mL of NH,OH solution of 80.0 mmol/L
was added to the system, the mixture was continually shaken for 1 h to
form the composite structure of Au/Fe3O4 NCs. Triton X-100 (TX100),
which is a mixture of 4-t-octylphenoxyethoxyethanols with an average
molecular weight of 625 Da (g/mole), was purchased from
Sigma-Aldrich (MO, USA) and was used without purification. Its
chemical formula is (CH3)3CCH2C(CH3)2C¢H40-(CH2CH20),H with an
average number p of ethylene oxide (EO) groups of 9.5. Its density is
1.065 g/cm?.

The elemental composition of FesO4 NPs & Au/Fe304 NCs were
investigated by the scanning electron microscope (SEM)(JOEL-JSM
Model 5600) and Energy -dispersive X-ray spectroscopy (EDX) (Shim
ADZU diffractometer type XRD 6000). The absorption spectra was ob-
tained using (V-670 Jasco double-beam spectrophotometer). The parti-
cle size was identified by Transmission Electron microscope (TEM). The
thermal parameters were investigated by using a highly sensitive (PA)
(MTEC Model 300) [21-23]. Fig. 1(a) and (b) presents the schematic
diagrams for the PA experimental set-up and the Au/Fe3O4 NCs in water
desalination respectively.

The solution temperature was monitored by using an optical fiber
probe model (FOBS) immersed in the solution and connected to digital
meter model (OMEGA-FOB). A computer interface program is used for
registering the temperature rise with time for the samples under study as
shown in Fig. 1(c).
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3. Results and discussion
3.1. SEM image and EDX analysis

The morphology and the crystalline structure are obtained by SEM &
EDX. A high-resolution SEM micrograph of Au/Fe304 NCs is given in
Fig. 2.

The inset of the SEM image illustrates the spherical nanoparticles.
The observation of other small particles, indicate the successful syn-
thesized of Au/Fe304 NCs. In addition, the components of the EDX
spectra shows clearly the presence the peaks of Fe, O, and Au elements,
and no other impurities were found in the samples. The weight per-
centage (wt.%) of Fe, O and Au for Au/Fe304 NCs are 71.25 wt%, 21.13
wt% and 7.62 wt% respectively.

3.2. UV-V absorption analysis

The UV-visible absorption spectra of Fes04 NPs and Au/Fe304 NCs
are seen in Fig. 3 (a). The broad absorbance edge at ~ 387 nm, may be
due to the half-metallic behavior of Fe3O4 NPs [24,25]. Furthermore,
Fe™ of Fes04 could increase the light absorption from UV to visible

Element Weight% | Atomic %

oK 2113 6425
FeK 7125 3528
AulL 762 0.47

Counts

Energy (KeV)

Fig. 2. EDX spectrum and the inset SEM image, weight percentage (wt.%) of
Au/Fe304 NCs.
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Fig. 1. (a) The PA experimental set-up diagram for thermal measurements, (b) Schematic showing how to use Au/Fe304 NCs in water desalination and (c)

Experimental setup for registering the temperature rise with time.
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Fig. 3. (a) Absorption spectra of Fe304 NPs and Au/Fe304 NCs. (b)The second derivative (SD) of Au/Fe304 NCs.

region [26]. The observed peak around 524 nm, is corresponding to the
Plasmon excitation in the Au (NPs). The results are in a good agreement
with other materials contain surface plasmon properties [27-29]. The
Au NPs act as an electron sink enhancing the charge separation in FezO4
NPs, that leads to increase the absorption of the Fe3O4 NPs in the visible
region.

The second derivative analysis (SD) was used for determining the
accurate peak position of Au/Fe3O4 NCs as seen in Fig. 3(b) for the two
regions, Plasmon and the exciton. It is seen that the first absorption peak
of Fe3O4 NPs red shifts from 387 nm to 413 nm, with the stability of the
Plasmon absorption band of Au NPs (at 524 nm). The modification of
electron oscillation of Au NPs as well as the increase of Fe3O4NPs ab-
sorption, were used for suppression the surface plasmon (SP) feature.

The optical absorption coefficient (a) is a crucial parameter in
determining the electronic transition. The optical energy gap (Eg) can be
determined on basis of equation [30,31].

ahv=A(hv — E,)" €h)

where (hv) is the incident photon energy, (@) is the absorption coeffi-
cient, (A) is a constant, and (r) is an important factor that detects the
type of existing transition where r may equal 2 or % for indirect or direct
transition, respectively. The best fit obtained for r = 1/2. Fig. 4 shows
the alternation of (ochv)2 with the variation in photon energy (hv) for the
two samples Fe3O4 NPs and Au/Fe3O4 NCs. The direct (Eg) values of
Fe304 NPs and Au/Fe304 NCs was estimated from the intercept of each
line and are given in Table 1. In general, due to the relationship between
the conductivity and the efficiency, when conductivity is O the efficient
should be high, and hence on increasing the conductivity, the efficiency
decreases. Conductivity is a measure of water’s capability to pass elec-
tric flow. This ability is depending on many parameters among them the
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Fig. 4. (ahv?) versus (hv) for Fe3O4NPs and Au/Fe304 NCs samples.

absorption coefficient (&) and the refractive index (n). The refractive
indices of Fe304 NPg and Au/Fe304 NCs was calculated based on optical
energy gap by using two different equation [32,33]:

n*E, =95eV (2
And
n=4.16 — 0.85E, 3)

The data are summarized in Table 1. The average value of n deter-
mined from equations (2) and (3) as observed in Table 1, were found to
increases with the addition of AuNPs. Interesting relationships have
been found between the optical energy gap Eg, optical electronegativity
(xe) and n. The optical electronegativity is a key parameter for under-
standing the chemical bonding. As the electronegativity difference in-
creases, so does the energy difference between bonding and
antibonding. The electronegativity parameter () can be estimated by
substituting the obtained value of (Eg), into the empirical formula [34]:

X =0.2688 E, @

Table 1, presents the value of the electronegativity as observed the
variation of (Eg), (n) and (y.) reveals the correlation mentioned above.
The optical conductivity (6opt) can be determined by using the obtained
value of the average refractive index and the velocity of light ¢ from this
equation [35]:

anc

Copt = T )

The dependence of 64,¢ 0n h v is displayed in Fig. 5(a). As seen the
Gopt increases with increasing h v and with the addition of Au NPs as
well [36,37].

The sharp increase of the 64p¢ after 3.50 eV, is in similar with the
increase of the absorption coefficient. Pure water is not a good
conductor of electricity, the electrical conductivity 6ejec Of Water is its
ability to conduct an electric current. The 6ejec can be determined via the
expression [38,39].

2 A Gopt
a

(6)

Oolec =

A decrease in the electrical conductivity is noted with increasing
photon energy as depicted in Fig. 5(b). In general, crystal size affects the
mean free path and obviously affect the electrical conductivity.

3.3. Crystalline structure and surface morphology

TEM analysis was used for determining the average particle size of
Fe304 NPs and Au/Fe304 NCs. The TEM micrographs of Fe3O4 NPs and
Au/Fe304NCs are shown in Fig. 6(a) and (b) respectively. In Fig. 6 (a) A
spherical morphology can be observed as gray color in the image of the
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Table 1
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The direct optical energy gap (Eg), Refractive index (n), optical electronegativity ().) and the crystal size of FesO4 NPs and Au/Fe304 NCs.

Sample Band gap E (eV) n Average (n) Xe Crystal size (nm)
Eq (2) Eq (3) TEM EMA XRD
Fe304 NPs 1.73 2.72 2.69 2.70 0.465 30 30.03 30.43
Au/Fe304 NCs 1.68 2.74 2.73 2.73 0.451 49 - -
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Fig. 5. (a) Optical conductivity versus (hv) plot for Fe304 NPs and Au/Fe304 NCs. (b) Electric conductivity versus (hv) plot for Fe304 NPs and Au/Fe304 NCs.

(b) Au/Fe304 NCs

Fig. 6. (a)TEM images of Fe;04 NPs, the inset is Particle size distribution histogram of Fe;04 NPs, (b) TEM images of Au/Fe3;04 NCs and (c¢) TEM images of the

synthesized Au/Fe304 NCs with high magnification.

nanoparticles. The average particle size of Fe304NPs was about 30 nm as
shown the inset of Fig. 6 (a).

The structure and particle size of Au/Fe3O4 NCs were imaged by
HRTEM, and are shown in Fig. 6(b). The addition of Au NPs, with a
higher electron density than that of Fe304 NPs increases the metallic
gold nanoparticles than that of FegO4 NPs, accordingly more electrons
are transmitted in bright field showing symmetric dark spots with a
spherical particle shape are observed. This is due to the decrease in the
electronic spacing that is accompanied by an increase in the particle
size. From the absorption spectra the particle size of Fe304 NPs can be
estimated by the “Effective Mass Approximation” model (EMA) given by

Ref. [40].

il 1
Epn=Egp+——s | —+—
L Te [m +m,,]

1.8¢?
4meenR

)

where, Egy is the electronic band gap for Nano crystals, Egp, is the band
gap of bulk Fe304 (0.1 eV), R is the average radius of nanoparticles. m, is
the electron effective mass (100m,), my, is the hole effective mass
(100m,), my = 9.11*10~3! kg and ¢ is the dielectric constant for Fe3O4
sample [40]. The calculated particle size for Fe304 NPs presented in
Table 1, is approximately the same as those obtained by TEM. The XRD
pattern for Fe3O4 NPs and Au/Fe304 NCs (see Fig. 7) shows a strong
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Fig. 7. Shows the XRD spectra of synthesized (a) Fes04 NPs and (b)Au/Fes04 NCs.

diffraction peaks, that match well with the inverse cubic spinel reflec-
tion peak at 20 = 35.6, and confirm the crystalline structure.

The average crystallite size was calculated using the Debye-Scherrer
equation [41]:

0%
" BcosO

(€))

where B is the full-width at half-maximum (FWHM) value of XRD
diffraction lines, the wavelength A = 0.154056 nm and 0 is the half
diffraction angle of 20. Fig. 7 presents the XRD patterns of Fe304 before
and after the addition of Au NPs. All the peak positions of Au/Fe3O4 NCs
remain unchanged compared with those of bare Fe304 NPs, with the
addition, of some identified peaks that are corresponding to (111),
(200), (220), and (311) planes [42]. The values of the average crystal
size estimated from TEM, EMA and XRD are nearly the same as seen in
Table 1. A suggested correlation between Crystallite size and optical
energy gap can attributed to the spacing of the electronic level. As the
crystallize size increases the spacing of the electronic level decreases and
hence the band gap decreases as well. The addition of AuNps To
Fe304NP; as seen in Table 1,increased the Crystal size from 30 nm to 49
nm while the optical energy gap decreased from 1.73 eV to 1.68 EV
which confirm the above mention suggestion.

3.4. Effect of Au NPs on the desalination performance of Fe304 NPs

Desalination is any process that removes excess salts and other
minerals from water. The feed water for desalination process can be
seawater. The thermal properties of Fe304 NPs and Au/Fe3O4 NCs were
studied by the Photoacoustic (PA) technique of the liquid form samples
in seawater. According to Poulet and Chambron for thermally thick
samples, the PA amplitude (q) and frequency (f)can be derived from the

]
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where (f) is the optical absorption coefficient, (e) is sample thermal
effusivity, (u) is thermal diffusion length and (A) is constant (not related
to the sample). To compare the desalination performance of Fe304 NPs
and Au/Fe304 NCs, the plot of the signal amplitude (q) versus (f) are
displayed in Fig. 8. The fitting of Fig. 8 was used for determine the
thermal diffusivity (D) and thermal effusivity (e) [44,45]. From these
results it is possible to estimate the thermal conductivity (k), by using
the following equation:

K=eVD

The results are given in Table 2.

As observed, the variation of the thermal conductivity (K) of Fe3O4
NPs increased with the addition of Au NPs in the Au/Fe304 NCs, this
may be due to the localized surface plasmon resonance. This trend is
supported by the data of the electrical conductivity seen in Fig. 5(b).
Heat transfer occurs with a lower rate for materials of low thermal
conductivity than in material of high thermal conductivity, this in-
dicates that the driving force of Fe3O4 NPs significantly strengthened by
the addition of Au NPs.In the present work, the water-based of Fe304
NPs and Au/Fe3O4 NCs were ultrasonically dispersed in seawater by
using surfactant (Triton X-100) with concentration of 5mg/5 ml and 5
ml (NPs/water/surfactant respectively) [46]. The used surfactant is a
low cost, non-toxite and it is masked by the high solution viscosity that
prevent the particles from agglomerating. Therefor a quantitative dif-
ference in several properties including different in sedimentation rates
with increasing surfactant can be observed. The photo-thermal conver-
sion characteristics of a solar NPs were investigated under solar simu-
lator, xenon lamp with (200Watt and irradiance (1000W/m2) measured
by power meter at different duration time of (60) minutes, as explained
earlier in the experimental section and in Fig. 1(c).

The increase of the temperature of the nanofluid is higher than that
of the base fluid (seawater) as shown in Fig. 9 which confirms that the
strong absorption and the capturing of solar radiation, enhances the
photo-thermal conversion efficiency, of Fe304 NPs and Au/Fe3O4 NCs

well-known equation [43]:

g App,
2afer/ (Bu, +1)* + 1

10)

Table 2
The three thermal parameter of seawater, Fe304 NPs and Au/Fe304 NCs.
Sample Thermal diffusivity =~ Thermal effectivity =~ Thermal
(D) (e conductivity (k)
(Cm?/s) x 1077 Ws2Cm K!)  (W/Cm.K)
Seawater 1.380 0.158 0.570
Fe304 NPs 1.624 0.186 0.671
Au/Fe304 1.863 0.213 0.785
NCs
L N L L L L N L L
A

PA signal (mv)
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Fig. 8. Relation of (q) versus (f) for Fe304 NPs and Au/Fe304 NCs are respectively seen in (a)&(b).
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Fig. 9. The temperature distribution with time of Fe3O4 NPs, Au/Fe304 NCs
and seawater.

compared to base fluid.
3.5. Thermal efficiency on desalination performance

The thermal efficiency is a dimensionless performance that helps in
reducing the energy usage and costs for water desalination. Here, the
solar radiation is uniform and the fluid depth is small so it can be
assumed that the temperature of the NPs is the same as the surrounding
fluid, measured by the thermocouple. The photo-thermal conversion
efficiency (37) can be determined with the relation [47,48].

_ ATc,m,,

~amg < 100%

where, ¢, and, m,, are the specific heat and the mass of the water,
respectively, AT is the temperature difference of the nanofluid after an
exposed time At; A is the irradiation area; G (W m~?) is the irradiation
intensity. The results of the photo-thermal conversion efficiency illus-
trated in Fig. 10 indicates the increase of the efficiency by adding the
surfactant (Triton X-100) to Fe304 NPs and Au/Fe304 NCs.

Where the presence of nanoparticle suspended in seawater increases
the absorption (direct absorption) of incident radiation more than that
of pure seawater, upon adding Au NPs, hence efficiency of heating in-
creases. This observation can also be related to oscillations of the
delocalized conduction electrons, known as surface plasmons.

4. Conclusion

Fe304 NPs and Au/Fe3O4 NCs were successfully Synthesized and
studied by simple co-precipitation method, in order to compare and
explore the desalination performance. The micro structure and the
crystal size were obtained and compared by using SEM, EDX, TEM, EMA
and XRD. The absorption coefficient in the UV visible range (350-850
nm), was used for the determination of the optical energy gap, elec-
tronegativity, refractive index, optical and electrical conductivities.
Moreover, the thermal diffusivity, thermal effusivity, thermal conduc-
tivity, and thermal efficiency have been conducted to investigate and
compare the difference between the previously obtained results of Fe304
NPg and Au/Fe3O4 NCs. The Nanofluids were prepared by dispersing
Fe304 NPs and Au/Fe304 NCs in seawater by adding surfactant (Triton x-
100) to improve the dispersion of nanofluid samples. According to the
results the addition of Au NPs increased the thermal energy and the
thermal efficiency. Further studies are needed for solving one of the
major induced human problems affecting all the world.
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