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Abstract
Two series of nanocomposite materials based on graphene oxide (GO) (Al2O3/GO (Al/GO), Fe3O4/GO (Fe/GO), and Fe3O4–
Al2O3/GO (Fe–Al/GO)), and reduced graphene oxide (rGO) (Al2O3/rGO (Al/GO), Fe3O4/rGO (Fe/GO), and Fe3O4–Al2O3/
rGO (Fe–Al/rGO)) were prepared and characterized by X-ray and infrared spectra, SEM, TEM and EDX analyses. Graphene 
oxide was synthesized from graphite by improved Hummers method, then it was reduced by ascorbic acid to obtain rGO. 
Composite materials were prepared by suspension mixing. GO- and rGO-based materials were dispersed into brine water to 
form nanofluids. Transmittance spectra and thermal conductivity of nanofluids and reflectance spectra of the three-component 
composites were systematically investigated to evaluate their thermal sorption capacity. It can be seen from the transmit-
tance spectra that nanofluids capture almost incident light and from the reflectance that synthesized materials absorbed 
more than 97.5% and 96% of the irradiated solar power. The thermal conductivity results show that hybrid nanofluid showed 
high thermal conductivity than single nanofluids. The thermal absorption ability of nanofluids was evaluated by change in 
temperatures and weights of nanofluids. Results showed that all prepared materials (either single form such as GO, rGO, 
Al2O3 or composite form such as Al/GO, Fe/GO, Fe–Al/GO, Al/rGO, Fe/rGO, Fe–Al/rGO) raised thermal sorption of brine 
water. The combination of two or three components leaded to higher thermal sorption ability. Fe–Al/GO and Fe–Al/rGO 
give the highest thermal absorption efficiency (the temperature difference between the blank sample and the sample contain-
ing material with content of 0.5 mg mL−1 is 7 °C and 8.5 °C, respectively). Evaporation ability of Fe–Al/GO and Fe–Al/
rGO nanofluids increased to 67% and 79%, respectively. The thermal sorption increased with increasing the concentration 
of materials in nanofluid and lightening intensity (the temperature difference between the blank sample and investigated 
sample using two lamps was 21 °C). Moreover, 98% of Fe–Al/GO (Fe–Al/rGO) was simply recovered by magnet and the 
recovered material can be reused with only slight decrease in thermal sorption performance. Prepared nanocomposite was 
dispersed in brine water (0.15 mg mL−1 in 3.5% NaCl solution) to be distillated using solar energy and the results show that 
distillation process can be profoundly speeded up.

Keywords  Graphene oxide · Reduced graphene oxide · Solar thermal sorption · Nanocomposite · Magnetic property · 
Distilling brine water

Introduction

The exhaustion of portable water is a global problem that 
most countries in the world have been facing while seawater 
covers three fourth of the Earth and could be utilized for 
drinking and for use in some industries after desalination. 
Numerous methods are used for water purification such as 
filtration, disinfection, sedimentation, and distillation (Al-
harahsheh et al. 2018). To utilize the available solar energy 
to reduce costs, water distillation technique using solar 
energy has been studied and used for a long time (solar 
distillation process). In this technique, a solar still is used 
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to produce potable water. The main disadvantage of this 
technique is the waste of much solar energy because water 
absorbs only 13% of the radiant energy.

An effective method is to disperse nanomaterials that 
can enhance the efficiency of thermal absorption into liq-
uid media: water, glycol, oil, etc. to form nanofluids (Raj 
and Subudhi 2018; Sarsam et al. 2015; Syam Sundara et al. 
2017; Malega et al. 2018; Omid et al. 2017; El-Said et al. 
2015). Nanoparticles of some metals (Cu, Ag, Au, Ni), metal 
oxides (Al2O3, Cu2O, TiO2, etc.), and carbon forms (car-
bon nanotubes, graphene oxide, etc.) have been dispersed 
in water to increase thermal sorption efficiency of water, for 
example, the thermal sorption efficiency of a saline aqueous 
suspension that contained 0.1% of Al2O3 is 29.95% higher 
than that of brine water (Elango et al. 2015). In another 
report, CuO, Al2O3 and TiO2 nanoparticles were also used in 
solar stills to collect fresh water; the evaporation efficiency 
increased up to 50% compared to saline water (Madhu et al. 
2017). However, such thermal sorption efficiency is not high 
enough to commercialize widely the solar still. Moreover, in 
the actual seawater distillation devices, after collecting fresh 
water, the concentrated salty solution needs to be removed, 
if the nanoparticles are directly dispersed into the distillation 
flask, then separation and recovery of nanoparticles from the 
salty solution could be difficult.

To further improve thermal absorption efficiency, recent 
scientists have focused on the use of carbon-based mate-
rials (graphite, graphene, graphene oxide, carbon nano-
tubes, etc.), which are considered as good thermal sorp-
tion followed blackbody theory (thermal conductivity 
5000 W m−1 K−1) (Madhu et al. 2017). Carbon nanotubes, 
graphene, graphene oxide were used as materials for direct 
thermal absorption in solar distillation process of sea water; 
all of them showed high thermal sorption effectiveness and 
graphene showed the highest effectiveness (Mahmudul et al. 
2015). However, these materials are quite expensive and dif-
ficult to be recovered so that their application is limited. 
Wang et al. (2016) developed a solar thermal evaporation 
system based on reduced graphene oxide (rGO) decorated 
with magnetic nanoparticles and reported that this material 
can absorb highly sunlight and it could be separated from 
seawater under the action of magnetic force by decorated 
with magnetic nanoparticles. Furthermore, some studies 
have shown that nanocomposites (hybrid nanoparticles) 
have higher thermal sorption efficiency than single nano-
materials (Syam Sundara et al. 2017). A great number of 
nanocomposites (hybrid nanoparticles) have been introduced 
into the liquid to form nanofluids and have been shown to 
have higher thermal sorption ability than single nanoparti-
cles (El-Sawy 2017; El-Said et al. 2016; Ojeda and Messina 
2017; Chen et al. 2019).

The high thermal sorption efficiency of nanocomposite 
materials was also shown by the thermal conductivity; an 

important factor governs the thermal sorption ability of 
materials. In recent decades, numerous experimental works 
have been conducted to investigate the thermal properties of 
metal oxides (CuO, Al2O3, TiO2, etc.) nanofluids and hybrid 
nanofluids (Manimaran et al. 2014; Patel et al. 2010; Syam 
Sundar et al. 2013; Irnie Zakaria et al. 2015; Suresh et al. 
2012; Selvakumar Suresh 2012, Madhesh et al. 2014). Ther-
mal characteristics of water-based Al2O3–MWCNT hybrid 
nanofluids with different weight concentrations were investi-
gated by Nine et al. (2012). The experimental results showed 
that the thermal conductivity of hybrid nanofluids with 
spherical nanoparticles was higher than that of nanofluids 
with single nanoparticles. Thermal conductivity enhance-
ments of some nanofluids followed the order water < Al2O3/
water < CuO/water < Al2O3-–CuO/water nanofluids (Senthil-
raja 2015).

Therefore, it was the subject of this work to prepare nano-
composites based on graphene (or graphene oxide), Al2O3 
nanoparticles, and magnetic compounds (Fe3O4) for high 
thermal sorption and for reducing high cost and secondary 
pollution. The optical properties, thermal conductivity, ther-
mal sorption, and reusability of materials were investigated 
systematically.

Materials and methods

Materials

Graphite (99%) was supplied by Sigma-Aldrich; H2SO4 
(98%), KMnO4 (99%), H2O2 (30%), FeCl3.6H2O (99%), HCl 
(36–38%), NaNO3 (99%), FeSO4.7H2O (99%), AlCl3.6H2O, 
ethanol (99.7%), ascorbic acid (99.9%), citric acid (99%), 
polyvinyl chloride (PVA), and NH3 (25%) were provided by 
Guangdong Guanghua, China.

Synthesis of nanocomposite materials

The synthesis processes of all the materials were referred to 
the methods in cited documents but with small modifications 
(in most situation, the materials were kept in the solution for 
further steps without drying and grinding) to create materi-
als of small dimensions.

Preparation of GO using modified Hummers’ method 
(Hummer and Offerman 1958; Shahriary and Athawale 
2014; Alibeyli et al. 2014)

5 g of graphite and 2.5 g of NaNO3 were gradually added to 
a cold H2SO4 solution (115 mL, 98%) prepared at 5 °C in 
an ice bath and stirred by a magnetic stirrer for 5 min. Then, 
the mixture was stirred by a magnetic stirrer for 30 min and 
then 15 g of KMnO4 was added slowly in 15 min. During 
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the addition, suspension’s temperature was kept below 
15–18 °C. Once mixed, the suspension was transferred to 
a 35 ± 5 °C water bath and stirred for about 30 min; then, 
230 mL of distilled water was added slowly to the reaction 
beaker to keep the temperature at around 44–48 °C. Once 
added, the temperature was increased to 90 °C and the sus-
pension was stirred for extra 15 min at this temperature. 
Finally, 500 mL of water containing 30 mL of H2O2 was 
added to the suspension. High-concentrated HCl solution 
was added to the final suspension to accelerate precipitation. 
The solid content of final suspension was precipitated by 
centrifugation with 9000 rpm in 5 min. Then, for purifying 
from SO4

2−, the precipitants were dispersed in HCl (3.7%) 
and stirred for 15 min. Then, the centrifugation was applied 
again at 9000 rpm. This purification processwas repeated 
until no SO4

2− ion detected by BaCl2. GO was stored in 
500 ml of distilled water.

Preparation of rGO (Kanishka et al. 2018; Rogojan et al. 
2011)

One g of GO was dispersed in 300 ml of distilled water by 
ultrasonic generator for one hour to form a suspension. Sus-
pension was stirred and the temperature was gradually raised 
to 50 °C. Then, 10 g of ascorbic acid was slowly added dur-
ing 2 h and stirred for 8 h at 50 °C. The suspension was 
centrifuged and washed several times with acetone. Then, 
the acetone solution containing GO was added into 50 mL of 
deionized water. The resulting solution was heated at 65 °C 
while being stirred for another 2 h to evaporate the acetone. 
The obtained product was reduced graphene oxide (rGO).

Preparation of Al/GO and Al/rGO (Varghese and Hariharan 
2014; Bartolucci et al. 2011)

25% ammonia solution was added to 200 mL of 0.1M alco-
holic AlCl3 solution until pH of 9. The resulting solution 
turned to a white sol. Next, 150 mL of PVA (0.5%) aqueous 
solution was added and the mixture was stirred continuously 
using a magnetic stirrer. The obtained gel was allowed to 
mature for 24 h at room temperature and treated at 100 °C 
for another 24 h which leads to the formation of light-weight 
porous materials due to the enormous gas evolution. Finally, 
the dried gel was calcined at 800 °C for 4 h and the calcined 
powders were crushed using mortar and pestle to get the fine 
homogeneous dense powder (Varghese and Hariharan 2014).

To prepare Al/GO (or Al/rGO) nanocomposite material, 
200 mL of aqueous suspension containing 0.1 g of GO (or 
rGO) was ultrasonicated for one hour. Then 0.1 g of Al2O3 
nanoparticles was added to the suspension, the mixture was 
ultrsonicated for 20 min and stirred for 6 h. The resulting 
product was denoted as Al/GO (or Al/rGO).

Preparation of Fe/GO and Fe/rGO; Fe–Al/GO and Fe–Al/rGO

Fe3O4 nanoparticles (Stankovich 2007; Xiangqing Wang 
et al. 2016)  3.03 g of FeCl3.6H2O and 1.56 g of FeSO4.7H2O 
were dissolved in 150 mL of distilled water and the mixture 
was stirred by magnetic stirrer for 30 min to form a bright 
yellow solution. 25% NH3 solution was added until pH of 
10 and then stirred for 30 min. 1 g of citric acid monohy-
drate was introduced to increase the dispersity of the solu-
tion. Once the reaction was completed, the black precipita-
tion was collected with a magnet, then washed several times 
with water and acetone to pH = 7. Then, the acetone solu-
tion containing the nanoparticles was added into 50 mL of 
deionized water. The resulting solution was heated at 65 °C 
while being stirred for another 2 h to evaporate the acetone.

Fe/GO and Fe/rGO nanomaterials (Stankovich 2007; Xiang‑
qing Wang et al. 2016)  300 mL of a suspension containing 
0.3 g of GO (or rGO) was ultrasonicated for 30 min to form 
a homogeneous GO (or rGO) suspension. Then, a suspen-
sion containing 0.3 g Fe3O4 nanoparticles was added in and 
the mixture was ultrasonicated for 30 min to get homogene-
ous suspension. This suspension was stirred for 6 h more. 
Fe/GO (Fe/rGO) was kept in water for further uses.

Fe–Al/GO and  Fe–Al/rGO nanomaterials  The procedures 
similar to the above were repeated. 300 mL of suspension 
containing 0.3 g of Al/GO (or Al/rGO) was ultrasonicated 
for 30 min to form a homogeneous Al/GO (or Al/rGO) sus-
pension. Then, a suspension containing 0.15 g Fe3O4 nano-
particles was added in and the mixture was ultrasonicated 
for 30 min to get homogeneous suspension. Finally, this was 
followed by stirring for 6  h. Fe–Al/GO (Fe–Al/rGO) was 
kept in water for further uses.

Evaluation of thermal sorption capacity of materials

Different amounts of materials were added into 200 mL of 
3.5% NaCl aqueous solutions in 250 ml beakers. The outer 
surface of the beaker’s wall was covered by an insulation 
coating. The beaker was radiated by a Metal Halide Philips 
lamp (MH-150W E27) (Tawfik 2018). The temperature 
of each sample was measured and recorded every 10 or 
15 min by a OEM TM-902C thermal couple (accuracy of 
0.1 degree) and high-precision electronic scales (Kern ALJ 
250-4A) were employed to monitor the mass loss of bulk 
liquid during solar illumination to evaluate the evaporation 
efficiency with the accuracy of 0.001 g.

Recoverability test of materials: After thermal adsorp-
tion experiments, materials were recovered with a magnet 
and rinsed with demineralized water until no chloride ion 
was detected. Then, the recovered material was weighted to 
calculate recovery yield and measured FT-IR spectra.
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Reusability tests of materials: Recovered materials were 
re-dispersed in 3.5% NaCl aqueous solutions to form nano-
fluid and used for thermal sorption experiments.

Characterization of materials

X-ray spectra of materials were performed using D8 
Advance Bruker; SEM of materials was measured by Joel 
6490 JED-2300; and TEM of materials was measured by 
Jeol-1010. EDX of materials was conducted by JED-2300—
JEOL and FT-IR of materials was measured using (4600 
JASCO). The reflectance spectra were collected via Cary 
5000 UV–Vis–NIR (Aglient-Technologies); the transmit-
tance of nanofluids was measured by Shimadzu UV-2600, 
Japan (1400–220 nm). Thermal conductivity of nanofluids 
was measured using Flucon Lambda (Flucon Fluid Control 
GmbH, Germany).

Results and discussion

Characterization of materials

FT‑IR spectra

FT-IR spectra of synthesized materials are given in Fig. 1. 
As seen in GO spectrum, the peak of wave numbers of 
3480 cm−1 and 1400 cm−1 shows the vibration and defor-
mation of the O–H groups, respectively (Senthilrajaa 
et al. 2015). The bands at wave numbers of 1692 cm−1, 
1572 cm−1, 1258 cm−1, and 1062 cm−1 are typical absorp-
tion of C=O, C=C, C–OH and C–O (alkoxy) groups. These 

illustrate the presence of oxygen functional groups in GO. 
These results are consistent with the findings of (Kanishka 
et al. 2018; Shahriary and Athawale 2014). Infrared spec-
trum of Al2O3 showed all its typical peaks. The oscillation 
of the O–H group is shown by a peak of wave numbers of 
3487 cm−1. The band at 1636 cm−1 is due to the O–H group 
of H–O–H; the typical vibration of Al–O and Al–O–Al 
group is shown by a broad band of wave number of 600 cm−1 
− 800 cm−1(Rogojan et al. 2011). The band at wave num-
ber of 571 cm−1 is due to the stretching vibration of the 
Fe–O functional group. The number of waves in the range 
1625 cm−1–1400 cm−1 indicates the presence of bending 
vibration of the H–O–H group, while the O–H group has the 
oscillations at about 3380 cm−1 (Malega et al. 2018, Omid 
et al. 2017).

From the spectra of GO, Al2O3, and Al/GO it can be seen 
that the infrared spectrum of Al/GO has almost character-
istic peaks of GO and Al2O3 (Fig. 1); however, the intense 
peaks of GO (at 1692 cm−1, 1572 cm−1, 1258 cm−1 and 
1062 cm−1 of the functional groups C=O, C=C, C–OH and 
C=O) are reduced due to a decreased concentration of GO. 
Similarly, all the typical bands of the GO and Fe3O4 FT-IR 
spectrum are observed in Fe/GO spectra but with reduced 
intensity due to decreased GO concentration.

The FT-IR spectra results of GO, Al/GO, Fe/GO, and 
Fe–Al/GO show that the nanocomposite materials have all of 
characteristic peaks of individual materials but with reduced 
intensity.

Figure 2 compares the functional group of rGO, Al/
rGO, Fe/rGO, and Fe–Al/rGO using FT-IR spectrometer. 
As seen from the figure that rGO contains a few oxygen-
ated functional groups with awide boad (O–H stretching 
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Fig. 1   FT-IR of GO and nanocomposites based on GO, Al2O3, and 
Fe3O4
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Fig. 2   FT-IR of rGO and nanocomposites based on rGO, Al2O3, and 
Fe3O4
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vibration) at 3300 cm−1 to 3700 cm−1 and weak board (C=C 
and –C=O stretching vibration) at 1450 cm−1 to 1650 cm−1, 
respectively, and weal peak (–C–O– stretching vibration) at 
1250 cm−1). This means that almost oxygenated functional 
groups were reduced by ascorbic acid (Malega et al. 2018).

It can be seen from the spectra of rGO, Al2O3, and Al/
rGO that the infrared spectrum of Al/rGO has almost char-
acteristic peaks of rGO and Al2O3 (Fig. 2), for example, 
the moderate intense board (3300–3700 cm−1) shows the 
presence OH group in rGO and Al2O3; while, the peak at 
1636 cm−1 is due to the O–H group of H–O–H in Al2O3.

Similarly, Fe/rGO and Fe–Al/rGO have all of the char-
acteristic peaks of individual materials but with reduced 
intensity.

X‑ray diffraction of materials

It can be seen in the X-ray diffraction (Fig. 3) that graphite 
has crystallinity morphology and large crystalline size due to 
a high intensity and sharp peak at 2θ = 26.5° (with interlayer 
space is 3.369 Å). When graphite was exposed to KMnO4/
H2SO4, the graphitic interlayer space will increase and bond 
between layers is weakened. When GO was formed, the 
peak at 2θ = 26.5° disappeared and a new peak appeared at 
2θ = 11.2°. The interlayer spacing increases from 3.369 Å 
in graphite to 8.327 Å in graphene oxide. This is due to the 
formation of abundant oxygen-containing functional groups 
(–OH, –COOH, –O–, –CO–, etc.) on both sites of the sheet 
during oxidation. When GO was reduced to rGO by ascorbic 
acid, the number of those groups decreased. rGO is char-
acterized by an intense and broad peak at 2θ = 24.5° and 
weak peak at 2θo = 44. The intense and broad peak shows the 
amorphous crystallite particles of rGO. The interlayer spac-
ing decreased due to effectiveness in removal oxygenated 
functional groups. This result is consistent with the results 
obtained from the previous studies (Alibeyli et al. 2014; Zai-
nuddin et al. 2018).

It can be seen from XRD results (Fig. 4a) of Fe–Al/GO 
that the addition of Al2O3 and Fe3O4 results in the decrease 
in typical peak of GO at 2θ = 11.2o and the appearance of 
some new peaks at 2θ = 37°; 2θ = 45.6°; and 2θ = 67.1° 
corresponding to XRD data of γ-Al2O3 and 2θ = 30.23°; 
2θ = 35.69°; 2θ = 57.41°; 2θ = 62.87° corresponding to 
XRD data of Fe3O4 (Syam Sundar et al. 2017; Elango et al. 
2015). The similar results in XRD of Fe–Al/rGO were also 
observed. The decrease in typical peaks of GO and rGO 
(2θ = 11.2o and 2θ = 24.5°) indicates that the GO and rGO 
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Fig. 3   X-ray diffraction of graphite, GO, and rGO
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layers have been separated by the combination with Fe3O4 
and Al2O3 nanoparticles during the preparation processes.

SEM, TEM, and EDX results

It can be seen from SEM and TEM images of Fe–Al/GO and 
Fe–Al/rGO materials (Figs. 5 and 6) that Al2O3 and Fe3O4 
particles have spherical shape with diameters 8–10 nm dis-
persed on the surface of GO and rGO layers. The stability of 
Al2O3 and Fe3O4 on the surface of GO and rGO can be due 
to the static attraction of Al2O3 and Fe3O4 with oxygenated 
functional groups (–OH, –O–, –C = O, –COOH) on GO and 
rGO layers or the interaction of functional groups on the 
oxide surface (–OH) can with the groups on the surface lay-
ers of GO and rGO (–COOH, –OH, etc.) (Anum Iqbal et al. 
2018; Hu et al. 2015), for example:

Al2O3–OH + rGO–COOH → Al2O3–OCO–rGO + H2O.

The good combination of three-member composite mate-
rial was also observed when 98% of used composite material 
can be recovered with magnets (Sect. 3.3).

EDX analysis data (Table  1) showed that Fe–Al/GO 
(Fe–Al/rGO) contains 4 elements C, O, Al and Fe (from 
three components: Fe3O4, Al2O3, and GO (rGO)). Oxygen 
atoms exist mainly in Al2O3, Fe3O4, and functional groups 
(–C=O, –COOH, etc.) on the surface of GO (rGO). The con-
tent of O in Fe–Al/rGO is lower than in Fe–Al/GO because 
most of the oxygen-containing groups in GO were reduced 
during the preparation of rGO.

Optical properties of materials

The solar radiation harvesting capacity of nanofluids is the 
major factor that affects the utilization of solar energy and 
vapor generation. In this work, the transmittance of nano-
fluids containing studied materials and reflectance of some 

Fig. 5   SEM images of (a) Fe–Al/GO and (b) Fe–Al/rGO
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materials were measured. Transmittance of nanofluids based 
on GO and rGO is presented in Fig. 7.

The transmittance of nanofluids depends on the darkness 
of nanoparticles in fluids. In GO series, at the same con-
centration, GO showed the lowest transmittance and could 

capture nearly 100% incident light. When GO is combined 
with Fe3O4 the darkness decreases; therefore, the transmit-
tance of Fe/GO reduces corresponding. Al2O3 has light 
gray color and results in the decrease in transmittance of its 
material-based nanofluids. The higher the content of Al2O3 
in materials, the lower the transmittance of their nanofluids. 
rGO has a higher darkness than GO and also captures 100% 
incident light; the rGO-based materials have higher transmit-
tances than GO-based ones, respectively.

The light absorbance and transmittance (absorb-
ance = 2-log (%T)) of three-component material nanofluids 
(with brine water as control substance) with different con-
centrations are shown in Fig. 8.

According to the results shown in Fig. 8a, it appears 
that the magnetic nanofluids have broader absorption band 
in the visible light and the short wave of near infrared 
range from 200 to 1400 nm. Compared to brine water, the 
GO- and rGO-based nanoparticles could extend the solar 

Fig. 6   TEM images of Fe–Al/GO (a, b) and (c) Fe–Al/rGO

Table 1   EDX results of Fe–Al/GO and Fe–Al/rGO

Elements Fe–Al/GO Fe–Al/rGO

Weight 
composition 
(%)

Elemental 
composition 
(%)

Weigh 
composition 
(%)

Elemental 
composition 
(%)

C 34.40 45.94 44.02 56.51
O 45.79 45.86 37.07 35.37
Al 8.41 4.99 8.66 4.95
Fe 11.40 3.26 10.26 2.83
Total 100 100 100 100
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Fig. 7   Transmittance of nanofluids of (a) GO-based materials and (b) rGO-based materials at 0.15 mg mL−1 in 3.5% NaCl aqueous solution
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energy absorption capacity of brine water. The absorbance 
increased with increasing the nanoparticle concentration 
from 0.2 mg mL−1 to 1.5 mg mL−1 (0.02–0.15%) and the 
transmittance reduced conversely. Similar results were 
observed with recoverable carbon nanotube nanofluids 
(Chen et al. 2019). The transmittance of nanofluid showed 
that all magnetic nanofluids have lower transmittance than 
water. The nanofluid could capture nearly 90% of inci-
dent light at nanoparticle concentration of 0.15 mg mL−1 
and nearly 100% at concentration of 0.2 mg mL−1. Espe-
cially, when the concentration of nanoparticles is above 
0.2 mg mL−1, the whole of light from 200 to 1400 nm 
cannot cross nanofluids. It could be attributed to the direct 
photon absorbing and scattering phenomenon by nanopar-
ticles. Similar to the results obtained from the experiments 
of evaluation of the thermal sorption capacity of materials 

(Sect. 3.2), Fe–Al/rGO nanofluids show higher absorbance 
and lower transmittance than Fe–Al/GO ones.

The reflectance (Fig. 9) spectrum shows that the reflec-
tance of Fe–Al/GO and Fe–Al/rGO is below 4% and 2.5%, 
respectively, in the wavelength range of 220–2000 nm. Thus, 
more than 97.5% and 96% of the irradiated solar power are 
absorbed by the magnetic materials. The spectrum indi-
cates a better solar absorption of Fe–Al/rGO compared with 
Fe–Al/GO due to the higher light absorption capacity of 
rGO compared with GO.

Thermal conductivity of materials

Besides the optical properties mentioned above, thermal 
conductivity also is an important property because absorbed 
irradiation solar power needs to be transferred to water to 
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raise the temperature and volatility of brine water. When 
irradiation solar power absorbed is transferred to medium 
(water), then the thermal sorption capacity of materials 
increases. The Eq. (1) was used to calculate the thermal 
conductivity enhancements of nanofluids (Senthilraja et al. 
2015).

where: K ∶ is thermal conductivity enhancements of nanoflu-
ids; Knf  : thermal conductivity of nanofluid dispersed nano-
materials (mW m−1 K−1); Kbf  : thermal conductivity of brine 
water 3.5% as blank fluid (mW m−1 K−1).

The variations of thermal conductivity enhancements 
with temperatures of nanofluids dispersed GO- and rGO-
based materials are presented in Fig. 10. It can be seen that 
the thermal conductivity of nanofluids strongly depends on 
some factors such as structure of materials used to prepare 
nanofluids and temperature of nanofluids (Hu et al. 2015; 
Hojjat et al. 2010).

The influence of temperature on thermal conductivity 
enhancement of different nanofluids and the brine water 
was measured within the range of 30°–60 °C. It can be 
understood that the thermal conductivity enhancement of 
all nanofluids linearly increased with increasing temperature. 
Similar cases were reported previously for different nano-
fluids (Senthilraja et al. 2015). For all nanofluids in investi-
gated temperature range, the maximum thermal conductivity 
enhancement was obtained at 60 °C. The thermal conductiv-
ity was enhanced from 16 to 44% and 18 to 49% for Fe–Al/
GO/water and Fe–Al/rGO/water nanofluids at 0.15 mg mL−1 
concentration, respectively. At higher temperatures, Brown-
ian motion and collisions between nanoparticles in base 

(1)%K =

[

Knf − Kbf

Kbf

]

× 100,

fluids increased which resulted in the enhancements of ther-
mal conductivity (Botha et al. 2011).

The experimental results clearly showed that GO has 
lower thermal conductivity enhancement than rGO. It can 
be due to some sp2 hybridized carbon atoms of graphite were 
converted to sp3 hybridized ones during the oxidation of 
graphite to form oxygen functional groups in GO. Most of 
these oxygen functional groups in GO were reduced during 
reduction of GO to rGO and sp3 hybridized carbon atoms 
were converted back again to sp2 ones. This makes rGO as 
currently one of the best conductive materials (Chen et al. 
2019). Similarly, the nanofluids of rGO-based materials have 
higher thermal conductivity enhancement than nanofluids of 
GO-based materials.

The experimental results showed that the hybrid nano-
fluids have higher thermal conductivity enhancement than 
single nanofluids. To compare the thermal conductivities of 
four kinds of nanofluid prepared from four single materi-
als, Al2O3, Fe3O4, GO, and rGO were measured. The ther-
mal conductivities of single material nanofluids followed 
the order Al2O3 < GO < Fe3O4 < rGO. The two-component 
materials Al/GO, Fe/GO, Al/rGO, Fe/rGO enhanced thermal 
conductivity of fluid more than single materials. Especially, 
the three-component materials Fe–Al/GO and Fe–Al/rGO 
have the highest thermal conductivity enhancement. Simi-
lar results were observed for Al2O3–MWCNT hybrid nano-
fluids (Nine et al. 2012), nanofluids of silver nanoparticles 
supported on silica (Hojjat et al. 2010), and Al2O3–CuO 
(Senthilraja et al. 2015) hybrid nanofluids. The heat trans-
fer properties of silver nanoparticles decorated multiwalled 
carbon nanotubes–graphene mixture were investigated. An 
enhancement of ∼ 8% in thermal conductivity is obtained for 
a volume fraction of 0.04% at 25 °C and the enhancement in 
heat transfer coefficient is about 570% for 0.005% volume 
fraction (Baby and Sundara 2013). The enhancement in ther-
mal conductivity of hybrid nanofluids in this study could be 
due to high thermal conductivity of high surface area gra-
phene, presence of high thermally conductive Al2O3 which 
acts as a connecting network between the graphene sheets, 
avoids the stacking of GO and rGO sheets, and increases 
the stability of GO and rGO in brine water. In addition, the 
addition of Fe3O4 with high thermal conductivity increases 
the overall thermal conductivity of the nanofluids and cre-
ates the magnetic properties for materials.

Evaluation of the thermal sorption capacity 
of materials

Evaluation the thermal absorption capacity of materials is 
carried out in the following steps: measuring the material’s 
thermal absorption capacity, investigation of influence of 
material content and of light intensity on the material’s ther-
mal absorption capacity.

300 600 900 1200 1500 1800 2100
0

5

10

15

20
R

ef
fle

ct
an

ce
 (%

)

Wavelength (nm)

 Fe-Al/rGO
 Fe-Al/GO

Fig. 9   The reflectance of Fe–Al/GO and Fe–Al/rGO materials

Author's personal copy



	 Chemical Papers

1 3

Thermal sorption capacity of different materials

To evaluate thermal absorption capacity of the prepared 
materials, these materials were dispersed into 3.5% NaCl 
aqueous solutions at a concentration of 0.15 mg mL−1. 
Mixtures were lightened and their temperature and weights 
were measured periodically measured at different times for 
comparison. The variations of temperature enhancements 

and weight decreases of different materials with time are 
presented in detail in Fig. 11.

Results show that all studied materials could intensify 
the thermal absorption capacity of 3.5% NaCl aqueous 
solutions. The thermal absorption was enhanced due to the 
Brownian motion and collisions between nanoparticles in 
base fluids (Subelia et al. 2011). The thermal conductiv-
ity, transmittance spectrum of nanofluids and reflectance 
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spectrum of materials control reflect the thermal absorp-
tion of materials. Single Fe3O4 has high thermal absorption 
capacity (higher than singe GO and Al2O3) (Fig. 6a); this is 
ascribed to electron exchange between the Fe(II) and Fe(III) 
centers. It was found from the comparison of temperature 
of nanofluids GO, Al2O3 and Al/GO that the temperature of 
hybrid nanofluid of material Al/GO was higher than tem-
peratures of single nanofluids of GO or Al2O3. Comparison 
of temperatures of GO, Fe3O4, and Fe/GO samples showed 
that the nanocomposite materials Al/GO also intensified the 
thermal absorption capacity of brine water more than single 
materials GO or Fe3O4. In particular, the composite Fe–Al/
GO material has the highest thermal absorption capacity 
among GO-based materials; temperature rise of nanofluid 
containing this material was 7 °C higher than the blank 
sample.

The thermal sorption efficiency of rGO-based materi-
als follows the order: blank sample < Al2O3 < Fe3O4 < Al/
rGO < Fe/rGO < rGO < Fe–Al/GO. Single rGO has highest 
thermal sorption efficiency among single materials, much 
higher than GO, Al2O3 and Fe3O4. This is due to almost the 
oxygenated functional groups of GO were reduced during 
GO being transferred to rGO and almost C atoms of rGO are 
at sp2 hybridization state and electrons are unlocalized. rGO 
is currently considered as one of the best conductive materi-
als. But rGO is hydrophobic and its solution has low stabil-
ity; rGO nanoparticles tend to agglomerate at high tempera-
tures. When Al2O3 is combined with rGO, the conductivity 
of Al/rGO is higher than of Al2O3 but lower than rGO. Fe/
rGO has higher thermal absorption capacity than single rGO 
or single Fe3O4 that has its own high thermal absorption 
capacity. In particular, the three-component composite mate-
rial Fe–Al/rGO leaded to the highest thermal sorption; the 
temperature difference between investigated and blank sam-
ples is 8.5 °C. Magnetic nanocomposites based on graphene 
and carbon nanotubes also showed high thermal sorption 
than single materials (Stankovich 2007; Chen et al. 2019).

The decrease in weights of the nanofluids with different 
materials dispersed (0.15 mg mL−1 in 3.5% NaCl solution) 
was measured as functions of time. Similar to the change in 
temperature, the brine solution with Fe–Al/GO or Fe–Al/
rGO dispersed has the highest evaporation mass loss in the 
two series of materials. The evaporation of nanofluids rises 
in range from 20% (with Al2O3 nanofluid) to 80% (with 
Fe–Al/rGO fluid) compared to brine water (Fig. 11c).

Influence of material content on thermal absorption 
of materials

Fe–Al/GO and Fe–Alr/GO showed higher thermal sorption 
capacity among two series of synthesized materials. There-
fore, the influence of their concentration on thermal sorp-
tion capacity was investigated to determine the appropriate 

content dispersed in 3.5% NaCl solution. The temperature 
was periodically measured and recorded. The variations of 
temperature enhancements of materials with concentration 
and time are presented in detail in Fig. 12.

The temperature of solutions increased with increasing 
the content of nanoparticles dispersed in saline solution 
from 0.05 to 0.15 mg mL−1. However, when the concentra-
tion of the nanoparticle increased to 0.2 mg mL−1 and the 
temperature is higher than 60 °C, the ability to absorb heat 
decreases. This can be due to high temperature and high 
nanoparticle concentration which lead to a high attraction 
between particles; they agglomerate to form larger particles 
and settle down, thus reducing the concentration of nano-
particles in nanofluids and, therefore, decrease the thermal 
conductivity and thermal sorption capacity of the system. 
The results showed that, at the concentration of 0.2 mg mL−1 
of Fe–Al/GO, the sample has the highest thermal sorption 
ability. However, to save costs and reduce agglomeration for 
long periods, the concentration of nanoparticles in saline 
solution should be 0.10–0.15 mg mL−1 depending on the 
specific conditions.

Evaluation of the recovery and recycle ability 
of materials

Evaluation of the recovery ability of materials

During distillation, the evaporation of pure water and the 
introduction of seawater water happen simultaneously which 
result in the increase in concentration of salty water in still 
and the crystallization of salts. To dissolve the formed salt 
and begin new evaporation cycle, new seawater was added 
to the solution. After several cycles, high concentration 
solution became supersaturated. Then, the material needs 
to be recovered from the concentrated brine in order not 
to waste the materials. In order for the recovery process to 
occur quickly and completely, Fe3O4 nanoparticles were 
used together with GO (rGO) and Al2O3 to form magnetic 
materials. In addition, as seen in the previous sections, the 
introduction of magnetic Fe3O4 also creates a synergistic 
effect that enhances the material’s thermal sorption ability.

When the system was allowed to naturally settle material 
recovery, the process was slow and incomplete; however, 
the material can be easily separated from a brine solution 
using an external magnetic during 5–7 min (Fig. 13). After 
decanting, washing, and drying, the recovery efficiency 
reached 98%.

Evaluation of the recycle ability of materials

The recovered nanoparticles was washed with clean water 
and dried, then was reused for new distillation. After five 
cycles (thermal sorption and recovery), the materials was 
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analyzed by infrared spectrometry. Comparison of infrared 
images of the fresh and regenerated materials is shown in 
Fig. 14. The regenerated material has characteristic peaks 
similar to the peaks of the fresh material. This proves that 
there is no change in functional groups during the thermal 
sorption and recovering.

The thermal sorption abilities of fresh and regenerated 
materials (five cycles) were almost similar (Fig. 15). Only 
minor decrease in thermal sorption ability of regenerated 
material was observed. These results show the high recycled 
and reusable ability of prepared materials.

Distillation of brine water with the assistant 
of synthesized nanocomposite materials using solar 
energy

To demonstrate the practical application of nanocomposite 
materials in solar thermal water evaporation technology, 
distillation of brine water was conducted using solar energy 
with and without the assistant of synthesized nanocompos-
ite materials in 4th June 2019 in Ha Noi. Similar to indoor 
experiments, the addition of Fe–Al/GO material significantly 
increased the thermal sorption ability of brine water. The 
temperature of the sample using Fe–Al/GO reached 54 °C, 
while the temperature of blank sample was 45 °C. 44 mL of 
fresh water was collected after 2 h from the sample using 
Fe–Al/GO material, while only 10 mL of fresh water was 
collected in the latter case. These results show the potential 
of using Fe–Al/GO material in the distillation of saline water 
to fresh water using solar energy.

Conclusion

GO- and rGO-based thermal sorption materials were suc-
cessfully synthesized and characterized by FT-IR, X-ray, 
SEM, TEM, and EDX spectra. Results of transmittance 
spectra show that the darkness of materials controls incident 
light capture capacity of nanofluids. The nanofluids con-
taining rGO or GO materials can capture 100% of incident 
light. It can be seen from reflectance spectra that Fe–Al/
GO and Fe–Al/rGO absorbed more than 96% radiation of 
heat of light. Thermal conductivity of nanofluids depends on 
the structure and composition of synthesized materials and 
increases with increasing the concentration of nanoparticle 
and temperature of the fluids. Hybrid nanofluid showed high 
thermal conductivity than single nanofluids. These results 
are in agreement with thermal sorption ability evaluated by 
evaporation experiment of nanofluids.

Thermal sorption ability evaluation shows that all four 
single-component materials GO, rGO, Fe3O4, and Al2O3 
can increase thermal sorption efficiency of brine water and 
almost composite materials give better efficiency than sin-
gle materials. This could be explained by the combination 
of two or three components could create a synergy effect 
that would enhance the thermal sorption efficiency. In addi-
tion, Al2O3 could increase the dispersity ability of hydro-
phobic rGO in water. Both Fe3O4 and Al2O3 can enhance 
the thermal sorption efficiency of composite materials; 
Fe3O4 creates the magnetic property and Al2O3 helps to 
link components together to form composite materials that 
possessed more preeminent properties. Among investigated 
materials Fe–Al/GO and Fe–Al/rGO give higher sorption 
efficiency, the temperature differences between the brine 
water and nanofluids containing Fe–Al/GO and Fe–Al/rGO  
(0.15 mg mL−1) are 7 °C and 8.5 °C, respectively. Influ-
ence of Fe–Al/GO concentration and lightening intensity 
on the material’s thermal sorption ability were investigated. 
The results show that thermal sorption ability of Fe–Al/GO 
increased with the increasing of material concentration up 
0.15 mg mL−1 and then decreased. The evaporation of nano-
fluids rises from 20 to 80% depending on concentration of 
nanoparticles.

The used material was easily recovered with a magnet 
with yield of 98% and the typical functional groups of recov-
ered material had not changed and only minor decrease in 
thermal sorption ability was observed. The distillation of 
nanofluid using solar energy was accelerated by over four 
times when using Fe–Al/GO as thermal absorption agent.

Fig. 11   Evaporation performance of solutions containing nanomateri-
als. The bulk temperature rise profile and evaporation mass change 
of (a) saline water and GO-based materials and (b) saline water and 
rGO-based materials dispersed solution (0.15 mg mL−1 in 3.5% NaCl 
solution). The evaporation rise profile of nanofluids containing differ-
ent nanoparticles (c)
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Fig. 13   Material sample Fe–Al/GO (left) and Fe/GO (right) (0.15 mg mL−1 in 3.5% NaCl solution) was settled with the magnet
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