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alysis of three-ecofriendly
reduced graphene oxides (rGOs) and their
application in water–ethanol-based fluids with
different volume ratios

Jun Xu,a Lingchao Lu, a Guangbin Duanb and Weilin Zhao *b

In this paper, three-ecofriendly reduced graphene oxides (rGOs) were obtained by using three green

reducing agents (beer, wine and cocoa) to reduce the graphene oxide (GO), and were labeled as B-rGO,

W-rGO and C-rGO. Meanwhile, rGO nanofluids with different water–ethanol volume ratios (25 : 75,

50 : 50, 75 : 25) were prepared based on three-ecofriendly rGOs. The structure properties of the three-

ecofriendly rGOs were investigated by XRD, FR-IT, Raman spectroscopy and XPS analysis. Meanwhile,

the thermophysical properties of rGO nanofluids were analyzed. Experimental results indicated that the

stability and thermophysical properties of rGO nanofluids were slightly different, indicating that the

properties of the nanofluids are dependent on the type of base fluids and nanoparticles. When the

water–ethanol volume ratio was maintained at 25 : 75, the stability experiment results showed that W-

rGO nanofluids presented excellent stability, which indirectly confirmed their excellent thermal

conductivity. Furthermore, the contact angle experiment indicated that the contact angles of rGO

nanofluids decreased with the increase of temperature. In a word, these three rGOs and their nanofluids

exhibited preferable properties that make them promising in the field of heat transfer.
1. Introduction

The appearance of graphene in 2004 caused a sensation in the
world, triggering a research boom in various elds.1 Graphene
is a novel carbon-based nanomaterial with excellent optical,
electrical and mechanical properties, which is composed of
a hexagonal lattice of carbon atoms and sp2 hybrid orbitals. In
view of the above properties, it shows considerable potential for
applications in the eld of materials science, biomedicine and
drug delivery,2–4 and is regarded as an ideal material for the
future.

Graphene has been prepared in a variety of ways, with the
earliest development of mechanical stripping and subsequent
development of various preparation methods, such as electro-
chemical exfoliation,5,6 chemical vapor deposition,7,8 plasma-
assisted ball milling9 and oxidation–reduction method.10–12

Among these methods, the REDOX method has the advantage
of low cost, high yield, and mass production, which has become
one of the effective ways to achieve large-amount preparation of
graphene. The main raw materials of REDOX method are GO
synthesized by the traditional modied Hummers method13
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and reductants (such as hydrazine hydrate (N2H4$H2O)14 and
sodium borohydride (NaBH4)15). However, these reducing
agents have different degrees of toxicity and corrosiveness, and
the preparation process is easy to cause environmental pollu-
tion. Therefore, researchers are working to develop efficient,
controllable, friendly and inexpensive reductants. In recent
years, various research teams have proposed different types of
green reducing agents to replace traditional toxic reducing
agents.16–20 Fan et al.21 used metallic iron as a reducing agent for
the large-amount preparation of graphene nanosheets. The
experimental results show that aer mixing the iron powder
and the GO solution evenly, the graphene can be prepared aer
6 h reaction at room temperature. Jin et al.16 proposed a method
to prepare graphene from sodium carbonate (Na2CO3). By X-
photoelectron spectroscopy, the carbon–oxygen atom ratio of
the graphene prepared aer reduction increased from 2.48 to
8.15. Bo et al.22 treated GO with caffeic acid to obtain graphene
products. Experimental studies have found that when the ratio
of caffeic acid powder to GO powder is 50 : 1 and the reaction
time is 24 h, the C/O ratio in the graphene product can reach
7.15, and the contact angle increased from 36� to 92�. Cheng
et al.23 used urushiol (an extract of natural sumac) to study the
reduction of GO. TGA test results found that the reduced gra-
phene sample has only 8% mass loss at 300 �C. Liu's research
group24 adopted bovine serum albumin as rawmaterial, and GO
can be successfully reduced by adjusting the pH of the reaction.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Experimental exploration had further conrmed that graphene
nanosheets can be modied with bovine serum albumin, which
was embodied as the extracellular matrix embedded on the
surface of the graphene sheet. Yari et al.25 proposed using nettle
extract synthesize graphene. The experimental results
conrmed that the reducibility of nettle is close to hydrazine
hydrate, but the graphene product aer reduction of nettle has
better dispersibility in the polyurethane matrix than hydrazine
hydrate.

Graphene has excellent thermal conductivity and is an
excellent choice for preparing nanouids as nano-additives.
Experimental studies have shown that the heat conduction
efficiency of monolayer graphene is 3000–5000 W (m�1 K�1). Li
et al.26 researched the supercooling degree of graphene/water
nanouids, and the experimental results indicated that the
condensation time of graphene nanouids with a surface mass
fraction of 0.1% was 38% lower than that of the base liquid.
Sadri et al.27 prepared GO nanouids using a two-step method.
Their experiments resealed the enhancement of thermal
conductivity was 24.18% at 45 �C and viscosity was closer to the
distilled water viscosity at low concentrations. Mehrali et al.28

adopted Hummer's method to prepare NDGs, and the inuence
of NDGs particle concentration on thermal conductivity of
NDGs nanouids was investigated. The results found that the
electrical conductivity increased with the increase of NDG
nanoparticles concentration, reaching 1814.96%. In general,
the common base solutions for nanouids include water, glycol,
and methanol.29–33 However, the comparative analysis of the
properties of graphene prepared with different reducing agents
and its water–alcohol mixed-based nanouid is still relatively
rare.

In this paper, the comparative analysis of the properties of
graphene prepared with natural reductant (beer, wine, cocoa)
and its water–alcohol mixed-based uids were conducted. The
structural differences of the main components of the three
natural reducing agents were analyzed, and the microscopic
morphology, stability, particle size and thermal conductivity
and wettability of the water/ethanol mixed-based uids of the
three prepared reduced graphene oxides were compared. It ex-
pected that reduced graphene oxide (rGO) would have a broader
application prospect in the eld of heat transfer.
2. Experimental section
2.1 Reagents and chemicals

Flake graphite, sodium nitrate (NaNO3), hydrochloric acid (HCl,
37%), sulfuric acid (H2SO4, 98%), potassium permanganate
(KMnO4, 99.9%), hydrogen peroxide (H2O2, 30%), sodium
carbonate (NaCO3) and ammonia were procured from Alfa
Aesar. All drugs are analytically pure. Beer (Budweiser Beer Co.
Ltd, China), wine (Yantai Changyu Grape Brewing Co. Ltd,
China) and cocoa (No Sikkim Cocoa Food Co. Ltd, China) are
bought from a nearby supermarket and simply puried before
be used. The content of tannic acid was determined by tannic
acid analysis test method based on Chinese forestry standard
LY/T 1642-2005. The content of tannic acid in beer, wine and
© 2022 The Author(s). Published by the Royal Society of Chemistry
cocoa was 13.35%, 19.92% and 8.75%, respectively. The water
used throughout the experiments was DI-water.

2.2 Preparation of GO

In brief, the steps for the preparation of GO are shown as
follows: rstly, ake graphite and NaNO3 were slowly added to
H2SO4 treated by ice water bath under the action of magnetic
stirrer for 5 min. Then aer slowly adding KMnO4, the solution
turned dark green. The temperature of the whole reaction
process should keep under 5 �C. Secondly, the dark green
solution was stirred for 2 h at 35 �C, and then added DI-water
drop by drop. Aer that, the water bath temperature rose to
85 �C, the solution color gradually became brown. Thirdly, the
brown solution was stirred in 85 �C water bath for 15 min. Aer
added DI-water and H2O2, the solution turned into bright
yellow. Finally, the bright yellow solution was washed, centri-
fuged, and dried into GO powder. The owchart of preparation
of GO powder is shown in Fig. 1.

2.3 Preparation of three-ecofriendly rGO

The preparation method of rGO from beer was similar to wine.
Firstly, 50 mg GO was dispersed in 50 ml deionized water, and
then dispersed evenly by ultrasound and mixed with 200 ml
beer or wine the mixed solutions were kept continuously stir-
ring in the oil bath at 90 �C for 10 h. This process requires
condensation reux to allow the reactants to react adequately
and avoid loss. In all the synthesis, the nal product was
washed thoroughly with distilled water and anhydrous ethanol
three times, respectively, centrifuged at 10 000 rpm for 5 min,
ltered to collect the precipitate, dried in a freeze dryer for 72 h,
and grinded into three rGO powders, which were marked as B-
rGO and W-rGO.

When cocoa was used as reducing agent, it was necessary to
adjust the pH of GO solution to 8 with 3 ml of 25% ammonia
solution in advance, and the dosage of cocoa was 2.5 g. Other
operation steps were the same as beer and wine. The owchart
of preparation is displayed in Fig. 2.

2.4 Characterization

In this paper, a series of characterizationmethods were adopted
to analyze the morphology and structure of GO and rGO. The
morphology and element analysis of the GO and rGO was
characterized by eld-emission scanning electron microscope
(FE-SEM) (Zeiss Sigma 300) and energy spectrum (Smart EDX).
The structural properties of GO and rGO was represented by
Fourier transform infrared (FT-IR) spectra (Nicolet 380,
Thermo, American), Raman analysis (HORIBA Scientic Lab-
RAM HR Evolution) and X-ray diffraction (XRD) (D8-ADVANCE,
BRUKER, Germany). UV-visible spectrophotometer (UV-3600,
Shimadzu, Japan), thermal conductivity meter (KD2-Pro, CEM,
American), particle size analyzer (LS-13-320, Beckman Kurt,
American) and contact angle meter (JC2000D1, Shanghai,
China) were used to analyze the suspension stability, thermal
conductivity, particle size and contact angle of rGO nanouids.
Furthermore, the measurement uncertainty of thermal
conductivity meter is �5%, and the measurement accuracy of
RSC Adv., 2022, 12, 5522–5533 | 5523
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Fig. 1 Flowchart of preparation of GO powder.
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contact angle is 0.1�. For accuracy, all data was measured twice
to take the average value.
3. Results and discussion
3.1 Characterization analysis of three-ecofriendly rGO

3.1.1 Microstructure analysis of three-ecofriendly rGO.
Fig. 3 illustrates SEM images of GO and three-ecofriendly rGO
(the inline diagram is mapping analysis). The prepared GO is
lamellar and has folds on the surface (Fig. 3(a)). By comparing
Fig. 3(b)–(d), it is clear that the microscopic morphology of rGO
prepared by three different reducing agents has no obvious
difference and retains the folds, which was similar to GO.
Fig. 2 Flowchart of preparation of three-ecofriendly rGO.

5524 | RSC Adv., 2022, 12, 5522–5533
Moreover, Table 1 displays the weight% and atomic% of
element C and O in the mapping analysis, it's clear that GO and
rGO mainly contain C and O elements, and aer reduction with
three reductants, O content is reduced to a certain extent. For
example, the weight% of C in GO is 53.72%, the weight% of O is
46.28%, while in W-rGO is 80.57% and 19.43%, which due to
the reducing agent makes the hydroxyl group, epoxy group and
other groups absorb the electrons of the environment and
dehydration.

3.1.2 FT-IR, Raman and XRD analysis of GO and rGO. To
investigate the chemical structure of the three rGO, the three
kinds of rGO were analyzed by FT-IR spectra. As shown in
Fig. 4(a), the absorption peak of GO at wave number 1734, 1452
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images: (a) GO, (b) B-rGO, (c) W-rGO, (d) C-rGO.
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and 1633 cm�1 respectively represent the vibration absorption
peak of C]O (carboxyl, epoxy), the stretching vibration peak of
C]C and the bending vibration peak of OH. While the band at
1004 cm�1 can be assigned to (C–O–C) group.34 The oxygen-
containing bands of C]O, C–O–C and C]C stretching are
gradually eliminated with the presence of reducing agents, it
can be seen that the peak of oxygen-containing functional
groups in the three kinds of rGO is signicantly weakened,
while the intensity of the hydroxyl band at 3450 cm�1 was
clearly decremental.35 Raman test analysis was conducted to
further characterize GO and three-ecofriendly rGO. As shown in
Fig. 4(b), Raman spectra indicated that there were three main
characteristic peaks: the G peak is the main characteristic peak
of rGO located near 1592 cm�1, which arise from the in-plane
vibration of sp2 carbon atoms. While the D peak generally
regards as the disordered vibration peak of rGO and used to
characterize structural defects or edges in rGO samples, which
appear at 1353 cm�1. The more defects there are in the prepa-
ration and composite process, the stronger the strength of D
Table 1 The weight% and atomic% of element C and O in the mapping

C (weight%) C (atomic%) Error

GO 53.72 60.72 5.23
B-rGO 71.31 76.80 4.38
W-rGO 80.57 84.64 3.11
C-rGO 71.77 77.20 4.13

© 2022 The Author(s). Published by the Royal Society of Chemistry
peak is. The strength ratio of ID/IG serves as a measure of the
disorder degree of rGO carbon nanomaterials. Meanwhile, the
intensity ratio (ID/IG) of GO was 0.89, the ID/IG of B-rGO, W-rGO
and C-rGO was 0.93, 1.08 and 0.95, respectively. The variational
strength ratio may be mainly due to the reduction of rGO with
the introduction of reducing agent, which increases the order
degree of graphene.36 In addition, the XRD patterns of graphite,
GO and rGO were shown in Fig. 4(c) and (d). It can be seen from
Fig. 6 that the natural graphite powder has a sharp and strong
diffraction peak at 2q ¼ 26�, corresponding to the characteristic
diffraction peak of graphite. In contrast, the diffraction peak at
2q ¼ 10.2� is a characteristic peak of GO and corresponds to the
(002) crystal plane. Furthermore, when GO was reduced to rGO,
the diffraction peak of the crystal plane (002) of GO disappears,
and a new diffraction peak appears at around 2q ¼ 23� and
shows the initial amorphous structure, indicating that the
functional groups of GO have been efficiently eliminated.35 The
XRD characterization results of the reported graphene are
consistent, further illustrating the formation of rGO.37,38 At the
analysis

% O (weight%) O (atomic%) Error%

46.28 39.28 9.91
28.69 23.20 13.01
19.43 15.33 11.36
22.80 28.23 12.61

RSC Adv., 2022, 12, 5522–5533 | 5525
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Fig. 4 (a) FT-IR spectrum and (b) Raman spectrum of GO, B-rGO, W-rGO and C-rGO, (c) XRD pattern of GO and graphite powder, (d) XRD
pattern of B-rGO, W-rGO and C-rGO.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 4
:2

0:
47

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
same time, the diffraction peak width of rGO increased due to
the reduction of the size of rGO and the appearance of incom-
plete crystal structure. Compared to the XRD curves of three
kinds of rGO, W-rGO has the highest peak intensity and the
most complete reduction, while B-rGO and C-rGO has other
small diffraction peaks, indicating that the number of layers is
large.

3.1.3 XPS analysis of GO and rGO. The elemental compo-
sition and type of bond of rGO was characterized by XPS
analysis. The full survey spectra and C 1s XPS spectrum of GO
and rGO are illustrated in Fig. 5. Fig. 5(a), (c), (e) and (g)
revealed that GO and rGO mainly contained C and O elements
and the peaks of C 1s and O 1s appear at �284.9 eV and
�531.4 eV, respectively. Fig. 5(b), (d), (f) and (h) showed four
peaks of the C 1s XPS spectrum, which was tted into sp2 and
sp3 hybridized carbon atoms in C–C/C]C (�284.1 eV), C–O
(�285.7 eV), a carboxyl group (–COOH) at �287.2 eV and
O]C–O (288.2 eV), separately. By comparing the full survey
spectra of GO and rGO, it can be found that the content of O
element of unreduced GO was relatively high, which was
related to a large amount of C]O bonds. The content of O
element in the three rGO was reduced, which was attributed to
the reduction of reducing agent. However, it could be seen that
the reduction was not complete due to the limited reduction
components of the reducing agent, which was consistent with
the test results of FT-IR spectrum.
5526 | RSC Adv., 2022, 12, 5522–5533
3.1.4 Particle size distribution of three-ecofriendly rGO. In
addition, the particle size distributions were analyzed using
a particle size analyzer (Fig. 6). The particle sizes of the three
kinds of rGO approximately distributed between 0.12 and 0.37
mm. Besides, Fig. 6(b) displays 59% of the particle of W-rGO
nanouids were concentrated in the range of 0.25–0.29 mm,
with concentrated and uniform particle sizes. The more
concentrated and uniform the particle size of W-rGO nanouid
is, the more stable the nanouid is. This may be due to the
similar forces in all directions, nanoparticles can be steadily
suspended in the base uid, and the macro performance of
nanouid is satisfactory stability.

3.1.5 Mechanism analysis of three-ecofriendly of rGO.
Beer, wine and cocoa are three food-grade raw materials. Beer is
brewed through liquid fermentation of wheat malt, barley malt
and hops. According to reports, the natural sources of antioxi-
dants in beer are biocompatible phenolic compounds, mainly
composed of compounds such as eugenic acid, protocatechin,
tannic acid, epicatechin and quercetin, which are excellent
antioxidants because they react easily with reactive oxygen
species (such as free radicals).20 Wine is an alcoholic beverage
made from fresh grapes or grape juice through complete or
partial fermentation. The reducing substances are mainly
tannins. According to reports, cocoa extract contains antioxi-
dant avonoids (quercetin is one of them), which can prevent
the chemical process of cholesterol-induced arterial disease.39,40
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XPS of (a) and (b): GO, (c) and (d): B-rGO, (e) and (f): W-rGO and (g) and (h): C-rGO.
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Their mechanism of action as antioxidants generally is to
remove free radicals through electron transfer and convert
phenols to phenoxy.41 While GO is covered with hydroxyl, epoxy,
carbonyl and carboxyl groups, the hydroxyl and epoxy groups
rst absorb electrons in the environment to complete dehy-
dration in the reduction process. The reaction mechanism of
the three green reducing agents is shown in Fig. 7.
© 2022 The Author(s). Published by the Royal Society of Chemistry
3.2 Performance analysis applied in nanouids

3.2.1 Stability analysis of three kinds of rGO nanouids.
Since rGO has excellent thermal conductivity, it is widely used
in the eld of nanouids. Therefore, the thermal conductivity
and wettability of three kinds of nanouids prepared by rGO
were analyzed in this paper. The three kinds of rGO powders
were separately dispersed in three kinds of water/ethanol
RSC Adv., 2022, 12, 5522–5533 | 5527
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Fig. 6 Particle size distribution: (a) B-rGO, (b) W-rGO, (c) C-rGO.
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mixed-based uids (the volume ratios of water and ethanol were
25 : 75, 50 : 50 and 75 : 25, respectively) to obtain rGO nano-
uids with a concentration of 0.1 mg ml�1. Furthermore, in the
process of preparing rGO nanouids, rGO were mixed with the
Fig. 7 Reaction mechanism diagram of preparation of rGO by main red

5528 | RSC Adv., 2022, 12, 5522–5533
base uids according to a certain concentration, and at room
temperature for 15 min in the ultrasonic dispersion of ultra-
sonic vibration, to disperse the nanoparticles evenly and reduce
agglomeration. In order to prevent adverse effects of excessive
ucing agents in beer, wine and cocoa.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Static diagram of three rGO nanofluids with a water/ethanol-based solution (25 : 75): (a) 10 days, (b) 20 days, (c) 30 days.
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local temperature on nanouids, the ultrasonic mode selected
in the experiment was intermittent, with ultrasonic every 60 s
and ultrasonic time of one time being 60 s.

Excellent suspension stability is the basis for the application
of nanouids. In this paper, the stability of three rGO nano-
uids was evaluated by natural sedimentation method and
absorbance method. Fig. 8 displays the sedimentation results of
three rGO nanouids (from le to right are B-rGO nanouids,
W-rGO nanouids and C-rGO nanouids) with a water/ethanol-
based solution (25 : 75) aer standing for 10, 20 and 30 days,
respectively. By comparison, it can be found that W-rGO
nanouids have no obvious precipitation phenomenon within
30 days, indicating its excellent stability, which is consistent
with the results of particle size distribution.
Fig. 9 (a) UV-visible spectrum of rGO nanofluids, the absorbance of rGO
(b) 25 : 75, (c) 50 : 50, (d) 75 : 25.

© 2022 The Author(s). Published by the Royal Society of Chemistry
To further characterize the dispersion of the three rGO
nanouids, the absorbance of rGO nanouids was measured
using an ultraviolet-visible spectrophotometer. Due to rGO
splits at 270 nm in the UV-vis spectrum is mainly related to the
two conjugation effects of the p–p* conjugate system,42,43 and
its maximum absorption wavelength is located at 270 nm on the
UV-vis spectrum (shown in Fig. 9(a)), therefore 270 nm was
selected for measurement. Fig. 9(b)–(d) display the absorbance
of three rGO nanouids in three water/ethanol mixed-based
uids varied with time. It can be found that within 30 days,
the absorbance of rGO nanouids decreased slightly, indicating
that the prepared rGO nanouids were relatively stable. In
addition, in the three water/ethanol mixed-based uids, W-rGO
nanouids had the smallest change in absorbance within 30
days, with rates of change of about 3.6%, 7.27% and 3.63%,
nanofluids in three water/ethanol ratio base solutions varied with time:

RSC Adv., 2022, 12, 5522–5533 | 5529
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Fig. 10 (a) Thermal conductivity of four fluids at 25 : 75, 50 : 50 and 75 : 25 water/ethanol-based fluids ratios, (b) thermal conductivity ratio of
the three rGO nanofluids to base fluids, (c) the tendency of thermal conductivity of four fluids at 25 : 75 water/ethanol-based fluids ratios with
temperature, (d) comparison of experimental data and literature data at different temperature.

Fig. 11 Contact angle of base fluids and rGO nanofluids at different
ratios of water–ethanol mixed-based fluids.
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respectively, indicating that W-rGO nanouids had the best
stability, which is consistent with the results of the static gure
in Fig. 8.

3.2.2 Thermal conductivity analysis of rGO nanouids.
Thermal conductivity is one of the primary indicators for
exploring the thermal properties of nanouids. Fig. 10(a)
describes the thermal conductivity of base uids and three rGO
5530 | RSC Adv., 2022, 12, 5522–5533
nanouids with the ratios of 25 : 75, 50 : 50, and 75 : 25 water/
ethanol mixed-based uids at room temperature. The thermal
conductivity of rGO nanouids is higher than that of the base
uids. Fig. 10(b) displays the thermal conductivity ratio of the
rGO nanouids to base uids. As we can see, the thermal
conductivity ratio of W-rGO nanouids is 1.165 at the ratio of
50 : 50, while the ratio of B-rGO nanouids is 1.159 at the ratio
of 75 : 25. Furthermore, the tendency of thermal conductivity of
four uids with temperature at 25 : 75 water/ethanol-based
uids ratios were analyzed (Fig. 10(c)). The Brownian motion
of the rGO sheet layer inside the nanouid becomes intense
with the increase of temperature, and the microconvection
between it and the base uid is enhanced, which accelerates the
energy transfer. Therefore, the thermal conductivity of the rGO
nanouids increases with the increase of temperature.
Fig. 10(d) compares the experimental data with the references
data.41 It can be seen that both the experimental data and the
reference data show the maximum value of knf/kbf at 40 �C,
indicating that the thermal conductivity increases the most and
the heat transfer effect is the best at 40 �C, and the experimental
data is also higher than the data in the reference, which indi-
cates the rGO nanouids in the experiment have better heat
transfer effect.

3.2.3 Contact angle analysis of rGO nanouids. The
contact angle of the nanouids is an indicator of the wettability
of the nanouid on the surface of the solid substrate, and is
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 The trend of contact angle with time: (a) 25 : 75, (b) 50 : 50, (c) 75 : 25, (d) the trend of contact angle with temperature.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 4
:2

0:
47

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
related to the surface energy. At the same time, the contact
angle of the nanouids has a certain degree of inuence on the
heat transfer performance of the nanouids. Chinnam et al.44

experimentally revealed the inuence of nanoparticles on
droplets xed on the substrate surface. For convenience, solid
particles in the nanouids are simplied into spheres, which
are larger, denser and heavier than the base uids molecules.
The nanoparticle exerts an additional downward force on the
droplet, squeezing the droplet towards the solid surface, so the
contact angle will decrease when the nanoparticle is added to
the base uids. Fig. 11 describes the contact angle of base uids
and three rGO nanouids. As can be seen from Fig. 11, the
contact angle of the base uids decreases to a certain extent
with the addition of rGO. Among them, the contact angle of B-
rGO nanouids decreased the most, and the order of decrease
degree was B-rGO nanouids > W-rGO nanouids > C-rGO
nanouids. For example, the contact angle of B-rGO nano-
uids on the base uids decreases by 55.59%, 49.54% and
44.35% at the ratio of water to ethanol-based uids is 25 : 75,
50 : 50 and 75 : 25, respectively. It can be seen that the wetta-
bility of B-rGO nanouids with water–ethanol mixed-based
uids ratio is preferably. While it intuitively observed from
Fig. 11 that the contact angle of the nanouids with different
base uids ratios changes, and the contact angle increases with
the increase of the proportion of water in the base uids.

At room temperature, the contact angle of different uids
with ratios of 25 : 75, 50 : 50 and 75 : 25 was measured over
time. The trend is shown in Fig. 12(a)–(c). As you can see, with
the increase of time, the contact angle of the four uids
decreases gradually, and the decrease degree of the contact
© 2022 The Author(s). Published by the Royal Society of Chemistry
angle of the effluent was larger than that of the nanouids in
the three different water–ethanol ratio uids. For example, in
the 25 : 75 ratio of water–ethanol mixed-based uids, the
decrease rate of base uids is 0.038� s�1, while the rate of B-rGO
nanouids, W-rGO nanouids and C-rGO nanouids is 0.036�

s�1, 0.0334� s�1 and 0.0297� s�1, respectively, which is seem to
related to the interaction between the nanoparticles and the
base uids in the nanouids. It has been reported to analyze the
relationship between dynamic contact angle and time.45

Furthermore, temperature is an important factor, which can
affect the contact angle of nanouids. Taking three rGO nano-
uids with a water–ethanol ratio of 75 : 25 as an example, the
change in contact angle at different temperature was measured,
and the effect of temperature on contact angles was explored.
Fig. 12(d) shows the contact angle of B-rGO nanouids, W-rGO
nanouids and C-rGO nanouids at different temperature. As
the temperature increases, the contact angle of the three rGO
nanouids all decreases. In general, the higher the tempera-
ture, the more violent the movement of nanoparticles in the
nanouids, the stronger the uidity of the nanouids, and the
smaller the contact angle. The reduction degree in the contact
angle of B-rGO nanouids is the smallest, and the affection of
temperature is the least, which indicating that B-rGO nano-
uids can better adapt to the temperature change in the heat
transfer process.44

4. Conclusion

Beer, wine and cocoa were used as green reductants to prepare
three kinds of rGO successfully through REDOX method, and
the differences inmicrostructure and stability of these rGO were
RSC Adv., 2022, 12, 5522–5533 | 5531
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analyzed due to the different reductants. The analysis results
show that the three kinds of rGO have certain differences in
particle size distribution and stability, in which W-rGO particle
size distribution is more concentrated, and the stability is
relatively excellent within 30 days. Furthermore, nine rGO
nanouids were prepared using mixtures of different volume
ratios of water and ethanol (25 : 75, 50 : 50 and 75 : 25) as the
base uids, and the thermal conductivity and wetting properties
of the rGO nanouids were characterized. When water–ethanol
volume ratio is 25 : 75 and 50 : 50, W-rGO nanouids have
a relatively good thermal conductivity, while B-rGO nanouids
have the best thermal conductivity when the volume ratio is
75 : 25. Therefore, the thermal conductivity of the nanouids is
affected not only nanoparticles but also base uids. In addition,
the contact angle of rGO nanouids decreases with the increase
of time and temperature. It seems that the decrease degree of
contact angle is different due to the different force of different
nanoparticles on the base uids.
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