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In this study, the successful hydroxyl functionalization of carbon nanotubes (MWCNT-OH) was prepared by chemical
treatments and characterized by Raman and FTIR spectra. MWCNT-OH was successfully dispersed into ethylene glycol (EG)
with the Tween-80 surfactant by an ultrasonication method to prepare nanofluids. Thermal conductivity of nanofluid was
investigated, and a maximum thermal conductivity enhancement about 24% at 50°C was obtained with nanofluid containing
0.64 vol.% MWCNT concentration. The photothermal conversion performance of nanofluid was also investigated by
measuring the change of the temperature under lighting from a solar simulator. The measurement results showed that the
highest photothermal conversion was obtained about 4.2% after a 30min lighting with nanofluid containing 0.48 vol.% CNT
concentration compared to ethylene glycol. These obtained results have propose a potential application of CNTs in nanofluids
for solar absorption.

1. Introduction

The demands for new clean energy sources like wind energy
and solar energy are very high to replace the traditional
energy sources. Many organizations and researchers around
the world have been focusing on this problem and trying to
find the best solution for the energy security in the future.
Solar energy conversion is widely used to generate heat and
produce electricity, in which heat generation is a method that
does not require microelectronic technology and thus

possibly proposes an energy solution with a reasonable price
compared to others [1–5]. The problem here is the working
fluid with low thermal conductivity in solar collectors not
good enough to capture incident solar radiations and convert
it into thermal energy. Recently, a new class of fluids called
nanofluid including nanomaterials like nanoparticles, nano-
tubes, nanowires, nanorods, and nanosheet in base fluids
improved the thermophysical properties like thermal con-
ductivity, electrical conductivity, viscosity, and convective
heat transfer coefficients compared to the traditional base
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fluids such as water and ethylene glycol [5–7]. Besides, the
nanofluids possibly propose a higher surface area for solar
energy and heat absorption processes. In addition, the
included nanomaterials with selective absorption spectrum
possibility and thus nanofluids combined different materials
can absorb sunlight in a wide range from ultraviolet to
infrared [8, 9].

Carbon nanotubes (CNTs), a well-known material with
many excellent properties such as high thermal conductiv-
ity and high electrical conductivity, have been considered
an ideal nanoadditive material for nanofluid applications
[10–15]. Nanofluids containing CNTs have been investigated
and developed by many researchers and manufacturers and
expressed as a great candidate for many potential applica-
tions such as heat transfer, thermal dissipation, and solar
energy absorption. The critical technical problem with CNT
nanofluid is how to uniform disperse CNTs in base fluids like
water and ethylene glycol to obtain not only good stability
but also high performance [16, 17].

The two main methods including noncovalent functio-
nalization and covalent functionalization were usually used
to obtain the uniform dispersion and high stability of
CNT-based nanofluids [18]. Noncovalent functionalization
usually uses surfactants such as sodium dodecyl benzene sul-
fonate (SDBS), sodium dodecyl sulfate (SDS), Tween, and
chitosan to improve the wettability between CNTs and based
fluids. The earlier studies demonstrated the efficacy of non-
covalent functionalization in preparing the high stability of
CNT nanofluids [18]. Unlike, the covalent functionalization
usually use functional groups including COOH, OH, and
NH2 to eliminate the van der Waals forces among CNTs
via hydrogen bonding between functional groups and base
fluids and thus obtain high-stability nanofluids. Among the
functional groups, the hydroxyl (OH) group exhibited a
higher interaction energy compared to others (CNT-OH
(116 kcalmol−1)>CNT-COOH (80 kcal mol−1)>CNT=O
(70 kcal mol−1)>CNT=C=O (−36 kcal mol−1)) [19]. There-
fore, incorporating CNT-OH with organic compounds
including polymers and solvents could significantly improve
all of the mechanical properties [20] and electrical and ther-
mal properties [21].

Thus, the purpose of this work is to prepare and investi-
gate for the first time EG-based nanofluids containing
MWCNT that has good stability, high thermal conductivity,
and high photothermal conversion performance by the
combination of the surface modification of CNT with the
hydroxyl functional group and Tween-80 surfactant.

2. Experimental Procedure

Multiwalled carbon nanotubes (MWCNTs) synthesized by a
chemical vapor deposition (CVD) technique were used for
preparing the nanofluids. Firstly, MWCNTs were treated
with the mixture of H2SO4 and HNO3 with a volume ratio
of 3 : 1 at 70°C for 5 h. After that, as-received solution was
cleaned by distilled water to obtain MWCNT-COOH. The
obtained MWCNT-COOH was then suspended in SOCl2
solution to obtain MWCNT-COCl under continuous stirring
for 6 h at 60°C. The obtained solution was filtered, washed

with THF and distilled water, and then mixed with EG for
8 h at 120°C to obtain the MWCNT-OH. Finally, the
MWCNT-OH was dispersed in EG with 1 vol.% Tween-80
surfactant to prepare MWCNT-EG nanofluids by ultrasoni-
cation. The prepared nanofluids are noted as NF1, NF2,
and NF3 corresponding to the different CNT concentrations
of 0.32, 0.48, and 0.64 vol.%, respectively.

The morphology and microstructure of MWCNTs were
investigated by scanning electron microscopy (FESEM, Hita-
chi S4800), transmission electron microscopy (HRTEM,
Jeon-JEM 2100), Raman spectroscopy (iHR550 Jobin-Yvon
spectrometer), and FTIR spectroscopy (Jasco FT/IR-4600).
Thermal conductivity (K) of nanofluids was measured in
range from 30°C to 50°C with HTL-04 equipment supplied
by Eternal Engineering Equipment Ltd., India. The HTL-04
apparatus based on the principle of a guarded hot plate
(GHP) method has a maximum uncertainty of ±2%. The
photothermal conversion property of nanofluid was investi-
gated by measuring directly the temperature of the
MWCNT/EG nanofluid during lighting from a solar simula-
tor. In our experiment, a xenon arc lamp was used as the
lighting source because it can be filtered to have an emission
spectrum closely matching that of terrestrial sunlight. The
detail of the experimental setup for photothermal conversion
measurement was shown in Figure 1.

3. Results and Discussion

Typical SEM and TEM images of MWCNTs are shown in
Figure 2. It reveals that the MWCNTs have a uniform size
with an average length of 10 μm (Figure 2(a)). The detail of
diameter distribution of MWCNTs was measured for about
150 CNTs as shown in Figure 2(b). The average outer
diameter is equal to 20 nm. HRTEM was performed to
investigate the effect of the hydroxyl functionalization
process on the structure of MWCNTs. As shown in
Figure 2(c), as-received MWCNTs have a smooth surface
with a d-spacing measured by ImageJ to be 0.34 nm similar
to that of a graphite. In the case of MWCNT-OH, some
structural defects were observed on the surface of MWCNT
as etched positions and amorphous clusters (Figure 2(d)).
The structural defects may be due to the effect of regents
during the chemical functionalization process [18, 22]. d-
spacing of MWCNT-OH measured to be 0.38 nm is larger
than that of as-received MWCNTs. The obtained result
implies that the presence of OH groups attached to the sur-
face caused an increase in the d-spacing of MWCNTs. From
the data, we can calculate the empirical shape factor (n) of
MWCNTs as

n = 3
ψ
, 1

where ψ is the sphericity of MWCNT and is defined as

ψ =
π1/3 6Vp

2/3

Ap
, 2
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where Vp and Ap are the volume and the surface area of
MWCNTs and are expressed as follows:

Vp = πr2l,

Ap = 2πr r + l ,
3

with r = 10 nm and l = 10 μm for the radii and length of
MWCNT; the empirical shape factor is determined to be
approximately about 14.

Figure 3(a) shows the Raman spectra of as-received
MWCNT and MWCNT-OH. Typical bands at 1348 cm−1

and 1590 cm−1 are defined as a defect band (D) and a graphitic

Xeon light source
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band (G), respectively. As can be seen, the broadening of
the G band of MWCNT-OH indicates a reduction in the
resonance-induced vibration extinction time [23]. This
could imply an increase in structural defects and/or a short-
ening of the CNT after the hydroxyl functionalization pro-
cess. The G band positions upshift to a larger wavenumber
with MWCNT-OH. This could be due to the increase in
the amorphous carbon content resulting from a convolution
between the original G band (approx. 1580 cm−1) and the D’
band (approx. 1620 cm−1). In addition, according to Bokobza
and Zhang, they reported that the upshift of the G band is
due to the less intertube interactions between MWCNT-
OH meaning that the dispersion state of MWCNT-OH is
improved [24]. The relative intensity ratio of D to G (ID/IG)
also is an important parameter that needs to be considered
for carbon nanomaterials. In this work, the ID/IG was deter-
mined to be 0.89 and 1.13 corresponding to as-received
MWCNTs and MWCNT-OH, respectively. The increase
in the ID/IG ratio of MWCNT-OH compared to that of
as-received MWCNTs indicated that the chemical treat-
ment for OH attachment strongly affected the CNT struc-
ture by inducing some defect points [25]. The Raman
results are in good agreement with the HRTEM analysis
as discussed earlier.

Figure 3(b) shows the FTIR spectra of MWCNTs and
MWCNTs functionalized with OH groups. There are no
peaks observed from FTIR spectra of as-received MWCNTs.
It means that no functional groups were attached on the sur-
face of MWCNT after the synthesis process. For MWCNT-
OH, several peaks at 1735, 1620, 1230, and 1080 cm−1 were
observed and can be ascribed to stretching vibrations of
C=O, C=C, C-OH, and C-O bonds, respectively [18, 26].
The obtained results confirmed that MWCNT-OH was suc-
cessfully prepared by multistep chemical treatments.

The aggregate size distribution of the nanofluids contain-
ing different CNT concentrations is shown in Figure 4. As
can be seen in Figure 4, the peak of aggregate size for

nanofluids increased as CNT concentrations increase. The
aggregated size of the nanofluid was measured to be 110
nm, 125 nm, and 150 nm corresponding to nanofluids NF1,
NF2, and NF3, respectively. This result indicated that CNTs
tend to aggregate together as the concentration in the solu-
tion increases. The zeta potential of the nanofluid was mea-
sured to be −65 mV, −52.9 mV, and− 47.2 mV for
nanofluids NF1, NF2, and NF3, respectively. It is well known
that a nanofluid has good stability if it has an absolute zeta
potential value above 30 mV [27, 28]. As a result, the pre-
pared EG-based nanofluids containing MWCNT-OH and
Tween-80 surfactant have good stability.

Figure 5 shows the thermal conductivity enhancement of
nanofluids with different MWCNT concentrations as a
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function of different temperatures. As can be seen, the ther-
mal conductivity of nanofluids increases with the increase
in MWCNT concentration. This may result from the
decrease in the mean free path or thermal transport distance
among MWCNTs as the volume fraction increases. Accord-
ing to Baby and Sundara, the decrease in thermal transport
distance leads to the increase in the frequency of lattice vibra-
tion and thus the thermal conductivity of nanofluids will be
improved [29]. The effect of the temperature on the thermal
conductivity of nanofluids was also investigated. The experi-
mental results show that the thermal conductivity of nano-
fluids increases with higher temperatures. By using linear
fitting, we can determine the improvement rate of the nano-
fluidatdifferent temperatures viaa slopeof thefitting function.
As shown in Figure 5, the slopes of thermal conductivity
enhancement of nanofluids were estimated to be 0.352,
0.535, and 0.788 corresponding to nanofluids NF1, NF2, and
NF3, respectively. The obtained results demonstrated that
the nanofluid with higher MWCNT concentrations shows a
higher improvement rate at all measured temperatures. For
example, at 30°C, the thermal conductivity enhancement of
nanofluid NF3 (8.5%) is higher than that of nanofluid NF1
(4.4%) and nanofluid NF2 (6.4%).With the highest measured
temperature of 50°C, the thermal conductivity enhancement
value also keeps the same trend but the enhancement value
is much different with 11.4% for nanofluid NF1, 17.7% for
nanofluid NF2, and 24.2% for nanofluid NF3. This result
could be due to the contribution of Brownian motion that
plays as a key mechanism of thermal conductivity enhance-
ment of nanofluids [30]. Besides, increasing temperature will
lead to a decrease in the formation of nanoadditive clusters in
nanofluid due to the reduction of the nanoadditive surface
energy and improve the Brownian motion by the reduction
of viscosity [31].

Several theoretical models have been proposed to evaluate
the thermal conductivity of nanofluids as listed in Table 1

[32–37]. Using the reported values (KCNT ≈ 1800Wm−1 K−1

[38], KEG ≈ 0 25Wm−1 K−1, and t ≈ 2 nm) and the calculated
values (lCNT = 10μm, dCNT = 20 nm, rCNT = 10 nm, and n =
14) for the theoretical models, the fitting results were plotted
and are shown in Figure 6. The estimated data from the Max-
well model and Patel model is much lower or higher than the
experimental data. The reason for this could be due to the
fact that these models only take into account the influence
of KCNT, Kbf , and CNT concentration and do not take the
CNT size into consideration. The Hamilton–Crosser (H-C)
model shows a better fitting data than other models. This
could be due to the fact that the H-C model considers not
only the effect of the thermal conductivity and concentration
but also the CNT size with an empirical shape factor. How-
ever, in fact, the thermal conductivity of nanofluid does not
depend only on the parameters such as thermal conductivity
and concentration of nanoadditives. Some parameters like
thermal conductivity and thermal boundary resistance
(TBR) of the interfacial layer between CNT and base fluid
also need to be considered. The problem here is the difficulty
in determining the mentioned parameters by the experimen-
tal study. Nan et al. have proposed a model that considered
the effect of the TBR on the thermal conductivity of nano-
fluids [36]. By using the TBR fitting of Nan et al.’s model
and the experimental data in our study, the TBR of
MWCNTs and EG-based fluid was determined to be
150× 10−8m2KW−1. The interfacial thermal conductivity
(Ki) between MWCNT and EG was also calculated to be
1.65Wm−1K−1 by using Murshed et al.’s model [37]. The cal-
culated Ki value is lower, which is why the thermal conduc-
tivity enhancement of nanofluids containing MWCNT-
COOH and Tween-80 surfactant is a bit lower compared to
other reports [18, 39, 40]. Further studies will be conducted
in the near future to improve Ki in order to enhance the ther-
mal conductivity of nanofluids.

The photothermal conversion performance of MWCNT/
EG nanofluids is largely dependent on the temperature vari-
ations of nanofluids as a function of lighting time. The effects
of nanofluid concentration on the temperature variations of
nanofluids at the same lighting time are presented in
Figure 7. It is clear that a profound improvement in the
photothermal conversion property of EG was achieved after
the addition of MWCNTs. The nanofluid temperature
increased more quickly than that of EG within the lighting
time range of 30min. For example, the highest temperature
of nanofluids NF2 and NF3, at the terminal time of 30min,
was increased by about 4.2% as compared with that of EG.
However, the photothermal conversion capability of nano-
fluid NF2 seems better than that of nanofluid NF3. The
detail of photothermal conversion enhancement of nano-
fluids was shown in Figure 8. As can be seen, nanofluid
NF1 reached the stable regime about 2.1% after 1500 s light-
ing that is lower than those of nanofluid NF2 and nanofluid
NF3. This is attributed to the lower thermal conductivity as
discussed in the above section. Nanofluid NF2 and nanofluid
NF3 go to the stable point to be 4.2%. However, nanofluid
NF2 reaches the stable regime after 750 s while nanofluid
NF3 needs about 1750 s to reach the stable regime that even
has higher thermal conductivity. This result could be due to
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the fact that nanofluid NF2 with higher CNT concentration
causes a larger infrared emissivity and hence an increase in
heat loss. The excessive concentration can reinforce the vol-
umetric solar energy absorption at a relatively small nano-
fluid height from the upper surface, and thus more
sunlight can be absorbed in the upper part. As a result, the
corresponding temperature of aqueous suspension at a
larger depth would even be lower than that at a smaller con-
centration. The same trend has also been reported by Qu
and coworkers in which they investigated the effect of con-
centration variation of the MWCNT–H2O nanofluid on
the photothermal conversion [13].

4. Conclusions

The successful hydroxyl functionalization of carbon nano-
tubeswas proven byRaman and FTIR spectralmeasurements.
High-stability EG-based nanofluids containing MWCNT-
OH were prepared by an ultrasonication method with the
Tween-80 surfactant. The nanofluid containing 0.64 vol.%
MWCNT concentration showed a maximum thermal con-
ductivity enhancement about 24% at 50°C. The measure-
ment results showed that the lighting absorption efficiency
of the nanofluids increases with the optimal concentration

Table 1: Several theoretical models for the thermal conductivity of nanofluids: thermal conductivity (K), CNT concentration (φ), empirical
shape factor (n), interfacial layer thickness (t), and thermal boundary resistance (TBR).

Investigator Formula

Maxwell [32]
Knf
Kbf

=
KCNT + 2Kbf + 2φ KCNT − Kbf
KCNT + 2Kbf − φ KCNT − Kbf

Hamilton and Crosser [33]
Knf
Kbf

=
KCNT + n − 1 Kbf − n − 1 φ Kbf − KCNT

KCNT + n − 1 Kbf + φ Kbf − KCNT

Patel et al. [34]
Knf
Kbf

= 1 +
KCNTφrbf

Kbf 1 − φ rCNT

Xue [35]
Knf
Kbf

=
1 − φ + 2φ KCNT/ KCNT − Kbf ln KCNT + Kbf /2Kbf
1 − φ + 2φ Kbf / KCNT − Kbf ln KCNT + Kbf /2Kbf

Nan et al. [36]
Knf
Kbf

= 1 + φlCNT
dCNT

KCNT/Kbf
lCNT/dCNT + 2ak/dCNT KCNT/Kbf

ak = TBR × KCNT

Murshed et al. [37]

Knf =
KCNT − Ki φKi γ21 − y2 + 1 + KCNT + Ki γ

2
1 φy2 Ki − Kbf + Kbf

γ21 KCNT + Ki − KCNT − Ki φ γ21 + y2 − 1

γ1 = 1 + t
dCNT

γ = 1 + t
rCNT

Experimental data
EMT with TBR fitting
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of CNTs in nanofluids about 0.48 vol.%. The temperature of
MWCNT/EG nanofluid at concentrations of 0.48 vol.% and
0.64 vol.% was increased by about 4.2% after a 30min light-
ing compared to that of ethylene glycol. These results have
opened the potential application of CNTs in nanofluids for
solar absorption.
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