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In this paper, we present the results on the influence of chemical treatment time on the structure of

carboxyl-functionalized MWCNTs (MWCNT–COOH) and their nanofluids. The morphological and

structural studies investigated by FTIR, HRTEM and Raman scattering demonstrated that the structural

defects of MWCNT–COOH increase with increasing chemical treatment time. Nanofluids containing

MWCNT–COOH treated for a longer time showed better stability due to the increasing of COOH

functional groups attached to the surface of MWCNTs. The electrical conductivity of the nanofluids

increases with increasing CNT concentration and decreases with increasing chemical treatment time.

The thermal conductivity of the nanofluids enhanced when increasing CNT concentration and reached

the highest value for MWCNT–COOH with 5 h chemical treatment. By using the effective medium

theory (EMT) and experimental data fitting, the thermal boundary resistance (TBR) and the thermal

boundary conductance (TBC) of MWCNT–COOH/water were found to be 90 � 10�8 m2 K W�1 and 1.1

MW m�2 K�1, respectively. The interfacial layer thermal conductivity (Ki) between CNTs and base fluid

was estimated by using Murshed's model. The highest Ki was obtained to be 2.6 W m�1 K�1 for

a nanofluid with 5 h chemical treatment. The results implied that the thermal conductivity of CNT based

nanofluids could be improved by increasing the Ki via optimizing of the chemical treatment conditions.

1. Introduction

Because of the unique properties demonstrated by both theo-

retical and experimental studies, carbon nanotubes (CNTs) have

received great attention from researchers and manufacturers

for many potential applications in industry elds.1–3 Among

these potential applications, using CNTs as heat transfer media

in high thermal conductivity nanouids for cooling systems is

one of the most promising and interesting applications due to

their high thermal conductivity, high electrical conductivity and

low density.4–11 The problem here is it is challenging to disperse

CNTs in solvents directly for preparing nanouids due to their

high hydrophobicity in as-grown states and CNTs normally tend

to aggregate together to form bundles or clusters due to van der

Waals interactions. As presented in many reports, maintaining

uniform dispersion and stability of CNT nanouids is a key

point to obtain the optimal thermal properties for a long time.

This problem could be resolved by using two main methods

including chemical and physical treatments.5,12 In which,

chemical treatments seem to be more effective due to provide

a solution for nanoscale dispersion with increasing the inter-

action between the CNT and base uid molecules via atomic

bonding.13 The chemical treatment is normally classied into

non-covalent functionalization and covalent functionaliza-

tion.5,12,13 In basically, non-covalent functionalization does not

inuence the structure of CNTs by using several conventional

surfactants such as gum arabic (GA), sodium deoxycholate

(DOC), sodium dodecyl benzene sulfonate (SDBS), sodium

dodecyl sulfate (SDS), hexadecyl trimethyl ammonium bromide

(CTAB) and chitosan, etc. Many studies demonstrated that non-

covalent functionalization could keep the stability of CNT

nanouids for a long time.14–18 Contrary to non-covalent func-

tionalization, covalent functionalization could modify the

structure of CNTs due to the strong chemical reaction during

the hydrophilic functional group attachment. This method

extensively uses an aqueous solution of acids or oxidizing

agents including nitric acid (HNO3), sulfuric acid (H2SO4),

hydrochloric acid (HCl) or hydrogen peroxide (H2O2) to cova-

lently functionalize.19–21 The method has exhibited an effective
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to obtain uniform dispersions and long-time stability of nano-

uids due to eliminating the van der Waals forces among CNTs

via hydrogen bonding between functional groups attached to

the surface of CNTs and base uids.4,5 In addition, the presence

of the functional groups such as COOH, OH and NH2, . is

benecial for compacting with other nanoadditives including

nanoparticle, nanosheets to make the hybrid nanomaterials for

nanouid applications.22–24 Therefore, the covalent functional-

ization is more oen used compared to non-covalent func-

tionalization due to sufficient for maintaining the stability not

only for CNT nanouids but also for CNT hybrid nanouids as

mentioned.25

The properties of CNTs based nanouids such as the

thermal conductivity, heat transfer, electrical conductivity,

viscosity, stability have been investigated and reported.5,8–10,26–36

Many works have been proposed and mainly focused on the

thermal property both in the experimental and the theoretical

models due to high thermal conductivity of CNTs compared to

other materials and high potential applications.26–33 These

works have almost been done to investigate the effect of the

parameters such as CNT structure, CNT concentration,

temperature, pH, surfactants, ultrasonic power, ultrasonication

time on this property.26–33 The role of surfactants is well-known

for CNT dispersion but their contribution to the thermal

conductivity of nanouid are not very clearly.5,26,31 Meibodi et al.

reported that the surfactant weight percent of SDBS and GA is

not a signicant factor on the thermal conductivity of nano-

uids.26 In similar, Estellé et al. also demonstrated that the

surfactant is benecial for better dispersant but does not affect

to the thermal conductivity of nanouid.31 In contrary to the

thermal conductivity, just a few studies concerning to the

electrical conductivity of CNT based nanouids have been done

and presented.34–36 These studies have also been investigated

the effect of the same parameters as done with the thermal

conductivity. Glory et al. reported the electrical conductivities of

CNT/water nanouid as a function of temperature, nanotube

weight content, and nanotube length.34 Kumar et al. investi-

gated the effect of the surfactant (GA) and temperature on the

electrical conductivity of MWCNT based nanouids.35 Al-Shara

et al. reported the depending upon the volumetric concentra-

tion of CNTs and their distribution on the electrical property of

nanouid.36 According to literature, there are still no studies

that have been done to investigate the effects on of the covalent

functionalization method on the thermal conductivity

enhancement of CNT based nanouids up to now. How the

defects introduced CNTs during treatment affect the properties

of CNT based nanouids still a big question that needs to be

claried.

Thus, in this paper, we present for the rst time the effect of

chemical treatment time of the covalent functionalization on

the thermal and electrical conductivity of nanouids containing

carboxyl-functionalized multi-walled carbon nanotubes

(MWCNTs). In addition to the experimental results, several

theoretical models were used to validating the obtained data

and estimating the unknown factors that effect to the thermal

conductivity of nanouid such as the thermal boundary

resistance, the thermal boundary conductance and the inter-

facial layer thermal conductivity of CNTs and based uids.

2. Experiment procedure

In this paper, lab-made MWCNTs were used with an average

around 20 nm in diameter and 10 mm in length synthesized by

a chemical vapor deposition (CVD) technique using Fe/CaCO3

as catalytic material.37 Sulphuric acid (H2SO4, 98%) and nitric

acid (HNO3, 68%) supplied by Xilong Chemical Co., Ltd (China)

were used for functionalization process.

MWCNTs were functionalized with a carboxyl group

(–COOH) by treatment in the mixture of acid (HNO3 : H2SO4,

1 : 3) at 70 �C for a different treatment time of 3 h, 5 h and 7 h

under continuous magnetic stirring. Aer chemical treatment

process, the obtained solutions were ltered and cleaned by

distilled water for several times until no residual acid was

detected (pH z 7). Aer cleaning, the samples were noted as

C3, C5 and C7 corresponding to 3 h, 5 h and 7 h treatment

times, respectively. A calculated amount of each C3, C5 and C7

were dispersed in distilled water to prepare nanouids with

a different MWCNT concentration of 0.16, 0.32, 0.48, 0.64 and

0.80 vol% by ultrasonication for 45 min under cool water.

Nanouids with higher CNT concentrations were not prepared

and investigated to limit the effect of the CNT aggregation on

the properties of nanouids.

FTIR spectra of samples were recorded using a SHIMADZU

IR Prestige21 Spectrometer. A high-resolution transmission

electron microscopy (HRTEM, Jeon-JEM 2100) was used was

used for microstructural characterization. Raman scattering

measurements were carried out using an iHR550 Jobin-Yvon

spectrometer with 514 nm laser excitation. A Malvern ZS Nano

S Analyzer (London, UK) was used to check the aggregation size

distribution and the stability of nanouids. The electrical

conductivity was measured by HI 993302-02 Monitor supplied

by Hanna Instruments with an accuracy of �2%. To evaluate

exactly the effect of the chemical treatment time and reduce the

Brown motion effect on the thermal conductivity of nanouids,

the thermal conductivity wasmeasured at a xed temperature of

30 �C using an HTL-04 equipment (Eternal Engineering

Equipment Ltd., India). The equipment bases on principle of

the guarded hot plate (GHP) method with a maximum uncer-

tainty of �2%. The measurements performed on the same

conditions and experimental data were the average of 15

measurements.

3. Results and discussion

Fig. 1 shows the FTIR spectra of the functionalized MWCNTs

with the different chemical treatment time of 3 h, 5 h and 7 h.

Spectra show several important bands located at in all samples.

The band at 3426 cm�1 is assigned to the vibration of the O–H

bonding. The band of the C]C bonding of the CNT structure

appears at 1580 cm�1. The band at 1720 cm�1 is assigned to the

vibration of the C]O bonding in the carboxyl (–COOH) group.

This is an important characteristic to demonstrate the attach-

ment of the carboxylic group (–COOH) on the surface of
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MWCNTs.38 FTIR spectra are also shown the band at 1080 cm�1,

which is a typical band of the C–O bonding in the COOH

group.39 In addition, it was found that as chemical treatment

time increases, the intensity of the absorption bands of the

C]O bond increase, possibly due to the increasing amount of

COOH groups on the surface of CNTs. In contrary, the absorp-

tion intensity of the bands of C]C bonding decrease as the

chemical treatment time increases. This could be due to

increasing of the treatment time that has resulted in structural

defects, C]C bonding in MWCNTs have been fractured by

corrosion and addition of COOH functional groups. Basing on

FTIR spectrum analysis above could conrm that the func-

tionalization process of MWCNTs by chemical treatment

a mixture of HNO3 and H2SO4 acid helps to attach the COOH

groups on the surface of the MWCNTs. The absorption intensity

of the C]O bonding increases and the C]C bonding decreases

when chemical treatment time increases due to the effects of

structural defects caused by chemical etching and the existence

of COOH groups.

Fig. 2 shows the HRTEM images of MWCNTs functionalized

with different chemical treatment time. For as-grownMWCNTs,

as can be seen, the structure is nearly perfect with no etched or

defect points and a distance between walls was determined

about 0.34 nm (Fig. 2a and b). While for functionalized

MWCNTs, when the chemical treatment time increases, the

concentration of structural defect points increases. For C3,

structural defects start appearing at outside walls, several

etched points are observed in Fig. 2c and d. These structural

defects are attributed to the effect of chemical reagents during

the COOH functionalized process. This has been reported and

discussed in several reports.40,41 As the chemical treatment time

increased to 5 hours, besides defects observed at outside walls,

some defects starting appeared on the inside walls of the

MWCNTs as broken points (Fig. 2e and f). In the same research

topic, Zhang et al. also identied the sidewall C–C broken bond

caused by covalent functionalization.42 When the treatment

time increased up to 7 hours, besides of the defect points, the

crystallite structure of MWCNTs becomes harder to identify as

expressive as those of as-grownMWCNTs (Fig. 2g and h). Rebelo

et al. reported that the covalent functionalization of MWCNT by

oxidation methods will cause defects and leads to structure

burning.43 Thus, as results, we can conclude that the longer

chemical treatment time will cause more defect points on the

structure of MWCNTs.

Fig. 3 shows Raman spectra of MWCNT–COOH with

different chemical treatment times. Two typical peaks at

1348.95 cm�1 and 1582.97 cm�1 are assigned to the defect band

(D) and the graphitic band (G), respectively. The relative

intensity ratio of D to G (ID/IG) of samples was determined to be

0.92, 0.93, 1.02 and 1.05 corresponding to as-grown MWCNTs,

C3, C5, and C7, respectively. The ID/IG ratio of samples with

more prolonged treatment time is higher and the intensity ratio

ID/IG increase when the treatment time increases. This results

proved that the chemical treatment time strongly affects to the

CNT structure. The results of the Raman analysis are consistent

with the results of the HRTEM study presented earlier.

The effect of chemical treatment time on aggregate size

distribution and zeta potential of the nanouid C3, C5 and C7

with the same CNT concentration of 0.8 vol% is shown in Fig. 4.

As can be seen in Fig. 4a, the peak of aggregate size for nano-

uids reduced when increasing the chemical treatment time

from 3 h to 7 h. The average of aggregated size was measured

about 295 nm, 540 nm and 885 nm corresponding to nanouid

C3, C5 and C7, respectively. It means that the most signicant

aggregate size was observed for MWCNTs with 3 h chemical

treatment time and the smallest aggregate size was observed for

MWCNTs functionalized in 7 h. This could be due to both the

effect of strong acid reagents on the decrease of MWCNT length

during a chemical reaction and the increase in the number of

COOH groups on the surface of MWCNTs that helped to

uniformly disperse the functionalized MWCNTs via a hydrogen

bonding between COOH groups and water. The shortening and

separating of MWCNT by chemical treatment help to uniformly

dispersed MWCNTs into the base uids and resulting in the

higher stability of nanouids.44

Zeta potential was used for estimating the stability of the

nanouid C3, C5 and C7. As shown in Fig. 4b, the average

potential values were measured to be �15.6 mV, �37.7 mV and

�48.03 mV corresponding to nanouid C3, C5 and C7, respec-

tively. It is well-known that zeta potential is the difference in the

potential between the base uids and the stationary layer that

attached to the nanoparticles and its values could represent to

the stability of nanouids. The absolute zeta potential values for

the stability region of colloids in uids were dened as follows:

0–15 mV as little or no stability, 15–30 mV as some stability but

settling lightly, 30–45 moderate stability, 45–60 mV as good and

over 60 as excellent.45,46 In general, a nanouid with an absolute

zeta-potential value above 30 mV is considered to have good

stability.45 So, the nanouids contained the functionalized

MWCNTs with chemical treatment times longer than 5 h show

a better stability compared to that of 3 h chemical treatment. It

is attributed to the increase the COOH groups attached on the

surface of MWCNTs when increasing the chemical treatment

time led to improving the dispersion and the stability of

nanouids.

Fig. 1 FTIR spectrum of carboxyl-functionalized multi-walled carbon

nanotubes.
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Fig. 5 shows the electrical conductivity of the nanouid C3,

C5 and C7. It can be seen that the electrical conductivity

increases with increasing CNT concentrations. This was attrib-

uted to the decrease of the free path that allows enhancing the

free carrier transports between the MWCNTs. The dependence

of the electrical conductivity on the CNT concentration is more

clear in nanouids that contained functionalized MWCNTs

with shorter treatment time and become nearly not signicant

when the treatment time is longer. The electrical conductivity of

nanouids decreases with the increase of chemical treatment

times. This could be due to increasing the number of COOH

group concentration, the defects on the surface of MWNTs and

the cutting of MWCNTs. As results, it is interesting to note that

the nanouid C3 even reveals a higher agglomerated size

distribution and a lower stability, still shows a higher electrical

conductivity compared to other nanouids. It means the

uniform dispersion of MWCNTs seems not to be a critical

reason that affects to the increase of the electrical conductivity

of nanouids compared to the structural defects caused by

chemical functionalization process. The higher electrical

conductivity of the nanouids with the agglomerated state

compared to the uniformly dispersed state possible related to

Fig. 2 HRTEM images of (a and b) CNTs, (c and d) sample C3, (e and f) sample C5 and (g and h) sample C7.
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the increase of CNT-to-CNT contact/junctions in the percolating

network formed by the CNT aggregations that allowed for

electron tunneling and moving inside.47 This distance has been

reported in a range from 5 to 30 nm.48 However, it is noted that

the conductivity may not signicantly improve if CNT-to-CNT

distance is larger than the limit of the electron tunable distance.

The thermal conductivity of the nanouid C3, C5 and C7 was

investigated. Before conducting the thermal conductivity

measurements, the thermal conductivity of distilled water was

measured at a temperature of 30 �C to validate and calibrate the

measurement technique. The measured thermal conductivity of

0.606 W m�1 K�1 and compared to the reference value of

0.607 W m�1 K�1.49 The measured value is in good agreement

with the reference value and the uncertainty of the thermal

conductivity measurement is within �2%. Fig. 6 shows the

thermal conductivity of nanouids as a function of MWCNT

concentration measured at 30 �C. As seen in all nanouids, the

thermal conductivity of nanouids increases with increasing of

MWCNT concentration. The relationship between MWCNT

concentration and the thermal conductivity was reported in

many studies.50–53 Almost these reports have conrmed that the

increase of thermal conductivity of nanouids with increasing

CNT loading is mainly due to the decrease of the distance or

mean free path via a percolation effect resulted from increasing

the frequency of lattice vibration.39

The inuence of chemical treatment time of MWCNT on the

thermal conductivity of nanouids is also observed. Unlike with

the electrical conductivity, the thermal conductivity reaches to

highest value for nanouid C5 and then decrease immediately for

Fig. 3 (a) Raman spectra and (b) ID/IG ratio of carboxyl-functionalized

multi-walled carbon nanotubes.

Fig. 4 (a) Size distribution and (b) zeta potential of the nanofluid C3,

C5 and C7 with the same CNT concentration of 0.8 vol%.

Fig. 5 Electrical conductivity of nanofluids versus CNT

concentrations.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 49937–49946 | 49941

Paper RSC Advances

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

6
 O

ct
o
b
er

 2
0
1
7
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
6
/2

0
2
2
 7

:4
2
:0

1
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C7RA08552D


nanouid C7. According to Munkhbayar et al., three factors

including (i) straightness ratio, (ii) specic surface area and (iii)

CNT aggregation may keep signicant roles in the thermal

conductivity enhancement of CNT based nanouids.54 For the

rst factor, Xie and Chen also reported that the heat transports

inside CNTs as well as at interface regions betweenCNTs and base

uid becomemore effective if the straightness ratio increases and

resulting in the thermal conductivity enhancement.55 For the

second factor, many studies have been done to explain the

mechanism of thermal conductivity enhancement in a nanouid

by specic surface area in the literature.4,54–56 According to these

reports, when increasing the specic surface area of nano-

additives will lead to improving the thermal conductivity of

nanouid as resulted from the increase of the interaction and

collision among nanoadditives. For the third factor, the effect of

the CNT aggregations on thermal conductivity of nanouids have

been presented and discussed in many reports.55,57 Most of the

studies agreed that the thermal conductivity could be improved

by decreasing the aggregation of MWCNTs. This is because the

nanouids containing individual CNTs are believed to have

a quicker heat transports compared to the nanouids containing

aggregated and/or bundled CNTs. From above comments, it is

evident that the improvement of thermal conductivity of nano-

uid C5 compared to nanouid C3 is mainly due to the difference

in the aggregation state of the nanouids. Nanouid C5 showed

a better dispersion and stability and thus higher thermal

conductivity. However, when increasing the chemical treatment

time from 5 h (C5) to 7 h (C7), the thermal conductivity of

nanouid decrease immediately. Interestingly here is why nano-

uid C7 exhibited the dispersion and stability much better, still

has a lower thermal conductivity than those of nanouid C5. This

is very difficult to explain by using the factors such as straightness

ratio, specic surface area and CNT aggregation. In this case, the

decrease of the thermal conductivity may be due to the destruc-

tion of the graphitic structure of MWCNTs by strong chemical

reagents for a longer time as discussed earlier in morphological

and microstructural studies. It is well-known, by using molecular

dynamics (MD) simulations, many authors demonstrated that the

thermal conductivity decreases signicantly even at low defect

concentrations.48 So, the conclusion can be drawn from the

results that the increasing chemical treatment time could

improve the dispersion stability and the thermal conductivity of

nanouids however the thermal conductivity will signicantly

decrease if treatment time is too long.

To evaluate the effect of chemical treatment time to the

interfacial thermal transport between the MWCNTs and based

uid, Maxwell-Garnett type Effective Medium Theory (EMT)

model proposed by Nan et al.17,18,58 have been used along with

the TBR tting. The model not only takes into account many

factors such as shape, size, aspect ratio, orientation, CNT

concentration but also includes the anisotropic thermal trans-

port and the interfacial thermal transport. The thermal

conductivity ratio of nanouids according to Nan's model was

estimated using the following equation:

Knf

Kbf

¼ 1þ
fLCNT

dCNT

KCNT

�

Kbf

ðLCNT=dCNTÞ þ ð2ak=dCNTÞ
�

KCNT

�

Kbf

� (1)

here

ak ¼ TBR � KCNT (2)

where, Knf, KCNT (z1800 W m�1 K�1)59 and Kbf (z0.6 W m�1

K�1) are the thermal conductivity of the nanouid, MWCNTs

and the base uid, respectively. f, LCNT (z10 mm) and dCNT
(z20 nm) are the concentration, length and diameter of

MWCNTs. TBR is the thermal boundary resistance between the

MWCNT and base uid.

Fig. 7 shows the comparison of experimental results for

nanouid C3, C5 and C7 with the calculated data of the EMT

incorporated the TBR. By using the EMT tting, the TBR could

be estimated to be 120 � 10�8 m2 K W�1, 90 � 10�8 m2 K W�1

and 110 � 10�8 m2 K W�1 and the TBC (inverse of TBR) of 0.8

MW m�2 K�1, 1.1 MW m�2 K�1 and 0.91 MW m�2 K�1 corre-

sponding to nanouid C3, C5 and C7, respectively. As results,

the TBC of nanouid C5 is the highest value compared to

others, again conrmed that the best chemical treatment time

is to be 5 h. This treatment time does not only keep the stability

Fig. 6 Thermal conductivity of nanofluids versus CNT concentrations

measured at 30 �C.

Fig. 7 Comparison of experimental results with the effective medium

theory incorporated the thermal boundary resistances.
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for a long time but also improve the thermal conductivity of

nanouids by enhancing the TBC between MWCNTs and base

uid. The decrease of TBC of nanouid C3 could be due to the

chemical treatment time of 3 h quite short that not enough time

to attach the required COOH groups on the surface of MWCNTs

and thus the bonding between MWCNTs and base uid become

more weakly compared to the nanouid C5. The weak bonding

could cause the stronger phonon scattering at the interface and

thus lead to decrease the TBC. In addition, the aggregation of

MWCNTs in nanouid C3 caused by the weak bonding as dis-

cussed in the stability section will lead to forming a new

boundary between MWCNT and MWCNT. This boundary

always contributes a new TBR of CNT–CNT boundary. So, the

contribution of TBR of MWCNT and base uid along with TBR

of MWCNT–MWCNT boundary is a factor leading to increase

the TBR or decrease the TBC of nanouid C3. In contrary, the

decrease of TBC in nanouid C7 not because of either the weak

bonding or the aggregation of MWCNT. This is attributed to the

chemical treatment time is too long led to increasing the defects

and disorders in the graphite structure of MWCNT not only

outside walls but also inside walls. These defects will restrict the

phonon transports by scattering lead to the reduction of the

phonon mean free path. Fthenakis et al. also reported that the

reduction of the phonon mean free path is the main reason for

the decrease of the thermal conductivity in defective systems.60

Chiavazzo et al. presented the results of using a molecular

dynamics (MD) simulation calculate of TBC of SWCNT/water

and found the TBC value about 10 MW m�2 K�1.61 Similarly,

Hida et al. also reported the TBC of CNT/polyethylene at room

temperature to be 10 MW m�2 K�1.62 In the experiment, Harish

et al. reported the value of TBC of SWCNT/water with DOC used

as the surfactant to be 300 MW m�2 K�1 and 145 MW m�2 K�1

as using EMT and Yamada–Ota with TBR tting, respec-

tively.17,18 Huxtable et al. and Carlborg et al. reported that

carbon nanotube based nanouids have a lower TBC in the

range of 2.4–12 MW m�2 K�1.63,64 The obtained TBC values in

this study are quite low compared to these reported values. This

could be attributed to the following reason: (i) almost reported

results were calculated for SWCNT with very high thermal

conductivity by simulations with defect-free; (ii) the presence of

the structural defects caused by chemical treatment may reduce

the TBC as resulted from the phonon scattering in all directions

of the MWCNTs.

Besides, several theoretical models such as Maxwell model,

Hamilton–Crosser (H–C) model, Thang's model, Patel's model

and Xue's model were also used to estimate the effective

thermal conductivity (Knf/Kbf) of the nanouids as follows:

Maxwell's model65

Knf

Kbf

¼
KCNT þ 2Kbf þ 2f

�

KCNT � Kbf

�

KCNT þ 2Kbf � f
�

KCNT � Kbf

� (3)

H–C model66

Knf

Kbf

¼
KCNT þ ðn� 1ÞKbf � ðn� 1Þf

�

Kbf � KCNT

�

KCNT þ ðn� 1ÞKbf þ f
�

Kbf � KCNT

� (4)

Thang's model67

Knf

Kbf

¼ 1þ
1

3

KCNTfrbf

Kbfð1� fÞrCNT

(5)

Patel's model68

Knf

Kbf

¼ 1þ
KCNTfrbf

Kbfð1� fÞrCNT

(6)

Xue's model69

Knf

Kbf

¼
1� fþ 2f

�

ðKCNTÞ
��

KCNT � Kbf

��

ln
��

KCNT þ Kbf

��

2Kbf

�

1� fþ 2f
��

Kbf

���

KCNT � Kbf

��

ln
��

KCNT þ Kbf

��

2Kbf

�

(7)

here, rbf and rCNT are the radius of water molecular (z0.1 nm)

and MWCNTs (z10 nm). n is the empirical shape factor for

MWCNTs calculated from MWCNT parameters to be 14.

The results estimated from the models are shown in Fig. 8.

Maxwell model was proved to be inadequate, the calculated data

is much lower than the experimental data. This is due to this

model only includes the effects of CNT concentration, the

thermal conductivity of CNTs and base uid and do not take

into account the effect of CNT size and the thermal interface

resistance between the CNTs and base uid. Moreover, this

model seems to more suitable to be applied for spherical

particles.70 In the H–C model, this model is also not very good

for predicting even taken into consideration the effects of CNT

size through the empirical shape factor, the calculated results

are always higher than the experimental results. In similar, the

theoretical predictions still higher than the experimental

results observed with Patel et al. and Xue model. In several

reports, the authors also almost concluded that the calculated

value obtained from H–C model always increases greatly with

the Knf/Kbf increasing when it below 10.71 Similar to Xue model,

the calculated results from Thang et al. model seem to predict

the thermal conductivity enhancement trends of nanouids.

The results obtained from Thang et al. model showed the best

correlation in comparison with other models. This could be due

Fig. 8 Comparison of experimental results with serval theoretical

models for nanofluid C5.
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to Thang's model taken into consideration the effects of size,

volume fraction, and thermal conductivity of CNTs as well as

the properties of the base liquid. But, noting that the error

between the calculated and experimental data seems become

clearly as increasing the CNT contents. In fact, Thang et al.

model also conrmed that their model only validates for

nanouids with the CNT content below 1 vol%.67 There are

many factors lead to the erroneous results calculated by the

mentioned models such as the effect of Brown motion, the

thermal conductivity of interfacial layer (Ki), type of CNTs, etc. In

which, the effect of Ki between CNTs and base uid on the

thermal conductivity of CNT based nanouids is well-known,

but Ki was not taken into account for the calculation. This

may due to Ki is not exactly known parameter and hardly to be

measured by the experiments. Murshed and coworkers have

proposed a new model that considered and taken into account

the effects of particle size, concentration, and interfacial layer

for the calculation.72,73

where g1¼ 1 + t/dCNT and g¼ 1 + t/rCNT, and t is the thickness of

the interfacial layer between MWCNT and base uid. As re-

ported by Murshed and coworker, t is estimated to be about

2 nm.72 The exact value of Ki not known and thus was estimated

to be 3 times of the base uid thermal conductivity. However,

the proposed Ki value may not be correct for all cases due to

depending on the structure and type of CNTs. So, we used

Murshed et al.model and the experimental data to estimate and

thus clarify the effect of chemical treatment time on the Ki

between CNTs and base uid.

By using Murshed et al. model and the experimental data

(Fig. 9), Ki values were found to be 1.9 W m�1 K�1, 2.6 W m�1

K�1 and 2.2 W m�1 K�1 corresponding to nanouid C3, C5 and

C7, respectively. The obtained values are about 3–4 times higher

than that of base uid (0.6 W m�1 K�1). This is good agreement

with the value proposed by Murshed et al.72 Similar to TBC, the

decrease in Ki of nanouid C3 is attributed to the weak bonding

between MWCNTs and base uid. As for nanouid C7, the

reduction of Ki mainly due to the increase of the defect and

disorder points at outside walls of MWCNT resulted from the

long chemical treatment time. As results, it is evident here that

the thermal conductivity of CNT based nanouids could be

improved by increasing the Ki between CNTs and base uids.

This could be done by either optimizing the chemical treatment

condition or employing the suitable surfactants.

4. Conclusions

The inuence of chemical treatment time on the structure of

MWCNT–COOH and their nanouids were investigated. The

structural defects of MWCNT–COOH increase with increasing

the treatment time. Nanouids showed better stability with

more prolonged treatment time due to increasing of COOH

functional groups attached to the surface of MWCNTs with

increasing the treatment time. The electrical conductivity of the

nanouids containing MWCNT–COOH increases with

increasing CNT concentrations and decrease with increasing

the chemical treatment time. The nanouids showed the

thermal conductivity improvement when increasing the CNT

concentrations and reached to highest value for nanouid

containing MWCNT–COOH with 5 h chemical treatment. By

using the EMT and experimental data tting, the TBR and the

TBC of MWCNT–COOH/water were determined to be 90 � 10�8

m2 K W�1 and 1.1 MW m�2 K�1, respectively. The Ki between

CNTs and base uid was also estimated by using Murshed et al.

model. The highest Ki was obtained to be 2.6 W m�1 K�1 for

nanouid C5, implying that the thermal conductivity of CNT

based nanouids could be improved by increasing the Ki via

optimizing of the chemical treatment condition.
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