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1. Introduction

Since their discovery, multi-walled carbon nanotubes (MWCNTs) have received tremendous
attention because of their unique electrical, optical, physical, chemical, and mechanical properties [1].
Their particular characteristics make them well-matched for a plethora of application areas, namely,
nanoelectronics, energy management, (electro)catalysis, materials science, the construction of
(bio)sensors, multifunctional nanoprobes for biomedical imaging, sorbents for sample preparation, the
removal of contaminants from wastewater, as anti-bacterial agents, drug delivery nanocarriers, and so
on—the current relevant application areas are countless. This Special Issue is a collection of 13 original
research articles that address remarkable advances in the synthesis, purification, characterization,
functionalization, and application of MWCNTs in established and emerging areas. A brief discussion
of the main outcomes of each study is presented in the next sections.

2. Synthesis and Structural Characterization of Multi-Walled Carbon Nanotubes-Based
(Nano)Composites

The trends and advances regarding the synthetic routes and structural properties of
MWCNTs-based (nano)composites have been discussed in several reports [2–6], proving the importance
of this topic for pushing MWCNT exploitation and industrial use forward. Ma et al. [2] proposed a new
route for the synthesis of MWCNT nanohybrids using azide-terminated poly(methyl methacrylate),
through the utilization of a combination of reversible addition fragmentation chain transfer and the
alkyne-azide click reaction. The as-prepared nanohybrids could be steadily dispersed in aqueous
solutions, including water, because of the azide-terminated poly(methyl methacrylate) chain on the
MWCNT surface. Chandra et al. [3] inserted nanopalladium on carboxylated and octadecylamine
functionalized MWCNTs that were further extensively characterized. The synthesized hybrids
exhibited a good catalytic activity towards a carbon–carbon coupling reaction. Liu et al. [4] and Savi
et al. [5] synthesized and characterized new composites using silicone rubber/polyolefin elastomer
blends containing ionic liquids modified with carbon blacks and MWCNTs, and MWCNTs dispersed
in an epoxy resin matrix, respectively. The prepared composites have an interesting potential for
electromagnetic interference shielding applications [4] and microwave absorbing uses (although only
low weight percentage should be used) [5]. In addition, Min et al. [6] developed a novel nanocomposite
based on acidified MWCNTs, graphene oxide, and cerium oxide nanoparticles, which displayed a
promising tribological performance.

3. Modelling of Multi-Walled Carbon Nanotubes-Based Nanofluid Flow

Nanofluids are obtained by the incorporation of nanomaterials into a base fluid, with the main
goal of enhancing specific properties, such as the density, viscosity, thermal conductivity, and specific
heat. Thus, they have been increasingly developed and characterized, using several mathematical
models, for further applications, mainly in the field of engineering (heat interchangers, freezing,
cooling, heating systems, etc.). Muhammad et al. [7] described the three-dimensional rotational flow of
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three different MWCNT-based nanofluids (prepared with water, engine oil, and kerosene oil as the
base liquid) considering thermal radiation and heat generation/absorption. The main parameters of
the non-Newtonian behavior of the several nanofluids were determined and discussed. Saba et al. [8]
also studied the flow of nanofluids composed of water and MWCNTs. The authors of [8] thoroughly
investigated the several variables that affect the MWCNT-based nanofluid flow over a curved stretching
surface and for heat transfer distribution.

4. Applications

4.1. Adsorption

MWCNTs are also being successfully explored in environmental applications, such as for water
quality control and treatment. Two interesting reports [9,10] are included in this Special Issue, both
of which are related to the use of MWCNTs as adsorbents of contaminants, namely nonylphenol [9]
and organochlorine pesticides [10] from source waters and agricultural irrigation water samples,
respectively. The contributing authors [9,10] characterized the main operational parameters and the
type of adsorption demonstrating the applicability of MWCNTs for the removal and extraction of
contaminants from water samples.

Alguacil [11] also characterized the possibility of applying MWCNTs as sorbents, but in this case,
for gold(I) and gold(III) cations’ adsorption from cyanide and chloride solutions. The reached data
suggested that the recovery of the selected metal may be accomplished by subsequent elution with
acidic thiourea solutions (for cyanide medium) or with aqua regia (for chloride solutions), with a
further possibility of obtaining zero-valent gold nanoparticles.

4.2. Sensors Design

MWCNTs have been extensively incorporated into electrochemical (bio)sensors’ design, regardless
of the detection scheme and the target analyte, because of their inherent properties. Their high
conductivity, catalytic properties, high surface area, chemical stability, and biocompatibility promote a
significant increase in the sensitivity, lifetime, and overall performance of the devices, as concluded
in the contribution of Oliveira et al. [12]. Nevertheless, the authors of [12] also concluded, after
analyzing the published data from the 2013–2018 period concerning the new generation of sensors,
that further technical developments are still needed in order to lower the cost of production of high
quality MWCNTs. Moreover, the lack of comprehensive characterization of the toxicity of MWCNTs
was also identified as an issue for the increase of the in vivo MWCNTs based sensors usage.

4.3. Drug Delivery

MWCNTs (functionalized or not) have been exploited in the drug delivery, biochemistry, and
medicine fields. Chen et al. [13] described the effect of different levels of the carboxylation of MWCNTs
on the dissolution rate of sulfamethoxazole and griseofulvin, two therapeutic hydrophobic drugs
used as antibiotic and antifungal agents, respectively. The anti-solvent synthesis of micron-scale drug
particles was the applied technique [13]. The reached data suggested that the degree of functionalization
may help to control the release of the drugs, as decreasing the C:COOH ratio in the functionalized
MWCNTs promoted a significant increase in the dissolution rates [13].

4.4. Cementitious Materials

The incorporation of nanomaterials including MWCNTs in building materials is increasingly
being characterized in order to enhance the mechanical, physical, and electrical properties of the
structures, while reducing their failure. Dalla et al. [14] studied the influence of introducing MWCNTs
as nano-reinforcements in cement mortars. The obtained results showed that the permeability, electrical
resistivity, and the flexural and compressive properties of the mortars were significantly affected by
the inclusion of MWCNTs at levels ranging from 0.2–0.8 wt % of cement [14].

2



Appl. Sci. 2019, 9, 2696

Funding: I am grateful for the financial support from the European Union (FEDER funds through COMPETE)
and National Funds (Fundação para a Ciência e Tecnologia—FCT), through projects UID/QUI/50006/2019 and
PTDC/ASP-PES/29547/2017 (POCI-01-0145-FEDER-029547) by FCT/MEC, with national funds and co-funded
by FEDER.

Acknowledgments: All contributing authors and reviewers, as well as the technical support of the editorial team
of Applied Sciences (in particular Emily Zhang) are greatly acknowledged. I sincerely thank all of them for their
hard work and for the opportunity to work with them in this Special Issue. I also wish that readers from the
different research fields will enjoy and find useful this Open Access Special Issue.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Soriano, M.S.; Zougagh, M.; Valcárcel, M.; Ríos, Á. Analytical nanoscience and nanotechnology: Where we
are and where we are heading. Talanta 2018, 177, 104–121. [CrossRef] [PubMed]

2. Ma, W.; Zhao, Y.; Zhu, Z.; Guo, L.; Cao, Z.; Xia, Y.; Yang, H.; Gong, F.; Zhong, J. Synthesis of poly(methyl
methacrylate) grafted multiwalled carbon nanotubes via a combination of RAFT and alkyne-azide click
reaction. Appl. Sci. 2019, 9, 603. [CrossRef]

3. Chandra, B.; Wu, Z.; Ntim, S.; Rao, G.; Mitra, S. The effect of functional group polarity in palladium
immobilized multiwalled carbon nanotube catalysis: Application in carbon–carbon coupling reaction.
Appl. Sci. 2018, 8, 1511. [CrossRef] [PubMed]

4. Liu, C.; Yu, C.; Sang, G.; Xu, P.; Ding, Y. Improvement in EMI shielding properties of silicone Rubber/POE
blends containing ILs modified with carbon black and MWCNTs. Appl. Sci. 2019, 9, 1774. [CrossRef]

5. Savi, P.; Giorcelli, M.; Quaranta, S. Multi-walled carbon nanotubes composites for microwave absorbing
applications. Appl. Sci. 2019, 9, 851. [CrossRef]

6. Min, C.; He, Z.; Song, H.; Liu, D.; Jia, W.; Qian, J.; Jin, Y.; Guo, L. Fabrication of novel CeO2/GO/CNTs ternary
nanocomposites with enhanced tribological performance. Appl. Sci. 2019, 9, 170. [CrossRef]

7. Muhammad, S.; Ali, G.; Shah, Z.; Islam, S.; Hussain, S. The rotating flow of magneto hydrodynamic
carbon nanotubes over a stretching sheet with the impact of non-linear thermal radiation and heat
generation/absorption. Appl. Sci. 2018, 8, 482. [CrossRef]

8. Saba, F.; Ahmed, N.; Hussain, S.; Khan, U.; Mohyud-Din, S.; Darus, M. Thermal analysis of nanofluid flow
over a curved stretching surface suspended by carbon nanotubes with internal heat generation. Appl. Sci.
2018, 8, 395. [CrossRef]

9. Dai, Y.; Shah, K.; Huang, C.; Kim, H.; Chiang, P. Adsorption of nonylphenol to multi-walled carbon nanotubes:
Kinetics and isotherm study. Appl. Sci. 2018, 8, 2295. [CrossRef]

10. Huang, X.; Liu, G.; Xu, D.; Xu, X.; Li, L.; Zheng, S.; Lin, H.; Gao, H. Novel zeolitic imidazolate frameworks
based on magnetic multiwalled carbon nanotubes for magnetic solid-phase extraction of organochlorine
pesticides from agricultural irrigation water samples. Appl. Sci. 2018, 8, 959. [CrossRef]

11. Alguacil, F. Adsorption of gold(I) and gold(III) using multiwalled carbon nanotubes. Appl. Sci. 2018, 8, 2264.
[CrossRef]

12. Oliveira, T.; Morais, S. New generation of electrochemical sensors based on multi-walled carbon nanotubes.
Appl. Sci. 2018, 8, 1925. [CrossRef]

13. Chen, K.; Mitra, S. Controlling the dissolution rate of hydrophobic drugs by incorporating carbon nanotubes
with different levels of carboxylation. Appl. Sci. 2019, 9, 1475. [CrossRef]

14. Dalla, P.; Tragazikis, I.; Exarchos, D.; Dassios, K.; Barkoula, N.; Matikas, T. Effect of carbon nanotubes on
chloride penetration in cement mortars. Appl. Sci. 2019, 9, 1032. [CrossRef]

© 2019 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

3



applied  
sciences

Article

Synthesis of Poly(methyl methacrylate) Grafted
Multiwalled Carbon Nanotubes via a Combination of
RAFT and Alkyne-Azide Click Reaction

Wenzhong Ma 1,*, Yuchen Zhao 1, Zhiwei Zhu 1, Lingxiang Guo 1, Zheng Cao 1, Yanping Xia 1,

Haicun Yang 1, Fanghong Gong 1 and Jing Zhong 2

1 Jiangsu Key Laboratory of Environmentally Friendly Polymeric Materials, School of Materials Science and
Engineering, Jiangsu Collaborative Innovation Center of Photovoltaic Science and Engineering,
Changzhou University, Changzhou 213164, Jiangsu, China; zhaoyuchentmac@foxmail.com (Y.Z.);
zedzzw@gmail.com (Z.Z.); glx16441216@gmail.com (L.G.); zcao@cczu.edu.cn (Z.C.);
xiayanping0715@126.com (Y.X.); yhcbobo@cczu.edu.cn (H.Y.); fhgong@cczu.edu.cn (F.G.)

2 Jiangsu Key Laboratory of Advanced Catalytic Materials and Technology, School of Petrochemical
Engineering, Changzhou University, Changzhou 213164, Jiangsu, China; zjwyz@cczu.edu.cn

* Correspondence: wenzhong-ma@cczu.edu.cn; Tel.: +86-519-86330095

Received: 28 December 2018; Accepted: 4 February 2019; Published: 12 February 2019

Abstract: An efficient synthesis route was developed for the preparation of multiwalled carbon
nanotube (MWCNT) nanohybrids using azide-terminated poly(methyl methacrylate) (PMMA) via a
combination of reversible addition fragmentation chain transfer (RAFT) and the click reaction. A novel
azido-functionalized chain transfer agent (DMP-N3) was prepared and subsequently employed to
mediate the RAFT polymerizations of methyl methacrylate (MMA). The RAFT polymerizations
exhibited first-order kinetics and a linear molecular weight dependence with the conversion.
The kinetic results show that the grafting percentage of PMMA on the MWCNTs surface grows
along with the increase of the reaction time. Even at 50 ◦C, the grafting rate of azide-terminated
PMMA is comparatively fast in the course of the click reaction, with the alkyne groups adhered to
MWCNTs in less than 24 h. The successful functionalization of PMMA onto MWCNT was proved
by FTIR, while TGA was employed to calculate the grafting degree of PMMA chains (the highest
GP = 21.9%). Compared with the pristine MWCNTs, a thicker diameter of the MWCNTs-g-PMMA
was observed by TEM, which confirmed the grafted PMMA chain to the surface of nanotubes.
Therefore, the MWCNTs-g-PMMA could be dispersed and stably suspended in water.

Keywords: multi-wall carbon nanotube (MWCNT); azide-alkyne click chemistry; RAFT
polymerization; PMMA

1. Introduction

Nanoscience and nanotechnology have brought us the excellent development of many novel
categories of functional materials and have become remarkable fields of study [1,2]. Recently, carbon
nanotubes (CNTs) have acquired increasing importance and popularity in membrane science and
technology due to their high permeability and selectivity, which they owe to the rapid flux through the
hollow interior and nano-scale diameter of CNTs [3–7]. For instance, multiwalled carbon nanotubes
(MWCNTs) with outer diameters (2–100 nm) exhibit a significantly high permeability in membrane
process applications because of the large surface area [6]. The MWCNT hybrid nanostructure
and composite materials with the introduction of polymer chemistry have dramatically attracted
attention [8,9]. These nanocomposite materials complement the characteristics of functional polymers
and thus provide improved nano-scale dispersing, hydrophilicity, electric properties, etc. [10]. Some

Appl. Sci. 2019, 9, 603; doi:10.3390/app9030603 www.mdpi.com/journal/applsci4
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researchers have directly immobilized MWCNTs into a polymeric membrane by the blending method
due to its easy manipulation and mild conditions [11,12]. However, despite the outstanding properties
of MWCNT composite materials, the tendency to be polymerized caused by the big inherent van der
Waals forces of MWCNTs restricts its application to the fabrication of nanocomposites. [13].

Among the surface modification method, the “grafting to” technique is one of the most convenient
techniques to cap polymer chains which can adjust the dispersibility of nanoparticles in polymer
matrices [14]. In this approach, functional group-terminated polymer chains can graft onto the
surface of nanoparticles in a highly efficient reaction, resulting in the formation of tethered polymer
chains [15]. To achieve dense polymer layers attached to the MWCNT surface, strong interactions
between polymer chains and the MWCNT surface are required. Poly(methyl methacrylate) (PMMA)
is usually studied as a compatibilizer agent for polymer/nanoparticle composites [16]. Recently,
“click chemistry” has attracted more attention in surface modification for nanoparticles due to its
high yields without byproducts [17–20]. When combined with reversible addition-fragmentation
chain transfer (RAFT), the precise predesign of the molecular weight, structure, and functionality
of polymers can be controlled by living polymerizations [21]. For example, Singha and co-workers
synthesized a hydrophilic MWCNT based upon the Diels-Alder (DA) click reaction by one step [22].
Nonetheless, few have been reported in the field of PMMA-functioned MWCNTs, synthesized through
the click reaction.

In this work, by using azide/alkyne end groups, PMMA with an azide end
group can effectively graft onto the MWCNT surface. To do this, the RAFT agent
2-dodecylsulfanylthiocarbonylsulfanyl-2-methylpropionic acid 3-azidopropyl ester (DMP-N3)
was used in the polymerization of PMMA. Then, azide-terminated PMMA was attached to the
surface of alkyne-terminated MWCNTs via the “grafting to” approach. Due to the PMMA chain on
the MWCNT surface, the nanohybrids can be stably dispersed in water and have potential for the
preparation of MWCNT composite materials.

2. Materials and Methods

2.1. Materials

MWCNTs were obtained from Nanjing XFNANO Materials Tech Co., Ltd. (China). Methyl
methacrylate (MMA) was obtained from Shanghai Chemical Plant (China). The inhibitor was removed
by a basic alumina column, purified under lower pressure, and stored in an Ar atmosphere at
−5 ◦C. Sodium azide, 4-(N,N-dimethylamino)pyridine(DMAP), and 1-(3-Dimethylaminopropyl)-3-
ethylcarbodiimide were obtained from Aladdin Industrial Corporation (China). Azobisisobutyronitrile
(AIBN) was purchased from Jiangsu Qiangsheng Chemical Co., Ltd. (China). N,N-dimethylacetamide
(DMAc), propargyl alcohol, tetrahydrofuran (THF, analytical grade), and anisole (AR) were purchased
from Shanghai Lingfeng Chemical Reagent Co., Ltd. (China). Thionyl chloride (analytical grade) was
purchased from Sinopharm Chemical Reagent Co., Ltd. (China).

2.2. Synthesis of Azide-Terminated Poly(methyl methacrylate) (PMMA)

Before synthesizing azide-terminated PMMA, RAFT agent 2-
dodecylsulfanylthiocarbonylsulfanyl-2-methylpropionic acid 3-azidopropyl ester (DMP-N3)
was synthesized according to the reported method [23]. FTIR analysis was performed to confirm
successful azide-RAFT agent preparation, as shown in Figure 1a. FTIR (KBr) (wavenumber, cm−1):
2923 (C-Cs), 2100 (C-N=N=N), 1735 (C=O), 1064 (C=S), 1250 (C-S). Figure 1b shows the 1H NMR
spectra of DMP-N3. The peak at 1H-NMR (400 MHz, CDCl3, TMS) for DMP-N3 (δ, ppm): 0.88 (t, 3H,
-CH3), 1.25 (m, 20H, -CH2-), 1.72 (s, 6H, -CH3), 1.91 (m, 2H, -CH2-), 3.35 (t, 2H, -CH2-), 4.19 (t, 2H,
-CH2-).
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Figure 1. (a) FTIR spectra of the DMP-N3; (b) 1H spectra of the DMP-N3.

For the typical polymerization processing of PMMA, 5 g of monomer MMA, chain transfer
agent DMP-N3 (0.168 g), and AIBN (8.2 mg), which were dissolved in dried anisole (20 ml), was
added to a 50 ml Schlenk flask. The mixture solution was degassed with nitrogen using a three-way
tube (three cycles). Then, a RAFT polymerization reaction was performed at 60 ◦C for 10 h. After
polymerization, the azide-terminated PMMA was obtained when the unreacted MMA monomer was
removed with THF for 24 h by Soxhlet apparatus. The resulting polymer was dried at 25 ◦C in a
vacuum oven for 12 h. Scheme 1 shows the route of synthesis of azide-terminated PMMA. The resulting
polymer was dried at 25 ◦C in a vacuum oven for 12 h. Scheme 1 shows the route of synthesis of
azide-terminated PMMA.

Scheme 1. The synthetic route for synthesis of azide-terminated poly(methyl methacrylate) PMMA via
RAFT polymerization.

2.3. Alkyne-Modification of MWCNT (MWCNTs-alkyne)

In total, 2 g of the MWCNTs was subjected to acid treatment with 60 ml of an HNO3:H2SO4 (1:3)
mixture using ultrasound at 60 ◦C for 4 h, and then refluxed at 80 ◦C for 12 h. After the reaction,
the treated MWCNTs (MWCNTs-COOH) were washed until the excess acid was completely removed.

In total, 1 g of MWCNTs-COOH was dispersed in thionyl chloride (65 mL) for 30 min. Then, 2 ml
N,N-dimethylformamide (DMF) was added to this reaction mixture and stirred for 24 h at 70 ◦C. Thus,
the MWCNT-COCl was obtained after being dried at 50 ◦C for 24 h. After that, 0.5 g MWCNT-COCl
and 2 ml anhydrous triethylamine were mixed in 20 mL of trichloromethane. Following this, 3 ml of
propargyl alcohol was added dropwise to the MWCNT-COCl mixture at 0 ◦C. The reaction between
MWCNT-COCl and propargyl alcohol was carried out at room temperature for 10 h. Subsequently,
the obtained MWCNTs-alkyne was purified by centrifugation and then dried at 50 ◦C in a vacuum
oven for 24 h.

2.4. Preparation of MWCNTs-g-PMMA

In total, 0.1 g of MWCNTs-alkyne and 1 g of azide-terminated PMMA were mixed with 15 mL of
DMF under ultrasonic treatment for 30 min. Then, a CuBr solution (0.0069 g dissolved 1 mL of water)
was added. The Schlenk flask was degassed and back-filled with nitrogen, and then put in an oil
bath at 50 ◦C. After the click reaction, MWCNTs-g-PMMA was purified by ethylenediaminetetraacetic
acid (EDTA), THF, and ethanol centrifugation. Unreacted PMMA was removed with THF for 24 h by
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Soxhlet apparatus and dried for 24 h in a vacuum oven at 50 ◦C. The synthesis steps from MWCNTs to
MWCNTs-g-PMMA are shown in Scheme 2.

Scheme 2. Synthetic steps from multiwalled carbon nanotube (MWCNT) to MWCNT-g-PMMA.

2.5. Characterization

Fourier transform infrared spectroscopy (FTIR) spectra were performed on an Avatar 370
spectrometer (Nicolet, USA). The KBr pellet within an appropriate amount of MWCNTs was prepared.
Raman spectra of the MWCNTs were gauged using a DXR Raman spectrometer (Thermo Scientific,
USA) with the excitation wavelength of the laser at 532 nm. A laser intensity of 7.0 mW, an exposure
time of 3 s, and the exposure rate of 20 times were applied in each measurement. An HP-6890 gas
chromatograph (GC, Agilent, USA) measured the monomer conversion. Waters 515 gel permeation
chromatography (GPC) was equipped with three columns (average pore sizes of 104, 105, and 106 nm,
monodisperse polystyrene was used for the calibration standard sample). A Waters RI detector at
35 ◦C measured the molecular weight and molecular polydispersity of azide-terminated PMMA.
Thermogravimetric analysis (TGA) was performed on a 209 F3 thermogravimetric (TG) analyzer
(Netzsch Inc., Germany) under N2 protection with a flow rate of 50 mL/min. The sample was
heated from 50 ◦C to 700 ◦C at 10 ◦C/min. The grafting percentage (GP) for MWCNTs-g-PMMA
can be calculated as shown in our previous work [24]. Transmission electron microscopy (TEM) was
performed on a JEM-1200 EX/S transmission electron microscope (JEOL, Japan). Before observation,
the dried MWCNTs were pretreated in THF under ultrasonic vibration for 20 min and then deposited
on a covered copper grid.

3. Results and Discussions

3.1. RAFT Polymerization of Azide-Terminated PMMA

To investigate the efficiency of PMMA chain end transformation, polymerization kinetic studies
on the linear PMMA synthesis were executed. The polymerization progress was checked by taking
samples from the reaction mixture, which were measured by GPC and GC to estimate the evolution
of conversion, molecular weights, and polydispersity index (PDI) with time. As it can be seen from
Figure 2, Mn is increasing with conversion and PMMA has a small PDI, demonstrating a well-controlled
RAFT reaction when using the RAFT agent. At the same time, when the high molecular weight is
achieved at a high monomer conversion, the PDI values are still low (around 1.42). Compared with
previous work [24], the conversion reaches a higher level (~55%), and the Mn of azide-terminated
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PMMA increases more quickly with conversion, which suggests a much quicker reaction rate in
this work.

Figure 2. Dependence of number-average molecular weight (Mn) and PDI (Mw/Mn) of the grafted
PMMA on the conversion for the PMMA RAFT polymerization at 60 ◦C with AIBN as initiator mediated
by DMP-N3 ([MMA]0:[RAFT]0:[AIBN]0=250:1:0.2).

The results on the RAFT polymerization of the azide-terminated PMMA show a linear increase
in ln(M0/Mt) with time (Figure 3), suggesting a constant radical concentration, i.e., the absence of
extensive termination reactions [25]. A conversion of 55% was obtained in 10 h, resulting in an
azide-terminated PMMA with Mn = 22000 g/mol and PDI = 1.50.

Figure 3. First-order kinetic plot for the RAFT polymerization of PMMA at 60 ◦C with AIBN as initiator
mediated by DMP-N3 ([MMA]0:[RAFT]0:[AIBN]0=250:1:0.2).

In general, the MWCNTs-g-PMMA was obtained through the click coupling between
MWCNTs-alkyne and azide-terminated PMMA. The grafting PMMA molecular weight was controlled
by the prior synthesis of azide-terminated PMMA via RAFT polymerization. The grafting percentage
on the MWCNT surface can present the click reaction efficiency with the reaction time. In this work,
TGA measurement elucidated the grafting percentage that governed the alkyne/azide click reaction
on MWCNT surfaces, as shown in Figure 4. It is evident that the grafting rate of PMMA on the surface
of MWCNTs rises with the increase of reaction time. The grafting rate of MWCNTs-g-PMMA reaches
21.9% after a reaction of 24 h, and when the reaction continues to 30 h, the grafting rate is not changed
obviously. The saturation grafting rate after 24 h could be due to the steric demands of the clicked
PMMA chains rendering the remaining azido groups inaccessible for the click reaction [26].
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Figure 4. Grafting percentage of the azide/alkyne modified MWCNT.

3.2. TGA Analysis for the MWCNTS-g-PMMA

The TGA curves of pristine MWCNTs, MWCNTs-alkyne, and MWCNTs-g-PMMA are presented
in Figure 5. Two stages of significant mass losses are observed in the curves of pristine MWCNTs.
The first weight loss of about 0.5% happens before 200 ◦C, which is due to the loss of adsorbed water.
The second step at a weight loss of approximately 1.4% is due to the impurities of pyrolysis. For the
MWCNTs- alkyne, because of the decomposition of organic groups on the surface, the final weight
loss was increased to 5.27%. For MWCNTs-g-PMMAs received at various polymerization times during
the click reactions, because the grafted PMMA chains decompose to different extents, the final weight
losses for the reaction time at 6 h, 12 h, and 18 h are 22.4%, 25.1%, and 26.9%, respectively (Figure 5c–e).
The curves for the MWCNT-g-PMMA show two main decomposition steps at 205 ◦C and 405 ◦C, which
correspond to the side chains and PMMA chains respectively. As measured, the grafting percentage
(GP) for a reaction time of 6 h, 12 h, and 18 h is 17.2%, 19.9%, and 22.0%, respectively.

Figure 5. TGA results of pristine MWCNTs (a) MWCNTs-alkyne (b) MWCNTs-g-PMMA (c–e)
polymerization for 6, 12, and 18 h, respectively.

3.3. Surface Structure Analysis for MWCNTS

The MWCNTs-alkyne was obtained via two gentle reaction processes, including acylchlorination
and esterification, during which MWCNT-COOH was reacted with excess thionyl chloride to obtain a
high esterification reaction efficiency COCL group, and the COCL group was then reacted with excess
propargyl alcohol to get a complete surface coverage of the functional MWCNTs. FT-IR was performed
on original and functionalized MWCNTs, and their corresponding spectra are shown in Figure 6.
For the MWCNTs-COOH, the IR spectrum shows two absorption bands at 1740 cm−1 (corresponding
to stretching vibrations of carbonyl groups C=O) and 1635 cm−1 (assigned to conjugated C=C
stretching). MWCNTs-alkyne exhibits the same bands with the addition of an intensity band at
2100 cm−1 (the alkyne group) [27]. Azido-terminated PMMA presents a typical absorption band at
2100 cm−1 (-N3 group), which suggests that the subsequent click reaction can be performed. After the
click reaction, the new absorptions peak appeared at 1110 cm−1, and 1020 cm−1, which was the C-O-C
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group in the ester group of the PMMA grafted onto the surface of MWCNTs. The click combination
of the alkyne-functionalized MWCNTs and azide-functionalized PMMA provided a 1,2,3-triazole
ring. This suggests that the PMMA molecule is successfully grafted onto the surface of the MWCNTs.
Thus, the IR spectra of the MWCNTs-PMMA nanohybrid, featuring an alkyne peak of MWCNTs at
2100 cm−1, entirely disappeared, revealing the formation of 1,2,3-triazole after the click reaction.

Figure 6. FT-IR spectra of pristine MWCNTs, MWCNTs-COOH, MWCNTs-alkyne, PMMA-N3, and
MWCNTs-g-PMMA (GP = 22.0%).

Figure 7 shows the Raman spectra of pristine MWCNTs, MWCNTs-COOH, MWCNTs-alkyne,
and MWCNTs-g-PMMA. The characteristic peaks at 1343 cm−1 and 1585 cm−1 correspond to the D
(tangential band) and G (disorder band) peaks of carbon nanotubes, respectively [22]. The D band is
due to a disordered graphite structure or sp3-hybridized carbons of the nanotubes, whereas the G band
refers to a splitting of the E2g stretching mode of graphite [28,29]. The peak intensity D and G band
ratios (ID/IG) for MWCNTs-COOH, MWCNTs-alkyne, and MWCNTs-g-PMMA are higher than those
of the pristine MWCNTs, which suggests that alkyne-decoration and the click reaction successfully
functionalize MWCNT.

Figure 7. Raman spectra of pristine MWCNT, MWCNTs-COOH, MWCNTs-alkyne, and MWCNTs-g-
PMMA (GP = 22.0%).

Figure 8 depicts the TEM photographs of pristine MWCNTs, carboxyl functionalized, and
MWCNTs-g-PMMA. After the acid treatment, the closed end opening of the nanotube can be observed.
The pristine MWCNTs generally present closed caps and cylindrical walls, which are uncapped and
have rough “convex-concave” walls after the partial oxidation treatment [30]. These disfigurements
improve the specific surface area and pore volume of the oxidized MWCNTs [31]. On the other hand,
after the PMMA segments are grafted onto the surface of nanotubes by the click reaction, a thicker
diameter of the MWCNTs-g-PMMA is observed.
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Figure 8. TEM photographs of the pristine MWCNTs, MWCNT-COOH, and MWCNTs-g-PMMA (GP
= 22.0%).

Figure 9 shows the dispersion images of MWCNTs-g-PMMA in comparison with the pristine
MWCNTs in water. After the ultrasonic treatment of these two dispersing solutions, the pristine
MWCNTs could not disperse and stably suspended well in water because of the strong intrinsic
van der Waals forces between them [13]. After two hours of standing, the pristine MWCNTs are
obviously aggregated. However, the MWCNTs-g-PMMA can maintain its stable dispersion, even after
24 hours. This means that grafted PMMA has effectively reduced the apparent activation energy
of MWCNTs, which can prevent the aggregation phenomenon. In future work, we will study this
MWCNTs-g-PMMA dispersion in the polymeric membrane bulk.

( ) ( ) ( ) ( )

Figure 9. The dispersion images of pristine MWCNTs (A) and MWCNTs-g-PMMA (GP = 22.0%) (B) in
water. (a): after 0 h; (b): after 1 h; (c): after 2 h; (d): after 24 h.

4. Conclusions

In this work, to avoid the aggregation of MWCNTs, well-defined PMMA functionalized
the combination of RAFT synthesized MWCNTs (MWCNTs-g-PMMA) and the clicked reaction.
The success of PMMA grafting onto MWCNTs was determined by GPC, Raman spectroscopy, FT-IR,
TGA, and TEM measurements. The kinetic reaction results show that the grafting percentage of
PMMA chains grafted onto the MWCNTs surface rises with the increase of reaction time. Even at a
low temperature (50 ◦C), the grafting rate of azide-terminated PMMA is comparatively fast during
the click reaction when combining the alkyne-MWCNTs and azide-terminated PMMA in less than
24 h. As calculated by TGA analysis, the highest grafting degree of PMMA chains reaches 21.9%.
Compared with the pristine MWCNTs, a thicker diameter of the MWCNTs-g-PMMA was observed
by TEM, which confirmed that the PMMA chain grafted onto the surface of nanotubes. Therefore,
the MWCNTs-g-PMMA could be dispersed and stably suspended in water, even for 24 h.
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Abstract: Carbon nanotubes (CNTs) are effective supports for nanometals and together they represent
hybrids that combine the unique properties of both. A microwave-induced reaction was used to
deposit nanopalladium on carboxylated and octadecylamine functionalized multiwall CNTs, which
were used to carry out C–C coupling reactions in dimethylformamide (DMF) and toluene. These
hybrids showed excellent catalytic activity with yield as high as 99.8%, while its enhancement with
respect to commercially available Pd/C catalyst reached as high as 109%, and the reaction times were
significantly lower. The polarity of the functionalized form was found to be a significant factor with
the polar carboxylated CNT showing better activity in DMF while the relatively nonpolar octadecyl
amine was better in toluene. The results suggest the possibility of tailor making functionalized CNTs
when used as catalyst supports.

Keywords: Pd-CNT nanohybrids; functionalized CNTs; polarity; semi-homogeneous catalysis;
heck reaction

1. Introduction

Hybrid structures involving carbon nanotubes (CNTs) and metal nanoparticles (NM) combine
the unique properties of both [1]. These have been used in gas and liquid phase catalysis as well
as electro catalysis [2–14]. Several CNT-NM hybrids have shown excellent reactivity [15–23], and
different synthetic procedures have been used to immobilize Pt, Pd, Ru, and Rh NPs and a Rh/Pd
alloy on CNTs. Various approaches [8–14] have been used to attach noble metals to CNTs [24–27].
These include in situ reduction [10], covalent bonding, electrostatic deposition, and physisorption [28].
Direct chemical reduction has been shown to increase metal loadings by as much as 50-fold [29] and
microwave reactions have been reported as a fast method [30–33].

The pd-catalyzed reaction between aryl or alkenyl halides and olefins to deliver substituted
olefins with high E-selectivity—known as the Heck reaction—is one of the most fundamental reactions
in cross-coupling chemistry [34,35]. Initially, soluble Pd/Pt containing organometallic compounds
were used as catalysts [34,35]. Later on, metal nanoparticle coated CNTs which represents the next
generation of homogeneous catalyst were used to carry out these cross-coupling reactions. These have
an advantage of easy separation of catalyst through centrifugation or precipitation [34–36].
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In these typical reactions, the particle size, surface area, dispersion, and chemical nature of the
support are important parameters [37–39]. In the case of CNT-NM, the presence of functional groups
can alter many of these properties, but its role is not well understood. An added advantage of CNTs is
that covalently introducing functional groups such as carboxylic carboxylic (–COOH), and (–CONH2)
can make them dispersible in different solvents and can be made solvent dispersible for different liquid
phase reactions [40–42]. The synthesis of highly dispersed CNT-NM hybrids has been a challenge and
is highly desirable for liquid phase reactions. We have reported the microwave induced synthesis
CNT-Pt for catalytic hydrogenation of m-nitrochlorobenzene [19]. The objective of this work is to study
the effect of CNT functionalization in CNT-Pd hybrids as applied to the Heck reaction and to study
the effect of parameters such as dispersibility and polarity.

2. Experimental Section

2.1. Materials and Methods

Multiwall carbon nanotubes (MWCNT) (OD 20–30 nm, Purity 95%) were purchased from
Cheap Tubes Inc. (Cambridgeport, VT, USA), and all other chemicals (iodobenzene, styrene,
triphenylphosphine, (5 wt % Pd/C and PdCl2)) were purchased from Sigma Aldrich (Bengaluru,
Karnataka, India) with purity higher than 95%.

2.2. Synthesis of CNT-Metal Nanohybrids

Carboxylated Multiwall Carbon Nanotubes (MWCNT-COOH) were synthesized following a
previously published methodology [42]. Briefly, the CNTs were functionalized in a Microwave
Accelerated Reaction System (Mode: CEM Mars, CEM Corporation, 3100 Smith Farm Road, Matthews,
NC, USA) fitted with internal temperature and pressure controls. Pre-weighed amounts of purified
MWCNT were treated with a mixture of concentrated H2SO4 and HNO3 solution under microwave
radiation at 140 ◦C for 20 min. This led to the formation of carboxylic groups on the surface leading to
high aqueous dispersibility. The resulting solid was filtered through a 10 μm membrane filter, washed
with water to a neutral pH and dried under vacuum at 80 ◦C to a constant weight.

The MWCNT-COOH was used as the starting material to synthesize organic dispersible
MWCNTs [43]. Pre-weighed amounts of MWCNT-COOH were mixed with thionylchloride (SOCl2)
and dimethylformamide (DMF) and were subjected to microwave radiation at 70 ◦C for 20 min
leading to formation of MWCNT-COCl. The product was filtered and washed with THF till and was
then dried in a vacuum oven at room temperature for 12 h. MWCNT-COCl was then reacted with
octadecylamine (ODA) under microwave radiation at 120 ◦C for 10 min. The product was filtered
and washed with hot ethanol and dichloromethane and dried at room temperature under vacuum to
obtain MWCNT-ODA. The products MWCNT-COOH and MWCNT-ODA were used to synthesize the
palladium loaded functionalized CNT nanohybrids: p-MWCNT-Pd and np-MWCNT-Pd respectively.
The former was expected to be more polar. The p-MWCNT-Pd and np-MWCNT-Pd were synthesized
by direct chemical reduction of metal salts as previously published by our group [19]. Pre-weighed
amounts of the selected CNTs (MWCNT-COOH or MWCNT-ODA) were added to the reaction chamber
together with a palladium dichloride (PdCl2)-ethanol mixture. The reactions were carried out under
microwave radiation at 190 ◦C for 10 min. After cooling, the products were filtered, washed with 0.5 N
hydrochloric acid and MilliQ water to a neutral pH. The products (p-MWCNT-Pd or np-MWCNT-Pd)
were dried at room temperature in a vacuum oven to constant weight.

The CNT-NM hybrids were characterized using a scanning electron microscope (SEM, Zeiss,
Oberkochen, Germany) fitted with an Energy Dispersive X-ray spectrometer (EDX, Zeiss, Oberkochen,
Germany), Thermogravimetric analysis (TGA, Perkin Elmer Inc., Waltham, MA, USA), and Fourier
Transform Infrared spectroscopy (FTIR, Perkin Elmer Inc., Waltham, MA, USA). SEM data was collected
on a LEO 1530 VP Scanning Electron Microscope equipped with an energy-dispersive X-ray analyzer.
TGA was performed using a Pyris 1 TGA (Perkin-Elmer Inc., Waltham, MA, USA). FTIR measurements

15



Appl. Sci. 2018, 8, 1511

were carried out in purified Pottasium bromide (KBr) pellets using a Perkin-Elmer (Spectrum One)
instrument (Perkin Elmer Inc., Waltham, MA, USA).

2.3. Catalytic C–C Coupling

Heck reaction was carried out as follows. CNT-NM (p-MWCNT-Pd or np-MWCNT-Pd) (3 mg,
0.01 mol %), iodobenzene (496.8 μL, 4.44 mmol), styrene (765.1 μL, 6.69 mmol), tributylamine (TBA)
(2.014 mL, 8.92 mmol) and 0.5 mg PPh3 were mixed in 5 mL of dry solvent in a two necked round
bottom flask. The resulting suspension was placed in a preheated rota-mantle at 140 ◦C with magnetic
stirring. The course of the reaction was followed by periodically withdrawing aliquots (50 μL) from
the reaction mixture and analyzing by GC. The reaction was carried out with triphenylphosphine
(PPh3) in dimethylformamide (DMF) and toluene. The same reaction was carried out with commercial
Pd/C (24 mg, 0.01 mol %) and also with PdCl2 (2 mg, 0.01 mol %) to compare the catalytic activity of
the CNT-NMs. The reaction is shown in Scheme 1.

Scheme 1. General representation of reaction.

After 1 h reflux, the mixture was cooled for 15 min and extracted with diethyl ether. This was
followed by washing with 2 N HCl and water to remove any base present. The ether layer was then
dried over CaCl2. Finally, the solution was filtered and dried in vacuum desiccator to constant weight.
The obtained product was recrystallized from absolute alcohol and its composition was confirmed by
comparison with pure stilbene. The final product did not show the presence of any byproducts by thin
layer chromatography (TLC) analysis. The melting point of the recrystallized product and UV-λmax

were found to be 122.5 ◦C and 296 nm which was in line with what was expected for pure stilbene [44].
GC analysis of the product also showed only the presence of stilbene.

The aforementioned reactions were also carried out in microwave conditions at 420 W [45]. The
amount of reactant, catalyst, and base (but no solvent) were maintained the same as done under
reflux conditions. But, here the vessel was kept in microwave oven for 17 min where reaction went to
completion with no reactant observed in the TLC analysis.

3. Results and Discussion

3.1. Nanohybrid Characterization

Figure 1 shows the SEM images of MWCNT-COOH, p-MWCNT-Pd, np-MWCNT-Pd and Pd/C.
The MWCNTs had diameter in the range of 20–40 nm and the length was about 10–30 μm. There was
no detectable change in tube morphology after acid treatment or after hybrid formation, implying
that there was minimal visible damage to the tube structure. It is quite evident from the SEM images
that the CNTs were coated with the metal nanoparticles. The EDX data shows large amounts of metal
particles on the surface of the CNTs which are around 41.02% and 36.78% for p-MWCNT-Pd and
np-MWCNT-Pd, respectively. The size of Pd particles ranged from 1 to 10 nm on p-MWCNT-Pd and
from 5 to 50 nm on np-MWCNT-Pd. This implied that the catalyst was nanostructured and this was
expected to contribute towards enhanced activity [19].

The FTIR spectra shown in Figure 2 confirmed the presence of functional groups in
MWCNT-COOH, MWCNT-ODA, p-MWCNT-Pd, and np-MWCNT-Pd hybrids. The carbonyl
stretching frequency in MWCNT-COOH was seen at 1716 cm−1 (COOH). The 3440 cm−1 band (O–H)
present in MWCNT-COOH spectrum was attributed to the hydroxyl vibration of the carboxylic acid
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group introduced through functionalization. In Figure 2b, the peaks around 1636 cm−1 and 1715 cm−1

were attributed to stretching vibrations of the amide C=O group, the sharp peaks at 2921 cm−1 and
2847 cm−1 were attributed to the C–H stretching vibration of the alkyl chain from ODA, the peak at
3460 cm−1 was attributed to the N–H stretching vibration from ODA, and the peak at 1250 cm−1 was
attributed to C–N stretching vibration. In all the samples, the peak around 1580 cm−1 was assigned to
the C=C stretching of the carbon skeleton. The appearance of new bands at 993 cm−1 and 996 cm−1

in the spectra for the hybrids confirmed the presence of Pd [37–39]. The broad peak centered around
3440 cm−1 in MWCNT-COOH was not prominent in the IR spectrum of p-MWCNT-Pd, and the shift in
the carbonyl stretching frequency from 1716 cm−1 to 1721 cm−1 in the spectra for the hybrids indicated
interaction of Pd with the COOH group.

Figure 1. SEM images of (a) MWCNT-COOH, (b) p-MWCNT-Pd, (c) np-MWCNT-Pd, and (d) Pd/C.

Figure 2. FTIR data for (a) MWCNT-COOH, (b) MWCNT-ODA, (c) p-MWCNT-Pd, and
(d) np-MWCNT-Pd.
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3.2. Dispersibility

Figure 3a–f shows the dispersibility of p-MWCNT-Pd (5 mg), np-MWCNT-Pd (5 mg), and Pd/C
(5 mg) in N,N-dimethylformamide (5 mL), and toluene (5 mL). It is evident that p-MWCNT-Pd,
np-MWCNT-Pd, and Pd/C were significantly more dispersible in DMF than in toluene. The particle
size of the dispersed CNT-NM is presented in Table 1. It shows that there is not much difference
between p-MWCNT-Pd and np-MWCNT-Pd in toluene, but there was significant difference in DMF.
The particle size of CNT-NM agglomerates in toluene were higher than those in DMF. As can be seen in
Figure 3, there was significant precipitation of the MWCNT-Pd in toluene, so the particle size represents
what remained dispersed. The colloidal dispersion in DMF and TBA remained homogeneously
suspended for several weeks without need for mechanical stirring.

Figure 3. Photographs of different dispersions: (a) np-MWCNT-Pd dispersed in DMF,
(b) p-MWCNT-Pd dispersed in DMF, (c) np-MWCNT-Pd in Toluene, (d) p-MWCNT-Pd in Toluene;
(e) Pd/C dispersed in DMF, (f) Pd/C dispersed in Toluene.

Table 1. Particle size of dispersible CNT-NM.

Samples/Solvents p-MWCNT-Pd np-MWCNT-Pd

Toluene 240.3 nm 234.2 nm
Dimethylformamide (DMF) 168.2 nm 126.4 nm

The metal nanoparticles loading in the hybrid materials were quantified using TGA as shown
in Figure 4. The resulting weight above 600 ◦C was attributed to the weight of residual metal. The
nanohybrids were found to contain 43.02 and 38.93 percent by weight of Pd in p-MWCNT-Pd and
np-MWCNT-Pd, respectively, while Pd/C contained 5% by weight of Pd.

Figure 4. TGA of (a) MWCNT, (b) MWCNT-COOH, (c) MWCNT-ODA, (d) p-MWCNT-Pd, and
(e) np-MWCNT-Pd.
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3.3. Effect of CNT Functionalization

The CNT-NM hybrids were used as catalysts in the Heck reaction of iodobenzene with styrene.
All the reactions were carried out keeping substrate to Pd molar ratio constant at 0.01 mole percent.
In all cases, trans-stilbene was the only product detected which was established by the single spot
in the TLC analysis and confirmed by GC analysis. This was also confirmed by the melting point of
122.5 ◦C and UV max at 296 nm of the isolated product.

The mechanism of the reaction in presence of PPh3 is shown in Figure 5. In general, the Pd from
the CNT-NM desorbed to a soluble form to form a loose complex such as Pd(PPh3)4. These complexes
were more soluble than Pd and facilitated desorption of Pd from the catalyst. This may account for
the high yield observed in the presence of PPh3. At the end of the reaction, the Pd readsorbed on the
CNT phase.

 
Figure 5. The role of CNT-Pd in the in the Heck reaction.

Table 2 presents isolated yields of all the reactions after the completion of the reaction and
recrystallization. The results of reaction at 150 ◦C are presented in Table 2 and Figure 6. In general,
shorter reaction times and greater yields were obtained with p-MWCNT-Pd and np-MWCNT-Pd
compared to Pd/C, demonstrating the superiority of these nanohybrids in the reaction. The time
to completion for the reaction for both p-MWCNT-Pd and np-MWCNT-Pd were 60 min in DMF
compared to 90 min for Pd/C. Similar results are also seen in Figure 6, where yield enhancement of
CNT-NM hybrids with respect to Pd/C is also presented.
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Table 2. Table 2. Isolated yields of all the reactions at completion. Analysis was done
after recrystallization.

S.No. Catalyst
Reaction Completion

Time (min)
% Yield

Yield
Enhancement

Dimethylformamide (DMF) as solvent

1 Pd/C 90 55.70 -
2 np-MWCNT-Pd 60 58.70 5%
3 p-MWCNT-Pd 60 99.78 79%
4 PdCl2 120 45.67 -

Toluene as solvent

5 Pd/C 105 10.90 -
6 p-MWCNT-Pd 90 14.39 32%
7 np-MWCNT-Pd 90 17.44 60%

Microwave (solvent free)

8 p-MWCNT-Pd 17 90.01 -
9 np-MWCNT-Pd 17 66.92 -

Figure 6. Yields of the CNT-metal nanohybrids and Pd/C catalyzed reactions (a) in DMF and (b) in
toluene from GC analysis (Tri-butyl amine as base, temp 150 ◦C); (c) yield enhancement with respect to
Pd/C in DMF; (d) enhancement with respect to Pd/C in toluene.

It is estimated that the ODA group will cause steric hindrance of the reactants. To test this
hypothesis, the reactions were carried out under microwave conditions in absence of solvent. The
reaction was complete in 17 min. During microwave heating, the CNT catalysts were seen to mix
uniformly in the reaction mixture. The isolated yields for the reactions are shown in Table 2. The yield
was much higher in the p-MWCNT-Pd than in np-MWCNT-Pd. The difference was attributed to steric
effects, where the ODA group provided steric hindrances leading to lower yield.

In DMF, the p-MWCNT-Pd showed higher catalytic activity than np-MWCNT-Pd which was better
than commercial Pd/C and PdCl2. The yield for p-MWCNT-Pd reached as high as 99.78% in DMF,

20



Appl. Sci. 2018, 8, 1511

whereas np-MWCNT-Pd, Pd/C, and PdCl2 showed yields of 58.7%, 55.7%, and 45.7%, respectively.
The catalytic activity of p-MWCNT-Pd with larger particle size was higher than np-MWCNT-Pd
with smaller particle size (Table 1). The p-MWCNT-Pd was more polar than np-MWCNT-Pd and its
interactions with DMF, which is a polar solvent, were better. Also, the long C18 chain from octadecyl
group in np-MWCNT-Pd may have provided some steric hindrance to the reactants. Thus, the polarity
and functionalized forms of support material are important in the matter of catalytic activity.

In the case of toluene as solvent, the results were the opposite. The np-MWCNT-Pd showed
significantly higher catalytic activity than p-MWCNT-Pd, which was better than Pd/C. Compared
to Pd/C, the enhancement for np-MWCNT-Pd and p-MWCNT-Pd were 60% and 32% respectively.
Therefore, the enhancement nearly doubled for the nonpolar np-MWCNT-Pd. In this case, the catalytic
activity of p-MWCNT-Pd with larger particle size was lower than np-MWCNT-Pd with smaller particle
size. The steric hindrance from the octadecyl group did not reduce yield. Therefore, the higher yield
of np-MWCNT-Pd was attributed to the higher interactions of the nonpolar np-MWCNT-Pd with
nonpolar toluene. Figure 6a,b show yield as a function of time in DMF and toluene, respectively.
As already mentioned, DMF was the better solvent with these catalysts, with yield reaching as high as
99.78% in 60 min. Yields were relatively lower and reaction times were longer in toluene, which was in
line with what has been reported before [34,35]. In the case of DMF, the reactions were completed in
60 min with the nanohybrids and it took 90 min with Pd/C. On the other hand, when toluene was the
solvent, the time taken for the same reactions were 90 min with the nanohybrids, and 105 min with
Pd/C. Yield enhancement of CNT-NM hybrids with respect to Pd/C for the Heck reaction at 60 min
reaction time in both DMF and toluene are shown in Figure 6c,d. In DMF, the enhancements were 79%
and 5% for p-MWCN-Pd and np-MWCN-Pd, respectively, while the corresponding enhancements in
toluene were 32% and 60% in toluene. It is evident that the polarities of the functionalized form of
catalysts and solvents is the important factor for catalytic activity. DMF is a better solvent than toluene
for Heck reaction due to the greater dispersibility of the catalyst in DMF and high boiling point. High
boiling point of the solvent enables the reaction to be carried out at a relatively higher temperature.
Also, for catalysts containing polar groups (–COOH in this case), a polar aprotic solvent like DMF is a
suitable solvent for Heck reaction.

The reason for higher yields in DMF compared to the toluene (Boiling Point (B.P); 110.6 ◦C) is
due to the better dispersibility of catalyst in addition to the higher boiling point of DMF (B.P; 153 ◦C).
Nevertheless, when toluene was used as the solvent, np-MWCNT-Pd showed significantly higher
catalytic activity than p-MWCNT-Pd, which was better than Pd/C. These were also attributed to
dispersibility of catalyst (refer to Figure 6). Hence, it is evident that disparities in the polarity play an
important role.

3.4. Active Metal Requirement and Reusability

Since DMF was the better solvent, the catalyst requirement for CNT-NM was calculated. Typical
Heck reaction with conventional palladium salts requires 1–2 mol % catalyst [34,35]. In the present
work with MWCNT-Pd hybrids, significantly lower quantities of Pd (order of 0.01 mol % Pd) resulted
in higher yield at shorter reaction times. Therefore, this study showed that nan palladium on
functionalized CNTs is more effective than conventional palladium salts. The turnover frequency
(TOF) of the two catalysts were calculated as follows:

TOF =
Product (mol)

Pd (mol) × Reaction time (h)
(1)

Under reflux conditions, the TOF of p-MWCNT-Pd and np-MWCNT-Pd in DMF were 9977 and
5863, respectively, and in toluene 1090 and 977, respectively, which shows that the polar p-MWCNT-Pd
in polar solvent has higher catalytic activity. Under microwave conditions, the TOF of p-MWCNT-Pd
and o-MWCNT-Pd were 9000 and 6681, respectively.
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An important issue has been the reusability of the catalyst. In the case of p-MWCNT-Pd and
np-MWCNT-Pd, leaching of Pd from MWCNT support to hot DMF was demonstrated by carrying out
a reaction under the aforementioned conditions and filtering the solid catalyst after 30 min while the
mixture was still hot (around 150 ◦C). The filtrate was allowed to reflux in the absence of solid catalyst
and yield from the reaction was determined. The yields were found to remain the same in the presence
of the p-MWCNT-Pd as well as np-MWCNT-Pd. This demonstrated that Pd desorbed from the CNT
support had remained suspended into the liquid phase in hot condition.

Irreversible leaching is a major consideration while dealing with solid catalysts due to depletion
in the metal content and subsequent loss in activity. In another set of experiments in DMF with
p-MWCNT-Pd and np-MWCNT-Pd, the recovered catalysts obtained by filtration after one hour
reaction and subsequent cooling to room temperature were reused for a three consecutive reactions.
The yield obtained with recovered catalysts in each step was within 2% of the previous step yield.
This showed that there was no significant decrease in the catalytic activity of the recovered catalyst.
This can be explained by “boomerang effect” [45–47] where catalyst which is dispersed into the bulk
solution under the hot condition from the solid support redeposits under cold conditions. In order
to study this, the reaction mixture (after 1-h reaction) was filtered in the hot condition to recover the
catalyst. Similarly, the reaction mixture (after 1 h) was filtered after cooling to room temperature. The
catalysts were analyzed for Pd content. The weight percent of Pd from the hot and cold conditions
in the p-MWCNT-Pd were 11.9 and 22.9, respectively, as determined by EDX. This supported the
existence of boomerang effect. In the future, poison testing will be conducted for these catalysts to
understand the nature of catalysis which assist in designing next generation catalysts.

4. Conclusions

p-MWCNT-Pd and np-MWCNT-Pd were synthesized using a microwave induced reaction and
they showed high catalytic activity compared to commercially available Pd/C. The CNT-Pd needed
a smaller amount of active catalyst but led to faster reactions and higher yields. The best reaction
conditions were found to be with DMF as solvent, TBA as base, and triphenylphosphine as ligand.
While p-MWCNT-Pd showed better performance in polar DMF, np-MWCNT-Pd was more effective in
toluene. Matching the polarity of CNT functionalization with that of the solvent is clearly an effective
way to maximize yield.
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Featured Application: The present study provides an ingenious and effective method to fabricate

a promising and flexible composites for electromagnetic interference shielding applications.

Abstract: Silicone rubber (SR)/polyolefin elastomer (POE) blends containing ionic liquids modified
with carbon blacks (CB-IL) and multi-walled carbon nanotubes (CNT-IL) were prepared by
melt-blending and hot pressing. SR/POE/CB-IL and SR/POE/CB-CNT-IL composites showed
co-continuous structural morphologies. The cation–π interactions between ILs and CNTs were
stronger than those between ILs and CBs due to the large length and high surface area of CNTs, which
promoted better dispersion of carbon fillers. SR/POE/CB-CNT-IL composites showed higher EMI
SE than SR/POE/CB-IL composites containing identical filler contents because the CNTs with larger
aspect ratios helped form more electrically-conductive networks.

Keywords: polymeric composites; silicone rubber; Ionic liquid; carbon materials; structural;
EMI shielding

1. Introduction

In the rapidly-growing information age, silicone rubber has seen extensive application in the
electronic and electrical equipment industries due to its excellent chemical resistance, non-toxic
nature, heat-resistance, freeze-resistance, and good flexibility [1]. However, silicone rubber is
electrically-insulating and transparent to electromagnetic radiation. As electronic information
technology has developed and the use of electronic devices has become more widespread,
electromagnetic interference (EMI), which interrupts the functionality of electronic devices and
severely affects human organs, has become a serious problem [2–4]. Therefore, conductive rubber
composites containing carbon materials, such as carbon blacks and multi-walled carbon nanotubes,
have excellent electrical conductivities and flexibility and have been widely used as EMI shielding
materials [5,6]. A typical approach is to add a single type of carbon material into a single kind of
polymeric matrix to increase the shielding ability of the carbon-based polymer composites [7–10].
Ionic liquids (ILs), which consist of a pair of soft cationic and anionic species, are used to improve the
dispersion of carbon fillers in the polymer matrix since ILs and carbon fillers exhibit strong cation–π
physical interactions [11–14].

In this study, carbon blacks (CBs) and carbon nanotubes (CNTs) were modified with
1-vinyl-3-ethylimidazolium bromide ILs that contained carbon double bonds. The synergistic
effect of ILs modified with CBs and CNTs on the morphology and the EMI shielding properties of
silicone rubber/polyolefin elastomer/carbon black-carbon nanotube-ionic liquid (SR/POE/CB-CNT-IL)
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composites were systematically investigated to reveal the mechanism of the enhanced EMI
shielding performance.

2. Experimental

Methyl vinyl silicone rubber (SR) with a vinyl content of 0.16 wt% was purchased from Wynca Co.,
Ltd., China. POE (grade 8150), with a melt flow index of 0.5 g/10 min at 190 ◦C/2.16 kg, was purchased
from Dow Chemical Co., Ltd., USA. Conductive carbon blacks (CBs) with a BET surface area of 83 m2/g
were purchased from Evonik Degussa Co., Ltd., Germany. Multi-walled carbon nanotubes (CNTs,
10–20 nm in internal diameter and 10–30 μm in length) were supplied by Nanjing Xianfeng Nano
Material Technology Co., Ltd., China. The 1-vinyl-3-ethylimidazolium bromide ILs were supplied
by Lanzhou Greenchem ILs Co., Ltd., China. 2,5-dimethyl-2,5-di(tert-butylper-oxy)-hexane (DBPH)
as curing agent was purchased from AkzoNobel Peroxide Co., China. EVA (ethylene-vinylacetate
copolymer, grade 265, 28 wt% VA content) was purchased from Dupont Co., USA, and was used as a
non-reactive compatibilizer to enhance the interfacial adhesion between SR and POE.

The SR/POE/CB-CNT-IL composites were prepared as follows. First, CBs, CBs, and CNTs,
ILs-modified CBs (CB-IL), ILs-modified CBs and CNTs by (CB-CNT-IL) were ground in an agate mortar.
Then, the fillers were added to SR by a two-roll mill at 125 ◦C, and POE and DBPH were introduced
and mixed for 15 min. Finally, the composites were vulcanized under 10 MPa pressure for 10 min at
180 ◦C, and then post-cured in a drying oven at 190 ◦C for 3 h. The amounts of components prepared
for the composites are shown in Table 1.

Table 1. Composite compositions (weight ratio).

Sample SR POE CB MWCNTs ILs EVA DBPH

SR/POE 60 40 - - - 5 2
SR/POE/5CB-IL 60 40 5 - 1 5 2
SR/POE/10CB-IL 60 40 10 - 2 5 2
SR/POE/15CB-IL 60 40 15 - 3 5 2

SR/POE/20CB 60 40 20 - - 5 2
SR/POE/20CB-IL 60 40 20 - 4 5 2

SR/POE/15CB-CNT-IL 60 40 10 5 3 5 2
SR/POE/20CB-CNT 60 40 15 5 - 5 2

SR/POE/20CB-CNT-IL 60 40 15 5 4 5 2

The morphology of the composites was observed by scanning electron microscopy (SEM, JEOL,
JSM-6490LV, Japan) at an accelerating voltage of 20 kV and field-emission scanning electron microscopy
(FESEM, JSM-6700F) at an accelerating voltage of 5 kV. The electrical conductivity was determined
using a multi-function digital electric meter (Victor Tech, Victor 86-e). The EMI shielding effectiveness
(SE) data were obtained by using nanocomposite slabs (22.86×10.16×0.6mm3), which were fitted into a
waveguide sample holder with a vector network analyser (Agilent Technologies, N5247A, America)
at 8.0 to 12.0 GHz (X band). EMI shielding properties of the samples were evaluated from the S
parameters, which could be calculated calculate SET (total shielding effectiveness), SER (reflection loss)
and SEA (absorption loss) [15].

3. Results and Discussion

Figure 1 shows the SEM images of the fractured surfaces of SR/POE/CB-IL and SR/POE/CB-CNT-IL
composites. The samples were first fractured in liquid nitrogen, and then the fractured surfaces were
immersed into n-hexane at 90 ◦C for 12 h to remove the POE phase. All samples display typical
co-continuous structures, and the collapsed surface morphology is attributed to the dissolution of
the POE phase. Carbon fillers modified by ILs were premixed with SR and then mixed with POE.
Most fillers were initially dispersed in the SR matrix because the localization of fillers is controlled by
flow properties and dynamic factors. When CNTs were added, the viscosity of the SR phase increased
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significantly, and the volume fraction of the SR phase decreased significantly due to the large length
and high surface area of CNTs. This caused the SR/POE/CB-CNT-IL composites to form regular and
orderly co-continuous phase structures [16].

 
Figure 1. Scanning electron microscopy (SEM) images of the fracture surfaces of the silicone
rubber/polyolefin elastomer/carbon black -ionic liquid (SR/POE/CB-IL) and silicone rubber/polyolefin
elastomer/carbon black-carbon nanotube-ionic liquid (SR/POE/CB-CNT-IL) composites.

Figure 2 shows the FESEM images of the fracture surfaces of the SR/POE/CB-IL, SR/POE/CB,
SR/POE/CB-CNT-IL and SR/POE/CB-CNT composites. When the ILs were added, the dispersion of
carbon filler was improved significantly because the cation–π interactions between ILs and carbon
fillers promoted the further dispersion of fillers and reduced agglomeration. In addition, when the
CNTs were added, the cation–π interactions between ILs and CNTs were stronger than those between
ILs and CBs due to the large length and high surface area of CNTs [17].

 
Figure 2. Field-emission scanning electron microscopy (FESEM) images of the fracture surfaces of the
SR/POE/CB-IL, SR/POE/CB, SR/POE/CB-CNT-IL, and SR/POE/CB-CNT composites.
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As the CB-IL content increased, the electrical conductivity of the SR/POE/15CB-IL and
SR/POE/20CB-IL composites was 3.6× 10−1 and 8.9× 10−1 S/m, respectively. For the SR/POE/CB-CNT-IL
composites, as the CB-CNT-IL content increased, the conductivity of the SR/POE/15CB-CNT-IL and
SR/POE/20CB-CNT-IL composites was 6.7 × 10−1 and 3.5 S/m, respectively. CB-CNT-IL can regulate
and control the aggregation, dispersion and uniformity of carbon fillers to form three-dimensional
conductive networks. This improves the electrical conductivity, and the EMI SE values increased as the
amount of fillers in the composites increased. Figure 3a shows the EMI shielding effectiveness (SE) of
the composites in the frequency range of 8.0 to 12.0 GHz. SR/POE/CB-CNT-IL composites have higher
EMI SE values than the SR/POE/CB-IL composites at identical filler loadings [18]. The CNTs with
larger aspect ratios helped form a more conductive network and improved the EMI performance of the
SR/POE/CB-CNT-IL composites. Specifically, the shielding effectiveness of the SR/POE/20CB-IL and
SR/POE/20CB-CNT-IL composites was 29.4 dB and 36.5 dB, over the frequency range of 8.0 to 12.0 GHz,
respectively. This gives the SR/POE/20CB-CNT-IL composite a novel potential electromagnetic
interference that shields materials by eliminating electromagnetic pollution over a wide frequency
range. To correlate the EMI shielding properties with the composite structures, both the average
SET, SEA, and SER values of SR/POE/CB-IL and SR/POE/CB-CNT-IL composites at 9.0 GHz were
plotted with filler content as shown in Figure 3b. The SEA and SER showed an increase as the
filler content increased due to the synergistic effect between ILs and carbon fillers, which enhanced
the electrical conductivity. Furthermore, the contribution of absorption to SET is greater than that
of the reflection because network conductivity supports abundant interfaces which form multiple
reflections and attenuate the incident EM waves [19]. The filler content in the SR/POE/CB-CNT-IL
composites should be well above their percolation thresholds. Herein, the excellent EMI SE of the
SR/POE/CB-CNT-IL composites is attributed to the presence of highly conductive networks, which
effectively reflect, multi-scatter and adsorb the incident radiations. Figure 4a presents the SET, SEA, and
SER of SR/POE/CB, SR/POE/CB-CNT, SR/POE/CB-IL and SR/POE/CB-CNT-IL composites at 9.0 GHz.
The EMI shielding performance of SR/POE/CB and SR/POE/CB-CNT composites obviously decreased
compared with that of SR/POE/CB-IL and SR/POE/CB-CNT-IL composites. The results reveal that
ILs promote the dispersion of carbon fillers due to the cation–π interactions between ILs and carbon
fillers. Compared to SR/POE/CB-IL composites, the SR/POE/CB-CNT-IL composites with co-continuous
structures have enhanced carrier mobility due to the presence of denser conductive networks and more
interfacial structures formed by the uniformly-dispersed CB-CNT-IL. The schematic illustration of EMI
shielding mechanisms for the SR/POE/CB-CNT-IL composites is shown in Figure 4b. The excellent
EMI SE in this work can be attributed to the highly assembled carbon nano-fillers conductive networks
that effectively reflect, multiple scatter and adsorb the incident radiation [20].

Figure 3. (a) Electromagnetic interference shielding effectiveness (EMI SE) of the SR/POE/CB-IL and
SR/POE/CB-CNT-IL composites in the frequency range of 8.0 to 12.0 GHz, and (b) comparison of SET,
SEA, and SER of the SR/POE/CB-IL and SR/POE/CB-CNT-IL composites at 9.0 GHz.
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Figure 4. (a) Comparison of SET, SEA, and SER of the SR/POE/CB, SR/POE/CB-IL, SR/POE/CB-CNT-IL,
and SR/POE/CB-CNT composites at 9.0 GHz, and (b) Schematic illustration of EMI shielding mechanisms
for the SR/POE/CB-CNT-IL composites.

4. Conclusions

In summary, this study has investigated the morphology and EMI shielding properties of
SR/POE/CB-CNT-IL composites, which were fabricated by a conventional two-roll mill mixing process.
The cation–π interactions between ILs and CNTs were stronger than those between ILs and CBs due
to the large length and surface areas of CNTs which promoted further dispersion of carbon fillers.
The conductive networks play an important role in reflecting, scattering multiplication and absorption of
the incident radiation. The SR/POE/CB-CNT-IL composites exhibited excellent EMI shielding properties
due to the synergistic effect of ILs-modified CBs and CNTs. The EMI SE of the SR/POE/20CB-CNT-IL
composite could reach 36.5 dB at 9.0 GHz. This gives the SR/POE/20CB-CNT-IL composite a novel
potential electromagnetic interference that shields materials by eliminating electromagnetic pollution
over a wide frequency range.
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Featured Application: Potential application of the present research is in the field of radar

invisible materials.

Abstract: The response of materials to impinging electromagnetic waves is mainly determined by
their dielectric (complex permittivity) and magnetic (complex permeability). In particular, radar
absorbing materials are characterized by high complex permittivity (and eventually large values of
magnetic permeability), Indeed, energy dissipation by dielectric relaxation and carrier conduction
are principally responsible for diminishing microwave radiation reflection and transmission in
non-magnetic materials. Therefore, the scientific and technological community has been investigating
lightweight composites with high dielectric permittivity in order to improve the microwave
absorption (i.e., radar cross-section reduction) in structural materials for the aerospace industry.
Multiwalled carbon nanotubes films and their composites with different kind of polymeric resins are
regarded as promising materials for radar absorbing applications because of their high permittivity.
Nanocomposites based on commercial multi-wall carbon nano-tube (MWCNT) fillers dispersed in
an epoxy resin matrix were fabricated. The morphology of the filler was analyzed by Field emission
scanning electron microscopy (FESEM) and Raman spectroscopy, while the complex permittivity
and the radiation reflection coefficient of the composites was measured in the radio frequency range.
The reflection coefficient of a single-layer structure backed by a metallic plate was simulated based
on the measured permittivity. Simulation achievements were compared to the measured reflection
coefficient. Besides, the influence of morphological MWCNT parameters (i.e., aspect ratio and specific
surface area) on the reflection coefficient was evaluated. Results verify that relatively low weight
percent of MWCNTs are suitable for microwave absorption applications when incorporated into
polymer matrixes (i.e., epoxy resin).

Keywords: carbon nanotubes; composites; radar absorbing materials; complex permittivity

1. Introduction

An increased interest in carbon-based materials (graphene, single, and multiwalled carbon
nanotubes) as reinforcements for polymers in order to improve specific material properties (from
mechanical to electrical) has been emerging in the last few years [1–5]. Different kinds of composites
based on a polymer matrix are present on the market. Specifically, composites based on the epoxy resin
are used as high-performance materials because of their excellent mechanical properties, chemical
resistance, thermal stability, and low production cost. Some examples of their applications are
glues, adhesives, protective surface coatings, and electrical insulators [6–8]. Possible applications of
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these composites are also in microwave absorbers and EMI (electromagnetic interference) shielding
applications [9–16]. Specifically, the tailoring of composites’ complex dielectric permittivity is crucial
for these two last applications. Indeed, high values of dielectric losses (ε”r) stemming from both
dielectric relaxation and conductivity ultimately lead to radiation absorption.

Thus, the maximization of dielectric losses is achieved by embedding particular fillers such as
carbon nanotubes, graphene, or metallic nanoparticles into a polymer matrix.

In this paper, multi-wall carbon-nanotube (MWCNT) were dispersed in an epoxy resin polymer
matrix in order to prepare a composite.. First, the morphology of the filler was investigated through
field emission scanning electron microscopy (FESEM) and Raman spectra. The complex permittivity of
pristine polymer matrix and composites with a given (4 wt%) was measured by means of a commercial
dielectric probe. Experimental permittivity data were then used to compute the reflection coefficient of
one-layer of a given thickness, backed by a metallic plate. Calculations were compared to the measured
reflection coefficient of the composite. In addition, the effect of impurities, specific surface area and
aspect ratio of the filler was also investigated. Experimental results confirmed the feasibility of epoxy
resin-MWCNT (high aspect ratio) composites as microwave absorbers.

2. Materials and Methods

2.1. Materials Characteristics

MWCNTs (Nanothinx, Rio Patras, Greece) were selected for this work. Their characteristics,
as declared by the manufacturer, are shown in Table 1.

Table 1. MWCNT characteristics as declared by the manufacturer.

Production method CVD

Available form Black powder

Diameter 6–15 nm

Length ≥10 μm

Number of layers 7–13

Carbon purity 93%

Metal particles (Al, Fe) 8 wt.%

Amorphous carbon < 0.1%

MWCNTs were characterized by field emission scanning electron microscopy (FESEM, Zeiss Supra 40,
(Oberkochen, Baden-Württemberg, Germany), energy-dispersive x-ray spectroscopy (EDX, Oxford Inca
Energy 450, Oxford Instruments Abingdon-on-Thames, UK) and Raman spectroscopy (Renishaw Raman
scope, 514.5 nm laser excitation, Wotton-under-Edge, United Kingdom). FESEM analysis was also used to
investigate the MWCNTs dispersion in the polymer matrix (Epilox®, Leuna, Germany).

2.2. Sample Preparation and Characterization

Composite samples were prepared from a commercial bi-component thermosetting epoxy resin
that acted as dispersing medium for carbon nanotubes. A commercial thermosetting resin (Epilox),
produced by Leuna-Harze was used as a polymer matrix. It is a bi-component system formed by a resin
and a hardener. Resin (T-19-36/700) is a commercial modified, colorless, low viscosity (650–750 mPa·s
at 25 ◦C) epoxy resin with reduced crystallization tendency and a density of 1.14 g/cm−3. The chemical
composition of Epilox resin T19-36/700 is mainly Bisphenol A (30–60 wt.%), with the addition of
crystalline silica (quartz) (1–10 wt.%), Glycidyl ether (1–10 wt.%), inner fillers (160 wt.%). Hardener
(H10-31) is a liquid, colorless, low viscosity (400–600 mPa·s at 25 ◦C) modified cycloaliphatic polyamine
epoxy adduct having density 1 g/cm-3. A single 4 wt% carbon nanotubes loading was employed. 4 wt%
choice was predicated on previous studies [17] concerning the dielectric properties of MWCNT/epoxy
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resin composites for different MWCNT amounts. Such an investigation had revealed that 4 wt%
is a good trade-off between dispersion and dielectric behavior suitable for shielding applications.
The sample preparation procedure is reported in [17,18]. Briefly, epoxy resin and MWCNTs were
mixed by using Ultraturrax for 5 minutes. Hardener was added at the manufacturer-suggested ratio
(1:2). Composite solution was poured into a silicon mold and degassed under vacuum in order to
remove air bubbles during the polymerization process. Complete polymerization in air took 24 h.

The complex permittivity was measured by a commercial probe (Agilent 85070D) and a network
analyzer (E8361A, Keysight Agilent, Santa Rosa, CA, U.S.). A standard calibration short/air/water
was performed before each measurement. Several measurements were done on each sample and the
average values reported.

2.3. Complex Permittivity Modeling

The complex permittivity of the prepared samples was modeled through a Maxwell-Garnett (MG)
formulation [19]. Such a model can be applied to samples containing a filler volume fraction below the
percolation threshold. The MG model was derived from a quasi-static approximation regarding the
polarization of the whole sample.

According to the MG model, the effective relative permittivity of a multiphase mixture (isotropic,
linear, and with inclusions small compared to the wavelength) can be calculated through the
following equation [19,20]:

εeff = εb +

1
3

n
∑

i=1
fi(εi − εb)

3
∑

k=1

εb
εb+Nik(εi−εb)

1 − 1
3

n
∑

i=1
fi(εi − εb)

3
∑

k=1

Nik
εb+Nik(εi−εb)

(1)

where εb is the relative permittivity of the polymer matrix (base dielectric), εi is the relative permittivity
of the inclusions of type i, fi is the fraction volume occupied by the inclusions of type i, Nik is the
depolarization factor of the inclusions of type i, k is each of the Cartesian coordinates (x, y, z), and n is
the number of inclusion types.

The depolarization factors of canonical and oblate spheroids can be theoretically calculated.
For instance, in the case of a needle. Like MWCNTs, the depolarization factors read [20]:

Ni1 = 0, Ni2 = Ni3 =
1
2

(2)

The electrical permittivity of the inclusions can be estimated from a theoretical model [19] by
assuming that the conductive losses predominate over the dielectric relaxation:

εi(jω) = εi′ − jεi” = εi′ − j
σi

ωε0
≈ −j

σi
ωε0

(3)

where σi is the bulk conductivity of the i-th filler.

2.4. One-Layer Absorber Analysis and Reflection Coefficient Measurement Setup

An electromagnetic wave incident on a slab formed by a layer of composite, backed by a metallic plane
(perfect electric conductor) as shown in Figure 1 (top) was considered. When the reflected wave has a half
wave phase difference with respect to the incident field, there is destructive interference and the total field
vanishes. The geometry of Figure 1 can be modeled considering a plane wave and a transmission line model
(see Figure 1 bottom) to simulate the reflection coefficient, S11 [21]. Zair and Zcomposite are the characteristic
impedance of the equivalent lines of air and composites as defined in [12].

The reflection coefficient of small-sized backed by a metallic plane was measured in an anechoic
chamber by means of a network analyzer (Rohde Schwarz, Munich, Germany) and two wide-band
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horn antennas. The specimen was positioned on a polystyrene cone pedestal. The distance between
the pedestal and the two horn antennas was around 5 m. The floor around the pedestal was covered
with standard pyramidal absorbers (see Figure 2). Time gating was performed in order to eliminate
multiple reflections.

Figure 1. One-layer backed by a metallic plate (top) and transmission line model (bottom).

Figure 2. Reflection coefficient measurement setup.

3. Results

3.1. Filler Morphology Characterization

The FESEM images of MWCNTs are reported in Figure 3. In the inset, a high magnification
(500 kX) picture shows that the diameters of MWCNTs are in the range 6–15 nm as stated by the
manufacturer. Therefore, the high aspect ratio of the tubes tends to entangle them.

Figure 3. FESEM images of MWCNTs at different magnitudes: (a) 70 kX, (b) 130 kX, (c) 250 kX, (d) 500 kX.

EDX analysis results are reported in Figure 4. The composition of the MWCNTs is mainly carbon
(C, 95.55 wt.%) with the presence of iron catalyst used for MWCNT growth (Fe, 3.52 wt.%). Traces of
contaminants such as aluminum (Al, 0.83 wt.%) and sulfur (S, 0.10 wt.%) are also present.
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Figure 4. EDX spectra of MWCNTs.

Raman spectra and the associated relative curve fit are displayed in Figure 5. Usually, the Raman
spectrum of the MWCNTs is divided into two main features. The first one, located in the 1000–1700 cm−1

range, is related to the G and D bands of carbon. In fact, they are the peaks used to estimate defects (D) and
graphitization grade (G). The second range (1700–3500 cm−1) is the second order of the Raman spectrum.
D vibration overtone, G’ or 2D band and the second order of D + G and 2G peaks, all belong to this
wavenumber range. The calculated ratio (ID/IG = 0,95) shows a discrete organization of carbon structure
with an intense D peak. The presence of 2D peak verifies the presence of defects [22].

Figure 5. Raman spectra and its fit.

3.2. Composite Characterization

Composite samples were crio-fractured and analyzed at FESEM in order to evaluate the dispersion
grade of the MWCNTs. Some significant images are reported in Figure 6. MWCNTs were not
well dispersed into the polymer matrix due to the lack of any surface functionalization. Indeed,
some agglomerates are still present like in the original material. Unfortunately, some agglomeration
“comes with the territory” regardless of the dispersion method. Agglomerates reduce the electrical
conductivity by decreasing the interconnection of conductive structures throughout the polymer
matrix. Furthermore, agglomeration affects the dielectric properties of the material by lowering the
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amount of the filler surface area exposed to the binder. Consequently, the interfacial polarization
decreases and both the real and imaginary parts of complex permittivity drop.

Figure 6. FESEM crio-fractured surface of the composite with different magnification (a) 1.0 kX,
(b) 10.0 kX μm, (c) 200 kX

In Figure 7, the real part of the permittivity and the conductivity of the MWCNTs samples are
shown together with the bare resin (Epilox). The measurements are compared to the Maxwell-Garnett
model [19] as detailed in [23].

Figure 7. Real part of permittivity (top) and conductivity (bottom) versus frequency for 4wt%
MWCNT-loaded epoxy resin: experimental measurements (dashed line) and simulations (stars); Pure
epoxy (Epilox) resin (dash-dotted line).

As expected, both dielectric constant and the conductivity of the MWCNT-loaded resin are higher
than the corresponding parameters of the bare Epilox. In fact, the introduction of carbon nanotubes
into the polymer matrix results in the creation of an interfacial polarization component (ε’r increase)
and in the formation of a percolative conductive network across the composite (σ increase).

3.3. Analysis of One-Layer Absorber

Simulated results obtained considering a one-layer of thickness d = 2 mm and normal incidence
are shown in Figure 8 (solid line) along with the measured data (dashed line) and the bare Epilox
(dotted line). Practically no absorption occurs in the case of the resin alone. Obviously, the bare resin
cannot benefit from any dielectric loss associated with either interfacial polarization or free-carrier
conduction. On the other hand, the increase of the relative permittivity values upon the introduction
of the MWCNTs into the polymer matrix produces a minimum in the reflection coefficient because of
the increase in the interfacial polarization [24]. For a 4 wt.%, MWCNT concentration, a peak of −17 dB
at 6 GHz is observed.
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Figure 8. Microwaves reflection coefficient measurements: bare Epilox (dotted line) and 4 wt%
MWCNT-loaded resin (dashed line). A comparison between the simulated (solid line) and the measured
(black) reflection coefficient for the sample containing the carbon nanotubes is shown.

4. Discussion

As previously stated, microwave absorbing materials (i.e., materials that limit the reflection and
transmission) require high dielectric losses (imaginary part of the complex permittivity) in order to
convert the energy of the impinging radiation into heat and dissipate it. Needless to say, nanostructured
materials such as CNTs have the capability to maximize both terms of the dielectric loss: relaxation
and conductivity. A few deductions can be inferred from Figure 7 and 8. First, the high aspect ratio
of the tubes (≈ 1400) in conjunction with their high specific surface area (≈ 300 m2/g) brings about
both a large interfacial polarization relaxing in the microwaves region and a good connectivity of the
conductive structure across the composite [25]. Second, the presence of defects, as emerged from the
Raman analysis, may lead to a further increase of the interfacial polarization. Hence, the relaxation of
the interfacial polarization can account for the minimum in the reflection coefficient of the composite.
Furthermore, a high aspect ratio and a high specific surface area can also cause multiple reflections
(scattering), actually entrapping the radiation inside the material. Finally, both the high MWCNT
aspect ratio and the relatively high (8 wt.%) content of metallic impurities enhance the composite
conductivity and therefore the material losses.

In order to verify such hypotheses, a comparison of the results with a higher load (7 wt%) of
structurally different MWCNTs was carried out. Figure 9 displays the real part of the complex permittivity
and the conductivity for an Epilox resin loaded with 7 wt% of MWCNTs possessing the following
characteristics: diameter (D) 22–45 nm, length (L) >10 μm, aspect ratio (AR = L/D) ≈ 300, catalyst
residue 1.5 wt%, specific surface area (SSA) 200–250 m2/g. For the sake of simplicity, this sample will
be referred to as AR300 while the one employing 4 wt% of high aspect ratio (AR ≈ 1400) MWCNTs will
be indicated as AR1400. Although the concentration of MWCNTs in the AR300 composite was almost
doubled (i.e., compared to the AR1400), the both the dielectric constant and the conductivity dropped
(for instance ε’r (AR1400) = 12.1 and σ(AR1400) = 0.075 S/m; ε’r (AR300) = 7.4 and σ (AR300) = 0.025 S/m
at 1 GHz).
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Figure 9. Dielectric constant and conductivity of a composite (i.e., Epilox matrix) containing 7 wt% of
“low aspect ratio” (AR ≈ 300), high purity (98.5 wt%) MWCNTs.

Thus, the morphological properties of the carbon nanotubes proved to be crucial in determining
the dielectric characteristic of the composite. In fact, the lower SSA and aspect ratio of the AR300 sample
inevitably causes a reduction of the interfacial polarization. Consequently, the real component of the
complex permittivity decreases. Apparently, also the conductivity seems to be affected by the smaller
aspect ratio of the 7 wt% composite. However, the tube length is similar for both kinds of MWCNTs,
and other parameters also need to be taken into account. For instance, the two samples differ in
the wt% of the metal catalyst residue. Hence, the higher amount of metal particles in the AR1400
composite may also partially account for its higher conductivity. Such morphological (i.e., aspect ratio
and specific surface area) and compositional (catalyst residue) features also reflect into the microwave
absorption properties of the two materials. Figure 10 illustrates the reflection coefficient spectrum
(for the AR300 composite. Despite the high concentration of carbon nanotubes compared to the
AR1400 sample, the lower conductivity and dielectric constant resulted in similar amplitudes of the
reflection coefficient.

Figure 10. Reflection coefficient for the AR300 composite.

Thus, by optimizing the aspect ratio, specific surface area, and purity of the MWCNTs in order
to achieve large interfacial polarizability and conductivity, it is possible to increase the microwave
absorption of MWCNTs and design enhanced materials for EMI shielding.
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5. Conclusions

Microwave absorbing nanocomposites based on the MWCNTs (4 wt%)/epoxy resin systems
were prepared and characterized. The filler wt% was predicated on previous investigations exploring
the relationship between MWCNT concentration, dispersibility, and complex permittivity. Indeed,
4 wt% represents a compromise between filler’s uniform dispersion in the polymer matrix and
high real and imaginary permittivity components. In fact, the formation of a conductive network
throughout the composite volume allows for energy dissipation by both interfacial polarization and
electron transport. Therefore, a 2 mm thick monolayer absorbing material was devised and tested for
microwave reflection coefficient. The large interfacial polarization stemming from the MCWCNTs
high aspect ratio (≈ 1400), and specific surface area (300 m2/g) resulted in a minimum in composite
reflection coefficient at 6 GHz. Such an achievement is in good agreement with simulations. Moreover,
dielectric and reflection coefficient measurements performed on epoxy resin composites comprised of
morphologically-different MWCNTs demonstrated the aspect ratio, specific surface area, and purity
represent dominant factors in determining the microwave absorption properties of the material (rather
than the filler concentration).
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Abstract: Increasing demands of multi-functional lubricant materials with well distributed
nanoparticles has been generated in the field of oil lubrication. In this study, one-dimensional
(1-D) acidified multi-walled carbon nanotubes (CNTs) and two-dimensional (2-D) graphene oxide
(GO) sheets were dispersed together under an ultra-sonication condition to form CNTs/GO hybrids
and the corresponding CNTs/GO hybrids decorated with uniform zero-dimensional (0-D) cerium
oxide (CeO2) nanoparticles were prepared via a facile hydrothermal method. The tribological
performance of CeO2/CNTs/GO ternary nanocomposite was systematically investigated using
a MS-T3000 ball-on-disk tester. The results demonstrated that CeO2/GO/CNTs nanocomposites
can effectively reduce the friction of sliding pairs in paraffin oil. Moreover, the oil with 1 wt% of
CeO2/GO/CNTs exhibited the best lubrication properties with the lowest friction coefficient and
wear scar diameters (WSD) compared with adding only GO nanosheet, CeO2, and CeO2/CNTs
hybrid nanocomposite as lubricant additives. It is concluded that due to the synergistic effect of
0D CeO2, 1D CNTs, and 2D GO during sliding process, a dimensionally mixed CeO2/GO/CNTs
nanocomposite exhibits excellent lubricating properties, providing innovative and effective additives
for application in the field of lubrication.

Keywords: multi-walled carbon nanotubes; graphene oxide; cerium oxide; lubricating oil additives

1. Introduction

In the continuous development and research of tribology and nanomaterials, except for the
improvement of traditional lubricant additives, many researchers focus on introducing nanomaterials
into tribology for exploration [1–7]. Nanomaterials exhibit better anti-friction and wear resistance
performance under more severe conditions, which makes them well-studied and applied in terms
of friction [8,9]. Nanomaterials generally have a large specific surface area and surface tension,
with the size between 1 and 100 nm. After the surface is modified, it can be uniformly and stably
dispersed in some organic solvents [10–13]. The uniform dispersion of nanomaterials in the base oil
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can effectively improve its friction and wear resistance and possess excellent properties that other
traditional lubricating oils do not have.

Cerium (Ce), a zero-dimensional (0D) nanoparticle, is a kind of rare earth element. Compared
with metal nanoparticles, Ce is difficult to oxidize and exhibits excellent tribological properties in
marine, aerospace, and other environments. Ce and its compounds as filler can effectively improve the
tribological properties of the materials. Zhuo et al. [14] used CeO2 and Cu nanoparticles as lubricating
oil additives, and modified CeO2 and Cu nanoparticles using a suitable surfactant mixture to achieve
good dispersion and stability in the lubricating oil.

The special size, unique one-dimensional (1-D) tubular hollow and topology structure of carbon
nanotubes make them attractive for various applications, including fabricating nanotubes reinforced
nanocomposites on mechanical properties and tribological properties [15–17]. However, the insufficient
dispersibility of carbon nanotubes deter their further research and development. The carbon
nanotubes are acidified to have a partial oxygen-containing group on the surface to change their
inertness. The modified carbon nanotubes are less likely to agglomerate and have increased solubility
in solvent. Additionally, the modified carbon nanotubes are more easily combined with other
materials during reaction. Gofman et al. [18] used carbon nanotubes containing a –COOH group as
filling materials for polyimide, which showed significantly improved mechanical and tribological
properties. Chen et al. [19] prepared carbon nanotubes using a mixture of sulfuric acid and nitric
acid. The experimental results showed that the dispersion of the modified carbon nanotubes in base
oil is improved, and the antifriction and wear resistance of the modified carbon nanotubes are also
enhanced effectively.

Graphene oxide (GO), a two-dimensional (2-D) lattice, has numerous oxygen-containing groups
and has superior thermal conductivity and mechanical properties. In addition, negative charge on the
surface of GO makes it more convenient to combine with other materials without additional processing.
As a new material, GO is widely used in various fields [20–22] such as tribology. Kim et al. [23] used
an electrokinetic spraying process to coat graphene oxide on silicon wafer in order to use the coating
as solid lubricant. Results showed that the coating has better surface protection ability and lower
friction coefficient.

In recent years, many studies have confirmed that nano-hybrid materials can fully take advantage
of various fillers and enhance the tribological properties of lubricating oil, polymers, and other
materials [24–26]. Xin et al. [27] prepared a self-lubricating graphene oxide/nano-MoS2 hybrid using a
three-step method and discussed the synergistic effect of self-lubricating and anti-wear properties of
the hybrid. Results show that the friction coefficient and wear rate of the base oil decreased by 25%
and 64%, respectively, after the addition of nanocomposites. Zhang et al. [28] indicated that compared
with pure liquid lubricant and liquid lubricant with MoS2, the friction coefficient of liquid lubricant
with CNTs/MoS2 hybrids is decreased by 15%, due to the synergistic effect. Moreover, Bai et al. [29]
studied a ceria/graphene composite as lubricating oil additive and considered the synergy between
CeO2 and graphene as an effective way to improve the tribological properties; however, the dispersion
stability of lubricating additive and antifriction performance need further improvement.

In this work, we successfully prepared CNTs by using mixed acid. Additionally, different
weight ratios of 0-D CeO2 nanoparticle, 1-D CNTs, and 2-D GO were compounded to obtain various
CeO2/GO/CNTs nanocomposites via a hydrothermal method. CNTs and GO can form a stable
structure through π-π bonding [30,31], and the surface is rich in oxygen-containing groups that
can combine well with CeO2. As far as we know, there are rare reports on the friction and wear
properties of CeO2/GO/CNTs hybrid as lubricating additive of base oil. Excellent structural properties
of CeO2/GO/CNTs nanocomposites can achieve synergistic effect among CeO2, CNTs, and GO,
which can provide some ideas for preparing high-performance oil lubricating additives.

43



Appl. Sci. 2019, 9, 170

2. Experimental

2.1. Materials

Cerium nitrate hexahydrate (Ce(NO3)3·6H2O), sodium hydroxide (NaOH), anhydrous ethanol
were all purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. Multi-walled
carbon nanotubes (20–30 nm outer diameters, 10–30 μm length) were purchased from Chengdu
organic chemistry Co., Ltd., Chengdu, China. GO was prepared using the sophisticated Hummers
method [32] with natural flake graphite powders as raw material. Nitric acid (HNO3) and sulfuric
acid (H2SO4) were purchased from East Instrument Chemical Glass Co. Ltd., Zhenjiang, China.

2.2. Preparation of CeO2/GO/CNTs Nanocomposites

Pure carbon nanotubes were treated with mixed acid of H2SO4 and HNO3 (3:1) at 80 ◦C for
2 h under stirring, then washed and dried. The as-prepared CNTs and GO (total mass of GO and
CNTs was 75 mg) were dispersed in a 37.5 mL mixed solution of ethanol and water using sonication
to form the GO/CNTs uniform dispersion. Simultaneously, Ce(NO3)3·6H2O was dispersed in a
37.5 mL mixed solution of ethanol and water, followed by pouring Ce(NO3)3·6H2O solution into the
GO/CNTs uniform dispersion with magnetic stirring for one hour. After that, the mixed solution was
transferred into a Teflon-lined autoclave with addition of a certain amount of NaOH while gently
stirring. The autoclave was thermal treated in an oven at 140 ◦C for 12 h. To obtain the CeO2/GO/CNTs
nanocomposites, the as-prepared products were washed by water and ethanol for five times, and
freeze-drying for 24 h. CeO2/CNTs nanocomposites was obtained following the above steps except
that 75 mg GO/CNTs was substituted with 75 mg CNTs.

When the mass ratio of GO and CNTs was 3:1, GO/CNTs and Ce(NO3)3·6H2O had different
mass ratios (1:1, 3:1, 4:1) according to the same process to obtain various nanocomposites
(CeO2/GO/CNTs-a, CeO2/GO/CNTs-b, CeO2/GO/CNTs-c, respectively). When mass ratio of
GO/CNTs and Ce(NO3)3·6H2O was 3:1, GO/CNTs had different mass ratios (4:1, 5:1) according to the
above steps to obtain various nanocomposites (CeO2/GO/CNTs-d, CeO2/GO/CNTs-e, respectively).

2.3. Characterization

The Raman measurements were performed on a Renishaw Microscope System RM2000 (Illinois,
USA) with a 20 mW Ar+ laser at 532 nm. The variation of elemental chemical state and surface chemical
components were tested using X-ray photoelectron spectroscopy (XPS, ESCALAB 250XI, Thermo Fisher
Scientific, Waltham, MA USA) with an Al Kα source. The morphologies and structures of different
CeO2/GO/CNTs nanocomposites were characterized using transmission electron microscopy (TEM,
JEM-2100, Philips, Netherlands).

2.4. Analysis of Tribological Performance

The tribological properties of the specimen were determined by the friction test on the MS-T3001
ball-on-disk machine (the rotation speed was 300 r/min, the load was 10 N, the radius of rotation
was 3 mm, and the duration was 30 min). The balls used in the experiment was made of GCr15
bearing steel with a hardness of 62 HRC and a diameter of 4 mm. The steel disk was made of 45
steel and polished to a bright surface with different specifications of sandpaper before the friction test.
The width of the wear scar is an important parameter for characterizing the friction performance and
measured using a Zeiss Observer Z1m metalloscope (Oberkochen Deutschland). The friction test was
repeated three times for each specimen.

3. Results and Discussion

The flow diagram of the preparation of CeO2/GO/CNTs nanocomposites is shown in Figure 1.
The CNTs and GO nanosheets can combine together by covalent bonds due to the existence of a
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plurality of oxygen-containing groups on the surface of both CNTs and GO. In addition, Ce3+ can
also be adsorbed on the surface of GO and CNTs by covalent bonding. Subsequently, NaOH solution
was added to the mixed solution to provide a large amount of free OH− which provided hydrolysis
conditions for Ce3+. The hydrothermal reaction is carried out to form Ce(OH)2+, Ce(OH)2

+ or Ce(OH)3

compound, which were converted into CeO2 via a hydrothermal reaction under high temperature and
pressure. Then, in the reaction vessel, these products are converted into more stable CeO2 with the
high temperature and pressure hydrothermal reaction progresses, and finally the CeO2/GO/CNTs
nanocomposite is obtained.

Figure 1. The formation processes of CeO2/GO/CNTs nanocomposites.

The morphologies of CeO2/CNTs and CeO2/GO/CNTs nanocomposites were characterized by
TEM as shown in Figure 2. In Figure 2a, numerous CeO2 nanoparticles were unevenly deposited
on CNTs which were intertwined with each other accompanied by agglomeration. Figure 2b–f
shows the microstructure of CeO2/GO/CNTs with different weight ratios of CeO2, GO, and CNTs.
From Figure 2b–f, it can be seen that GO exists as a carrier where CNTs combines and CeO2

nanoparticles deposits. Specifically, via TEM observation of CeO2/GO/CNTs-d nanocomposites
(Figure 2e), CNTs and CeO2 nanoparticles displayed excellent uniformity compared with other
nanocomposites. It can be speculated that CeO2/GO/CNTs-d nanocomposite is more suitable as
lubricant additives in terms of the micromorphology of nanocomposites.

Raman spectroscopy is an efficient approach to prove the electronic structure of CeO2/GO/CNTs
nanocomposites, especially for the changes of the C=C, C–C, and defects. Figure 3 shows the Raman
spectra of GO, CeO2/CNTs, and CeO2/GO/CNTs nanocomposites. From the Raman spectra of GO,
there are characteristic bands related to the D (≈1333 cm−1) and G (1583 cm−1) band in both GO and
CNTs [33,34]. Apart from the D and G bands, the distinct strong peak at 456.13 cm−1 corresponds to the
characteristic peak of CeO2 nanoparticles [35]. However, in the Raman spectra of the CeO2/GO/CNTs
nanocomposite, there were only one set of characteristic peaks, which appeared at 1333.54 cm−1 and
1583.53 cm−1 due to the coincidence of the D and G peaks of GO and CNTs. Ordinarily, the degree of
the defects of the composites is characterized by the ratio of the D peak and G peak (ID/IG) [36–38].
In comparison with the ID/IG of GO and CeO2/CNTs (0.94, 0.99), the ID/IG of CeO2/GO/CNTs-d
nanocomposite (1.05) increased. These results implied the changes in the structure of surface functional
groups of nanocomposites and the formation of the CeO2/GO/CNTs nanocomposite. Specific results
can also be observed in the XPS survey spectrum (Figure 4).

45



Appl. Sci. 2019, 9, 170

Figure 2. TEM images of (a) CeO2/CNTs nanocomposites; (b) CeO2/GO/CNTs-a nanocomposites; (c)
CeO2/GO/CNTs-b nanocomposites; (d) CeO2/GO/CNTs-c nanocomposites; (e) CeO2/GO/CNTs-d
nanocomposites; and (f) CeO2/GO/CNTs-e nanocomposites.

Figure 3. Raman spectra of GO, CeO2/CNTs and CeO2/GO/CNTs-d nanocomposites.

The elemental composition and chemical state of nanocomposites can be analyzed using XPS.
The C1s XPS spectrum of CeO2/CNTs nanocomposites shown in Figure 4a was deconvoluted into four
peaks located at 289.2 eV (O=C–O), 286.5 eV (C=O), 285.6 eV (C–OH) and 284.8 eV (C–C), which were
similar to the C1s XPS spectrum of CeO2/GO/CNTs nanocomposites in Figure 4b [39]. From Figure 4c,
the presence of the Ce–O bond can demonstrate the successful preparation of CeO2/GO/CNTs
nanocomposites via hydrothermal reaction. In Figure 4d, six Ce 3d peaks located at 917.4, 908.4, 901.5,
899.1, 886.3, and 882.9 eV, respectively, were assigned to 3d3/2 and 3d5/2 for Ce4+ final states. Moreover,
two weak peaks located at 902.25 and 889.7 eV should be assigned to 3d3/2 and 3d5/2 for Ce3+ final
states [33]. In combination with Figure 4b–d, it can be speculated that surfaces of both GO and CNTs
were rich in oxygen-containing groups so that CeO2 can be homogeneously compounded with them
using a hydrothermal method.
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Figure 4. XPS survey spectrum for (a) C1s of CeO2/CNTs nanocomposites; (b) C1s; (c) O1s; and (d)
Ce3d spectrum for CeO2/GO/CNTs-d nanocomposites.

The dispersion stability of lubricating additive is a significant factor that affects the tribological
performance of lubricating oil. Paraffin oil used as the lubricant base oil in this study has a similar
structure with petroleum and is more environmentally friendly than petroleum [40]. Figure 5 showed
that 1 wt% CeO2/GO/CNTs-d nanocomposites were dispersed in paraffin oil under ultrasonic
agitation and placed in a water bath at 30 ◦C for observation. With the passage of time, the dispersion
stability of nanocomposites in base oil was observed using a digital camera. We could clearly see
that CeO2/GO/CNTs-d nanocomposites possessed excellent dispersion and remained stable in the
base oil on the twelfth day. The long-term dispersion stability of the nanocomposites in the base oil
resulted from the uniform dispersion of CeO2 nanoparticles on the GO/CNTs hybrids and the π-π
bond interaction and rich oxygen-containing groups on the surface of nanocomposites, which could
prevent the agglomeration between nanocomposites [30,31,41].

Generally, the friction performances of various nanomaterials used as additives and paraffin
oil were characterized by the friction coefficient and wear scar diameters (WSD). Demonstrated in
Figure 6 are variation of friction coefficient, average friction coefficient, and WSD of paraffin oil,
1 wt% of GO nanosheets, CeO2 nanoparticles, CeO2/CNTs nanocomposites, and CeO2/GO/CNTs-d
nanocomposites. Figure 6a shows that the paraffin oils filled with additives have superior stability
compared with pure paraffin oil whose friction coefficient was increased with the passage of time.
Additionally, the friction coefficient of paraffin oils filled with additives was lower than that of
pure paraffin oil. It indicated that the addition of these additives can enhance the tribological
performance of pure paraffin oil. Evidently, paraffin oils filled with CeO2/GO/CNTs-d nanocomposites
manifested the lowest friction coefficient. These results are consistent with average friction coefficient
of abovementioned pure paraffin oil and paraffin oils filled with different additives shown in Figure 6b.
WSD is of great significance for demonstrating the friction performance of paraffin oils. The trend of
WSD of nanocomposites in Figure 6b is the same as the friction coefficient trend wherein the friction
coefficient and WSD of paraffin oil filled with CeO2/GO/CNTs-d nanocomposites decreased by 31.6%
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and 37% compared with pure paraffin oil, respectively. The friction coefficient and WSD of paraffin
oil filled with CeO2/CNTs nanocomposites did not follow the improvement trend. The aggregation
of CeO2 nanoparticles on CNTs was observed in Figure 2 and the CeO2/CNTs additives were
prone to precipitate because of its poor compatibility with the lubricant base oil, which led to
slightly influencing the improvement of tribological properties. Therefore, all these additives were
effective for enhancing the tribological property of paraffin oil. In particular, the paraffin oil filled
with CeO2/GO/CNTs-d nanocomposites displayed excellent tribological properties. This can be
explained by the fact that the two-dimensional lamellar structure of GO, the one-dimensional tubular
CNTs, and the zero-dimensional spherical CeO2 were uniformly compounded and achieved the
synergistic lubrication effect [42] that the improvement of tribological properties of CeO2/GO/CNTs-d
nanocomposites was far superior to the single-component nanomaterials.

Figure 5. Digital photos of dispersion stability of 1 wt% CeO2/GO/CNTs-d nanocomposites in paraffin
oil at 30 ◦C.

Figure 6. (a) Typical friction coefficient curves using the base oil and the oil with 1 wt% GO nanosheets,
CeO2 nanoparticles, CeO2/CNTs nanocomposites, and CeO2/GO/CNTs-d nanocomposites; and (b)
comparisons of average friction coefficient and average WSD of steel disks using these oils over the
entire duration of the test (load of 10 N, rotating speed of 300 rpm, test duration of 30 min).
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Considering the effect of different weight ratios of CeO2, GO, and CNTs in the nanocomposite on
the friction properties of paraffin oil, the tribological behaviors of CeO2/GO/CNTs nanocomposites
with a content of 1 wt% in paraffin oil were investigated as lubricant additives in pure paraffin oil.
In Figure 7a, the paraffin oil filled with CeO2/GO/CNTs nanocomposites using different weight
ratios of raw materials gave different tribological properties. Therein, the friction coefficients of
paraffin oil filled with the CeO2/GO/CNTs-a and CeO2/GO/CNTs-e nanocomposites presented
large fluctuations and tended to rise slowly. In contrast to the instability of friction coefficients of
paraffin oil filled with CeO2/GO/CNTs-a and CeO2/GO/CNTs-e nanocomposites, paraffin oil filled
with CeO2/GO/CNTs-(b–d) nanocomposites not only expressed the better stability but also had the
lower friction coefficients. From the curve of friction coefficient and WSD shown in Figure 7b, it
can be observed that CeO2/GO/CNTs-d nanocomposites had the lowest friction coefficient and the
narrowest WSD compared with other additives. The comprehensive analysis signified that GO/CNTs
hybrids decorated with uniform CeO2 nanoparticles were achieved at a proper mass ratio of GO/CNTs
and Ce(NO3)3·6H2O, which is an important point to reduce the wear rate of base oil. Therefore,
CeO2/GO/CNTs-d possessed the superior lubricating performance owing to the uniform distribution
of CeO2 nanoparticles on surface of hybrids and no obvious aggregation of among CeO2, CNTs, and
GO, which is consist with the TEM images shown in Figure 2.

Figure 7. (a) Typical friction coefficient curves using the base oil with different nanocomposites; and
(b) comparisons of average friction coefficient and average WSD of steel disks using these oils over the
entire duration of the test (load of 10 N, rotating speed of 300 rpm, test duration of 30 min).

In order to obtain the appropriate content of CeO2/GO/CNTs-d nanocomposites as a lubricant
additive that improves the friction resistance of paraffin oil, the tribological performance of paraffin
oil with different contents of CeO2/GO/CNTs-d nanocomposites were investigated, as shown in
Figure 8a,b. From the curve of friction coefficient with time in Figure 8a, it can be found that the
CeO2/GO/CNTs-d nanocomposites lubricant with a content of 0.5 wt% and 1 wt% were relatively
stable. In particular, in Figure 7b, CeO2/GO/CNTs-d nanocomposites with a content of 1 wt%
manifested the lowest friction coefficient and the smallest WSD compared with other concentrations
of additives. Initially, the friction coefficient and WSD declined with the increasing concentration of
CeO2/GO/CNTs-d. Base oil with low concentration (0.5 wt%) additives exhibited a higher friction
coefficient and WSD due to the incomplete dispersion of additives in oil. While the concentration of
CeO2/GO/CNTs-d exceeded 1 wt%, the friction coefficient rose with the increasing concentrations
of CeO2/GO/CNTs-d, and the value of WSD was much more than 1 wt% CeO2/GO/CNTs-d due
to agglomeration. Therefore, 1 wt% CeO2/GO/CNTs-d nanocomposites were the most suitable
concentration, which makes the corresponding paraffin oil possess excellent friction resistance.
The excellent lubricating performance was attributed to the perfect combination of the laminated GO
nanosheets and the ball-bearing CeO2 and CNTs [41–43].
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Figure 8. (a) Typical friction coefficient curves using the base oil with different contents of
CeO2/GO/CNTs-d nanocomposites; and (b) comparisons of average friction coefficient and average
WSD of steel disks using these oils over the entire duration of the test (load of 10 N, rotating speed of
300 rpm, test duration of 30 min).

4. Conclusions

In this paper, 0-D CeO2 nanoparticles, 1-D CNTs, and 2-D GO were used to formulate
CeO2/GO/CNTs nanocomposites using a hydrothermal reaction and the CeO2 nanoparticles were
uniformly distributed on GO and CNTs. The effect of CeO2/GO/CNTs nanocomposites as a
lubricating additive on the friction performance of paraffin oil were investigated. Compared with
CeO2/GO/CNTs-(a,b,c,e) nanocomposites containing the different weight ratios of CeO2, GO, and
CNTs, the paraffin oil with CeO2/GO/CNTs-d nanocomposites was declared as having the lower
friction coefficient and narrower WSD. Moreover, when the mass fraction was 1 wt%, as a lubricating
oil additive, CeO2/GO/CNTs-d manifested an excellent anti-friction performance. These results
demonstrated that CeO2/GO/CNTs nanocomposite additives possessed valuable properties for
improving the tribological properties of lubricating oils due to the synergistic effect among three
different size dimensions.
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Abstract: The aim of this research work is to investigate the innovative concept of
magnetohydrodynamic (MHD) three-dimensional rotational flow of nanoparticles (single-walled
carbon nanotubes and multi-walled carbon nanotubes). This flow occurs in the presence of
non-linear thermal radiation along with heat generation or absorption based on the Casson fluid
model over a stretching sheet. Three common types of liquids (water, engine oil, and kerosene
oil) are proposed as a base liquid for these carbon nanotubes (CNTs). The formulation of the
problem is based upon the basic equation of the Casson fluid model to describe the non-Newtonian
behavior. By implementing the suitable non-dimensional conditions, the model system of equations
is altered to provide an appropriate non-dimensional nature. The extremely productive Homotopy
Asymptotic Method (HAM) is developed to solve the model equations for velocity and temperature
distributions, and a graphical presentation is provided. The influences of conspicuous physical
variables on the velocity and temperature distributions are described and discussed using graphs.
Moreover, skin fraction coefficient and heat transfer rate (Nusselt number) are tabulated for several
values of relevant variables. For ease of comprehension, physical representations of embedded
parameters such as radiation parameter (Rd), magnetic parameter (M), rotation parameter (K),
Prandtl number (Pr), Biot number (λ), and heat generation or absorption parameter (Qh) are plotted
and deliberated graphically.

Keywords: Single-Walled Carbon Nanotube (SWCNT); Multi-Walled Carbon Nanotube (MWCNT);
MHD; Casson model; stretching sheet; non-linear thermal radiation; HAM

1. Introduction

Single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) are
similar in certain aspects, but they also have some striking differences. SWCNTs are an allotrope of
sp2 hybridized carbon, and are similar to fullerenes. Single-walled carbon nanotubes (SWCNTs) have
unique character due to their unusual structure. The structure of SWCNTs demonstrates significant
optical and electronic features, tremendous strength and flexibility, and high thermal and chemical
stability. As a result, SWCNTs are expected to dramatically impact several industries, particularly
with respect to electronic displays, health care, and composites. MCWNTs are also suitable for many
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applications due to their high conductivity. Applications include electrostatic discharge protection in
wafer processing and fabrication, plastic components for automobiles, plastics rendered conductive
to enable the electrostatic spray painting of automobile body parts. The carbon nanotube (CNT) is
composed of allotropes of carbon, and has a cylinder-shaped nanostructure. The molecules of carbon in
cylindrical form have remarkable physiognomies that are useful for applied sciences, optics, physical
sciences, fabric sciences, energy, health sciences, and manufacturing [1]. Terminology with respect
to carbon nanotubes (CNTs) was first presented by Iijima [2] in 1991, who explored multi-walled
carbon nanotubes (MWCNTs) using the Krastschmer and Huffman technique. Single-walled carbon
nanotubes (SWCNTs) were reported by Donald Bethune in 1993 [3]. It is acknowledged that nanofluids
will reduce the difficulties connected with materials with low thermal conductivities, like coal oil,
water, engine oil, gasoline etc. Nanofluids contain a homogeneous combination of nano-size materials,
with lengths ranging from 1 nm to 100 nm in a base liquid. Nanofluids have applications in automobile
engine freezing, heat interchangers, solar heating water, bio-medicine, cooling of micro-electronic chips,
and enhanced productivity of diesel engines. Expressions with respect to nanofluids were initially
presented by Choi [4] using the inconsistent thermal conductivity of liquid (water) by depositing copper
nanomaterial. Said et al. [5] reported that the SWCNT nano-liquids improve the thermal performance of
solar collectors in place of water, in a context where one of the most manageable and contamination-free
source of renewable energy is solar energy, and solar aerials. It can transform solar radiation into heat
energy. In the textile industry, much attention has been paid to coating CNTs because of their uses
in the sound industry, for example in megaphones and headsets. Xiao et al. [6] reported that very
thin CNT films radiate lurid sound, and therefore prepared thin film CNT megaphones. Halelfadel et
al. [7] examined the productivity of water-based nanofluid CNTs and deliberated the consequences of
stumpy volume fraction nanoparticles in a range from 0.0055% to 0.278% on the physical properties
(density, viscosity, thermal conductivity, and specific heat) of nanofluids. Aman et al. [8] investigated
the influence of magnetohydrodynamics on Poiseuille flow and heat analysis of CNTs with a Casson
fluid vertical channel. Further studies on carbon nanotubes can be appraised in [9–14].

Hayat et al. [15] investigated the three-dimensional (3D) rotating flow of carbon nanotubes with
a Darcy–Frochheimer porous medium. Manevitch et al. [16] studied nonlinear optical vibrations of
single-walled carbon nanotubes. Imtiaz et al. [17] discussed the convective flow of carbon nanotubes
between rotating stretchable disks with thermal radiation effects in his research article. In an article
by Tran et al. [18] the purification and dissolution of carbon nanotube fiber spun using the floating
catalyst method were reported.

In applied sciences and engineering, flows with respect to nonlinear materials are essential.
To explore the properties of stream and heat analysis, a number of rheological models are available
for second-, third-, and fourth-grade fluid, micro polar fluid, Jaffery fluid, and Maxwell fluid models.
One such type of general model is the Casson model [19] presented to calculate the flow behaviors
and display yield stress. When the produced stress is greater than the shear stress, the Casson fluid
acts similarly to a solid. Examples of these (Casson) fluids are chocolate, honey, blood, jelly, tomato
sauce, and soup. Dash et al. [20] studied the performances of Casson liquids over a permeable medium
restricted by a circular cylinder. Pramanik [21] inspected the impact of radiation on the Casson liquid
stream and heat through a porous extending medium. Hassanan et al. [22] investigated the unsteady
Casson fluid layer and Newtonian heat through an oscillating surface. Asma et al. [23] examined the
magnetohydrodynamic (MHD) unsteady flow of Casson fluid over an oscillating plate fixed in porous
media. Walicka and Falicki [24] studied the influence of Reynold number on the stream of Casson
liquid. Nadeem et al. [25] deliberated three-dimensional flows with convective boundary conditions
of a Casson fluid. Specific studies related to Casson liquid flow can be found in [26,27].

The flow behavior is profoundly affected by the strength and placement of applied magnetic
field. The applied magnetic field affects the deferred nanoparticles and reforms their absorption
inside the fluid, which substantially modifies the flow features of heat analysis. The analysis of
magnetohydrodynamic (MHD) flow of an electrically directing liquid flow has several major uses in
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engineering fields, such as in atomic reactor freezing, magnetohydrodynamic power producers, plasma
studies, and the petroleum industry. Arial [28] studied the impact of MHDs on the two-dimensional
(2D) flow of a gummy liquid imposing normal to the plane, and analyzed the influence of the
Hartmann number. Ganapathirao and Ravindran [29] investigated the suction/injunction effect on 2D
MHD steady flow with the chemical reaction along with mixed convection. Rahman et al. [30] and
Srinivasacharya et al. [31] deliberated the impression of heat generation/absorption on 2D nanofluid
flow and reported that the Nusselt number was enhanced with large values of the Biot number and
the slip parameter. Hameed et al. [32] investigated the combined magnetohydrodynamic and electric
field effect on an unsteady Maxwell nanofluid flow over a stretching surface under the influence of
variable heat and thermal radiation. Recently, Shah et al. [33,34] studied the effects of hall current on
three dimensional non-Newtonian nanofluids and micropolar nanofluids in a rotating frame.

In various engineering processes, the boundary film stream on a stretching/extending sheet is of
great importance. In metallurgical and polymer productions, stretching is a significant phenomenon
in the construction of polymer sheets, food processing, film coating, and drawing of copper wire.
Crane [35] is the pioneering author who introduced the fluid flow by means of the stretching
sheet. The work of Crane was expanded upon by many scholars, like Vajraelu and Roper [36]
who investigated the stream of second-grade fluids and stretching sheets. Rosca and Pop [37] and
Sajid et al. [38] deliberated the vicious unsteady motion due to a shrinking/stretching curved medium.
Further research on the liquid stream due to the stretching sheet can be found in several studies [39,40].
Similarly the thermal radiation is significant in certain applications where radiant discharge depends
on temperature and nanoparticle volume fraction. Pooya et al. [41] performed a thermal exploration
of single phase nanofluid flow. Afify et al. [42] considered the impact of thermal radiation on 2D
boundary layer flow. Brinkman [43] has investigated the viscosity of concentrated suspensions and
solution. Xue [44] has discussed the model for thermal conductivity of CNTs based composites.

Here, the main aim is to deal the heat generation/absorption along with thermal radiation in
a steady MHD 3D rotational stream of a Casson nanofluid with an entirely different base liquid.
The movement of liquid is created by means of a stretching sheet. Two classes of carbon nanotubes
(CNTs), specifically single-walled carbon nanotubes (SWCNTs) and multiple-walled carbon nanotubes
(MWCNTs), are employed to explore the behavior of nanofluids. The acceptable transformation
implies alterations the system of partial differential equations (PDEs) to a mandatory system of
ordinary differential equations (ODEs).

The Homotopy Asymptotic Method (HAM) [45–48] involves calculation expansion for velocities
and the energy profile. Here, the expressions of velocities and temperature are mathematically and
graphically examined. Furthermore, the coefficient of skin friction and Nesselt number are explored
numerically, and the results are discussed graphically.

2. Problem Formulation

We assume a three-dimensional, viscous, steady, MHD rotating Casson nanofluid flow comprising
single- and multi-walled CNTs over a stretching sheet. The flows of SWCNTs and MWCNTs are taken
under the influence of non-linear thermal radiation and heat absorption/generation. We adopt the
coordinate structure in such a manner that the surface associated with the xy-plane and fluid is placed
in z > 0. The stretching rate of the surface and the angular velocity of fluid are assumed as c > 0 and
Ω, respectively. The surface temperature is a result of the convective heating process, which involves
the hot fluid temperature Tf and coefficient of heat transfer h f . The geometry of the problem shown in
Figure 1.
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Figure 1. Schematic physical geometry.

The necessary constitutive model of a Casson fluid [19,22,24] is as follows:
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(1)

where τ
c. f
mn is the shear stress tensor of the Casson fluid, μ

c. f
γ is the Casson fluid plastic viscosity, πd is

the rate of deformation, and πc. f is the critical amount of current product that depends on the Casson
fluid. We assume a situation in which a certain liquid requires the gradual growth of the the shear
stress to sustain the constant rate of strain. In the case πd > πc. f the Casson fluid possesses the

kinematic viscosity υc. f as a function of μ
c. f
γ , ρc. f , and Casson parameter β, such that

μc. f = μ
c. f
γ +

py√
2πd
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√
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(

1+ 1
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)
ρc. f , ∂τc. f

∂z =
(

1 + 1
β

)
uzz.

(2)

Here μc. f represents the dynamic viscosity of the Casson fluid, β =
μ

c. f
γ

√
2πd

py
, and py shows the

yield stress of the liquid. From the denotation of β describing the ratio of the product of μ
c. f
γ and

√
2πd

to the yield stress py, it can be seen that the resistivity in liquid is greater if β > o, and the liquid
presents an inviscid behavior if β < o, which eliminates the viscosity of the Casson fluid.

Taking into account the above declared rules, the primary equation takes the following form [8,25]:

ux + vy + wz = 0, (3)

ρn f
{

u ux + v uy + w uz − 2Ω v
}
= μn f

(
1 +

1
β

)
(uz z)− σn f B2

0 (u), (4)

ρn f
{

u vx + v vy + w vz − 2 Ω u
}
= μn f

(
1 +

1
β

)
(vz z)− σn f B2

0 (v), (5)

u Tx + v Ty + w Tz = αn f (Tz z)−

(
qred

z

)
(
ρcp
)

f
+

Q0(T − T0)(
ρcp
)

f
. (6)
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The allied boundary conditions [25] are defined as

uw = c x, v = 0, w = 0, −kn f Tz = h f

(
Tf − T

)
at z = 0,

u = v = w = 0, T = T∞, at z = ∞.
(7)

where u, v and w specify velocities in the x, y, z directions, respectively, ρn f represents the nanofluid
density, μn f the nanofluid dynamic viscosity, and σn f the electrical conductivity of the nanofluid.
T shows the local temperature, kn f is the nanofluid thermal conductivity, and

(
ρcp
)

n f is the nanofluid
specific heat capacity.

Brinkman [43] defined the dynamic viscosity of nano-liquid in term of base liquid as:

μn f =
μ f

(1 − ϕ)2.5 . (8)

The density, specific heat capacity, and rate of thermal conductivities of the nanofluid [7,8] are
expressed as:

ρn f = ρ f (1 − ϕ) + ϕ ρCNT , μn f =
μ f

(1−ϕ)2.5 ,

αn f =
μ f

(ρ cp)n f
,
(
ρ Cp

)
n f = (1 − ϕ)

(
ρ Cp

)
f + ϕ

(
ρ Cp

)
CNT ,

σn f = σf

(
1+3(σ−1) ϕ

(σ+2)−(σ−1)ϕ

)
.

(9)

Here, the model by Xue [44] is implemented to calculate the thermal conductivities

kn f

k f
=

1 − ϕ + 2ϕ
(

kCNT
kCNT−k f

ln
( kCNT+k f

2 k f

))
1 − ϕ + 2ϕ

( k f
kCNT−k f

ln
( kCNT+k f

2 k f

)) . (10)

where ρCNT shows the density of carbon nanotube,
(
ρcp
)

CNT denotes the specific heat of the

carbon nanotube, and ρ f ,
(

ρc f

)
f

represent the density and specific heat of base fluid, respectively.

qrad = − 4σ∗
3k∗

∂T4

∂z has been achieved using the Roseland approximation [43], where σ∗ is the Stefan
Boltzmann constant, and k∗ is the absorption coefficient. We can observe that temperature difference
in liquid motion is suitably negligible, so T4 can be expressed in linear form using the Taylor’s series,
neglecting the higher terms: T4 = 4T3

∞ − 3T4
∞. Therefore, we have qrad = − 16σ∗

3k∗ T3 ∂T
∂z .

Using the following suitable similarities variable [13],

u = c x f ′(η), v = c x g(η), w = −√c υ f f (η),

Θ(η) = T∞ +
(

Tf − T∞

)
Θ(η), η =

[
c

υ f

] 1
2 .

(11)

Equation (3) is verified identically and Equations (4)–(10) take the following system when we use
the similarities variables:(

1 +
1
β

)
f ′′′ (η)− ζ1ζ2

[
f (η) f ′′ (η) +

(
f ′(η)

)2
+ 2 K g(η) − ζ4M f ′(η)

]
= 0, (12)

(
1 +

1
β

)
g′′ (η)− ζ1ζ2

[
f (η) g′(η) + f ′(η) g(η) − 2 K f ′(η)− ζ4Mg(η)

]
= 0, (13)

d
dη

(
ζ5 +

4
3

Rd[1 + (Θ(η)− 1)Θ(η)]3
)

Θ′(η) + ζ3Pr
[

f (η)Θ′(η) + Qh Θ(η)
]
, (14)

f (η) = g(η) = 0, f ′(η) = 1, Θ′(η) =
k f
kn f

(1 − Θ(η))λ, at η = 0,

f ′(η) = g(η) = Θ(η) = 0, at η = ∞.
(15)
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Here K represent the rotation parameter, M represents the magnetic parameter, Pr represents
the Prandtl number, Qh denotes the heat generation or absorption parameter, Rd represents radiation
parameter, and λ is the Biot number, and are expressed as follows:

K =
Ω
c

, M =
σf B0

2g
c

, Pr =

(
ρ cp
)

f

k f
, Qh =

Q
c
(
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)

f
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∞
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h f
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√
υ f

c
. (16)
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,
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)
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3. Physical Quantities of Interest

The physical quantities of interest such as Skin friction Cf is defined as Cf =
(

1 + 1
β

)
μn f

ρ f u2
w

(
uy
)

y=0

and local Nusselt number Nux, is defined as Nux =
xkn f

k f (Tw−T∞)

(
Ty
)

y=0, the dimensionless forms of

these main design quantities are as follows:

C̃ f x =
1

(1 − ϕ)2.5

(
1 +

1
β

)
f ′′ (0), C̃ f y =

1

(1 − ϕ)2.5

(
1 +

1
β

)
g′(0), Nu = −

kn f

k f
Θ′(0). (18)

4. Solution Methodology

In this section, the system of coupled nonlinear differential Equations (12)–(14), along with
specific boundary conditions (Equation (15)) are solved analytically by using the Homotopy Analysis
Method (HAM). The idea of the HAM was first presented by Liao [44,45] using the concept of
homotopy. For solution development, the HAM scheme has certain advantages, such as the fact
that it is free from small or large emerging parameters. The HAM offers an easy way to confirm the
convergence of solution, and it provides liberty in terms of the right selection of the base function and
the auxiliary parameter.

In the HAM scheme, the assisting parameter h is used to regulate and control the convergence of
the solutions. The initial estimates are:

f0(η) = 1 − e−x, g0(η) = e−x, Θ0(η) =
k f γ

k f γkn f
e−x. (19)

The linear operators L are as follows:

L f ( f ) = fηηη , Lg(g) = gηη , LΘ(Θ) = Θηη . (20)

For the above stated differential operators, constants are shown as:

L f (C1 + C2η + C3η2) = 0,
Lg(C4 + C5η) = 0,
LΘ(C6 + C7η) = 0.

(21)

4.1. Zeroth Order Deformation of the Problem

U ∈ [0, 1] is an embedded parameter with auxiliary parameters h f , hg and hΘ. The problem
deforms for the zero order as follows:

(1 − U)Lg( f (η, U)− f0(η)) = Uh f N f { f (η, U), g(η, U)}, (22)
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(1 − U)Lg(g(η, U)− g0(η)) = U hgNg{ f (η, U), g(η, U)}, (23)

(1 − U) LΘ(Θ(η, U)− Θ0(η)) = UhΘNΘ{ f (η, U), g(η, U), Θ(η, U)}. (24)

The specific boundary conditions are obtained as:

f (0, U) = f ′(0, U) = g(0, U) = Θ(0, U) = 0,
f (1, U) = f ′(1, U) = g(1, U) = Θ(1, U) = 0.

(25)

The resultant nonlinear operators are:

N f ( f (η; U), g(η; U)) =
(

1 + 1
β

)
fηηη (η; U) + ζ1 ζ2

[{
fηη(η; U)

} 2
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[
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}
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(27)

NΘ(Θ(η; U), f (η; U)) = d
dη

(
ζ5 +

4
3 Rd[1 + (Θ(η)− 1)Θ(η)]3

)
Θη(η; U)+

Pr ζ3
[{

( f (η; U))Θη(η; U)
}
+ Qh Θ (η; U)

]
.

(28)

Taylor’s series expresses f (η; U), g(η; U) and Θ(η; U) . In terms of U we have:

f (η, U) = f0(η) +
∞
∑

i=1
fi(η),

g (η, U) = g0(η) +
∞
∑

i=1
gi(η),

Θ (η, U) = Θ0(η) +
∞
∑

i=1
Θi(η).

(29)

where

fi(η) =
1
i!
{

fη(η, U)
} ∣∣∣∣

U=0
, gi(η) =

1
i!
{

gη(η, U)
} ∣∣∣∣

U=0
, Θi(η) =

1
i!
{

Θη(η, U)
} ∣∣∣∣

U=0
(30)

4.2. ith-Order Deformation Problem

Now we differentiate the zeroth component equations ith time to achieve the ith order deformation
equations with respect to U, so we get:

L f ( fi(η)− ξi fi−1(η)) = h f

(
R f

i (η)
)

,

Lg(gi(η)− ξigi−1(η)) = hg

(
Rg

i (η)
)

,

LΘ(Θi(η)− ξiΘi−1(η)) = hΘ
(

RΘ
i (η)

)
.

(31)

The resultant boundary conditions are:

fi = f ′ i = gi = Θi = 0, at η = 0,
fi = f ′ = gi = Θi = 0 at η = 1.

(32)

R f
i (η) =

d3 fi−1
dη3 + ζ1ζ2

⎡⎣(i−1
∑

j=0

d2 fi−1
dη2

)2

+

(
i−1
∑

j=0
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fi−1−j

) d2 f j
dη2

)

+2 K gi−1 − ζ4M

(
i−1
∑

j=0

d fi−1
dη

)]
,

(33)
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R f
i (η) =

d2gi−1

dη2 + ζ1ζ2
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i−1

∑
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)
+
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R f
i (η) =

d
dη
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ζ + 4

3 Rd[1 + (Θ(η)− 1)Θ(η)]3
)

dΘi−1
dη +

Pr ζ3

[
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∑

j=0
fi−1−j

dΘj
dη + Qh

i−1
∑

j=0
Θi−1−j

]
.

(35)

where

ξi =

{
1, if U > 1
0, if U ≤ 1.

(36)

5. HAM Scheme Convergence

When we compute the series solutions of the velocity and temperature functions to use the
HAM, the assisting parameters h f , hg, and hΘ appear. These assisting parameters are responsible
for adjusting the convergence of these solutions. In the possible region of velocities and temperature
profiles, f ′′ (0), g′(0), and Θ′(0) for the 15th-order approximation are plotted, for different values of the
embedding parameter. The �-curves consecutively display the valid region.

6. Results and Discussion

The present research has been carried out in order to study magnetohydrodynamics in the
three-dimensional rotational flow of nanoparticles (single- and multi-walled carbon nanotubes) in
the existence of non-linear thermal radiation along with heat generation or absorption based on the
Casson fluid model over a stretching sheet. In this subsection we examine the physical outcomes of
dissimilar embedded parameters with respect to the velocity distributions f ′(η), g(η) and temperature
distribution Θ(η). The influence of specific model quantities, such as K, M, Pr, Qh, Rd, and λ

(the rotation parameter, magnetic parameter, Pandtl number, heat generation or absorption parameter,
radiation parameter, and Biot number, respectively) on f ′(η), g(η), and Θ(η) for SWCNTs and
MWCNTs as nanoparticles is highlighted in the present discussion. Figure 1 shows the schematic flow
geometry of the problem. Figures 2 and 3 present the convergence and probable choice of h-curve for
f ′′ (0), Θ′(0) and g′(0). The effects of model values such as K, M, Pr, Qh, Rd, λ on f ′(η), g(η) and Θ(η)

are illustrated in Figures 4–14 and consequence are considered. Figure 4 demonstrates the consequence
of rotation parameter K on the velocity profile f ′(η) for SWCNTs and MWCNTs. The increasing values
of K depreciate the value of f ′(η) and result in a thinner boundary coating for SWCNTs and MWCNTs.
Physically, when the value of rotation parameter K enlarges, the rate of rotation becomes dominant
as compared to the stretching rate. Hence, there is a larger effect of rotation parameter K delivering
resistance to the fluid stream. For the maximum value of the rotation parameter K, the values of
velocity-filled f ′(η) become small near the boundary, and the layer becomes thinner, so the x-coordinate
of velocity component is a decreasing function of the rotation parameter K. The similar impact for the
high value of magnetic parameter M is shown in Figure 5 for both CNTs. It is obvious from the sketch
that an increment in the magnetic parameter M depreciates the value of f ′(η). Usually, high values
of magnetic parameter M improve the contradictory force (friction force), known as the Lorentz
force. The corresponding force has the propensity to condense the value of f ′(η). The influence of
volume fraction of nanoparticle ϕ on the velocity profile f ′(η) is exhibited in Figure 6 for SWCNTs and
MWCNTs. We observe that increment in f ′(η) increases the quantity of ϕ for SWCNTs and MWCNTs.
In fact, adding the nanoparticle ϕ enhances the energy and cohesive force between the atoms of the
liquid, causing it to become frail and halt the faster liquid. Figure 7 illustrates the behavior of the
Casson fluid parameter β on f ′(η) for SWCNTs and MWCNTs. With increasing values of the Casson
fluid parameter β decreases the velocity field f ′(η) in the boundary layer. It is noted that to increases
the value of the Casson fluid parameter β implies a reduction in the yield stress of the Casson liquid,
and hence there is a clear acceleration in the motion of the boundary layer stream neighboring the
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stretching surface of the sheet. Moreover, it has been found that Casson fluids are similar to Newtonian
fluids for large values of β → ∞ . The impact of nanoparticle volume fraction ϕ on g(η) has been
illustrated in Figure 8 for SWCNTs and MWCNTs. It is observed that the large value of ϕ decreases
the transverse velocity g(η) for SWCNTs and MWCNTs. In Figure 9 the velocity distribution g(η)
is intended for various values of rotation K. It is demonstrated that K has an energetic character
in accelerating the flow in the y-plane. The suitably bulky value of K corresponds to an oscillatory
pattern close to the wall of the sheet for SWCNTs and MWCNTs. The core reason is that the sheet is
extended only along the x-plane, and due to rotation the liquid flow is solely possible in the y-direction.
It can be observed that a high value of K reduces the magnitude of g(η). Figure 10 shows that the
features of the magnetic parameter M on g(η) are qualitatively equivalent to those of K. Generally,
the large value of M improves the resistance to the motion of liquid, which depreciates the value of
g(η). In Figure 11 it can be seen that the increment in Pr generates a fall in temperature Θ(η) due to the
weaker thermal diffusivity. Physically, thermal layer thickness and Θ(η) form the reducing function
of Pr. For the high Pr, the fluid retains low thermal conductivities, which causes the thinner thermal
boundary layer. Consequently, the heat rate is increased. The fluids which have a small Pr possess
excellent thermal conductivity. Figure 12 presents the impact of radiation parameter Rd on Θ(η)

for SWCNTs and MWCNTs as nanoparticles. It seems that the increase in Rd boosts Θ(η), which is
associated to the thickness of the boundary film. Basically, high Rd delivers more heat to functional
nanofluids, which indicates an increment in Θ(η) in the presence of SWCNTs and MWCNTs. Figure 13
characterizes the temperature field Θ(η) for heat generation parameter Qh. The value of Θ(η) and the
thermal thickness of boundary layer are improved for a large value of Qh. In this manner, the rate of
heat is enhanced as the Qh value is increased. Consequently, we note that the thermal thickness of
boundary film is a function of Qh.

Figure 2. The combined h-curves of the velocity and heat profile with a 15-order approximation.

Figure 3. The h-curves of velocity g(η) with a 15-order approximation.
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Figure 4. Effect of the rotation parameter K on f ′(η).

Figure 5. Effect of the magnetic parameter M on f ′(η).

Figure 6. Effect of the volume fraction of the nanoparticle parameter ϕ on f ′(η).
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Figure 7. Effect of the Casson parameter β on f ′(η).

Figure 8. Effect of the volume fraction parameter ϕ on the velocity field g(η).

 

Figure 9. Effect of the rotation parameter K on the velocity field g(η).
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Figure 10. Effect of the magnetic parameter M on the velocity field g(η).

Figure 11. Effect of the Prandtl number Pr on the temperature field Θ(η).

Figure 12. Effect of the radiation parameter Rd on the temperature field Θ(η).
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Figure 13. Effect of the heat generation/absorption parameter Qh on the temperature field Θ(η).

Figure 14. Effect of the Biot number λ on the temperature field Θ(η).

Variation in Θ(η) due to the Biot number λ is represented in the Figure 14 for both CNTs.
The stronger value of λ leads to an enhanced temperature field Θ(η) and a thickness of the thermal
film that allows the thermal impact to infiltrate deeper into the dormant liquid. In fact, λ depends on
the heat transfer coefficient h f , which is maximum for a massive value of λ, illustrating an increase
in temperature.

Table Discussion

Table 1 illustrates various physical properties of certain base liquids (water, kerosene oil and
engine oil) and nanoparticles such as SWCNTs and MWCNTs. Xue [44] calculated dissimilar values
of effective thermal conductivities of CNT nanofluids for several values of the volume fraction φ of
the CNTs shown in Table 2. It can be seen in Table 2 that the thermal conductivity is improved with
inspiring volume fraction φ of CNTs. For the same values of φ, can be noted that the nanofluids with
SWCNTs have higher effective thermal conductivities as compared to those with MWCNTs. The logic
for this is the elevated value of thermal conductivity of SWCNTs (6600 Wm−1/k−1) as opposed to
MWCNTs (3000 Wm−1/k−1), as given in Table 1.
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Table 1. The thermo physical properties of carbon nanotubes (CNTs) of some base fluids. SWCNT:
single-walled carbon nanotube; MWCNT: multi-walled carbon nanotube

Physical Properties
Density
ρ(kg/m3)

Thermal Conduct
k(W/mk)

Specific Heat
cp(kg−1/k−1)

Base fluid
Water 997 0.613 4197

Kerosene (lamp) oil 783 0.145 2090
Engine oil 884 0.144 1910

Nanoparticles SWCNT 2600 6600 425
MWCNT 1600 3000 796

Table 2. Thermal conductivity values of CNTs with different volume fraction values.

Volume Fraction ϕ
Thermal Conductivity knf

for SWCNT
Thermal Conductivity knf for

MWCNT

0 0.145 0.145
0.01 0.174 0.172
0.02 0.204 0.2
0.03 0.235 0.228
0.04 0.266 0.257

Physical values such as the skin friction co-efficient
(

Cf

)
and the Nusselt number (Nu) for the

engineering purposes are calculated through Tables 3 and 4, respectively. Table 3 presents the numerical
values of skin friction

(
Cf x

)
and

(
Cf y

)
. It can be observed that the large values of M, ϕ and β

increase the skin friction
(

Cf x

)
and

(
Cf y

)
of both SWCNTs and MWCNTs, where the large value of K

reduces the skin friction
(

Cf x

)
of both SWCNTs and MWCNTs and increases skin friction along the

y-axis
(

Cf y

)
. Table 4 presents the numerical results of the Nusselt number (Nu). It can be noted that

the large values of M and K increase the (Nu) of both SWCNTs and MWCNTs, where the large values
of λ, Rd and Qh reduce the Nusselt number of both SWCNTs and MWCNTs.

Table 3. Numerical data of the skin-friction coefficient for dissimilar values of M, K, ϕ, and β.

M K ϕ fi
−Cfx −Cfy

SWCNT MWCNT SWCNT MWCNT

0.0 0.1 0.1 0.1 1.08611 1.03456 1.24004 1.14526
0.1 1.15356 1.12677 1.27582 1.19870
0.3 1.19726 1.14340 1.34626 1.24358
0.1 0.0 1.19564 1.04566 1.19564 1.13657

0.3 0.98477 0.23561 1.44063 1.17452
0.5 0.85341 0.02537 1.61105 1.32435
0.1 0.0 0.96929 0.23409 1.10111 1.03452

0.3 1.54113 1.45473 1.23251 1.10034
0.5 1.68492 1.52435 1.69792 1.37342
0.1 0.1 1.69211 1.57235 1.72340 1.22349

0.3 1.73421 1.62345 1.88191 1.31902
0.5 1.92345 1.81189 1.90823 1.59321
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Table 4. Numerical data of Nusselt numbers for dissimilar values of M, K, λ, Rd, and Qh when
Pr = 6.4.

M K λ Rd Qh
Nux

SWCNT MWCNT

0.0 0.1 0.1 0.1 0.1 0.116964 0.231567
0.1 0.116974 0.232390
0.3 0.116988 0.233321
0.1 0.0 0.116965 0.134136

0.3 0.116966 0.134342
0.5 0.116967 0.134351
0.1 0.3 0.116953 0.261532

0.5 0.116943 0.261531
0.8 0.116926 0.261530
0.1 0.5 0.118451 0.156382

1.0 0.120623 0.234521
1.5 0.122502 0.267373
0.1 0.5 0.116945 0.234536

1.0 0.116928 0.198342
1.5 0.116895 0.162435

7. Conclusions

We address the three-dimensional rotational flow of Casson fluids containing carbon nanotubes
(SWCNTs and MWCNTs) as nanoparticles in the presence of thermal radiation along with heat
generation over a stretching sheet. The effects of embedded parameters are observed and studied
graphically. Moreover, the variation of the skin friction, Nusselt number, and their influences on the
velocity and heat distributions are examined. The main points of the present study are shown below:

• For CNTs, large values of K (the rotation parameter) produce smaller velocities f ′(η) and g(η),
but the opposite tendency is detected for temperature profile Θ(η).

• Increasing the nanoparticle volume fraction ϕ into the working liquid boosted f ′(η), g(η) and
Θ(η) values for SWCNTs and MWCNTs.

• A strong magnetic parameter M reduces f ′(η) and g(η), while increases the temperature Θ(η).
• The thermal layer rises through heat generation for SWCNTs and MWCNTs.
• The large values of Prandlt number Pr, reduces nanoparticle temperature Θ(η).
• Large values of Biot number λ boost temperature and thicken the boundary film concentration.
• The degree of coefficient of skin friction increases for larger ϕ values. The results show that skin

friction in case of SWCNTs is higher than in MWCNTs.
• Heat transfer rate is controlled by large values of λ and Pr.
• Nusselt number is greater with SWCNTs as opposed to MWCNTs.
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Abstract: We have investigated a two-dimensional radiative flow of a boundary layer nature.
The fluid under consideration is carbon nanotube (CNT)-based nanofluid and it flows over a curved
surface. The heat transfer through the flow is analyzed under the influence of internal heat
generation. Water (base fluid) along with single or multi-walled carbon nanotubes is taken to
compose the nanofluid. After introducing the suitable similarity variables, the consequent equations
are reduced to a system of nonlinear ordinary differential equations. The solution to the system is
computed by using the shooting method accompanied by Runge–Kutta–Fehlberg algorithm. Various
parameters, emerging in the governing equations, influences the flow and heat transfer distribution.
These changes are captured and portrayed in the form of graphs. The changes in local rate of heat
transfer and skin friction coefficient are also enlisted. To ensure the correctness of applied numerical
scheme, the results are compared with some already existing studies.

Keywords: water based nanofluid; carbon-nanotubes; boundary layer; heat generation; thermal
radiation; curved stretching sheet; numerical solution

1. Introduction

Nanomaterials have revolutionized many industrial and household appliances. Their use is
gaining considerable popularity, and the fields of science associated with them enjoy a similar repute.
Nanotechnology and its consequent products have many useful applications in various fields of science
and engineering, from enhancing thermal properties of traditional fluids to construction of an effective
drug delivery system. Other examples include electronics, life sciences, chemical synthesis, fuel cells,
medical sciences, microsystems including mechanical and electrical components, etc. Nanofluids
are formed by the addition of nano-sized particles in base fluids, which traditionally have poor
thermal properties. These additives work as boosters and the resulting substance, i.e., nanofluid, bears
some remarkable thermal properties [1–5]. Several mathematical models describe the properties of
nanofluids. Choi [6] was the pioneer who witnessed and announced the existence of the tiny particles
and their effectiveness. He examined through several experiments that the addition of nanometer
sized particles of various nature exceptionally enhance the thermal properties of base fluids. Later,
Choi et al. [7] presented a mathematical model which provides some new insights related to the field
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of nanotechnology. Following in his footsteps, many researchers carried out several research activities.
Subsequently, several models have been proposed for different physical and industrial problems.
One of these models is presented by Buongiorno [8]. His model considers both thermophoretic and
Brownian motion effects. Hamilton and Crosser [9] formulated another model which describes the
effects of shapes of nanoparticles. Some other famous models include Maxwell’s [10] and Xue’s [11]
models. Khan and Pop utilized Buongiorno’s concept to model a boundary layer flow over a stretching
sheet [12]. There has been several efforts to use these models in different situations and geometries.
Some of the most recent can be found in [13–20].

In 1991, Iijima [21] introduced a cylindrical member of fullerenes family named as carbon
nanotubes (CNTs). They possess unique electronic, mechanical, chemical, optical, catalytic, adsorption,
and transport properties, which make them very valuable for a wide range of applications [22,23].
They are mainly categorized in two modules, one Single-walled carbon nanotubes (SWCNTs) and the
other multi-walled carbon nanotubes (MWCNTs). The term single refers to a single layer or wall that
holds all the particles together, whereas the term multi-walled refers to a bunch of nested tubes whose
diameter is continuously growing. It has been observed that the enhancement of thermal properties of
base fluid using CNTs as nanoparticles is remarkable. Murshed et al. [24] showed that CNTs produce
six times better thermal conductivity, at room temperature, as compared to other substances. The role
of CNTs in enhancement of thermal properties of the base fluid has been highlighted by many scientists,
in different scenarios and geometries [25–28].

During the last few years, researchers are showing a keen interest in understanding the flows
of boundary layer nature over a dilating or a squeezing curved sheet. These types of flows
bear commendable uses in different engineering and industrial processes such as production of
papers, polymer sheet, manufacturing of rubber and plastic sheets, glass fibers, wire coating, food
manufacturing, etc. In 1961, Sakiadis [29] was the first to come up with the idea of boundary layer
flows. He presented the flow over a stretching surface. Crane [30] extended his idea for both linear and
exponentially stretching sheets. He derived a closed form solution for the viscid flow caused by the
stretching of a sheet. McLeod and Rajagopal [31] examined the uniqueness of the exact solution [30].
Since the pioneering work, flow problems related to a stretching surface under different situations
have been analyzed by many scientists. Some of them can be found in References [32–37].

The energy crisis has become a major cause of concern in modern world. To meet a growing
demand for energy, a new wave of innovative models is required that can replace the traditional ones.
The resources for renewable energy, including solar and wind power, are now well placed to contribute
to energy requirements in both mature and developing economies. Thermal radiation gains a great
significance for such processes where the systems are running at very high temperatures, e.g., heating
and cooling chambers, solar power technology, electrical power generation, thermal energy storage,
nuclear power plants and many other industrial areas. Due to these important applications, many
authors have contributed in studying the radiative flows of different fluids in various geometrical
configurations [38,39].

Besides conduction and radiation, another means of heat transfer, i.e., convection, also plays
a pivotal role in many real-life problems. Heat transfer via convection has been a core subject of many
scientific investigations. Its role is very prominent in a wide range of energy-related applications such
as automobile radiators, lubricants and coolants in various mechanical processes, etc. An asymptotic
solution, by involving homotopy analysis method, to the stagnation point nanofluid flow (with a heat
generation source) over a dilating permeable sheet was explained by Malvandi et al. [40]. Tsai et al. [41]
focused on the influence of flow and heat transfer coupled with non-uniform heat source over
an unsteady stretching surface. Pal [42] examined the radiative flow over an unsteady expanding
surface with variable heat generating/consuming mechanism.

Previously, studies on the flows over flat surfaces were carried out using Cartesian coordinate
systems. Recently, Sajid et al. [43] came up with an idea of curved surface and modeled the flow
phenomena using a curvilinear coordinate system. Abbas with his coworkers [44] followed their
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approach and applied it to present a thermal analysis of the flow over a bent sheet. In 2016,
Abbas et al. [45] studied the hydromagnetic and radiative slip flow of a nanofluid over a curved
stretching surface along with heat generation. Most recently, a considerable interest has been
shown by many authors in studying the flow over curved surfaces [46–48]. These recent efforts
by renowned scholars have motivated us to carry out this work. We have examined the heat transfer
in a radiative boundary layer flow, heat generation, of a carbon nanotube (CNT)-based nanofluid over
a curved stretching sheet. Shooting method followed by Runge–Kutta–Fehlberg scheme is employed
to obtain a numerical solution of the problem. Consequently, a comprehensive graphical description
(highlighting the effects of various parameters on the velocity, pressure and temperature profiles) of
the flow behavior is presented.

2. Formulation of the Problem

We consider a laminar flow of an incompressible nanofluid over a curved stretching sheet at
r∗ = R∗ (see Figure 1). The flow is steady and two dimensional. The nanofluid under consideration is
composed of CNT nanoparticles added to a base fluid (water). Since we are dealing with a curved
sheet that is being stretched in opposite direction by two forces of same magnitude, we use curvilinear
coordinates (r∗, s∗). The linear velocity by which the sheet is being stretched is taken to be ú = ás∗,
where á is a positive constant. The temperature of the sheet is represented by T ∗

w (T ∗
w(s∗) = Á(s∗/�);

where Á is a constant). The free stream temperature is denoted by T ∗
∞ and it is assumed that

T ∗
∞ < T ∗

w.

Figure 1. Physical illustration of the flow problem.

In context of the aforementioned coordinate scheme and the assumptions along with the boundary
layer approximation, the equations representing the conservative balance for mass, momentum and
energy are given as follows:

∂

∂r∗
(Υv́) +R∗ ∂ú

∂s∗
= 0 (1)

∂p∗

∂r∗
− ρ̀n f

ú2

Υ
= 0 (2)

v́
∂ú
∂r∗

+
ú
Υ

∂ú
∂s∗

+
úv́
Υ

= − 1
ρ̀n f

R∗

Υ

∂p∗

∂s∗
+

μn f

ρ̀n f

{
∂2ú
∂r∗2 +

1
Υ

∂ú
∂r∗

− ú
Υ2

}
(3)

v́
∂T ∗

∂r∗
+

R∗ú
Υ

∂T ∗

∂s∗
=

kn f(
ρ̀Cp
)

n f

[
∂2T ∗

∂r∗2 +
1
Υ

∂T ∗

∂r∗
− 1

kn f Υ

∂

∂r∗
(Υ)q̃r∗ +

Q́
kn f

(T ∗ − T ∗
∞)

]
(4)

where Υ = r∗+R∗. In the above set of equations, the velocities along s∗ and r∗ are denoted by the symbols
ú and v́, respectively. Moreover, p∗ represents the dimensional pressure, q̃r∗ describes the radiative heat
flux and T ∗ is the base fluid temperature. The term Q́ arises due to heat generation and it represents
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the volumetric rate of heat generation through a source. Furthermore,
(
ρ̀Cp
)

n f denotes volumetric heat
capacity of the nanofluid and μn f is its dynamic viscosity. Effective density and the thermal conductivity
of the nanofluid are respectively symbolized by ρ̀n f , and kn f [11,27,49]. Mathematically:

υn f =
(

μρ̀−1
)

n f
, μn f = μ f (1 − Φ)−5/2, αn f =

(
k

ρ̀Cp

)
n f

,
ρ̀n f

ρ̀ f
=

[
1 −
(

1 − ρ̀CNT
ρ̀ f

)
Φ

]
(5)

(
ρ̀Cp
)

n f(
ρ̀Cp
)

f
=

[
1 −
(

1 −
(
ρ̀Cp
)

CNT(
ρ̀Cp
)

f

)
Φ

]
(6)

kn f

k f
=

⎛⎜⎝ (1 − Φ)
(

kCNT − k f

)
+ 2ΦkCNT ln

( kCNT+k f
2k f

)
(1 − Φ)

(
kCNT − k f

)
+ 2Φk f ln

( kCNT+k f
2k f

)
⎞⎟⎠ (7)

where the base fluid viscosity is represented by μ f , Φ denotes the nanoparticle volume fraction and αn f

is the thermal diffusivity. Moreover,
(

k f , kCNT

)
and

(
ρ̀ f , ρ̀CNT

)
represent the thermal conductivities

and densities of base fluid and CNT, respectively. The following table highlights the thermo-physical
properties of pure water (base fluid) and CNTs.

The associated boundary conditions are imposed as follows:

At r∗ = 0, ú = úw = ás∗, v́ = 0, T ∗ = T ∗
w, ú → 0,

∂ú
∂r∗

→ 0, T ∗ → T ∗
∞ as r∗ → ∞ (8)

The radiative heat flux is defined by the means of Rosseland approximation [50] as:

q̃r∗ = −16σ́T ∗3

3aR

∂T ∗4

∂r∗
(9)

where Stefan–Boltzmann constant and Rosseland mean absorption coefficient, are σ́ and aR,
respectively. The small changes in temperature diffusion are assumed in such a way that we
may expand the Taylor series expansion of T ∗4 about T ∗

∞ and ignore the terms of higher order.
Consequently, we get

T ∗4 ∼= −
(

3T ∗4
∞ − 4T ∗3

∞T ∗
)

(10)

By substituting Equations Equations (9) and (10) into Equation (4), we get

v́ ∂T ∗
∂r∗ + R∗ ú

Υ
∂T ∗
∂s∗ =

kn f

(ρ̀Cp)n f

(
1 + 16σ́T ∗3

∞
3aRk f (kn f /k f )

)[
∂2T ∗
∂r∗2 + 1

Υ
∂T ∗
∂r∗

]
+ Q́

(ρ̀Cp)n f
(T ∗ − T ∗

∞) (11)

Now by assuming Rd = 16σ́T ∗3
∞/3aRk f as a radiation parameter, following Magyari and

Pantokratoras [51], Equation (11) becomes

v́
∂T ∗

∂r∗
+

R∗ú
Υ

∂T ∗

∂s∗
=

Υf

Λ2

1
Pr

kn f

k f

⎛⎝1 +
Rd(

kn f /k f

)
⎞⎠[∂2T ∗

∂r∗2 +
1
Υ

∂T ∗

∂r∗

]
+

Q́(
ρ̀Cp
)

n f
(T ∗ − T ∗

∞) (12)

where Prandtl number is given as Pr = υ f /α f .
The dimensionless transformation variables, for the simplification of the flow equations, are

defined as:

ú = ás∗ f ′(ζ), v́ = −R∗
Υ

√
áυ f f (ζ), ζ =

√
á

υ f
r∗, ṕ = ρá2s∗2P(ζ), T ∗ = T ∗

∞ + Ás∗
� Θ(ζ), Θ(ζ) = T ∗−T ∗

∞
T ∗w−T ∗∞

(13)
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The substitution of above equation implies an automatic satisfaction of the continuity Equation (1),
while Equations (2), (3) and (12) are given as:

∂P
∂ζ

=
f ′2

ζ + κ
(14)

2κ

ζ + κ
P =

υn f

υ f

[
f ′′′ +

f ′′

ζ + κ
− f ′

(ζ + κ)2

]
− κ

ζ + κ
f ′2 +

κ

ζ + κ
f f ′′ +

κ

(ζ + κ)2 f f ′ (15)

⎛⎝1 +
Rd(

kn f /k f

)
⎞⎠(Θ′′ +

Θ′
ζ + κ

)
− Pr(

kn f /k f

)[Λ2
κ

ζ + κ

(
f ′Θ − f Θ′

)
− λΘ

]
= 0 (16)

where dimensionless radius of curvature and heat generation parameter are κ = R∗
√

á/Υf and

λ = Q́/á
(
ρ̀Cp
)

f , respectively. The classical energy equation can be recovered from Equation (6) by
ignoring the radiative (Rd = 0) and heat generation (λ = 0) effects. Moreover, it is noteworthy that
by taking κ → ∞ and in the absence of pressure gradient, Equation (15) gets converted to the classical
problem of flat stretching sheet as discussed by Crane [30],

f ′′′ − f ′2 + f f ′′ = 0.

The implementation of Equation (13) reduces the boundary conditions to a dimensionless form
given as:

f (0) = 0, f ′(0) = 1, Θ(0) = 1, f ′(∞) = 0, f ′′ (∞) = 0, Θ(∞) = 0 (17)

We can eliminate P from Equations (14) and (15). Consequently,

f iv +
2 f ′′′

ζ + κ
− f ′′

(ζ + κ)2 +
f ′

(ζ + κ)3 + Λ1

⎡⎣ κ
ζ+κ ( f f ′′′ − f ′ f ′′ )

− κ

(ζ+κ)2

(
f ′2 − f f ′′

)
− κ

(ζ+κ)3 f f ′

⎤⎦ = 0 (18)

where
Λ1 =

υ f
υn f

= (1 − Φ)5/2
[
1 −
(

1 − ρ̀CNT
ρ̀ f

)
Φ
]
,

Λ2 =

[
1 −
(

1 − (ρ̀Cp)CNT
(ρ̀Cp) f

)
Φ
] ⎫⎪⎬⎪⎭ (19)

After obtaining f (ζ), P(ζ) can be easily determined from Equation (15) as:

P(ζ) =
ζ + κ

2κ

[
1

Λ1

{
f ′′′ +

f ′′

ζ + κ
− f ′

(ζ + κ)2

}
− κ

ζ + κ
f ′2 +

κ

ζ + κ
f f ′′ +

κ

(ζ + κ)2 f f ′
]

(20)

The skin-friction coefficient Cf and the local Nusselt number Nus∗ in s∗-direction are given by:

Cf =
(τr∗ ś∗)r∗=0

ρ̀ f ú2
w

, Nus∗ =
s∗ q̃w/k f

(T ∗w − T ∗∞)
(21)

where τr∗s∗ represents the wall shear stress and q̃w symbolizes the wall heat flux in s∗-direction. Their
mathematical expression are as follows:

τr∗s∗ = μn f

(
∂ú
∂r∗

− ú
Υ

)∣∣∣∣
r∗=0

, q̃w = −kn f

⎛⎝1 +
16σ́T ∗3

∞

3aRk f

(
kn f /k f

)
⎞⎠∂T ∗

∂r∗

∣∣∣∣∣∣
r∗=0

(22)
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Using Equations (13), (21) and (22) becomes:

Re1/2
s∗ Cf =

1

(1 − Φ)2.5

(
f ′′ (0)− f ′(0)

κ

)
, Re−1/2

s∗ Nus∗ = −
kn f

k f

⎛⎝1 +
Rd(

kn f /k f

)
⎞⎠Θ′(0) (23)

where the local Reynolds number is symbolized by Res∗ = ás∗2/υ f t.

3. Solution Procedure

The shooting method, followed by Runge–Kutta–Fehlberg scheme, has been implemented to
solve the problem. The shooting method aids in transforming the given system into an initial value
problem which can then be solved by Runge–Kutta–Fehlberg (RKF) method. Mathematical software
Mathematica (Version 10, Wolfram: Computation Meets Knowledge, Champaign, IL, USA) has been
used to solve the present problem by assuming the step size Δζ = 0.001, and the convergence criteria is
fixed at 10−6.

4. Results and Discussions

The size and shape of nanocomposites matter greatly for enhaning the thermal properties of the
base fluid. Carbon nanotubes are long nanotube wires with distinctive size and shape and also possess
significant physical properties. They are supposed to be much better than steel and Kevlar due to the
material’s exceptional tensile strength and stiffness. Thus, the flow and heat transfer characteristics
of single- and multi-walled carbon nanotubes over a curved stretching sheet have been investigated.
The mass flow rate is assumed to be 0.02 kg/s. The core objective of this section is to graphically
demonstrate the influence of various parameters like dimensionless radius of curvature κ, nanoparticle
volume fraction Φ (ranging from 0 ≤ Φ ≤ 0.2), heat generation parameter λ and radiation parameter
Rd on the velocity, temperature and pressure profiles. Table 1 displays the thermo-physical properties
of the base fluid and the nanoparticles. Since water has been utilized as a base fluid, therefore, a fixed
value for Prandtl number (Pr = 6.2) has been used.

Table 1. Physical and thermal properties of pure water and CNTs [11,27]. CNTs: carbon nanotubes;
SWCNTs: Single-walled carbon nanotubes; MWCNTs: multi-walled carbon nanotubes.

Pure Water SWCNTs MWCNTs

Cp (J(kgK)−1) 4179 425 796
ρ̀ (kg(m)−3) 997.1 2600 1600

k (W(mK)−1) 0.613 6600 3000

Figure 2 visualizes the effects of dimensionless curvature on the velocity, temperature and pressure
profiles. Figure 2a depicts the graphical description of the velocity profile for both SWCNTs and
MWCNTs based nanofluid under the influence of dimensionless radius of curvature κ. One can clearly
notice an increase in the velocity as well as the momentum boundary layer thickness, with increasing
dimensionless curvature (i.e., decreasing κ). As the fluid particles trace the curved path along the
surface of the sheet, the curvature of the sheet, under the influence of centrifugal force, enhances the
secondary flow of the fluid. This flow is relatively minor, which is then superimposed on the primary
flow which as a result enhances the fluid velocity.
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(a) (b) 

Figure 2. (a) f (ζ), f ′(ζ) and Θ(ζ); and (b) P(ζ) for some values of κ.

The effect of curvature seems to be small in the s∗-direction, while, in the r∗-direction, the impact
is quite prominent which is mainly due to the centrifugal force acting towards the origin. Figure 2a also
exhibits the role of dimensionless radius of curvature κ on temperature profile Θ(ζ). The increment of
the dimensionless curvature enhances the temperature of the fluid, i.e., the maximum amount of heat
is transfer when the radius of curvature decreases. Figure 2b illustrates the influence of dimensionless
curvature on the pressure profile. Clearly, a decline in dimensionless radius of curvature enhances the
magnitude of pressure inside the boundary layer. However, far away from the boundary, the pressure
remains almost negligible because the behavior of stream lines away from the sheet follows the same
pattern of flow as in the case of flat stretching sheet. Furthermore, it is pertinent to mention that the
pressure variations, near and away from the surface, seem insignificant in the case of flat stretching
sheet (i.e., κ = 1000). On the other hand, the pressure does not remain constant when the curvature is
employed into the sheet and, therefore, a certain variation has been perceived, especially inside the
boundary layer.

Figure 3 has been placed to show the influence of nanoparticle volume fraction Φ on the velocity,
temperature and pressure profiles. A certain rise in velocity has been observed when the nanoparticle
volume fraction increases. Besides, it has been observed that the SWCNTs have a slightly lower
velocity than MWCNTs, which is due to the higher density values for SWCNTs with which the
resistance within the fluid increases and consequently the dimensionless horizontal velocity component,
i.e., f ′(ζ), for SWCNTs decreases. Figure 3a also shows the variations in temperature Θ(ζ) with
increasing Φ. The temperature of the fluid rises and consequently, the thermal boundary layer increases.
Since the carbon nanotubes bear high thermal conductivity and low specific heat as compared to
the base fluid, the inclusion of sufficient nanoparticles enhances the temperature of the fluid quite
significantly. Moreover, the temperature for MWCNT-nanoparticles exhibits lower values as compared
to SWCNT-nanoparticles. Figure 3b depicts the behavior of pressure distribution for distinct values of
solid volume fraction Φ. A decline has been noticed in the magnitude of pressure distribution with an
increasing Φ.

The results in Figure 4 highlight the variations in temperature for increasing values of radiative
factor Rd. As expected, because of radiation, nanofluid temperature raises quite significantly.
The reason behind is the decline in mean absorption coefficient and as a result the rate with which
radiative heat transfers seems to be increasing at every point distant from the sheet. It has also been
observed that the temperature of SWCNTs-nanoparticles increases more than MWCNTs nanoparticles
because of the less thermal conductivity of the MWCNTs nanoparticles. Figure 5 depicts the behavior
of heat generation parameter λ on the temperature profile. The increasing λ > 0 causes an upsurge
in temperature as well as in thermal boundary layer thickness for both SWCNTs and MWCNTs
nanoparticle. The heat generation parameter usually involves the heat generation coefficient and,
thus, the increment of heat generation parameters leads to an increase in heat generation coefficient
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which means that the temperature at the surface is higher than the free stream temperature and,
therefore, by transferring the heat from the sheet to the fluid, the rise in the temperature is quite
obvious. Moreover, the increment of heat absorption parameter λ < 0 implies a decline in temperature
in the region adjacent to the wall for both SWCNTs and MWCNTs based nanofluid.

 
(a) (b) 

Figure 3. (a) f ′(ζ) and Θ(ζ); and (b) P(ζ) for some values of Φ.

Figure 4. Θ(ζ) for some values of Rd.

Figure 5. Θ(ζ) for some values of λ.

Figure 6 describes the influential behavior of various parameters on skin friction coefficient.
The increment in nanoparticle volume fraction considerably enhances the magnitude of skin friction
coefficient, as seen in Figure 6a. The reason is the higher volume fraction of nanoparticles, in terms
of composite carbon chains, which plays a prominent role within the fluid as well as on the surface
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and as a result increases the surface friction in both directions. Furthermore, it has been observed that
the SWCNTs remain on the higher side because the higher density value of SWCNTs as compared to
MWCNTs, therefore, the resistance within the fluid, seems to be more significant in the case of SWCNTs
and thus exhibits the higher skin friction. Figure 6b depicts the impact of dimensionless radius of
curvature κ on skin friction coefficient for both SW- and MW-carbon nanotubes. A decline in skin
friction coefficient has been observed with the increasing values of dimensionless radius of curvature
κ, which indicates that the increment in κ decreases the curvature of the surface and, therefore, offers
a less resistance to the fluid particles which eventually decay the skin friction coefficient.

 
(a) (b) 

Figure 6. Skin friction coefficient for some values of: (a) Φ; and (b) κ.

Figure 7 illustrates the effects of various parameters such as solid volume fraction Φ, heat
generation parameter λ, radiation parameter Rd and dimensionless radius of curvature κ. on the rate
of heat transfer for both single walled and multi walled carbon nanotubes. In Figure 7a, one can clearly
observe an enhancement in the local heat flux rate with an increasing nanoparticle volume fraction Φ
for both SW- and MW-carbon nanotubes. Nusselt number is usually a product of thermal conductivity
ratio and temperature gradient.The temperature gradient experiences a decline due to the inclusion of
nanoparticles and it is much smaller than the thermal conductivity ratio, which as a result enhances
the magnitude of Nusselt number. Furthermore, it has also been noticed in Figure 7a that the local heat
flux experiences a decline with the increasing heat generation parameter λ > 0. Since the increment of
heat generation parameter significantly raises the temperature of the fluid, the decrement in the rate of
heat transfer is obvious. The impact of radiation parameter Rd on the magnitude of the local Nusselt
number is presented in Figure 7b. It has been noticed that the rate of heat flux is an increasing function
of Rd. The increment of radiation parameter Rd drastically enhances the heat transfer coefficient which
as a result shows an increment in heat transfer rate. Moreover, Figure 7b also describes the effect of
dimensionless radius of curvature κ on the rate of heat flux. The increment in the magnitude of local
Nusselt number has been perceived with an increasing dimensionless curvature (i.e., decreasing κ).
Since the temperature of the fluid rises with an increasing dimensionless curvature, rate of heat flux
seems to be significant with decreasing κ.

Table 2 has been organized to see the variations in thermal and physical properties of base fluid
with the dispersion of carbon nanotubes. It has been clearly noticed that the inclusion of both types
of carbon nanotubes significantly enhances the thermal conductivity of the base fluid. The density
of the fluid also increases while the specific heat experiences a clear decline. Tables 3 and 4 has been
organized to discover the impact of various embedded parameters on local skin friction and local
Nusselt number for both SW- and MW-carbon nanotubes. Table 3 illustrates the influence of both solid
volume fraction Φ and dimensionless radius of curvature κ on skin friction coefficient Cf . In addition,
comparison with the previously existing results of Abbas et al. [44] has been presented. It has been
witnessed that the skin friction coefficient experiences a decline because of increasing dimensionless
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radius of curvature κ which indicates that a larger drag force is required to drag the fluid over the
curved stretching sheet. Table 4 provides the numerical values for skin friction coefficient −Re1/2

s∗ Cf

and the magnitude of local Nusselt number Re−1/2
s∗ Nus∗ for numerous values of solid volume fraction

Φ and heat generation parameter λ under the assumption that the dimensionless radius of curvature
κ → ∞ i.e., κ = 1000 (for flat dilating sheet). It has been observed that the skin friction coefficient
increases with increasing values of Φ, which can also be observed in Table 3. Moreover, less resistance
has been offered by MWCNTs as compared to SWCNTs. In addition, the magnitude of local Nusselt
number seems to be an increasing function of Φ for both SWCNTs and MWCNTs. The reason is the
supremacy of CNTs over traditional base fluid, i.e., water, which is primarily due to the higher thermal
conductivity and low specific heat. Thus, the ability to conduct heat significantly improves the rate of
heat flux at the sheet. This proves the fact that the addition of carbon nanotubes enhances the local heat
flux. On the other hand, the local rate of heat flux experiences a decrement with the increasing values
of λ for CNTs based nanofluid as well as traditional base fluid. Finally, the validity of our results for
a dimensionless radius of curvature κ → ∞ , i.e., κ = 1000 (for flat dilating sheet), is shown in Table 5.
An excellent agreement has been found between obtained results and previously published results of
Ali [52], Grubka and Bobba [53] and Ishak et al. [54] in the absence of radiation parameter Rd, heat
generation parameter λ and carbon nanotubes Φ.

 
(a) (b) 

Figure 7. Nusselt number for some values of (a) λ; (b) κ.

Table 2. Variation in Thermo-physical properties of CNTs based nanofluid.

Φ ρ̀ ρ̀Cp × 106 k

SWCNT 0.0 997.1 4.1669 0.613
0.05 1077.25 4.0138 1.1673
0.10 1157.39 3.8607 1.7831
0.15 1237.54 3.7076 2.4712
0.20 1317.68 3.5545 3.2451

MWCNT 0.0 997.1 4.1669 0.613
0.05 1027.25 4.0222 1.1164
0.10 1057.39 3.8776 1.6755
0.15 1087.54 3.7329 2.3002
0.20 1117.68 3.5882 3.0027
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Table 3. Comparison of −Re1/2
s∗ Cf between present results and previously existing results of Abbas et al. [44]

for various values of Φ and κ.

Φ κ Abbas et al. [44] SWCNT MWCNT

0.0 5 1.15763 1.15763 1.15763
10 1.07349 1.07349 1.07349
20 1.03561 1.03561 1.03561
50 1.01405 1.01405 1.01405

100 1.00704 1.00704 1.00704
200 1.00356 1.00356 1.00356
1000 1.00079 1.00079 1.00079

∞ 1.00000 1.00000 1.00000
0.1 5 - 1.43781 1.38677

10 - 1.32577 1.27251
20 - 1.27579 1.22190

0.2 5 - 1.80802 1.69810
10 - 1.65195 1.53544
20 - 1.58323 1.46471

Table 4. Comparison of −Re1/2
s∗ Cf and Re−1/2

s∗ Nus∗ for different values of Φ and λ by setting Rd = 0
and κ = 1000 fixed.

λ = −0.3 λ = 0.0 λ = 0.3

Φ −Re1/2
s∗ Cf Re−1/2

s∗ Nus∗ −Re1/2
s∗ Cf Re−1/2

s∗ Nus∗ −Re1/2
s∗ Cf Re−1/2

s∗ Nus∗

SWCNT 0.0 1.00001 3.19358 1.00001 2.87661 1.00001 2.51646
0.1 1.22906 5.06371 1.22906 4.43995 1.22906 3.66480
0.2 1.51945 6.42309 1.51945 5.47268 1.51945 4.01986

MWCNT 0.0 1.00001 3.19358 1.00001 2.87661 1.00001 2.51646
0.1 1.17477 4.95614 1.17477 4.36549 1.17477 3.64727
0.2 1.39944 6.29734 1.39944 5.42743 1.39944 4.25578

Table 5. Comparison of −Θ′(0) between present results and previously existing results for different
values of Pr by setting Rd = λ = Φ = 0 and κ → ∞ .

Pr Ali [52]
Grubka and
Bobba [53]

Ishak et al. [54] Present Results

0.72 0.8058 0.8086 0.8086 0.80884
1 1.0000 1.0000 1.0000 1.00001
3 1.9237 1.9144 1.9237 1.92368
7 - - 3.0723 3.07226
10 3.7006 3.7207 3.7207 3.72068
100 - 12.2940 12.2941 12.29407

5. Conclusions

A time independent, steady, incompressible boundary layer flow of CNT (single-walled and
multi-walled carbon nanotubes) based nanofluid over a curved dilating sheet has been considered.
Impact of different physical parameters have enabled us to draw the following conclusions:

• The increment in dimensionless curvature (i.e., decreasing κ) and nanoparticle volume fraction
Φ significantly enhances the fluid velocity. Moreover, velocity dominates for multi-walled
carbon nanotubes.

• An increment in temperature along with thermal boundary layer has been observed for increasing
dimensionless curvature (i.e., decreasing κ), nanoparticle volume fraction Φ and radiation
parameter Rd. Furthermore, SWCNTs remains on the higher side as compared to MWCNTs.
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• An upsurge in temperature has been perceived for increasing heat generation parameter λ > 0
while the opposite behavior has been detected for increasing heat absorption parameter λ < 0.

• A decline is observed in the magnitude of pressure distribution inside the boundary layer as the
dimensionless radius of curvature increases while a rise in nanoparticle volume fraction depicts
a clear enhancement in it.

• Skin friction enhances for higher values of solid volume fraction Φ while dimensionless radius of
curvature κ implies a reduction in skin friction coefficient for both SWCNTs and MWCNTs.

• The magnitude of local heat flux rate increases for growing values of dimensionless curvature
(i.e., decreasing κ), nanoparticle volume fraction Φ and radiation parameter Rd while the behavior
is opposite for increasing heat generation parameter λ.
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Nomenclature

Á Constant
κ Dimensionless radius of curvature
k Thermal conductivity, W/mK
Rd Radiation parameter
Cp Specific heat at constant pressure, J/kg·K
ṕ Pressure
P Dimensionless pressure
Pr Prandtl number
Q́ Volumetric rate of heat source
q̃r∗ Radiative heat flux, W/m2

q̃w Wall heat flux, W/m2

R∗ Radius of curvature
Res∗ Local Reynold number
Nus∗ Local Nusselt number
T ∗ Local fluid temperature, K
T ∗

w Surface temperature, K
T ∗

∞ Free stream temperature, K
ú s∗−component of velocity, m/s
v́ r∗−component of velocity, m/s
Greek Symbols

Φ Solid volume fraction of CNT
ζ Similarity variable
μ Dynamic viscosity, N·s/m2

υ Kinematic viscosity, m2/s
ρ̀ Density, kg/m3

α Thermal diffusivity, m2/s
ρ̀Cp Heat capacitance
Θ Dimensionless temperature
λ Heat generation parameter
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τr∗s∗ Wall shear stress
σ́ Stefan–Boltzmann constant
aR Mean absorption coefficient
Subscripts

n f Nanofluid
f Base fluid
CNT Carbon nanotube
SW Single walled
MW Multi walled
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Abstract: We explored the occurrence and distribution of nonylphenol (NP) in 13 Taiwanese source
waters. From all the surveyed waters, NP was detected at a high concentration, which could
be attributed to contamination by wastewater discharges. In this study, we applied modified
multi-walled carbon nanotubes (MWCNTs) for removing NP from aqueous solution. The impact
of a few experimental factors, i.e., pH, contact time, MWCNTs dose, and temperature on the NP
removal efficiency of modified MWCNTs was studied. The maximum adsorption capacity of the
MWCNTs was observed to be 1040 mg NP/g when the initial NP concentration was 2.5 mg/L,
and the solution pH was 4. The adsorption process followed the Elovich kinetics and the Elovich
isotherm, indicating it is multilayer adsorption. The thermodynamic analysis demonstrated the NP
adsorption by MWCNTs was thermodynamically satisfactory and, for the most part, endothermic as
in the case of phenol adsorption. The result of the current study demonstrated the significance of
free binding sites and the pore size of MWCNTs in the NP adsorption. This paper will help to better
comprehend the adsorption behavior and mechanism of alkyl phenolic compounds onto MWCNTs.

Keywords: adsorption; multi-walled carbon nanotubes; nonylphenol; kinetics

1. Introduction

Nonylphenol (NP), a hydrophobic contaminant, has frequently been found in surface water,
groundwater, sediment, and soil [1,2]. It is a significant byproduct of a non-ionic surfactant,
nonylphenol polyethoxylate, which is used as an ingredient of pesticides and personal care products,
lubricating additive, the catalyst in curing agent of epoxy resin, defoamer in industrial laundries and
dispersant in paper industries [2–4]. Nonyl phenol has a similar structure to natural estrogen, so it can
mimic characteristic hormones by making a connection with estrogen receptors in the environment,
which is highly toxic to fish, microorganisms, and aquatic plants. Additionally, the presence of NP in
the human body will reduce sperm count and immunity and can cause breast and testicular cancers.
Thus, NP has been listed as a priority substance in the EU Water-Framework Directive [5]. As a result,
NP has been replaced by alcohol polyethoxylates in the most European, Canadian, and Japanese
industries [1,4]. However, alcohol polyethoxylates are expensive and less efficient in general, which
boosts the illegal production and usage of NP. Moreover, inadequate NP removal by wastewater
treatment plants (WWTPs) results in a high NP concentration in the aquatic environment [6].

In general, the treated wastewater discharged from industrial parks in the Asian region
including China, Indonesia, Korea, Laos, Malaysia, Taiwan, Thailand, and Vietnam contains a higher
concentration of NP than that in the European Union, America, and Japan [6–8]. Table S1 summarizes
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the levels of NP detected in several major Asian rivers [6,7,9–28]. Generally, these rivers flow by
industrial parks and WWTPs, which are the potential sources of NP. It is a great challenge to estimate
the exact contribution by each industrial source to NP pollution of water environment, because of other
significant sources such as municipal sewage, agriculture runoffs, and animal wastes [7,29]. According
to the Taiwan Construction and Planning Agency Ministry of the Interior (CPAMI), only about 50% of
the municipal wastewater is treated in 2018 [30].

Adsorption onto sludge particulates [5], biological treatment [31], chemical treatment [32],
photocatalysis [33], electrochemical degradation [34], volatilization [5], and ozonation [35] have
been applied for the removal of NP from wastewater. Among the technologies, adsorption has been
considered as an important option because of the unique physicochemical properties of NP such as
low water solubility and a high log KOC value [3,36].

Recently, carbon nanotubes (CNTs) have received much attention as an adsorbent because of its
large surface area, highly porous and hollow structure, light mass density, and strong interaction with
hydrophobic organic compounds such as NP [37,38]. On the other hand, spent CNTs can be readily
regenerated thermally, chemically, or biologically, so it can be readily reused.

In the present investigation, NP in water samples, which were collected from source waters
for 13 Taiwanese water treatment plants (WTPs), was adsorbed to modified multi-walled CNTs
(MWCNTs); the kinetics and isotherm equilibrium of the adsorption process were studied. In particular,
the influence of different experimental parameters, i.e., water pH, MWCNT dose, contact time,
and temperature on the adsorption process.

2. Material and Method

2.1. Materials

Nonyl phenol standard was purchased from Sigma Aldrich (Saint Louis, MS, USA). Multi-walled
carbon nanotubes of reagent grade were acquired from Kuang-Yuan Biochemistry Technology (New
Taipei City, Taiwan). All other chemicals used in this study are of reagent grade and were also
purchased from Sigma Aldrich (Saint Louis, MO, USA). N2 of 99.99% purity was bought from Shinn
Hwa Gas (Taipei, Taiwan). Table 1 summarizes the general properties of NP and MWCNT used in this
study. The surface area and pore volume of the MWCNTs were 122 m2/g and 0.44 cm3/g, respectively.

Table 1. Characteristics of NP and MWCNTs.

Nonylphenol [39] CNTs

Characteristics Characteristics
CAS registry number 84852-15-3 Type MWCNT

Synonyms p-nonylphenol,
4-nonylphenol, Length 5–15 μm

Molecular formula C9H19-C6H5O Purity ≥95% (v/v)
Molecular weight (g/mol) 220.35 Amorphous carbon <3%

pKa 10.7 Ash ≤0.2% (w/w)

log Kow 4.8–5.3 Brunauer–Emmett–Teller
(BET) Surface Area 122.2 m2/g

Henry’s law constant
(Pa m3/mol) 11.2 Interlayer distance 0.34 nm

Solubility (mg/L) 5.4–8

The purchased MWCNTs were pretreated by HNO3 solution (65%) at 120 ◦C for 40 min to remove
metal impurities from the surface of the MWCNTs. The treated MWCNT samples were, then, washed
with deionized (DI) water to remove excess HNO3, which was carried out by refluxing the solution
with MWCNTs in an ultrasonic cleaning bath at 80 ◦C for 2 h. Ultrasonication treatment also helps to
remove amorphous carbons from the MWCNTs. Finally, the treated materials were filtered through a
glass fiber filter (GC-50, Advantec, Taipei, Taiwan) to harvest modified MWCNTs.
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2.2. Water Sample Preparation

Raw water samples were collected at the source water for each of 13 WTPs in Taiwan (2009–2015).
Produced water samples were also collected from the 13 plants. As soon as they were collected, the
water samples were filtered with a cellulose acetate membrane filter (0.22–0.45 μm, Merck, Taipei,
Taiwan). After filtration, samples were acidified to pH 4.0 using 2 N sulfuric acid and kept at 4 ◦C.

2.3. Instrumentation and Techniques

The surface morphology of the modified MWCNTs was obtained by a scanning electron
microscope (SEM, FEI Quanta 200 Environmental Scanning Electron Microscope, Hillsboro, OR,
USA) and a transmission electron microscope (TEM, JEM-1400 Transmission Electron Microscope,
Peabody, MA, USA). The zeta potential of the MWCNTs during modification at different pHs (1–11)
was measured by a zeta analyzer (Brookhaven BI-90 Plus Particle Size Analyzer, Champaign, IL, USA).
Using the BET surface area analyzer (Beckman Coulter SA3100 Surface Area Analyzer, Indianapolis,
IN, USA), the surface area and pore size of the modified MWCNTs were analyzed. Nonyl phenol
in water samples was extracted by solid phase extraction (SPE) and subsequently quantified by
high-performance liquid chromatography-mass spectrometry (HPLC-MS) [40]. The SPE was carried
out according to the method proposed by Lin and Tsai [41]. Briefly, the Oasis HLB SPE cartridge
(500 mg, 6 mL, Waters, Milford, MA, USA) which was first pretreated with methanol and deionized
water of 6 mL each. Then, a water sample of 400 mL with 13C6-sulfamethazine (use as a surrogate)
added were loaded to the cartridge at 3–6 mL/min. After a sample loaded, the cartridge was rinsed
with 6 mL DI water and dried with N2 gas. Then, analytes were eluted with 4 mL methanol and 4 mL
methanol-diethyl ether (1:1 ratio, 50:50, v/v). The eluates were collected to pass for drying with N2

gas and reconstituted in 0.4 mL of 25% aqueous methanol. Finally, the obtained liquid was filtered
through a 0.45 μm PVDF membrane before the HPLC-MS/MS analysis.

2.4. Batch Adsorption Experiments

In the present investigation, all experiments were carried in a batch mode. In the adsorption
isotherm experiments, 10 mL of 2.5 mg/L NP was introduced into a centrifuge tube containing different
concentrations (0.5–10 mg/L) of adsorbate. The tube was, then, tightly closed with a Teflon-lined screw
cap and shaken at 150 rpm at 25 ± 1 ◦C over 24 h to reach equilibrium. To study the pH dependency
of the adsorption, pH (2–10) of the mixture was adjusted by adding 0.1 M HCl/NaOH solution.
Once equilibrium was reached, the adsorbent (i.e., MWCNTs) was separated from the solution using a
0.2-μm membrane filter, and the residual NP concentration was analyzed. For the case of kinetic study,
samples were collected after 0.5, 1, 2, 4, 7, 8, 10, 12 and 14 h of reaction, and residual NP concentration
of each sample was analyzed. All the experiments were performed three times to determine averages
and standard deviations; in fact, the calculated c.v. for each set of experiments was within ±3%.

3. Result and Discussion

3.1. NP Concentrations of the Source and Treated Water Samples

As shown in Figure 1, water samples were collected at various locations covering the whole area
of Taiwan, including Ban-shin (A), Bao-shan (B), Bei-dou (C), Carp Lake (D), Chan-shin (E), Chen-chin
Lake (F), Dong-shin (G), Feng-shan (H), Feng-yuan (I), Kao-tan (J), and Kin-men (K), Nan-hua (L) and
Shin-shan (M). All of them are important source waters of Taiwan, so each of them is withdrawn to a
nearby WTP. Raw water and produced water samples were collected 2 to 19 times in 2009–2015.
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Figure 1. (a) Sampling Locations and (b) NP concentration of source waters. The highest, second
highest, and the third highest NP concentrations were detected at (M) Shin-shan, (F) Chen-chin Lake,
and (C) Bei-dou, respectively.

The NP concentration of each source water is provided in Supporting Information (Table S2).
Different unit processes, namely, rapid filtration, pre-chlorination, coagulation/sedimentation,
pre-ozonation, post-chlorination, granular activated carbon, ultrafiltration, and low-pressure reverse
osmosis, are employed in combination at each of the WTPs (Table S2).

The result shows that NP concentration was in the range from below detection limit to several
hundred ng/L for most of the treatment plants (Figure 1). The maximum NP concentration of
986 ng/L was found at the source water of the Site-M, which consists of conventional processes such
as pre-chlorination, coagulation/sedimentation, rapid filtration, and post-chlorination. While the
range of NP concentrations of source water was found from 46.1 to 986 ng/L, that of produced water
(after conventional treatments) was from below detection limit to 117 ng/L, respectively (as shown in
Table S2). It was observed that the NP concentration was not varying significantly at the two sites,
i.e., Sites-F and -E. On the other hand, the water samples collected from the Sites-I and -L did not
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show NP; the concentration was below the detection limit. The high NP contents of the raw water
samples collected from Sites-M, -B, -E and -H were attributed to discharge from municipal WWTPs
and industrial parks [42].

3.2. Characterization of Adsorbent

The physical properties of MWCNTs, such as specific surface area, pore size distribution and pore
volume, were modified via acidification and summarized in Table 2. The acidification increased the
surface area, average pore diameter and pore volume of the MWCNTs. Probably, amorphous carbons
were removed from the structure by the acidification to open the pores of MWCNTs. While the SBET of
the modified MWCNTs was comparable with those reported by others [43–45], the pore volume was
much higher; 0.81 cm3/g was obtained (Table 2). HNO3 treatment reduced metals on the surface of
MWCNTs and created new acidic sites, which dominate the roughness of the MWCNTs [46].

Table 2. Specific surface area and pore diameter of MWCNTs.

Adsorbent
SBET

(m2/g)
Pore Diameter

(nm)
Pore Volume

(cm3/g)
References

MWCNTs 122 15.1 0.44
Modified MWCNTs (Acidified) 211 15.5 0.81

Acidified MWCNTs 237 15.7 0.0042 [44]
Acidified MWCNTs 121 0.49 [45]
Acidified MWCNTs 295 20–40 0.21 [47]
Acidified MWCNTs 254 [48]

Figure 2a gives the SEM (left) and TEM (right) images of raw MWCNTs, respectively. It can be
observed that raw MWCNTs shows typical tubular structure morphology, with a length of 5–15 nm.
Figure 2b shows the morphology of the modified MWCNTs. The result shows the tubular structure
morphology of the modified MWCNTs that has no particle on its surface. The TEM image presents the
tubular structure of the raw MWCNTs (right of Figure 2a) and the modified MWCNTs samples (right
of Figure 2b). These TEM images confirm the successful removal of metals from the MWCNT surface,
which is consistent with the SEM observation.

Figure 2. SEM (left) and TEM (right) images of the MWCNTs (a) before and (b) after modification.
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Figure 3 shows the zeta potential of the modified MWCNTs as a function of pH which gives
the point of zero-charge (ZPC); the ZPC was observed at pH 2.3 (=pHzpc). The zeta potential of the
modified MWCNTs was negative in the neutral pH range (Figure 3), indicating that the surface of the
MWCNTs was negatively charged. In comparison, the zeta potential of the modified MWCNTs was
positive at acidic pHs.

Figure 3. Zeta potential of modified MWCNTs for different pHs.

3.3. Effects of pH and MWCNTs Concentration on NP Removal

Figure 4a clearly shows the influence of pH on the NP removal. At alkaline pHs, NP adsorption
decreased. The obtained results are in line with previously obtained ones that deprotonation of organic
molecules (phenolic) took place and promoted diffusions [49]. Considering pHzpc of the modified
MWCNTs (i.e., 2.3) and pKa of NP (i.e., 10.7; [39]), at neutral pHs (e.g., 4–10), the adsorption of
NP onto the MWCNTs is favored due to the weak electrostatic interaction and H-bond formation
between the negatively charged MWCNTs and NP. Figure 4b demonstrates the effect of the modified
MWCNTs dosage (0.1 to 10 mg/L) on NP adsorption at pH 4. As the MWCNTs concentration increased,
the NP adsorption increased to some extent possibly due to increased free binding sites. As shown
in Figure 4b, the highest adsorption capacity of the modified MWCNTs for NP was estimated at
1040 mg/g at pH 4 and 25 ◦C. In any case, the adsorbent mass higher than 0.5 mg/L did not further
improve the adsorption. Therefore, the modified MWCNTs of 0.5 mg/L was used in the following
batch experiments.

Figure 4. Cont.
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Figure 4. Effect of (a) pH ([MWCNT] = 0.5 mg/L) and (b) adsorbent (MWCNTs) dose (at pH 4) on the
adsorption of NP by MWCNTs. Experimental conditions: [NP] = 2.5 mg/L, T = 25 ◦C).

3.4. Adsorption Kinetics

Figure 5 shows the kinetics of NP adsorption onto the modified MWCNTs. The obtained result
shows that the equilibrium is established in 14 h (Figure 4a). In the beginning, the rate of adsorption
was high probably due to a large number of free surface sites available on the MWCNTs. Afterward,
the adsorption rate became slower and finally reached the equilibrium state. Thus, it could be
concluded that free binding sites and affinity between the modified MWCNT and NP might be
responsible for the NP adsorption, similar to the result from our previous study in which NP was
adsorbed to clays and soil materials [50]. In fact, the kinetics profile from the current NP adsorption
study is characterized with two linear regions; they are the liquid film diffusion layer and the
intra-particle diffusion one [51]. The rate of NP adsorption in the liquid film diffusion layer is
expressed as Equation (1):

dq
dt

= k f S0(C − Ci) (1)

where S0 is the particle surface area per unit particle volume, and kf is the rate constant.

Figure 5. The kinetics of NP adsorption described by the film diffusion and the intra-particle diffusion
models. Experimental conditions: [NP] = 2.5 mg/L, T = 25 ◦C, pH = 4, and [MWCNT] = 0.5 mg/L.

The intra-particle diffusion model assumes that the adsorption density, qt, varies proportionally
with t

1
2 , as shown in Equation (2),

qt = kid
√

t + I (2)
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where I and kid is the intercept and the intra-particle diffusion rate constant, respectively. The boundary
layer effect is indicated by the initial high slope, and the intra-particle diffusion or pore diffusion is
demonstrated by the less steep slope (Figure 5).

The NP adsorption capacity increases with the increase in the adsorbent surface area (S0) [45].
Moreover, the increase in the surface area of the adsorbent strongly correlates with the equilibrium
adsorption capacity [49]. This kind of relationship has already been described in the literature [52].
It suggests that the pore-filling mechanism is mostly responsible for the adsorption. Generally,
small-size organic compounds are responsible for pore-filling [43,53]. In addition, the octanol-water
partitioning coefficient (log Kow), an indicator of hydrophobicity of an organic compound, plays an
important role in the adsorption [1]. Therefore, the compound with a high log Kow (i.e., log Kow > 4)
should exhibit a strong adsorption affinity towards the active binding sites of the adsorbent [1]. Since
the log Kow of NP is 4.8–5.3 (Table 1), NP seems to have a strong adsorption affinity.

Table 3 lists the kinetics models that were applied for the NP adsorption to the modified MWCNTs.
The coefficients of determination for the kinetics models are in the order of Elovich (R2 = 0.96) >
pseudo-first order (0.93) > pseudo-second order (0.46).

Table 3. Kinetic models and parameters for adsorption of NP to MWCNTs.

Kinetic model Parameter Value R2

Pseudo-first-order log(qe − qt) = logqe − k1
2.303 t

qe (mg/g) 2.1 × 101
0.93

k1 (/min) 2.7 × 10−1

Pseudo-second-order t
qt

= 1
k2q2

e
+ 1

qe
t qe (mg/g) 3 × 102

0.46
k2 (g/mg/min) 1.1 × 10−3

Elovich q =
(

2.3
α

)
log(t + t0)−

(
2.3
α

)
log t0

t0 = 1
aα

a 4.3 × 10−3
0.96

α (g/mg/min) 4.3 × 102

Double exponential
model (DEM)

qt = qe − D1
ma exp(−Dk1t)

−D2
ma exp(−Dk2t)

D1 (mg/L) 8.4 × 10−3

–Dk1 (/s) 1.4 × 10−3

D2 (mg/L) 8.5 × 10−3

Dk2 (/s) 1.4 × 10−3

Note: qe and qt are the amount of NP adsorbed at equilibrium at time t (mg/g), respectively. k1 and k2 are the rate
constant of the pseudo-first-order, pseudo-second order, respectively. a is the Elovich constant and α is the initial
sorption rate constant for the Elovich model (g/mg/min). D1 and D2 are the 1st and 2nd stage concentrations
(mg/L) in the DEM model, while Dk1, and Dk2 are the 1st and 2nd stage rate constants (1/s). Lastly, ma is dosage of
an adsorbent in the DEM model (g/L).

The calculated qe value was not in agreement with the experimental data, indicating that the
pseudo-second-order kinetic model may not explain the adsorption of NP onto the modified MWCNTs.
Preferably, the experimental adsorption capacity data well fit to the Elovich model, which implies that
the NP adsorption is governed by chemisorption processes [54].

3.5. Equilibrium Adsorption Isotherm

To examine the effect of the initial NP concentration on the adsorption capacity of the modified
MWCNTs, the adsorption isotherm study was carried out. Table 4 shows the adsorption isotherm
models applied for the adsorption of NP onto MWCNTs. The Langmuir [55], Freundlich [56],
Jovanovic [57], Elovich [54] and Temkin [58] models were respectively employed to fit the adsorption
data, and the result is summarized (Table 4).
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Table 4. Parameters of NP adsorption based on various models.

Isotherm model Parameter Value R2 Reference

Langmuir qe =
kL×qm×Ce

1+kLCe

qm (mg/g) 1.11 × 104
0.9763 [55]

KL (L/mg) 1.5

Freundlich qe = K f Ce
1

n f

Kf ((mg/g)
(mg/L)1/n) 33.20

0.994 [56]

nf 0.89

Temkin
qe =

BlnAT + BlnCe

Ce (g/mg) 6.03 × 104
0.9986 [57,59]

AT (L/mg) 0.60

Elovich qe = KEqmCee
qe
qm

qm (mg/g) 2.5 × 104
0.9996 [53]

KE (L/mg) 0.38

Jovanovic qe = qm
(
1 − eKiCe

) Kj (L/mg) 0.22
0.9984 [57]

qm (g/mg) 47.37

In short, Freundlich, Jovanovic, Temkin, and Elovich models fitted the data better than
the Langmuir. The maximum NP adsorption capacity (qmax, mg/g) of the modified MWCNTs
estimated using the Langmuir model at pH 2 and 293 K was 1.11 × 104 mg/g. On the other
hand, a much higher qmax value (i.e., 25,000 mg/g) was estimated by the Elovich isotherm.
Furthermore, the calculated adsorption data matched well with the observed ones. The current result
demonstrated that the adsorption of NP onto the modified MWCNTs is multilayer (chemisorption)
rather than Langmuir-mono-layer.

3.6. Thermodynamic Aspects

Temperature affects the adsorption capacity of an adsorbent. It was observed that the amount of
NP adsorbed increased as temperature increased, indicating an endothermic process. To evaluate the
spontaneity of the adsorption process, the thermodynamic parameters, i.e., changes in the Gibb’s free
energy (ΔG◦, kJ/mol), the enthalpy (ΔH◦, kJ/mol), and the entropy (ΔS◦, kJ/mol/K) of the process
were calculated by Equations (3)–(5):

ΔG = −R T ln KL (3)

ΔG◦ = ΔH◦ − T ΔS◦, (4)

ln KL =
ΔS◦

R
− ΔH◦

RT
(5)

where R is the universal gas constant (8.314 × 10−3 kJ/mol·K), and T is the absolute temperature (K).
The KL (L/g), equilibrium constant, is calculated from the Langmuir constant, qm [55]. The value of
ΔG◦ was calculated from Equation (3), while ΔH◦ and ΔS◦ were estimated from the slop and intercept
of the graph (straight line) of ((1/T) vs. ln K) (Figure S2). The values of various thermodynamic
parameters for the NP adsorption onto the modified MWCNTs are presented in Table 5.

Table 5. Values of various thermodynamic parameters for adsorption of NP to MWCNTs.

Temp. (◦C) K (L/mol) ΔG◦ (kJ/mol) ΔH◦ (kJ/mol) ΔS◦ (J/K mol)

15 1.47 −0.93 11.18 42.02
25 1.72 −1.35
35 2.00 −1.77
45 2.29 −2.19
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The negative ΔG◦ values suggest that the adsorption of NP onto the MWCNTs is spontaneous.
The ΔG◦ value negatively increases as the temperature increases. This indicates that the adsorption
is more favorable at a higher temperature from the thermodynamics point of view (values of KL

increased from 1.47 to 2.29). Additionally, the ΔH◦ and ΔS◦ values are all positive, indicating the NP
adsorption onto the modified MWCNTs is endothermic at the temperature range of 288–318 K.

From the adsorption and kinetics data, the following three important factors governing the
adsorption of NP onto the modified MWCNTs can be drawn; they are (1) physical properties of the
adsorbent, i.e., size, shape, surface area, impurities, functional group, and pore size; (2) environmental
condition, i.e., pH; (3) π–π interaction between the MWCNTs and NP. In this study, the physical
properties of MWCNTs were improved by acidification, which renders the modified MWCNTs surface
acidic. In addition to the physical properties, relatively high pKa and Kow values (hydrophobicity) of
NP might enhance the interaction between ions/compounds with the modified MWCNTs. Finally,
the hydrogen-bond formation was observed between -H of the carbonyl group on the modified
MWCNTs and the –OH group of NP. Therefore, H-bond might be a key mechanism responsible for the
NP adsorption in this study. In particular, the H and O contents were higher in the modified MWCNTs
compared with pristine MWCNTs.

4. Conclusions

In this study, the occurrence of NP in 13 sites of Taiwan from 2009 to 2015 has been
comprehensively investigated. The concentration of NP was habitually distinguished at a critical level
in Taiwan surface water, especially in 12 of 13 investigated source waters, indicating the traditional
water treatment processes are not effective.

Using modified (acid treated) MWCNTs as an adsorbent may be advantageous in future for
removal of NP due to its higher surface area and specific surface functionality. The highest NP
adsorption capacity on MWCNTs was 1040 mg/g at initial NP concentration of 2.5 mg/L at pH 4.
The adsorption process was found to follow the Elovich kinetics model and the Elovich isotherm
model, implying that the NP adsorption onto MWCNTs is a multilayer. Three factors namely, physical
properties of the adsorbent, environmental conditions, and interaction of the adsorbent with NP are
considered as the governing factors for the adsorption process. Also, a result of the thermodynamic
analysis shows that the adsorption is endothermic and depends on the solution temperature. In short,
all the obtained results indicate that the acidified MWCNTs can be employed successfully for the
removal of NP from aqueous solution.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/8/11/2295/
s1, Figure S1: Adsorption kinetics equation of NP. Experimental conditions: [NP] = 2.5 mg/L, T = 25 ◦C,
[MWCNTs] = 0.5 mg/L, Figure S2: Plot of ln (K) versus 1/T (van’t Hoff plot) for various temperature from 288 K
to 318 K, [NP] = 2.5 mg/L and [MWCNTs] = 0.5 mg/L, Table S1: The concentration level of NP in various Rivers
of Asian Region; Table S2: The concentration of Nonylphenol in Public Water Supply Systems (from 2009 to 2015).
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Abstract: Magnetic solid-phase extraction is an effective and convenient sample pretreatment
technique that has received considerable interest in recent years. A lot of research indicated that
magnetic nanocarbon-material-based composites have good application prospects as adsorbents for
magnetic solid-phase extraction of pesticides. Herein, a novel zeolitic imidazolate framework based
on magnetic multiwalled carbon nanotubes (M-M-ZIF-67) has been prepared as an adsorbent for
magnetic solid-phase extraction of nine organochlorine pesticides from agricultural irrigation water
samples. The obtained M-M-ZIF-67 material possessed porous surfaces and super-paramagnetism
due to the utilization of magnetic multiwalled carbon nanotubes as the magnetic kernel and support.
To evaluate the extraction performance of the M-M-ZIF-67, the main parameters that affected the
extraction efficiency were researched. Under the optimal conditions, a good linearity for the nine
organochlorine pesticides was achieved with the determination coefficients (R2) higher than 0.9916.
The limits of detection (signal/noise = 3:1) were in the range 0.07–1.03 μg L−1. The recoveries of all
analytes for the method at spiked levels of 10 and 100 μg L−1 were 74.9–116.3% and 75.1–112.7%,
respectively. The developed M-M-ZIF-67 based magnetic solid-phase extraction method has a
potential application prospect for the monitoring of trace level of organochlorine pesticides in
environmental water samples.

Keywords: zeolitic imidazolate framework; multi-walled carbon nanotubes; magnetic solid phase
extraction; organochlorine pesticides; agricultural irrigation water

1. Introduction

Sample pretreatment is a crucial step in analysis of trace or ultra-trace amounts analytes in complex
matrices. Solid-phase extraction (SPE) is a type of widely used pretreatment for effective concentration
of analytes in complex matrices before instrumental analysis [1]. A variety of pretreatment methods has
been developed based on this technique, including solid-phase microextraction (SPME) [2], micro-SPE
(μ-SPE) [3], and stir-bar sorptive extraction (SBSE) [4].

Magnetic solid-phase extraction (MSPE), as a new type of SPE, is a pretreatment method that
has received considerable interest in recent years. In this technique, magnetic adsorbents are directly
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dispersed into sample solutions, and this dispersive extraction mode can enhance the contact area
between adsorbents and analytes [5]. Notably, magnetic adsorbents can be separated from the sample
solutions under an external magnetic field without the need of traditional centrifugation or filtration,
thereby simplifying the extraction process. Furthermore, magnetic adsorbents can be recycled and
reused easily, which is cost effective and environmentally friendly [6]. Therefore, the MSPE technique
shows comprehensive advantages of simplicity, time, reagent and labor savings, and excellent
extraction efficiency, which meet the principles of green analytical chemistry [7]. The diversity of the
materials used in MSPE is the main factor that has led to extensive development of this technique
in recent decades [8]. Multiple magnetic sorbents have been synthesized by embedding magnetic
cores in different organic or inorganic materials, such as chitosan [9], ionic liquids [10], polymers [11],
silica [12], metallic oxides [13], molecularly imprinted polymers [14], and carbon nanomaterials [15,16].

Multiwalled carbon nanotubes (MWCNTs) are formed by seamless rolling up of several layers
of graphite sheets. Because of their excellent properties, such as high surface area and inner volume,
stability, mechanical strength, ability to establish π–π interactions, and capacity for functionalization,
MWCNTs have the possibility of acting as good sorbents [17]. MWCNTs have recently attracted
considerable interest as adsorbents in MSPE for extracting different analytes, such as antibiotics [18],
estrogens [19], mycotoxins [20], metal ions [21], environmental pollutants [22], and pesticides [23,24].
The use of magnetic MWCNTs combined with other materials has attracted great interest.

Metal–organic frameworks (MOFs) are microporous inorganic–organic crystalline structure
materials. They are formed by self-assembly of metal ions (clusters or secondary building units) and
organic ligands (linkers) by coordination bonds, and they have a highly ordered and three-dimensional
structure [25]. MOFs are promising sorbent materials, and using them for extraction could have the
advantages of enhanced selectivity and stability, permeable channels and coordination nanospace,
framework flexibility and dynamics, easy tunability, and modification [26]. However, application of
MOFs is limited in certain cases owing to the lack of water and thermal stability, for example, MOF-199
and MOF-5 lose their extraction efficiency when they are exposed to moisture for a long time [27].

Zeolitic imidazolate frameworks (ZIFs) are a subclass of MOFs that are composed of tetrahedral
transition metal ions (e.g., Zn and Co) and imidazolate-type organic linkers, and they exhibit high water
stability in aqueous media [28]. Owing to their features of microporosity, uniform structured cavities,
and a high surface area, ZIFs have many applications, such as chemical pollutant removal [29,30],
chromatographic separation [31,32], and drug delivery [33]. ZIF-67 is a recently developed ZIF
compound that has the formula Co(Hmim)2 (mim = 2-methylimidazole) with a sodalite-related
zeolite type structure [34]. Because of the low coordination of the Co cation, ZIF-67 has three
times higher adsorption capacity for dye from aqueous solutions than ZIF-8 [35]. Owing to the
hydrogen bonding and π–π electron donor–acceptor interactions between the adsorbent and analytes,
Fe3O4–MWCNTs–OH@poly-ZIF67 shows good selective extraction of aromatic acids [36]. This research
indicates that magnetic nanocarbon-material-based ZIFs have good application prospects for adsorbing
pesticides because of their good adsorptive properties derived from the magnetic carbon nanocomposite.

Organochlorine pesticides (OCPs) are ubiquitous in the environment due to their extensive
application and persistent organic pollutants characteristics, which pose great risks to human health
and ecosystems [37]. On account of their bioaccumulation, degradation resistance and carcinogenesis,
tetratogenesis, and mutagenesis to human, 15 OCPs, including hexachlorocyclohexane (HCHs) and
dichlorodiphenyltrichloroethane (DDTs), were banned with the issue of the Stockholm Convention in
2004. However, the current study showed that the concentration level of OCPs in aqueous environment
around Beijing were ranged from 9.81 to 32.1 ng L−1 (average 15.1 ± 7.78 ng L−1) [38]. Therefore, it is
necessary to develop sensitive and accuracy analytical methods for continuous monitoring trace level
of the OCPs in water samples.

Inspired by the abovementioned studies, a novel magnetic Co-based ZIF composite was
synthesized by organic–inorganic coordination. The obtained M-M-ZIF-67 composite possessed
porous surfaces and super-paramagnetism due to the utilization of Fe3O4–MWCNTs as the magnetic
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kernel and support. In addition, due to the large surface area and excellent adsorption capacity of
MWCNTs, the prepared hybrid material could be good adsorbent for MSPE of OCPs. In the end,
an M-M-ZIF-67 based MSPE method was established and applied for the extraction of OCPs from
agricultural irrigation water samples prior to gas chromatography–tandem triple quadrupole mass
spectrometry (GC–MS/MS).

2. Materials and Methods

2.1. Reagents and Materials

The standard liquid pesticides α-HCH (CAS number: 319-84-6), β-HCH (CAS number: 319-85-7),
γ-HCH (CAS number: 58-89-9), δ-HCH (CAS number: 319-86-8), p,p′-DDD (CAS number: 72-54-8),
o,p-DDE (CAS number: 3424-82-6), p,p′-DDE (CAS number: 72-55-9), o,p-DDT (CAS number:
789-02-6), and p,p′-DDT (CAS number: 50-29-3) were obtained from the Agro-Environmental
Protection Institute, Ministry of Agriculture (Tianjin, China) at concentrations of 1000 mg L−1.
A standard mixture containing 20 mg L−1 of each of the nine OCPs was prepared in methanol
and stored at −20 ◦C in the dark. High-performance liquid chromatography grade acetonitrile,
methanol, and n-hexane were purchased from Sigma-Aldrich (St. Louis, MO, USA). Anhydrous
sodium sulfate was supplied by Agilent (CA, California, USA). The MWCNTs (8–15 nm inner diameter
(id), 10–30 μm long, 95% purity), analytical grade ferric chloride hexahydrate (FeCl3•6H2O), ferrous
chloride tetrahydrate (FeCl2•4H2O), 2-methylimidazole, cobalt nitrate hexahydrate (Co(NO3)2•6H2O),
and ammonium hydroxide (mass fraction 28%) were provided by Aladdin Co. (Shanghai, China).
Ethanol and all of the other reagents were of analytical grade and acquired from the Beijing Chemical
Reagents Co. (Beijing, China).

2.2. Preparation of Fe3O4–MWCNTs–ZIF-67

2.2.1. Synthesis of Fe3O4–MWCNTs

The Fe3O4–MWCNTs were prepared according to the authors’ previously reported method with
slight modification [39]. In brief, MWCNT powder (0.2 g) was suspended in ultrapure water (240 mL)
by sonication for 1 h and then transferred to a three-necked flask. After a solution of FeCl3•6H2O (1.8 g)
and FeCl2•4H2O (0.8 g) dissolved in ultrapure water (25 mL) was added to the flask, the mixture was
vigorously stirred with a mechanical stirrer (THZ-82A, Youlian instrument research institute, Jintan,
China) under protection of N2 at 150 rpm and 80 ◦C conditions for 30 min. Ammonium hydroxide
(28%, 10 mL) was then added and the mixture was vigorously stirred for another 30 min. After cooling
to room temperature, the sediments were collected by magnetic separation and washed three times
with ethanol and ultrapure water to eliminate unreacted chemicals. The obtained Fe3O4–MWCNT
nanoparticles were dried in a vacuum oven at 60 ◦C for 24 h.

2.2.2. Synthesis of ZIF-67 and M-M-ZIF-67

The ZIF-67 material was fabricated following a reported method [40]. The preparation procedure
for M-M-ZIF-67 was as follows. First, the Fe3O4–MWCNTs were dispersed in ultrapure water (20 mL)
and mixed with 3 mL of an aqueous solution of Co(NO3)2•6H2O (0.45 g) with consistent stirring for
30 min under 150 rpm condition. An aqueous solution of 2-methylimidazole (20 mL, 0.45 g) was
then added to the solution and the solution was stirred for 6 h. All of these synthetic processes were
performed at room temperature. Finally, the M-M-ZIF-67 product was obtained by magnetic separation
and washed three times with ethanol and ultrapure water. The synthesized material was dried in a
vacuum oven at 60 ◦C for 24 h.
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2.3. MSPE Procedure

The workflow of MSPE using M-M-ZIF-67 is shown in Figure 1. First, M-M-ZIF-67 (6 mg) was
placed in a 10 mL centrifuge tube containing 5.0 mL of the aqueous standard solution or sample solution
and shaken for 20 min for extraction. With aggregation of the adsorbent in the tube, the supernatant
was discarded with the aid of an external ferrite magnet. Acetonitrile (2 mL) was then added into
the tube, and ultrasonic elution of the analytes from the magnetic materials was performed for 5 min.
After the M-M-ZIF-67 composite was collected, the supernatant desorption solution was transferred
to another centrifuge tube. The same desorption procedures were performed one more time. Finally,
the combined desorbed elution was evaporated to dryness under a gentle stream of nitrogen at 40 ◦C.
The residue was redissolved in 0.5 mL acetone, and 1 μL of it was injected into the GC-MS/MS
for analysis.

 

Figure 1. Schematic illustration of the synthetic route to prepare zeolitic imidazolate framework
based on magnetic multiwalled carbon nanotubes and the magnetic solid-phase extraction steps for
organochlorine pesticides analysis.

2.4. Sample Preparation

The river water sample was collected from the Liangshui River, Beijing, China. The tap water
sample was obtained from the tap in the laboratory; and the underground water sample was obtained
from Langfang City, Hebei Province, China. All of the samples were filtered through a 0.45 μm
polytetrafluoroethylene membrane filter and stored at 4 ◦C in amber dark glass bottles.

2.5. Apparatus and Gas Chromatography–Tandem Triple Quadrupole Mass Spectrometry Conditions

The surface morphologies and particle sizes of the as-synthesized nanoparticles were observed
by scanning electron microscopy (SEM, JSM-6300, JEOL, Tokyo, Japan) and transmission electron
microscopy (TEM, JEM-200CX, JEOL, Tokyo, Japan). The powder X-ray diffraction (XRD) patterns of
the as-synthesized nanoparticles were obtained with an X-ray powder diffractometer (D8 Advance,
Bruker, Karlsruhe, Germany). The Fourier-transform infrared (FT-IR) spectra of the as-synthesized
nanoparticles were obtained with an FT-IR-8400 spectrometer (Shimadzu, Kyoto, Japan). A vibrating
sample magnetometer (VSM, Lake Shore 7410, Columbus, OH, USA) was used to investigate the
magnetic properties of all of the synthetic materials.
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Gas chromatography–tandem triple quadrupole mass spectrometry (GC–MS/MS) analysis was
performed with a Shimadzu GC-2010 plus gas chromatograph coupled with an AOC-20s autosampler,
a Shimadzu TQ8040 triple-quadrupole MS. The pesticides were separated on an Rtx-5MS capillary
column purchased from RESTEK (Bellefonte, PA, USA) (0.25 mm (id)× 30 m, 0.25 μm film thickness).
Helium gas was used as the carrier gas at a constant flow rate of 1 mL min−1. The column temperature
was programmed as follows: the initial temperature of 40 ◦C was maintained for 4 min, the temperature
was increased to 125 ◦C at 25 ◦C min−1, the temperature was ramped to 300 ◦C at 10 ◦C min−1, and the
temperature was maintained at 300 ◦C for 6 min. The total run time was 30.9 min. The injector
temperature was 250 ◦C, and the injection volume was 1.0 μL in splitless mode. The specific multiple
reaction monitoring (MRM) transitions for all the nine OCPs and the other parameters are given in
Table 1.

Table 1. Acquisition and chromatographic parameters of the nine organochlorine pesticides.

Pesticides Retention Time (min) MRM1 a (m/z) CE1 b (eV) MRM2 (m/z) CE2 (eV)

α-HCH c 15.32 218.90 > 182.90 8 218.90 > 144.90 20
β-HCH 15.87 218.90 > 182.90 8 218.90 > 144.90 20
γ-HCH 16.01 218.90 > 182.90 8 218.90 > 144.90 20
δ-HCH 16.59 218.90 > 182.90 10 218.90 >144.90 20

o,p′-DDE d 19.47 246.00 > 176.00 30 246.00 > 211.00 22
p,p′-DDE 20.09 246.00 > 176.00 30 246.00 > 211.00 22

p,p′-DDD e 20.90 235.00 > 165.00 24 235.00 > 199.00 14
o,p′-DDT f 20.95 235.00 > 165.00 24 235.00 > 199.00 16
p,p′-DDT 21.61 235.00 > 165.00 24 235.00 > 199.00 16
a MRM means multiple reaction monitoring transitions; b CE means collision energy; c HCH means
hexachlorocyclohexane; d DDE means 1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene; e DDD means [1,1-dichloro-2,
2-bis(p-chlorophenyl)ethylene; f DDT means 1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethylene.

2.6. Quality Control and Quality Assurance

Quality control and quality assurance (QA/QC) experiments, including a blank sample test,
recovery test, repeatability test, and limits of detection (LOD) experiment were performed to evaluate
the feasibility of the method. In addition, 5 L ultrapure water served as the water sample for the
blank test, while the water samples for the recovery test and repeatability test were made by spiking
50 μL 20 mg L−1 working solution into 100 mL ultrapure water. The LOD experiment was undertaken
following the USA Environmental Protection Agency method.

3. Results

3.1. Characterization of M-M-ZIF-67

The micro-morphologies of the Fe3O4–MWCNTs and M-M-ZIF-67 were observed by SEM and
TEM. As shown in Figure 2A, the Fe3O4 nanoparticles are attached to the MWCNT surface. The SEM
image of M-M-ZIF-67 in Figure 2B shows that the composite has a rough surface, indicating that the
material has good potential as an adsorbent [27].

VSM was performed to investigate the magnetic behavior of the magnetic materials, and the
results are shown in Figure 3A. The magnetic hysteresis loops show that both the remanence and
coercivity values of the three types of magnetic materials are zero, which indicates that they have
typical supermagnetic properties and could be separated using an external magnet. The saturation
magnetization values of Fe3O4, Fe3O4–MWCNTs, and M-M-ZIF-67 are 66.8, 59.6, and 53.1 emu g−1,
respectively. As shown in the insert of Figure 3A, well-dispersed M-M-ZIF-67 particles exist in the
absence of an external magnet, and they are rapidly attracted to the walls of the vial in a short time
(about 20 s) with application of a magnet. The powder XRD patterns of Fe3O4, Fe3O4–MWCNTs,
and M-M-ZIF-67 are shown in Figure 3B. The diffraction patterns of M-M-ZIF-67 are in very close
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agreement with the materials of Fe3O4 and Fe3O4–MWCNTs. This indicates that Fe3O4 is well retained
in the Fe3O4–MWCNTs and M-M-ZIF-67. The FT-IR spectra are shown in Figure 3C. For M-M-ZIF-67,
the adsorption band at 577 cm−1 corresponds to the stretching vibrations of Fe–O, and the band at
1566 cm−1 corresponds to in-plane bending of CH2 of the MWCNTs. This suggests that M-M-ZIF-67
is composed of Fe3O4 and MWCNTs. The bands in the region 673 to 1454 cm−1 are attributed to
complete ring stretching or bending vibration of 2-methylimidazole, and the main adsorption bands
are preserved in the spectrum of the composite, which indicates that ZIF-67 is successfully synthesized
on the surface of M-M-ZIF-67.

 

Figure 2. (A) transmission electron microscopy image of magnetic multiwalled carbon nanotubes
and (B) scanning electron microscopy image of zeolitic imidazolate framework based on magnetic
multiwalled carbon nanotubes.

Figure 3. (A) magnetic hysteresis loops for (a) Fe3O4; (b) magnetic multiwalled carbon nanotubes;
and c) zeolitic imidazolate framework based on magnetic multiwalled carbon nanotubes. The insert
shows magnetic separation and dispersion of zeolitic imidazolate framework based on magnetic
multiwalled carbon nanotubes; (B) X-ray diffraction patterns of (a) Fe3O4; (b) magnetic multiwalled
carbon nanotubes; and c) zeolitic imidazolate framework based on magnetic multiwalled carbon
nanotubes; (C) Fourier-transform infrared spectra of (a) Fe3O4; (b) magnetic multiwalled carbon
nanotubes; (c) zeolitic imidazolate framework-67; and (d) zeolitic imidazolate framework based on
magnetic multiwalled carbon nanotubes.

3.2. Optimization of the MSPE Parameters

The MSPE parameters affect extraction of the OCPs and the desorption performance. The amount
of M-M-ZIF-67, extraction time, type of desorption solvent, desorption time, and frequency of
desorption were investigated by single-factor experiments following a step by step procedure at
a spiked level of 50 μg L−1.
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3.2.1. Optimization of the Extraction Process

The present study aims to achieve satisfactory extraction performance for analytes in water
samples. The effect of the amount of M-M-ZIF-67 on extraction was investigated using different
amounts of the sorbent ranging from 2 to 10 mg. The experimental results (Figure 4A) show that the
extraction recoveries of the OCPs rapidly increase when the amount of M-M-ZIF-67 is increased from
2 to 6 mg, and the recoveries then slightly decrease when the amount of sorbent is increased from 6 to
10 mg. Based on these results, 6 mg of M-M-ZIF-67 was chosen for the following experiments.

 

Figure 4. Optimization of the extraction process for 50 μg L−1 organochlorine pesticides using zeolitic
imidazolate framework based on magnetic multiwalled carbon nanotubes: (A) amount of sorbent
and (B) extraction time. Desorption conditions: 2 mL of acetonitrile; ultrasonication time, 5 min; and
ultrasonication performed one more time. The error bars show the standard deviation of the mean
(n = 3).

The extraction time is an important factor for MSPE because it influences the adsorption
equilibrium of the analytes between the sample solution and adsorbent. Therefore, the extraction time
was varied in the range 5–90 min to investigate its influence on the extraction efficiency. As shown in
Figure 4B, the recoveries of the target OCPs increase with increasing extraction time from 5 to 20 min,
and they then remain almost constant until 30 min. The extraction recoveries for most of the analytes
then decrease with a further increase of the extraction time. This is probably because of desorption of
the analytes from the adsorbent, especially when the adsorption equilibrium is reached. Thus, 20 min
was chosen as the extraction time for the following experiments.

3.2.2. Optimization of the Desorption Process

The desorption solvent is crucial and it can significantly affect the MSPE efficiency. Three different
solvents were investigated as desorption solvents to investigate their effect on the extraction efficiency:
acetonitrile, acetone, and n-hexane. Figure 5A shows that the extraction recoveries of the target analytes
eluted by acetonitrile are better than those with the other solvents. Therefore, acetonitrile was used as
the desorption solvent for the following experiments.

The desorption time is another important factor that influences the efficiency of the MSPE process.
To investigate the influence of the desorption time on the MSPE efficiency, experiments were performed
with ultrasonic desorption times of 2, 5, 10, and 15 min. As shown in Figure 5B, the extraction recoveries
of the analytes are satisfactory when the sample solution is ultrasonicated for 5 and 10 min. Considering
the efficiency, an ultrasonic desorption time of 5 min was chosen for the subsequent experiments.

To investigate the effect of the frequency of desorption, ultrasonic desorption of the nine OCPs
was performed one to four times using 2 mL of the desorption solvent and a desorption time of 5 min.
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The results are shown in Figure 5C. The optimum recoveries are obtained when the analytes are eluted
two times. Thus, the frequency of desorption was set to two for the following experiments.

 

Figure 5. Optimization of the desorption process for 50 μg L−1 organochlorine pesticides using zeolitic
imidazolate framework based on magnetic multiwalled carbon nanotubes: (A) desorption solvent;
(B) desorption time; and (C) frequency of desorption. Extraction conditions: sample volume, 5 mL;
amount of sorbent, 6 mg; and extraction time, 20 min. The error bars show the standard deviation of
the mean (n = 3).

3.3. Method Characterization

A series of experiments was performed under the optimized conditions (Table 2) and the
analytical characteristics, such as the linear ranges (LRs), LOD, and relative standard deviations
(RSDs), were determined to validate the developed method. Working solutions containing the target
analytes at concentrations of 1, 2, 5, 10, 20, 50, 100, and 200 μg L−1 were prepared to construct the
working curves. Good linearities for the nine OCPs were achieved with determination coefficients (R2)
ranging from 0.9916 to 0.9989. The LOD for all of the analytes were calculated at signal/noise (S/N)
ratios of 3. The LODs range from 0.07 to 1.03 μg L−1. The repeatability of the method was evaluated by
performing six replicate analyses of spiked samples with 10 μg L−1 of each of the OCPs, and the RSDs
are in the range 1.0–8.5%. All of these results indicate that the proposed method has high sensitivity
and good repeatability.

Table 2. Analytical parameters of zeolitic imidazolate framework based on magnetic multiwalled
carbon nanotubes as an adsorbent for magnetic solid-phase extraction of nine organochlorine pesticides
in an ultrapure water sample.

OCPs Linear Range (μg L−1) Determination Coefficients LOD a (μg L−1) RSD b (%) (n = 6)

α-HCH 2–200 0.9953 0.12 8.5
β-HCH 1–200 0.9946 0.13 1.0
γ-HCH 1–200 0.9919 0.15 6.2
δ-HCH 1–200 0.9947 0.07 4.0

o,p′-DDE 1–200 0.9951 0.17 1.5
p,p′-DDE 1–200 0.9989 0.45 1.3
p,p′-DDD 2–200 0.9934 0.41 3.1
o,p′-DDT 2–200 0.9932 0.74 3.9
p,p′-DDT 2–200 0.9916 1.03 3.1

a LOD means limit of determination; b RSDs means relative standard deviations, and were determined by performing
six replicate analyses of the spiked samples with 10 μg L−1 of each of the organochlorine pesticides.

3.4. Comparison

To investigate the extraction performance of the prepared materials, 4 mg of Fe3O4–MWCNTs
and 6 mg of M-M-ZIF-67, which was synthesized based on the same amount of the former material,
were applied to extraction of the nine OCPs using the proposed method. The results are shown in
Figure 6 based on three replicate analyses (n = 3). The peak areas of all of the analytes for M-M-ZIF-67

105



Appl. Sci. 2018, 8, 959

are 2.7–3.0 times higher than those for Fe3O4–MWCNTs, indicating that ZIF-67 plays a greater role in
the extraction process.

Figure 6. Effect of the sorbent on the adsorption capacities for the nine organochlorine pesticides.
Extraction conditions: sample volume, 5 mL; amount of sorbent, 6 mg zeolitic imidazolate framework
based on magnetic multiwalled carbon nanotubes and 4 mg magnetic multiwalled carbon nanotubes;
and extraction time, 20 min. Desorption conditions: 2 mL of acetonitrile; ultrasonication time, 5 min,
and ultrasonication performed one more time. The error bars show the standard deviation of the mean
(n = 3).

The performance of the current method was compared with some recently reported methods
used for analysis of OCPs in water. The comparison data (Table 3) show that the proposed method
based on the M-M-ZIF-67 adsorbent exhibits good sensitivity (as the LOD), less use of sample and
adsorbent. However, the Fe3O4–MWCNTs based adsorbent can make the phase separation process
easier and faster without additional centrifugation or filtration procedures, and also can avoid the
time-consuming column passing operations encountered in SPE. Therefore, the developed M-M-ZIF-67
based magnetic solid-phase extraction method showed agreement in accordance with the principles of
green analytical chemistry [41].
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3.5. Real Sample Analysis

The proposed MSPE method was applied to determination of OCPs in real agricultural irrigation
water samples, including tap water, river water, and underground water. The results are summarized
in Table 4 and the total ion chromatograms (TICs) of the analytes acquired from the tap water samples
are shown in Figure 7. There are no OCPs in the selected water samples and the recovery results
indicate that the developed method has good utility for analysis of OCPs in real water samples.

Table 4. Analytical results for determination of organochlorine pesticides in real water samples.

Matrix Analyte
Spiked Concentration (μg L−1, n = 3)

0 10 100

Found Recovery (%) RSD (%) Recovery (%) RSD (%)

Tap water

α-HCH <LOD 83.4 7.4 84.7 0.7
β-HCH <LOD 92.5 9.6 103.7 0.6
γ-HCH <LOD 93.3 5.5 91.9 0.4
δ-HCH <LOD 94.6 6.6 111.1 1.0

o,p′-DDE <LOD 85.4 3.4 99.6 5.3
p,p′-DDE <LOD 78.1 1.5 107.5 3.1
p,p′-DDD <LOD 76.0 2.5 97.0 2.5
o,p′-DDT <LOD 83.1 5.4 89.2 2.1
p,p′-DDT <LOD 93.7 2.1 105.7 1.6

River water

α-HCH <LOD 76.8 5.7 80.5 2.4
β-HCH <LOD 91.3 3.1 102.5 0.8
γ-HCH <LOD 84.1 8.5 91.2 3.5
δ-HCH <LOD 74.9 5.9 112.7 2.6

o,p′-DDE <LOD 110.8 4.7 94.3 0.1
p,p′-DDE <LOD 102.5 4.8 100.9 1.2
p,p′-DDD <LOD 101.9 3.4 92.2 0.7
o,p′-DDT <LOD 108.6 4.3 86.9 1.2
p,p′-DDT <LOD 110.8 3.5 100.9 0.8

Underground water

α-HCH <LOD 81.0 8.7 80.3 3.3
β-HCH <LOD 83.9 7.8 97.2 2.1
γ-HCH <LOD 90.1 7.5 80.4 5.2
δ-HCH <LOD 79.5 15.3 112.7 2.0

o,p′-DDE <LOD 101.5 8.4 82.9 1.9
p,p′-DDE <LOD 95.3 7.6 81.0 1.4
p,p′-DDD <LOD 92.8 8.9 75.1 2.2
o,p′-DDT <LOD 111.1 6.4 110.3 3.2
p,p′-DDT <LOD 116.3 3.7 90.5 2.3

Figure 7. Total ion chromatograms of the nine organochlorine pesticides in water samples obtained
by gas chromatography–tandem triple quadrupole mass spectrometry: (a) tap water; (b) river water;
(c) underground water; (d) tap water spiked at 10 μg L−1; and (e) tap water spiked at 100 μg L−1.
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4. Conclusions

Magnetic composites containing Fe3O4, MWCNTs, and ZIF-67 have been synthesized.
The synthesized materials have porous surfaces and exhibit super-paramagnetism. They were used as
sorbents for MSPE to extract nine OCPs from agricultural irrigation water samples. For M-M-ZIF-67,
the OCP adsorption capacities are nearly three times higher than those for Fe3O4–MWCNTs.
The developed method achieves high extraction efficiencies, good linearities, low detection limits,
and good accuracies and precision. The results suggest that M-M-ZIF-67 is a simple and effective
potential adsorbent for removal of OCPs from environmental water samples.
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Abstract: Carbon nanotubes are materials that have been investigated for diverse applications
including the adsorption of metals. However, scarce literature has described their behavior in
the case of the adsorption of precious metals. Thus, this work reports the efficient adsorption of
gold from cyanide or chloride media on multiwalled carbon nanotubes (MWCNTs). In a cyanide
medium, gold was adsorbed from alkaline pH values decreasing the adsorption as the pH values
were increased to more acidic values. In a chloride medium, the MWCNTs were able to load the
precious metal and an increased HCl concentration (0.1–10 M), in the aqueous solution, had no effect
on the gold uptake onto the nanotubes. From both aqueous media, the metal adsorption was well
represented by the pseudo-second order kinetic model. In the cyanide medium, the film-diffusion
controlled process best fitted the rate law governing the adsorption of gold onto the nanotubes,
whereas in the chloride medium, the adsorption of the metal onto the nanotubes is best represented,
both at 20 ◦C and 60 ◦C, by the particle-diffusion controlled process. With respect to the elution step,
in cyanide medium gold loaded onto the nanotubes can be eluted with acidic thiourea solutions,
whereas in the chloride medium, and due to that the adsorption process involved the precipitation
of zero valent gold onto the multiwalled carbon nanotubes, the elution has been considered as a
leaching step with aqua regia. From the eluates, dissolved gold can be conveniently precipitated as
zero valent gold nanoparticles.

Keywords: multiwalled carbon nanotubes; gold(I); gold(III); adsorption; elution; gold nanoparticles

1. Introduction

Nearly 25 years ago, Iijima began considering carbon nanotubes [1]. After this time, scientists
began finding applications (including but not excluding: medicine, drug delivery, solar cells,
electronics) for carbon nanotubes technologies in different configurations (single and multi-walled
carbon nanotubes, functionalized carbon nanotubes) and for different purposes due to their properties
including mechanical strength, aspect ratio and electrical and thermal conductivity. As recent literature
has indicated, these nanomaterials are unconditionally considered as suitable adsorbents in the
treatment of waters and in the recovery and separation of metal species from aqueous solutions [2–12]

Referring to gold adsorption, little information is available using this nanotechnology, despite the
fact of the importance and price (reaching USD1244 per ounce barrier as at 16th July 2018) of this metal
and its presence in aqueous solutions coming from the processing of ores (alkaline cyanide medium)
or jewelry scraps and printed circuit boards (PCBs) (acidic chloride medium). The reference [13]
mentioned in the manuscript title about “prerequisites of carbon nanotubes to adsorb gold(III)”,
though then in the text and conclusions not special mention to such requisites were given, the second
reference on the topic is about the adsorption of Cr(VI) and Au(III) onto oxidized multiwalled carbon
nanotubes [14].

Appl. Sci. 2018, 8, 2264; doi:10.3390/app8112264 www.mdpi.com/journal/applsci113
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Due to this lack of recent information, in the present investigation, the adsorption of gold from
these two aqueous media (alkaline cyanide or acidic chloride) by multi-walled carbon nanotubes was
considered. The aim was to optimize various operational parameters and, thus, obtain efficient carbon
nanotubes processing.

2. Experimental

2.1. Reagents and Solutions

The multi-walled carbon nanotubes were obtained from Fluka and their main characteristics are
summarized in Table 1. Further characterization of the carbon nanotubes, including zero potential
and Micro-Raman spectra are described elsewhere [15]. Other chemicals used were AR (analytical
reagent) grade, except the complex KCu(CN)4, which was prepared according to the literature [16].
Gold cyanide solutions were prepared by dissolving KAu(CN)2 in distilled water. The different
concentrations used in the experiments were prepared from a stock solution of 0.1 g/L gold(I). The pH
of the solution was adjusted by the addition of hydrochloric acid or sodium hydroxide solutions.
During the experiments, the pH was continuously controlled using a 605 pH-meter (2000, Crison,
Madrid, Spain). In acidic chloride media, the gold(III) solutions were prepared in a similar manner
using HAuCl4.

Table 1. Characteristics of the multi-walled carbon nanotubes.

Type Multi-Walled

melting range 3652–3697 ◦C
density 2.1 g mL−1

appearance dust
purity ≥98% carbon basis

dimensions 10 ± 1 nm external diameter
4.5 ± 0.5 nm internal diameter

3–6 μm (length)
maximum adsorption 1295 cm3 g−1

BET 263 m2 g−1

2.2. Gold Adsorption Measurements

The adsorption experiments were carried out using a glass reactor with mechanical (27 mm
diameter four blades impeller) stirring. The desired gold solution (100 mL) was put into the reactor
and to this the corresponding amount of the multi-walled carbon nanotubes was added. The elution
experiments were carried out in a similar device, putting together the gold-loaded carbon nanotubes
and the elution phase.

Gold or metal concentrations in the aqueous solution were analyzed by atomic absorption
spectrometry, using a Perkin Elmer 1100B spectrophotometer (wavelength 242.8 nm, 1993, Perkin
Elmer, Oxford, UK). The percentage of metal adsorption was calculated by the difference between the
initial metal concentration and the corresponding one encountered in the solution at elapsed times.

SEM and Energy Dispersive X-ray Spectrodcopy (EDS) analyses were carried out in a Hitachi
S-4800 equipment (2009, Hitachi, Osaka, Japan).

3. Results and Discussion

3.1. Carbon Nanotubes Characterization

As it is mentioned in Section 2.1, the characterization of the carbonaceous material used in the
present work was described elsewhere [15], though for the benefit of the readers of the present work
some data were included here. This material presented an isoelectric point of 3.6, whereas Raman data
are summarized in Table 2.
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Table 2. Raman data of the multiwalled carbon nanotubes.

D G D´ 2D G+D

Raman shift 1339 1573 1607 2675 2913
Area signal 102.4 76.2 6.8 90.1 106.8

The ID:IG value obtained for these multiwalled carbon nanotubes is 1.34, indicating the presence
of little defects in their structure.

3.2. Gold Adsorption from Cyanide Media

The literature remarks that the gold(I) cyanide complex is adsorbed predominantly onto activated
carbon as an ion pair [17], thus similarly, at neutral-alkaline pH values, the adsorption of gold(I)
cyanide by the carbon nanotubes may be broadly represented by the general equilibrium:

M+
aq + nAu(CN)−2 aq ⇔ M+

[
Au(CN)−2

]
NTb

(1)

which is, as is demonstrated below, pH-dependent; aq and NTb denote species in the aqueous and
carbon phases, respectively, and M being the accompanying metal.

3.2.1. Influence of Stirring Speed of the Aqueous Phase

In all of the adsorption experiments, a stirring speed of 600 min−1 was used for the aqueous
phases. Previous experiments, carried out with an aqueous phase containing 0.01 g L−1 gold(I) at pH
8 ± 0.1, and a carbon nanotube dosage of 1 g L−1, showed that the maximum percentage of gold(I)
removal becomes virtually independent (40 % after 2 h) of the stirring speed in the 500–1000 min−1

range, which also indicates that a minimum value of the thickness of the aqueous phase boundary
layer is reached. Thus, a stirring speed of 600 min−1 was used in subsequent experiments.

3.2.2. Effect of Aqueous pH Value

Figure 1 shows the results obtained for the adsorption of Au(CN)2
− at various aqueous pH values.

The carbon nanotubes dosage used in the experiments was of 2 g L−1. The aqueous phase contained
0.01 g L−1 of gold(I) at various pH values. The results shown in Figure 1 demonstrate that the variation
of the aqueous pH value increases the removal of gold when these pH values are shifted towards
more acidic values. It should be noted here that the gold(I)-cyanide complex is stable even at acidic
pH values and only decomposes at these low pH values after a long time (several hours) to yield a
yellow AuCN solid. The experimental values obtained at pH 13 were used to estimate the rate law in
the adsorption of gold(I) by these multiwalled carbon nanotubes, experimental data best fitted to the
film-diffusion controlled mechanism (r2: 0.9542):

ln(1 − F) = −kt (2)

where F is the factorial approach to the equilibrium, defined as:

F =
[Au]nt,t

[Au]nt,e
(3)

where [Au]nt,t and [Au]nt,e are the gold concentration in the nanotubes at an elapsed time t and at
equilibrium, respectively, and k is the rate constant (0.59 min−1).
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Figure 1. Effect of the pH variation on gold(I) adsorption. Time: 2 h.

3.2.3. Effect of Temperature

Aqueous solutions containing 0.01 g L−1 gold(I) at pH 13 ± 0.1 were used to investigate the effect
of this variable on gold(I) adsorption. The adsorbent dosage was 2 g L−1 and the temperature was
varied from 20 to 60 ◦C. From the results presented in Table 3, it can be shown that the increase in
the temperature leads to a decrease in metal adsorption. From the D (distribution coefficient) value,
defined as:

D =
[Au]nt,e

[Au]s,e
(4)

and plotting log D versus 1/T, the slope indicated that the adsorption reaction has an exothermic
character (ΔHº = −13 kJ mol−1) and the intercept that ΔSº is −50 J mol−1 K−1. In the above reaction,
[Au]nt,e and [Au]s,e are the gold equilibrium concentrations in the nanotubes and in the solution,
respectively. From the values of the enthalpy and the entropy values, the value of ΔGº was calculated
as −28 kJ mol−1. The negative energy value indicated a spontaneous adsorption, whereas the negative
entropy change is an indication of a decreased randomness at the solid/liquid interface during the
adsorption process.

Table 3. Effect of temperature on gold(I) adsorption.

Temperature, ◦C % Gold Adsorption

20 52.5
40 44.0
60 36.5

Time: 1 h.

3.2.4. Effect of the Aqueous Phase/Adsorbent Relationship on Gold Removal

In Table 4, the gold percentage of adsorption, at different aqueous phase/adsorbent relationships,
is given in order to study the effect of this variation on gold(I) adsorption. Experiments were carried
out at a constant pH value of 13 ± 0.1. Aqueous phases contained 0.01 g L−1 gold(I). The results
obtained reveal an important change in the metal adsorption at lower aqueous phase/adsorbent
relationships, since this adsorption is in the 90% range when the lowest relationships are used against
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recoveries of about 30%, obtained when the above relationship is 4000. In this same Table, the metal
uptake is also given, showing the increase of this value as the ratio liquid/solid is increased.

Table 4. Influence of the liquid/solid relationship on gold(I) adsorption.

L/S Relationship % Gold Adsorption a Gold Uptake, mg g−1 a

125 93.0 1.2
250 90.0 2.3
500 57.0 2.9

1000 50.0 5.0
2000 40.5 8.2
4000 31.5 12.8

a After 2 h.

The values in Table 4 were used to estimate the loading isotherm, the fit of the experimental data
responded best to the Langmuir isotherm but with a discrete r2 value of 0.8338.

3.2.5. Separation of Gold (I) from Metal-Cyanide Complexes

In order to investigate the effect of other metal-cyanide complexes accompanying Au(CN)2
−, a

study was carried out about their interference with the overall transport of gold(I). The metal-cyanide
complexes studied, Cu(CN)4

3−, Fe(CN)6
3− and Fe(CN)6

4−, were investigated in the form of binary
mixtures with Au(CN)2- on a 1:1 molar basis. Thus, the feed phase contained 5.1 × 10−5 M of each
metal in aqueous solutions of pH 13 ± 0.1 and the carbon dosage was of 2 g L−1.

The results obtained indicated very low Cu(I), Fe(II) and Fe(III) adsorption. From the D values
defined as in Equation (4), the values of the separation factors Au(I)/M, defined as

βAu
M

=
DAu

DM
, (5)

are summarized in Table 5 and show the excellent possibilities, β values greater than 1, of these
nanomaterials to separate gold(I) from these others accompanying metals in the solution.

Table 5. Adsorption of different metal-cyano complexes and selectivity of the system.

Metal Pair Complex [M], mg g−1 [M], mg L−1 D, L g−1 βAu(I)/M

Au(I) Au(CN)2
− 2.8 4.4 0.64

64Cu(I) Cu(CN)4
3− 0.03 3.2 0.01

Au(I) Au(CN)2
− 3.1 3.9 0.79

7.2Fe(II) Fe(CN)6
4− 0.25 2.3 0.11

Au(I) Au(CN)2
− 3.3 3.5 0.94

7.2Fe(III) Fe(CN)6
3− 0.29 2.2 0.13

Time: 2 h.

3.3. Gold Adsorption from Chloride Media

The adsorption of Au(III) from HCl solutions by the multi-walled carbon nanotubes was also
investigated. The adsorption equilibrium can be firstly described by the next general reaction:

AuCl−4 aq ⇔ AuCl−4 NTb (6)

where aq and Ntb represent the aqueous and solid phases, respectively. However, there is evidence of
reduction of gold(III) to metallic gold, as the SEM image shows (Figure 2). As it is observed from this
figure, dark particles appeared on the gold-loaded carbon nanotubes. These particles are of metallic
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gold as the EDS spectrum (Figure 3) showed two peaks at 9.7 keV (Lα) and 2.1 keV (Mα) characteristic
of metallic gold. Very probably this reduction occurs on the carbon surface [17], being the reactions
involved in the metal reduction:

AuCl−4 + 3e− ⇔ Au0 + 4Cl−, E0 = 1.00 V (7)

if the gold(III) reduces directly to metallic gold, or:

AuCl−4 + 2e− ⇔ AuCl−2 + 2Cl−, E0 = 0.92 V (8)

AuCl−2 + e− ⇔ Au0 + 2Cl−, E0 = 1.16 V (9)

if the reduction occurs via the formation of the AuCl2− intermediate. In any case, the source for the
electrons is the carbon nanotube:

C + 2H2O ⇔ 4H+ + CO2 + 4e−, E0 = 0.21 V (10)

 

Figure 2. SEM image of gold-loaded multi-walled carbon nanotubes. Arrows pointing to zero valent
gold particles.

 
Figure 3. Energy Dispersive X-ray Spectroscopy spectrum of the dark particles (zero valent gold) of
Figure 2.
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3.3.1. Influence of the Stirring Speed in the Aqueous Phase

Experiments were performed to establish adequate hydrodynamic conditions. The adsorption
of gold(III) was studied as a function of the stirring speed on the aqueous phase solution side and
the results obtained are shown in Figure 4. Near constant adsorption for stirring speeds in the
500–750 min−1 range was obtained. Consequently, the thickness of the aqueous diffusion layer and
the aqueous resistance to mass transfer were minimized. The diffusion contribution of the aqueous
species to the mass transfer process was assumed to be constant. A stirring speed of 500 min−1 was
maintained throughout all the investigation for the aqueous phase. The decrease of the percentage
of gold(III) adsorption at stirring speeds above 750 min−1 is attributable to excessive speed resulting
in local gold(III)-carbon nanotubes equilibrium, thus, decreasing the value of the percentage of the
removal of this precious metal from the aqueous solution.

 

Figure 4. Influence of the stirring speed on gold(III) adsorption. Aqueous solution: 0.005 g L−1 Au(III)
in 0.1 M HCl. Adsorbent dosage: 0.25 g L−1. Time: 2 h.

3.3.2. Influence of Temperature

Experiments were performed to investigate the effect of this variable on gold(III) adsorption with
an aqueous solution containing 0.005 g L−1 gold(III) at 0.1 M HCl and a carbon nanotubes dosage of
0.25 g L−1. From the results obtained, it is shown that the increase of the temperature from 20 to 60 ◦C
had no effect on gold adsorption, reaching 92 % after 30 min, in any case. However, the time to reach
this maximum adsorption is temperature dependent (Figure 5).

 

Figure 5. Influence of temperature on gold(III) adsorption. The F values were calculated as in Equation (3).
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3.3.3. Influence of the Carbon Nanotubes Dosage

A series of experiments were performed using aqueous solutions containing 0.005 g L−1 gold(III)
and 0.1 M HCl, whereas the carbon nanotubes dosage was varied from 0.05 to 0.5 g L−1, in order to
investigate the influence of this variation on gold(III) adsorption. Table 6 shows the variation of the
percentage of gold adsorption and metal loading for different carbon nanotubes dosages. This shows
that the increase of the amount of carbon nanotubes added to the solution increased the percentage of
metal adsorbed onto the nanotubes.

Table 6. Influence of nanotubes dosage on gold(III) adsorption.

Dosage, g L−1 % Gold Adsorption Metal Uptake, mg g−1 a

0.5 99.5 10.0
0.25 92.0 18.4
0.13 51.0 19.6
0.05 31.0 25.8

a After 2 h.

3.3.4. Influence of the Initial Hydrochloric Acid Concentration

The variation in adsorption, as a function of the initial acid concentration, at 1 g L−1 carbon
nanotubes dosage, has been studied when the aqueous phase contained 0.005 g L−1 gold at different
HCl concentrations. The results are shown in Table 7, in which a near quantitative gold adsorption
occurs at every initial HCl concentration and 2 h of contact between the aqueous solution and the
adsorbent; though at shorter contact times, i.e., 30 min, an order in the sequence 0.1 M > 1 M> 10 M
HCl was obtained and this is probably due to the existence of the HAuCl4 species in the aqueous phase
at higher HCl concentrations, against the presence of AuCl4− species, at the more dilute hydrochloric
acid solutions, which is more readily adsorbed than the former.

Table 7. Influence of initial HCl concentration on gold(III) adsorption.

HCl, M % After 30 min % After 2 h

0.1 99.5 99.5
1 94.0 99.5

10 66.5 99.5

3.3.5. Influence of the Adsorbent/Aqueous Phase Relationship on the Adsorption of Gold

The results concerning the adsorption of gold(III) from an aqueous phase containing 0.005 g L−1

Au(III) in 0.1 M HCl, at different volume of solution/carbon nanotubes weight ratios, revealed a
change in the percentage of gold adsorption (92% at 1 h of contact) at the lowest solution/adsorbent
relationship (4000) against the value of 51%, also at 1 h, obtained for a relationship of 8000. The gold
uptakes were of 18.4 mg g−1 and 20.4 mg g−1 for the low and high ratios, respectively.

3.3.6. Separation of Gold (III) from Selected Base Metals

Since base metals are normally found in the gold-HCl bearing solutions, the selectivity of the
present adsorption system against the presence of various metals in the aqueous phase was investigated
by using an adsorbent dosage of 0.25 g L−1 and the aqueous phase containing 5.1 × 10−5 M Au(III),
Fe(III), Cu(II) in 0.1 M HCl media. From the results obtained on the basis of binary solutions
Au(III)-metal (Table 8), it is inferred that gold was preferably adsorbed over these base metals.
The selectivity with respect to gold seems to be enough to separate this precious metal selectively from
the base metals.
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Table 8. Adsorption of gold(III) and base metals from acidic medium and separation factors.

Metal Pair a Chloride Complexes [M], mg g−1 [M], mg L−1 D, L g−1 βAu(III)/M

Au(III) AuCl4− 28.8 2.8 10.3
103Ni(II) NiCl+ 0.23 2.9 0.1

Au(III) AuCl4− 24.8 3.8 6.5
81Fe(III) FeCl2+, FeCl2+ 0.22 2.7 0.08

Au(III) AuCl4− 27.6 2.9 9.5
119Cu(II) CuCl+ 0.26 3.1 0.08

a At pH 1 and HCl 0.1 M. The values of D and β calculated as in Equations (4) and (5), respectively.

3.4. Adsorption Kinetics

To investigate the adsorption rate of both gold(I) and gold(III) onto the carbon nanotubes,
the pseudo-first and pseudo-second order rate equations were used to fit the experimental data.
The calculations concluded that the pseudo-second order model [18],

t
[Au]r,t

=
1

k2[Au]2r,e

+
t

[Au]r,e
, (11)

best fits to the experimental data both for the Au(I) and Au(III) systems. In this equation, k2 is the rate
constant, and [Au]r,t and [Au]r,e are the gold concentrations in the nanotubes at an elapsed time t and at
equilibrium, respectively. Thus, the rate constants were estimated as 0.72 g mg−1 min−1 (r2 = 1.000) for
gold(I) and 0.014 g mg−1 min−1 (r2 = 0.9997) for gold(III). These data suggest that chemical adsorption
also contributes to physical adsorption to the overall metal adsorption onto the multi-walled carbon
nanotubes [19].

3.5. Elution

After the adsorption of the metal onto the adsorbents, the next step should be the recovery of the
metal from the adsorbent for a final recovery or dumping step. This desorption step, also called the
elution step, is of equal importance as the adsorption step [20], though it is sometimes neglected by
authors in their publications, i.e., References [2,7,12,21,22].

In the present investigation and in the case of gold(I), besides the methods described in the
literature for gold desorption or elution from gold-loaded activated carbon [17], the elution of this
element from the loaded carbon nanotubes can be accomplished using acidic thiourea solutions (1 g L−1

thiourea in 0.1 M HCl), reaching yields of near 65% of gold recovery (batch experiments at 20 ◦C and a
volume of eluant/weight of gold-loaded carbon nanotubes relationship of 200) after 15 min of contact
of the gold-loaded nanotubes and the eluant.

In the case of gold(III) and due to the presence of metallic gold in the nanotubes, the elution step
may be considered as a dissolution problem rather than a true elution step. Thus in this case, the
removal of gold from the nanotubes may be accomplished by the use of aqua regia, which dissolves
the gold particles and renders a concentrated and pure gold solution from which gold can be recovered
as gold nanoparticles (Figure 6), accordingly with the procedure described in the literature [23].
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Figure 6. Zero valent gold nanoparticles obtained by sodium borohydride precipitation of the solutions
resulted from the leaching with aqua regia of the gold-loaded multiwalled carbon nanotubes.

4. Conclusions

The experimental results indicate that it is possible to use multi-walled carbon nanotubes to
remove Au(CN)2

− species at alkaline pH values. The adsorption of this anionic species is influenced
by the aqueous pH values, enhancing the metal adsorption as the pH shifted to more acidic pH values
and the aqueous solution/adsorbent relationship decreased its value. From the experimental data,
the reaction enthalpy was estimated as −13 kJ mol−1, indicating an exothermic adsorption reaction.

From acidic chloride media, this adsorbent can also be used to remove gold(III) at HCl solutions,
retarding the adsorption as the initial aqueous acidity is increased. In this medium, the percentage of
gold(III) adsorption is near quantitative after 1 h contact.

Moreover, a carbon-based nanotube technology has been developed for the recovery of gold
from solutions obtained from the hydrometallurgical treatment of solid wastes and its separation
from common and less valuable accompanying metals in the two aqueous media. Investigations in
continuous mode (columns) will be further necessary to gain final knowledge of the performance of
the carbon material (no loss of the adsorptive or elution properties) under several cycles of use.

Gold is finally rendered as zero valent gold nanoparticles.
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Abstract: Multi-walled carbon nanotubes (MWCNT) have provided unprecedented advances in the
design of electrochemical sensors. They are composed by sp2 carbon units oriented as multiple
concentric tubes of rolled-up graphene, and present remarkable active surface area, chemical
inertness, high strength, and low charge-transfer resistance in both aqueous and non-aqueous
solutions. MWCNT are very versatile and have been boosting the development of a new generation
of electrochemical sensors with application in medicine, pharmacology, food industry, forensic
chemistry, and environmental fields. This work highlights the most important synthesis methods
and relevant electrochemical properties of MWCNT for the construction of electrochemical sensors,
and the numerous configurations and successful applications of these devices. Thousands of studies
have been attesting to the exceptional electroanalytical performance of these devices, but there are
still questions in MWCNT electrochemistry that deserve more investigation, aiming to provide new
outlooks and advances in this field. Additionally, MWCNT-based sensors should be further explored
for real industrial applications including for on-line quality control.

Keywords: nanomaterials; multi-walled carbon nanotubes; synthesis methods; electrochemical
properties; electrochemical sensors; electroanalysis; sensing applications

1. Introduction

Several nanomaterials have been exploited for different purposes, but carbon nanotubes (CNT)
and their composites emerged as the most exciting and versatile [1–5]. CNT are carbon allotropes
with intermediate properties between graphite and fullerenes [6]. They are composed by sp2 carbon
units oriented as one (single-walled; SWCNT) or multiple concentric tubes (multi-walled; MWCNT)
of rolled-up graphene, separated by ≈0.35 nm [4,6–8]. Both nanostructures had positive impacts
for the applied sciences, but the latter has gained more attention due to the higher yield and
lower production cost per unit, thermochemical stability, and ability to maintain or improve its
electrical properties when submitted to different functionalization processes [9]. A general MWCNT
representation and the possible π- and σ-covalent bonds established along the nanostructure are
displayed in Figure 1. MWCNT also present remarkable active surface area, chemical inertness,
high strength, and low charge-transfer resistance in both aqueous and non-aqueous solutions,
making them suitable for numerous applications as nano-sized metallic and/or semiconducting
components in transistors [10], energy storage [11], hybrid conductors [12], supercapacitors [13],
thin-film coatings [2,5,6], field emitters [14], (bio)fuel cells [1–3,7], photovoltaic devices [1,3],
electromagnetic shields [1,7], and electrochemical probes [1,2,5–7].
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Figure 1. Representative structure of non-continuous multi-walled carbon nanotubes, emphasizing
the different types of orbital interactions, as well as σ- and π-covalent bonds established along the 1D
carbon networks.

MWCNT provide a series of functionalities to the electrochemical sensors, making them fantastic
devices for analytical purposes. Electrochemical sensors are by definition, according the International
Union of Pure and Applied Chemistry, “electrochemical devices that transform the effect of the
electrochemical interaction analyte-electrode into a useful analytical signal” [15]; these effects may be
promoted electrically or may be caused by a spontaneous interaction at the zero-current condition [15].
Thus, electrochemical sensors may be organized in four main subgroups: voltammetric, potentiometric,
potentiometric solid electrolyte gas sensors, and chemically sensitized field effect transistor [15].
MWCNT associate high surface area (about 1600 m2 g−1) and exceptional electrical conductivity
(current densities as high as 109 A cm–2), which suit them to the miniaturization and portability of the
systems [14].

Nowadays, electrochemical MWCNT-based sensors have demonstrated remarkable applications
in medicine, clinical diagnostics, pharmacology, food industry, sanitary surveillance, occupational
safety, forensic chemistry, and environmental analysis [1–3,6–9,15–18]. Other promising innovations
can also be found in review papers that have been published over the last decade [6–9,15–20].
The assays are performed by various electrochemical techniques (voltammetry, amperometry,
potentiometry, impedance spectroscopy, and their associations), which are selected according
to the nature of the target-redox process [2,6,7,15–20]. MWCNT bring together high electronic
conductivity, large specific surface area, chemical stability, biocompatibility, and ease of modification,
improving the intensity and resolution at which the electroanalytical signals are observed on the
working platforms [15–18]. However, the successful application requires a refined control of the
sensor architecture and physicochemical properties, as well as the functionalization and/or surface
modification of the carbon nanotubes [4,6–9]. Thus, in this study, these critical variables will be
highlighted and discussed, addressing exciting issues from the MWCNT synthesis to their application
in electrochemical biosensors design. With this goal in mind, the available literature concerning this
subject in Thomson Reuters, Web of Science was reviewed from 2013 to March 2018.
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2. MWCNT Synthesis Methods

Regarding synthesis methods, there are different paths that can be followed, such as electrical
arch-discharge (EAD), laser ablation (LA), and numerous types of chemical vapor deposition (CVD),
so that MWCNT conductor character varies according to the diameter and degree of helicity [4,7,21].
An overall layout of each system and its associated processes are shown in Figure 2. The yield rate of
all aforementioned methods is more than 75% under appropriate operating conditions [22], but some
questions about the structural quality, diameter uniformity, chirality, practicality, number of unitary
operations, and production cost continue to divide opinions about the best strategy [4,21–24]. Researchers
are continually trying to explore each possibility to optimize or innovate them for several new applications.

 
Figure 2. General layout of an (a) electrical arch-discharge (adapted by permission from
Reference [23]), (b) laser ablation (adapted by permission from Reference [23]) and (c) chemical vapor
deposition apparatus (adapted by permission from Reference [25]) used to synthesize multi-walled
carbon nanotubes.
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EAD is relatively less expensive, offers better yield quality, but involves high temperature for
synthesis [21–23]. Triggering an electrical arc-discharge between two electrodes, a plasma composed
by carbon and metallic catalysts vapor (iron, nickel, cobalt, yttrium, boron, cerium, among others) is
formed under a rare gas atmosphere (helium or argon) [21–23]. The vapor content is a consequence of
the energy transferred to the catalysts-doped anode, causing its erosion, while MWCNT are formed
as a hard and consistent deposit on the cathode [23]. The LA method also represents a promising
alternative to synthesize high-quality carbon nanotubes at room temperature, although it demands
high instrumental and operational costs [21–23]. In this technique, a pulsed or continuous laser beam
is focused on catalyst-based graphite pellet, which is placed at the center of a quartz tube filled with
an inert gas and kept at 1200 ◦C. The radiant energy is enough to sublimate the carbon substrate,
and this vapor is swept by the gas flow towards the conical water-cooled copper collector. MWCNT
deposits are formed in the majority on the same collector, but appreciable amounts are also found on
the quartz tube walls and graphite pellet backside. Both EAD and LA also produce in parallel other
carbon phases and all products contain metallic impurities from the catalysts [23]. The small fractions
of remaining metals do not compromise the performance of the electrochemical devices, and there are
several purification processes proposed in the literature and by some commercial companies to remove
undesirable phases [22–24]. Nevertheless, these procedures are based on oxidation under strong acidic
conditions, which may significantly affect the integrity of the nanostructures.

The synthesis performed by CVD overcomes the aforementioned difficulties, guarantees large-scale
production and, for these reasons, it has become more widely used to obtain MWCNT [22–25].
This technique involves either a heterogeneous (if a solid substrate is used) or a homogeneous process
(supposing that reactions takes place in the gas phase) [23,25]. The main synthetic route explores the
catalytic decomposition of a carbon-containing source on substrates containing transition metals and
their composites (Au, Ag, Cu, Cr, Co, Fe, Mn, Mo, Ni, Pt, Pd, SiO2, SiC, and ceramics), which enables the
growth of aligned and dense arrays of nanotubes [23,24]. Alternative energy sources such as plasma and
optical excitation can also be employed, giving the possibility to synthesize MWCNT at low-temperatures
(450–1000 ◦C) compared to EAD and LA [23–25]. The CVD method also allows greater control of
selectivity/type, homogeneity and size of the nanotubes (a few tens to hundreds of micrometers) in
comparison to the others, although these characteristics are strongly dependent on the nature and structure
of the catalysts, and the operational conditions of the synthesis. All these aspects affect the density and
speed of electron transfer through the nanostructures that, in turn, directly impact the performance of the
electrochemical sensors.

3. MWCNT Electrochemical Properties

MWCNT-based electrochemical sensors have remarkable advantages for analytical applications,
such as enhanced detection sensitivity, low charge-transfer resistance (Rtc), electrocatalytic effect,
and reduced fouling. It is also speculated that traces of metallic catalysts can add remarkable
electroanalytical characteristics (positive synergistic effect) to the nanotubes, playing a supporting role
for the development of the devices [6,7,15–26]. There are still controversies about the electron transfer
mechanism along the structural network: Some researchers believe that the sidewalls of the CNT are
inert (i.e., the edge–plane-graphite-like open ends and defect sites control the phenomenon) [26–28],
but some studies conducted with two-dimensional SWCNT have shown evidence of charge-transfer on
the basal-plane [7,23,25]. Although the uncertainties about the fundamental contributions of MWCNT
in electrochemical sensors, the number of MWCNT successful applications in highly complex systems
does not stop growing [2,9,17,26].

Understanding the size-dependent features is an indispensable requirement to explore the
fascinating properties of nanotubes in analytical tools and to move the electroanalytical researches
forward. In this sense, it must be assumed that the electronic band structure of CNT as a hexagonal
lattice, where each carbon atom is covalently bonded to three others via sp2 molecular orbitals (the
fourth valence electron in a pz-orbital hybridizes with all others to form a delocalized π-band) [27].
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Like this, an even number of electrons are contained in the basic nanotube structure, whose conduction
character will depend on its behavior as metal or semiconductor. This property can be assessed
through the tight-binding electronic structure calculations, considering the translational vector (Ch)
that connects two equivalent crystallographic sites (unitary vectors a1 and a2) and its coefficients (n1

and n2), according to the following Equation (1):

Ch = n1a1 + n2a2 (1)

so that a metallic behavior is observed when the result is an integer multiple of three, while a
non-metallic/semiconductor profile is observed for other cases; a direct consequence of the different
conduction band gaps [6]. The electron-transfer along the MWCNT are also influenced by the tube
diameter (dt), chiral angle (θ), and basic translation vector (T), as shown in Figure 3. Thus, the manner
in which a graphene sheet is rolled determines the main electronic properties of the resulting
nanotube [6,15,23,27].

Figure 3. Honeycomb lattice structure of graphene and the main parameters that control the chirality
and electronic properties of the resultant nanotube (adapted by permission from References [8,23]).

Observing the referred parameters on the tubulene lattice, dt values can be determined by
Equations (2) and (3), which relate this variable with the circumferential length of the nanotube (L)
and a hexagonal network constant (a):

dt =
L
π

=
Ch
π

=
a
(
n2

1 + n1n2 + n2
2
) 1

2

π
(2)

considering a◦ = 1.42 Å for carbon nanotubes [6]:

a =
√

3a◦ = 2.49 Å (3)

Regarding the θ, the expression that describes its magnitude can be written as follows:

cos θ =
2n1 + n2

2
√

n2
1 + n1n2 + n2

2

(4)

The vector T is used to specify the orthogonal orientation to the Ch axis of the nanotube, and its
value can be calculated by:
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T =
(2n2 + n1)a1 − (2n1 + n2)a2

dk
(5)

where dk ranging from d (when n1 − n2 and dk is not a multiple of 3d) to 3d (when n1 = n2 and dk is a
multiple of 3d) for chiral tubulenes, considering d the greatest common divisor for the coefficients n1

and n2 [6,15,23,27].
In addition, a translation vector (τ) is also necessary to delimit the unitary cell of the nanotube.

It can be represented by Equations (6)–(8),

τ = t1a1 + t2a2 (6)

t1 =
(2n2 + n1)

dr
(7)

t2 =
−(2n1 + n2)

dr
(8)

knowing that dr (d–3d) is the greatest common divisor of the respective coefficients. In summary,
the limits of the 1D nanotube unit cell (plane segment OAB’BO) are demarcated by the vectors Ch and
T, whereas a1 and a2 define the area of the 2D graphene unit cell [6,27]. This sequence of equations
is very important for the development of electrochemical sensors because it allows to determine
the number of electric and phononic bands in the carbon nanostructures, i.e., the magnitude of the
electrical conduction through the nanomaterial.

The influence of the band structure on the nanotube conduction bands is defined in the context of
the Fermi velocity (υF).

υF =
ћkF
m

(9)

where h̄ is the reduced Planck constant, kF is the Fermi wavevector, and m represents the mass
of the nanostructure under study. These values are not well-defined in cases where the Fermi
surface is non-spherical, but it is estimated to be υF ∼ 106 ms−1 for semiconductors or even higher
for conductors [27]. This prevision corroborates the observation recorder in the density of states
diagram for SWCNT with different chirality, since at the Fermi energy level (EF) there is a finite
electronic transition for metallic structures (first van Hove optical transition), but a zero-band gap for
semiconductors (second van Hove optical transition). A general description of the band structures and
density of states for metallic and semiconductor nanotube is presented in Figure 4. Thus, if we imagine
that MWCNT are composed by several coaxial SWCNT, it might be expected that they are not strictly
a 1D-type conductor [7,27]. Likewise, when the nanotubes have different chirality, the band structure
undergoes alterations, and the resultant coupling between the electronic states at the EF and phonon
modes may cause superconductivity [4,7,27]. Despite the similarity with metallic materials, the carrier
density in carbon nanotubes (1D quantum wires) is much lower and novel physical electron-electron
phenomena (such as spin-charge separation and suppression of the electron tunneling density of
states) should be considered to justify the possible discrepancies, as predicted by Luttinger liquid
theory [23,26–28].

Some electrochemical studies showed a lower Rtc for MWCNT containing structural defects
and/or traces of metallic impurities (catalyst nanoparticles), so that the current flow occurs mainly
through the outer most nanotube cylinder [26–28]. Only one of the concentric tubes needs to
exhibit this behavior for the overall electronic properties to be essentially metallic-low quantum
capacitance values [7,27]. It is believed that if dt is smaller than the elastic mean free path, the
one-dimensional ballistic transport predominates, but the opposite characterizes a two-dimensional
diffusive current flow [7,26–28]. In addition, nanotubes with larger dt have a greater density of
structural defects, besides facilitating their modification and functionalization, which are interesting
requirements for the development of electroanalytical devices [2,6–9]. The mean length of the
nanotubes also has a significant effect on the electron-transfer rate; they are inversely proportional
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properties [22,24,27]. Vertically aligned structures also exhibit superior performance compared to
those randomly immobilized [2,16,25–28].

(a) 

(b) 

Figure 4. Idealized models of band structures and density of states for (a) metallic and (b) semiconducting
nanotubes.

Therefore, MWCNT provide special characteristics in electrochemical sensors both in
aqueous and non-aqueous electrolytes (electrocatalytic properties, high and fast electron-transfer,
signal amplification and stability, among other particularities observed in different prototypes) when
compared with the conventional carbonaceous electrodes (such as glassy carbon, highly-oriented
pyrolytic graphite, carbon microfiber, and boron-doped diamond) [26–28]. However, the true reasons
and fundamental electrochemical properties responsible for the reported performances (both when
nanotubes are used alone or in (nano)composites) are still not fully elucidated and demand further
research [2,4,6,9,17].

4. Overview of MWCNT Applications in Electrochemical Sensors

Different and exciting properties are obtained with macro-, micro-, and nano-structured carbon
derivatives [4,17], but the implementation of the latter in the configuration of electrochemical sensors
brought new opportunities to detect trace concentrations (μmol L–1 to pmol L–1) of numerous analytes
(active principle and metabolites of drugs, personal care products, flame retardants, gases, surfactants,
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industrial additives, polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs),
hormones, pesticides, among others) in complex matrices (natural waters, soils, foodstuffs, biological
fluids, fuels, wastes, and even in living organisms) [1–17]. This trend led to the development of the
newest category of electroanalytical devices (third generation/way), i.e., nanotools for nanoscale
analysis [2,16]. The basic mechanism for the operation of these tools is based on the conversion of
redox processes, registered at the sensor/electrolyte interface, onto quantitative or semi-quantitative
information. MWCNT had an important role to reach such advances, and this fact can be easily attested
by the exceptional growth of scientific reports in this field [2–6,8,16,17]. MWCNT’s large active surface
area, facile electron-transfer with a variety of molecules, and their use in nano-composites (mixed with
conductive polymers, nanoparticles and active biomolecules), as well as their high potential for device
miniaturization, have been enhancing the sensitivity of current methodologies and providing new
sensing opportunities [2,17,19–22]. The multichannel electron ballistic transport and the presence of
holes/defects along the structures, especially when functionalized with carboxyl groups and their
derivatives, further enhance the previously mentioned properties [2,4–9]. When converting a graphene
sheet to a nanotube, one electron of the carbon atoms remains in p-orbitals, organized between valence
(π) and conduction (π*) bands with very low bandgap (a partial σ–π hybridization), which favors a
fast electron transfer. The density of states in MWCNT structure depends on diameter (≈2–100 nm),
chirality/configuration (concentric, herringbone, and bamboo) and nature (semiconductor, conductor,
and superconductor) [1,7,15]. In addition, the strength of C−C bonds is among the most robust
and, when they are organized in the nanotube form, these interactions also provide flexibility
and resistance to rupture, increasing the versatility and number of possible applications of these
nanomaterials [4,7,16].

Electrochemical sensing of a wide variety of chemically, biologically, and environmentally
important analytes was investigated on MWCNT (chemical purity ≥95%)—based solid electrodes,
as shown in Table 1. Numerous traditional and modern pharmaceuticals, for instance, are electroactive
on these sensors and relevant contributions have been reported, either in stationary or in flow-through
systems. Mao et al. [29] fabricated an electrochemical sensor for metronidazole (antibacterial and
anti-inflammatory compound employed for the treatment of protozoal diseases) based on MWCNT and
chitosan (CTS)-nickel complex modified glassy carbon electrode (GCE) by the self-assembly technique.
The polymer matrix facilitates the immobilization of the nanocomposite on the electrode support,
while the association between nickel and carbon nanomaterials increases the current intensity of
the electroanalytical signal. Using differential pulse voltammetry (DPV), Ni-CTS/MWCNT/GCE
also showed electrocatalytic effect toward metronidazole reduction, making the method highly
selective to its analysis in pharmaceutical and biological samples, with a low detection limit (LOD;
0.025 μmol L−1) and suitable reproducibility and stability. Holanda et al. [30] reported a simple
methodology to quantify acetaminophen (a compound with analgesic and antipyretic action) in
commercial formulations, using a GCE modified with gold nanoparticles (Au-NP), functionalized
MWCNT (f -MWCNT) and cobalt phthalocyanine (Co-Pht) as working sensor. Using f -MWCNT, a lower
system capacitance and better stability of the sensor was observed. The quantification of acetaminophen
on Co-Pht/f -MWCNT/Au-NP/GCE was carried out by square-wave voltammetry (SWV) that,
in turn, showed a sensitivity (LOD = 0.135 μmol L−1) and reproducibility similar to the standard
ultraviolet-visible spectrophotometric procedure (at the wavelength of 257 nm). Montes et al. [31]
studied the superior electrochemical activity of MWCNTs with shorter dimensions (diameter × length:
100–170 nm × 5–9 μm and 6–9 nm × 5 μm) towards the oxidation of propionic acid derivatives,
which are drugs with analgesic, antipyretic, and anti-inflammatory properties. Electrochemical
impedance spectroscopy (EIS) and cyclic voltammetric (CV) data showed better electrocatalysis effect,
Rtc and signal amplification for the sensor constructed with the shorter diameter nanostructures due
to the increased defect density revealed by Raman spectroscopic measurements. The developed
sensor (MWCNT (diameter × length: 6–9 nm × 5 μm)/GCE) was adapted to a flow-injection analysis
system (FIA) and provided a sensitivity and accuracy to determine ibuprofen (LOD = 1.9 μmol L−1)
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by amperometry comparable to that obtained by capillary electrophoresis. Pavinatto et al. [32]
used a fluorine doped tin oxide (FTO) electrode, coated with nanostructured layer-by-layer films of
CTS@MWCNT (Figure 5), as a sensor for 17-α-ethinylestradiol, that is a synthetic estrogen widely used
as an oral contraceptive. The electron-transfer on the sensor reduced dramatically in the presence of the
nanotubes, improving its electroanalytical performance and enabling assays at very low concentrations.
Using the irreversible and adsorption-controlled oxidation process of the estrogen onto the three-bilayer
CTS@MWCNT/FTO, it was possible to determine it by SWV (LOD = 0.09 μmol L−1) without significant
effect of the most common interfering compounds present in human urine (urea, uric, and ascorbic
acids, glucose, NaCl, KCl, and NH4Cl). Chen et al. [33] used a nanocomposite based on MWCNT and
1-octyl-3-methyl-imidazolium hexa-fluorophosphate ionic liquid (IL) to modify a GCE, to develop a
chiral electrochemical sensor for the enantiomeric recognition of propranolol, using the linear sweep
voltammetry (LSV) technique. The authors did not present a LOD but declared the success of the
proposed method to evaluate the enantiomeric purity of reagents and wastewater treatment efficiency.
Other promising MWCNT-based electrochemical devices were also reported to successfully analyze
hydrochlorothiazide and triamterene [34], mangiferin and icariin [35], natamycin [36], omeprazole [37],
gentamicin [38], and many other drugs [2,6,9,17–20], attesting their electroanalytical performance
and effectiveness.

 

Figure 5. (a) Schematic representation of the layer-by-layer and (b) supramolecular interaction between
chitosan and multi-walled carbon nanotubes (MWCNT) for 1-bilayer film (adapted by permission from
Reference [32]).

The growing trend of using miniaturized systems for the electroanalysis of bioactive molecules
in living organisms through less invasive tests has positive repercussion and wide acceptance [2,17].
From this perspective, glucose sensors have been receiving special attention, since these analytic tools
can be used as an effective way to diagnose diabetes, hypoglycemia, and other metabolic diseases in
real time, using human blood and other secreted fluids as study matrix. Başkaya et al. [39] fabricated a
non-enzymatic glucose sensor using a hybrid film (composed by f -MWCNT and highly monodisperse
nickel nanoparticles) immobilized on GCE, which was able to determine this target in human blood
serum samples by amperometry, with sensitivity (LOD = 0.021 μmol L−1) and stability similar to one
of commercial enzymatic biosensors. The results also support the positive synergistic effects that are
observed when different nanomaterials are associated into the same matrix, enhancing the capacity
and versatility of the electrochemical sensors. Purine bases are also crucial biomolecules to the immune
function and abnormal changes causes serious disorders, such as cancer, epilepsy, lupus erythematous,
renal calculi, and cardiovascular alterations. Wang et al. [40] prepared a nanocomposite by mixing
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MWCNT and copper-nickel hybrid nanoparticles (Cu@Ni-NP), which was deposited onto a GCE
surface, with the goal of monitoring adenine and guanine in ds-DNA from mice brain tissues. Using
DPV under the optimized conditions, the Cu@Ni-NP/MWCNT/GCE sensor achieved a LOD of
0.17 μmol L−1 and 0.33 μmol L−1 for guanine and adenine, respectively, attesting to its potential
to quantify purine bases in complex samples. Likewise, sensors for point-of-care detection of DNA
damage in medical diagnostics are also on the rise. Li and Lee [41] investigated the performance
of f -MWCNT (functionalization with oxygen-containing groups to improve the immobilization and
stability of the bioelement) as an additive in electrochemical DNA sequence differentiation ability.
The electroanalytical signal achieved by DPV was highly selective and modulated between the
probe (5′-GTG TTG TCT CCT AGG TTG GCT CTG-3′; 24-base fraction of the p53 gene, used as
a marker for breast cancer) and its complementary sequence (5′-CAG AGC CAA CCT AGG AGA
CAA CAC-3′). The detection capacity (LOD = 141.2 pmol L−1) was more than two orders better than
the previously reported for graphene functionalized (f -Grf) based sensors, even in the presence of
single (5′-CAG AGC CAA CCT CGG AGA CAA CAC-3′) and all-base mismatched pairs (5′-ATA TCG
ACC TTG GCC GAG ACG GTG-3′). Great effort has also been directed towards the development of
electrochemical devices capable of early detection of immune deficiency diseases, such as acquired
immune deficiency syndrome (AIDS) caused by the HIV-retrovirus. Ma et al. [42] proposed a device
composed by a GCE modified with MWCNT and molecularly imprinted polymers (MIPs) based on
CTS for the determination of HIV-p24 protein in real human serum samples (Figure 6). Using DPV
and the developed sensor (HIV-p24/CTS/MWCNT/GCE), a low limit of detection (0.083 pg cm−3),
good selectivity, repeatability, reproducibility, stability, and accuracy were reached for the proposed
electroanalysis; validation was performed by comparative studies with enzyme-linked immunosorbent
assay (ELISA). The outstanding ability of MWCNT-based electrochemical sensors to simulate redox
reactions that occur in vivo has also been demonstrated with the electroanalysis of hemoglobin [43],
amino acids [44], cholesterol [45], bilirubin [46], neurotransmitters, and related compounds [47–49],
and even microorganisms [50], in mammalian fluid samples, achieving great results and contributing
to the early diagnosis and treatment of several related diseases.

The occurrence of pesticides in foodstuffs, natural water, soils, among other matrices of
environmental relevance, constitute a worldwide concern. Sipa et al. [51] associated square-wave
adsorptive stripping voltammetry (SWAdSV) and a modified sensor (β-cyclodextrins/MWCNT/GCE) to
determine trace concentrations of the pesticide dichlorophen. The excellent electroanalytical performance
of the system, mainly in the presence of nanotubes (LOD = 4.4 × 10−8 mol L−1), allowed to monitor
this vermicide in river water (Pilica River, in Poland) with good selectivity and absence of natural and
anthropogenic interfering compounds. Özcan and Gürbüz [52] developed a simple and sensitive sensor
for the voltammetric determination of the herbicide clopyralid in urine, river water, sugar beet, wheat,
and herbicide formulations (Phaeton® and Lontrel™). This novel sensor was built by modification of a
GCE with a nanocomposite containing acid-activated MWCNT (oxygen-functionalized nanostructures
with very low Rtc) and fumed silica, which, when associated with DPV, attained a LOD of 0.8 nmol
L−1, confirming the sensitivity of the proposed method. Ghodsi and Rafati [53] reported a strategy
to develop a voltammetric sensor for diazinon (an organophosphate insecticide) based on TiO2

nanoparticles (TiO2-NP) and MWCNT nanocomposite assembled onto a GCE. Under optimum conditions,
TiO2-NP@MWCNT/GCE reached a LOD of 3.0 nmol L−1, using both CV and SWV, and this performance
was explored for the electroanalysis of the pesticide in well and tap water. Other mentioned advantages
were the fast response time, good repeatability, stability, besides the fast and inexpensive electrode
modification. Sensitive electrochemical sensors that associate the unique properties of MWCNT and
metallic nanoparticles were also proposed by Wei et al. [54] and Ertan et al. [55], aiming to electroanalysize
trichlorfon insecticide (LOD = 4.0 × 10−7 mol L−1, using Nafion®/TiO2-NP@MWCNT@carboxymethyl
chitosan/GCE) and simazine herbicide (LOD = 2.0 × 10−11 mol L−1, using MIP/platinum
nanoparticles@polyoxometalate@f -MWCNT/GCE), respectively, reinforcing the positive synergistic
effect between these nanostructures for the improvement of the electroanalytical methodologies.
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Figure 6. Detailed procedure diagram for fabrication of the HIV-p24/CTS/MWCNT/GCE sensor
(adapted by permission from Reference [42]).

The wide active area and low Rtc observed for MWCNT, and related (nano)composites, have
been providing important advances on the single and simultaneous electroanalytical quantification
of metallic cations (Cd2+ [56], Pb2+ [56], Mn2+ [57], and Na+ [58]) and anions (SO3

2− [59],
NO2

− [60], and BrO3
− [60]) in varied and complex matrices (wastewater [57], drinking water [56],

and groundwater [58,59]). Trace concentrations of persistent organic pollutants (sunset yellow [61],
tartrazine [62], and luteolin [62] dyes), as far as gases (chlorine [63], carbon dioxide [64], and methanol
vapor [65]) and industrial by-products (glycerol [66], bisphenol A [67], hydrazine [68], and hydrogen
peroxide [69]) are now being monitored with MWCNT-based sensors in a quick, reproducible, reliable,
and cost-effective way when compared to the traditional analytical protocols, including those based
on electrochemical devices from previous generations.
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5. Final Remarks

MWCNT and their (nano)composites have been the origin for exciting and versatile sensing
platforms due to their inherent advantages, namely large active surface area, electrocatalytic
properties, high and fast electron-transfer, signal enlargement, reduction of the overpotential, chemical
inertness, among others. Their incorporation into electrochemical sensors has been improving the
electroanalytical performance of these devices and simultaneously widening their scope and range
of applications. However, some limitations related to the high cost of production of high purity
MWCNT have been restricting their large-scale and industrial utilization. Thus, improvements on
the current synthetic routes and purification methods or/and development of novel low cost and
effective techniques are clearly needed. In addition, comprehensive characterization of the toxicity of
MWCNT is another requirement to expand their application to in vivo assays. These achievements
will contribute to the construction of reliable and reproducible MWCNT-based electrochemical sensors
enlarging sensors exploitation in real in vivo monitoring and in on-line manufacturing applications.
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Abstract: We present the anti-solvent precipitation of hydrophobic drugs griseofulvin (GF) and
sulfamethoxazole (SMZ) in the presence of carboxylated carbon nanotubes (f-CNTs). The aqueous
dispersed f-CNTs were directly incorporated into the drug particles during the precipitation process.
f-CNTs with different levels of carboxylation were tested where the hydrophilicity was varied by
altering the C:COOH ratio. The results show that the hydrophilic f-CNTs dramatically enhanced
the dissolution rate for both drugs, and the enhancement corresponded to the hydrophilicity of
f-CNTs. The time to reach 80% dissolution (t80) reduced from 52.5 min for pure SMZ to 16.5 min
when incorporated f-CNTs that had a C:COOH ratio of 23.2 were used, and to 11.5 min when the ratio
dropped to 16. A corresponding decrease was observed for SMZ for the above-mentioned f-CNTs.
The study clearly demonstrates that it is possible to control the dissolution rate of hydrophobic drugs
by altering the level of carboxylation of the incorporated CNTs.

Keywords: hydrophobic drugs; drug delivery; functionalized carbon nanotubes; dissolution
rate; nanomedicine

1. Introduction

Many drugs referred to as Class II and Class IV drugs have low solubility which limits their
bioavailability and consequently their effectiveness as therapeutic agents [1]. The solubility and
bioavailability are typically improved by particle size reduction, which is described by the Noyes
Whitney equation [2]. Typically, micro and nano drug particles are formed via mechanical size
reduction such as dry/wet milling and homogenization [3], and also via precipitation techniques [4].
Anti-solvent precipitation has been used to synthesize micro and nano particles of hydrophobic
drugs [5,6]. Here, an antisolvent is used to precipitate crystals from a solution whose properties
can be controlled by altering process conditions and the use of additives [7,8]. Dissolution rates of
hydrophobic drugs have been enhanced by the addition of hydrophilic moieties to the formulation.
For example, different cellulosic materials [9] have been used as co-precipitating agents and hydrophilic
silica nanoparticles have been used to promote faster aqueous dissolution [10]. Various polymers
have been employed as peptide carriers in diabetes, oncology, and cardiovascular drugs [11].
Solid dispersion is an increasingly popular method that uses hydroxypropyl methylcellulose (HPMC),
polyvinylpyrrolidone (PVP), polyethylene glycol (PEG), and polymer micelles as carriers for insoluble
drugs [12,13]. Glucosamine hydrochloride has been used in solid dispersions [14] and hydrophobic
molecules have been included in cyclodextrin [15] to enhance dissolution rates.

A drug carrier can be directly incorporated into the drug crystal during anti-solvent precipitation,
and the latter can play multiple roles. For example, it can serve as a nucleation site for crystal
formation, provide colloidal stability during crystal formation, and be used as a drug delivery vehicle
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such as a targeting agent or one that alters bioavailability by changing the dissolution rate. It is
well known that functionalization is an effective means with which to control aqueous behavior of
nanotubes including colloidal stability as well as their solubilization capacity towards hydrophobic
molecules [16–18]. Fiber-like carbon nanotubes (CNTs) can actually be incorporated into drug crystals,
and if the functionalized CNTs) are hydrophilic, they can attract water molecules and bring them to
drug crystals, leading up to faster dissolution. The hydrophilicity of functionalized CNTs can also be
altered to change the dissolution rate, which is a phenomenon that can be used to control the release
of the drug. One of the concerns for using CNTs in drug delivery and biomedical applications is the
toxicity of oxidized CNTs. A number of in vitro and in vivo studies have been performed that show
conflicting reports from both the type of CNTs and bioactivity of interest [19–27]. However, studies
have shown that carboxylation is an effective way to reduce toxicity [28,29].

The unique properties of carbon nanotubes have led to various applications in biological
and environmental fields [30,31]. There has been much interest regarding carbon nanotubes in
nanomedicine and tissue engineering applications [32–39]. The CNTs have been used to deliver
a wide range of small and large molecules for controlled release. Small drug molecules as well as
peptides, vaccines, antibodies, nucleic acids, proteins, and genes have been attached to CNTs [40–43].
Targeted drug delivery using CNTs has been successful [44], and CNTs have shown permeability into
tumor tissues via endocytosis [45].

The key to the applications of CNTs in drug delivery is their attachment to drug molecules.
Different molecules/species can be attached to CNTs via covalent or non-covalent bonding. Covalent
attachment to CNTs can provide secure loading of a molecule, and drugs such as paclitaxel, toxoid,
doxorubicin, boron-bearing agents, methotrexate, and 10-hydroxycamptothecin have been linked
to CNTs via non-biodegradable or degradable linkages [46,47]. If the drug is attached to the CNTs
through a degradable linkage, the released drug’s activity and functionality need to be maintained,
which can be a challenge. On the other hand, non-covalent approaches do not cause changes in
the chemistry of drugs. The non-covalent approach to drug loading is to load the molecule onto
the CNT surface by simple adsorption, π-stacking, hydrophobic interaction, or capillarity-induced
filling [48–50]. Both pure CNTs and functionalized CNTs have been used in drug delivery, and in the
case of noncovalent bonding, the advantages of functionalized CNTs can still be utilized.

Among functionalized CNTs, carboxylated CNTs (f-CNTs) are highly water dispersible and our
studies have demonstrated their potential to enhance dissolution rates [51]. F-CNTs can be synthesized
so that the carbon to oxygen atomic ratio can be varied to give different levels of hydrophilicity and it
is conceivable that by varying the degree of functionalization, the drug can be released at different
rates. Therefore, the level of functionalization is expected to be an important factor. The objective
of this work was to study the effect of the degree of functionalization of the incorporated f-CNTs
on hydrophobic drugs during anti-solvent synthesis of micron-scale drug particles as well as the
dissolution rates. Of particular interest to this study were the antifungal agent griseofulvin (GF) and
the antibiotic sulfamethoxazole (SMZ).

2. Material and Methods

2.1. Materials

Sodium dodecyl sulphate (SDS) was purchased from GFS (G. Frederick Smith) Chemicals Inc
(GFS Chemicals Inc, Powell, OH, USA), hydrochloride acid was purchased from Fisher Scientific
(Thermo Fisher Scientific Inc., Waltham, MA, USA), and raw multiwall carbon nanotubes nanotube
(20–30 nm diameter, 10–30 μm length, purity > 95 wt%) was purchased from Cheap Tubes (Cheap
Tubes Inc., Grafton, VT, USA), while GF, SMZ, sulfuric acid (95–98%), and nitric acid (70%) were
purchased from Sigma Aldrich (MilliporeSigma Corporate, St. Louis, MO, USA). Purified Milli-Q Plus
water (MilliporeSigma Corporate, St. Louis, MO, USA) was used in all experiments.
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2.2. Methods

Carboxylated multiwall carbon nanotubes were synthesized following a methodology published
previously in [51]. CNTs were reacted with a mixture of concentrated sulfuric acid and nitric acid at
140 ◦C for 5, 10, and 40 minutes, respectively, in a microwave reactor (model: CEM Mars). This led
to the formation of various amounts of carboxylic groups on the CNTs surface that had different
hydrophilicity [28]. The carboxylated CNTs were filtered through a 10μm polytetrafluoroethylene
(PTFE) membrane filter, washed to a neutral pH, and dried under vacuum at 65 ◦C.

Drug/CNT composites were prepared by anti-solvent precipitation at room temperature. GF or
SMZ (Figure 1) was saturatively dissolved in acetone. An antisolvent was prepared by dispersing
f-CNTs in water under sonication for 10 min. The antisolvent was added dropwise into the drug
solution under sonication and the solution turned cloudy immediately after the addition of the f-CNT
suspension, which indicated crystal formation of the f-CNT/drug composites (which are referred to as
GF-CNTX and SMZ-CNTX, respectively, where X represents the carbon to oxygen ratio). The resulting
solution was filtered through a 10 μm PTFE membrane filter, washed, and dried in a vacuum oven
until a constant weight was maintained.

 

(a) 

 

(b) 

Figure 1. Structural formula for (a) griseofulvin (GF) and (b) sulfamethoxazole (SMZ).

The resulting drug/CNT composites were characterized with a scanning electron microscope
(SEM), energy-dispersive X-ray spectroscopy (EDX), transmission electron microscopy (TEM),
differential scanning calorimetry (DSC), an X-Ray diffractometer (XRD), thermogravimetric analysis
(TGA), and elemental analysis. The dissolution was tested by dissolution testing apparatus 2. SEM and
EDX was performed with a LEO 1530VP (LEO Electron Microscopy Inc., Thornwood, NY, USA) and
JEOL JSM-7900F (JEOL Ltd., Tokyo, Japan). TEM was performed with a Hitachi H-7500 Tungsten/LaB6
(Hitachi, Ltd., Tokyo, Japan) with a 100 KV energy bean. TGA was performed with a Perkin Elmer
Pyris 1 thermogravimetric analyzer (PerkinElmer Inc., Waltham, MA, USA) which heated the samples
from 30 ◦C to 1200 ◦C at 10 ◦C/min in air. Elemental analysis was performed using a Perkin-Elmer
2400 Series II elemental analyzer (PerkinElmer Inc., Waltham, MA, USA). Raman spectroscopy was
performed with a Thermo Scientific DXR Raman Microscope (Thermo Fisher Scientific Inc., Waltham,
MA, USA) with a 532 nm filter. Melting points were measured with a Perkin Elmer DSC 6000
(PerkinElmer Inc., Waltham, MA, USA). DSC was carried out under nitrogen; GF-CNTX samples were
heated from 30 ◦C to 250 ◦C at 20 ◦C /min while SMZ-CNTX samples were heated from 30 ◦C to
200 ◦C at 20 ◦C /min. XRD was performed with a PANalytical EMPYREAN XRD (Malvern Panalytical
Inc., Westborough, MA, USA) with a Cu tube as the X-ray source. A Symphony 7100 dissolution
system (Distek, Inc., North Brunswick, NJ, USA) was used to study the dissolution behavior of the
drug composites using a standard United States Pharmacopeia (USP) method (USP 41). The relative
standard deviation of three repeat dissolution tests were below 4%.

3. Results and Discussion

EDX was used to examine the carbon and oxygen percentages in the functionalized CNTs.
The degree of functionalization is shown in Table 1. As functionalization time increased, oxygen
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percentage increased and the C:COOH ratio decreased. After 40 min of functionalization, the oxygen
percentage did not increase significantly and therefore treatment times beyond 40 minutes were not
studied. The oxygen content of the different f-CNTs varied from 6.1 to 13.6% while the C:COOH ratio
could be as low as 16:1. The f-CNTs were labeled based on the C:COOH ratio.

Table 1. Analysis of carboxylated carbon nanotubes (f-CNTs) with different levels of functionalization.

Treatment Time (min)
% by Weight

C:COOH
C O

0 92.7 6.1 39.5

5 89.7 9.9 23.2

10 87.9 11.2 19.8

40 86.3 13.6 16.0

The concentrations of f-CNTs in GF were calculated from the TGA (Figure 2). The amount of
f-CNTs in the GF crystals prepared from f-CNT23.2, f-CNT19.8, and f-CNT16.0 suspensions were found
to be 3.9, 4.2, and 3.8%, respectively. The values were calculated based on the weight percent at the
temperatures from which f-CNTs started to burn out (around 300 °C) for each composite minus the
corresponding weight percent of pure GF at the same temperature. Since the behavior of the f-CNTs
was similar to SMZ during thermogravimetric analysis, it was difficult to predict the composition of
the SMZ-CNT samples by TGA. The concentrations of f-CNTs in the SMZ-CNTs were measured based
on elemental analysis. The sulfur content was used to calculate the amount of SMZ in the composite,
from which the amount of f-CNTs could be predicted. The amount of f-CNTs in the SMZ crystals
prepared from f-CNT23.2, f-CNT19.8, and f-CNT16.0 suspensions were found to be 2.9, 1.3, and 1.4%,
respectively. These samples are referred to as SMZ-CNTX or GF-CNTX, where x is the C:COOH ratio.
It appears that the degree of functionalization did not significantly affect the weight percent of f-CNTs
in the drug crystals formed during the anti-solvent precipitation.

  

Figure 2. Thermogravimetric analysis (TGA) of GF-CNTx.

The GF-CNT and SMZ-CNT sample morphologies were studied using SEM. Figure 3a–c show
SEM images of GF-CNT23.2, GF-CNT19.8, and GF-CNT16 at 25 K magnification. Figure 3d–f show SEM
images of SMZ-CNT23.2, SMZ-CNT19.8 and SMZ-CNT16 at the same magnification. The SEM images
show that the f-CNTs were present on the crystal surface. Compared to the SEM images of pure GF
and pure SMZ in Figure 3g,h, the crystal shape and size did not depend on CNT functionalization or
incorporation. The TEM images (Figure 3i,j) show that the f-CNTs were also partially embedded in the
drug crystals.
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Figure 3. Scanning electron microscope (SEM) images of (a) GF-CNT23.2, (b) GF-CNT19.8, (c) GF-CNT16,
(d) SMZ-CNT23.2, (e) SMZ-CNT19.8, (f) SMZ-CNT16, (g) pure GF, (h) pure SMZ, and Transmission
electron microscopy (TEM) images of (i) GF-CNT16, (j) SMZ-CNT16.
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Figure 4a shows the Raman spectra of f-CNTs, pure GF, and GF-CNTs with various degrees of
functionalization. The typical spectral features of f-CNTs were overlaid with peaks from GF. The Raman
spectra for pure GF and GF-CNT composites remained the same, indicating that the presence of the
f-CNTs didn’t change the chemical nature of the GF or its polymorphism, which are important
considerations in drug development. A similar observation was found in Figure 4b, which shows
Raman spectra of f-CNTs, pure SMZ, and SMZ-CNTs with various degree of functionalization.

 

 

 

 

Figure 4. (a) Raman spectra of (A) f-CNT23.2, (B) pure GF, (C) GF-CNT23.2, (D) GF-CNT19.8, and (E)
GF-CNT16; (b) Raman spectrum of (A) f-CNT23.2, (B) pure SMZ, (C) SMZ-CNT23.2, (D) SMZ-CNT19.8,
and (E) SMZ-CNT16.

Crystal structures of GF-CNTx and SMZ-CNTx were also studied using XRD, and Figure 5 shows
the diffractogram of GF-CNTx and SMZ-CNTx. It can be seen that the crystal structure remained
unchanged with the incorporation of the f-CNTs. The diffractograms of pure drugs and drug-CNTs
were identical. This implies that there were no changes in polymorphism.
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Figure 5. (a) X-Ray diffractometer (XRD) diffractogram of (A) f-CNT23.2, (B) pure GF, (C) GF-CNT23.2,
(D) GF-CNT19.8, and (E) GF-CNT16; (b) XRD diffractogram of (A) f-CNT23.2, (B) pure SMZ,
(C) SMZ-CNT23.2, (D) SMZ-CNT19.8, and (E) SMZ-CNT16.

The melting points of drug-CNT composites were analyzed by DSC 6000. The results are presented
in Table 2. It can be seen that there was no significant change in melting points between the pure drug
and its f-CNT composites.

Table 2. Dissolution and melting point of sulfamethoxazole-CNTs (SMZ-CNTs) and griseofulvin-CNTs
(GF-CNTs).

Incorporation % C:COOH T50 (min) T80 (min) Mp (◦C)

GF-CNTx

0 39.5 8.0 >120.0 221.25
3.9 23.2 6.0 60.0 220.75
4.2 19.8 4.5 44.0 220.92
3.8 16 4.0 30.5 221.01

SMZ-CNTx

0 39.5 23.5 52.5 170.37
2.9 23.2 8.5 16.5 170.21
1.3 19.8 7.5 15.0 170.06
1.4 16 6.0 11.5 170.05
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Dissolution measurements were carried out based on the standard US Pharmacopeia Method
(USP 41). GF-CNT composites were added to 4 mg/ml sodium dodecyl sulfate while SMZ-CNT
composites were added to 0.1 N hydrochloric acid. The samples were stirred with a paddle at 75
rpm and heated to maintain a temperature of 37 ◦C. A small amount of medium was withdrawn at
different times, filtered with a PTFE membrane to remove f-CNTs, and analyzed with Agilent 8453
UV-visible Spectroscopy System (Agilent, Santa Clara, CA, USA) to determine the amount of drug
dissolved, at 291 nm for GF and 265 nm for SMZ. The dissolution data is presented in Figure 6.

 

 

 

c 

 

 

Figure 6. (a) Dissolution of GF-CNTs, (b) dissolution of SMZ-CNTs, and (c) time to reach 80%
dissolution for drugs (t80) with a degree of functionalization of CNTs.
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It is evident from both profiles that the increase in the level of functionalization in the f-CNTs
enhanced the release of the drugs. The f-CNTs were hydrophilic and increased contact between the
water and the drug crystals. The water molecules adsorbed on the hydrophilic carboxylic groups and
then used these as a conduit to the drug crystal to increase dissolution.

The time necessary to reach 50% (t50) and 80% (t80) dissolution reduced with the incorporation
of the f-CNTs. For GF samples, t50 and t80 reduced by as much as 50% and 75%, while for the SMZ
samples, t50 and t80 were reduced by as much as 74% and 78%. As the C:COOH ratio decreased from
23.2 to 16, the t50 of GF dropped from 6.0 to 4.0 min, a reduction of 33%, and the t80 of GF dropped
from 60.0 to 30.5 min, a reduction of 49%. The corresponding drop for SMZ was from 8.5 to 6.0 min,
a reduction of 31% for t50 and from 16.5 to 11 min, a reduction of 33% for t80.

4. Conclusions

The CNTs were oxidized to form f-CNTs with different levels of carboxylation. The SEM and
TEM images show CNT incorporation into the drug crystals, and their presence was seen inside as
well as outside the crystals. Based on Raman, XRD, and DSC measurements, it was evident that the
f-CNTs did not change the crystal structure or the melting point. The dissolution rate was significantly
enhanced with the incorporation of f-CNTs. By decreasing the C:COOH ratio in the f-CNTs, dissolution
rates increased. Additionally, higher levels carboxylation showed lower values of these parameters.
Therefore, it is evident that by varying the level of carboxylation, it is possible to control the dissolution
rate of the hydrophobic drugs. This paper presents a novel approach to controlling the release rate by
altering the level of CNT carboxylation. It is also possible that the degree of carboxylation can be used
to alter other aspects of drug delivery, such as targeting capabilities.
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Abstract: The study investigates the effect of carbon nanotubes on chloride penetration in
nano-modified mortars and reports on the physical, electrical, and mechanical performance of
the material. Mortars were artificially corroded and their surface electrical surface conductivity
as well as flexural and compressive strength were measured. The influence of variable nanotube
concentration in accelerated corrosion damage was evaluated. Nanotube concentration was found
to significantly affect the permeability of the mortars; improvements in flexural and compressive
response of mortars exposed to salt spray fog, compared to virgin specimens, were rationalized
upon decreases in the apparent porosity of the materials due to filling of the pores with sodium
chloride. Electrical resistivity was found to increase up to two orders of magnitude with respect to
the surface value; above the percolation threshold, the property impressively increased up to five
orders of magnitude.

Keywords: chloride diffusion; cement mortars; carbon nanotubes; mechanical properties;
electrical properties

1. Introduction

Reinforced cement-based structures are expected to remain intact for long periods of time
with minimum service requirements. This demands the development and usage of long-lasting
building materials. Lately, there is increasing attention towards incorporating nanoparticles in
building materials for improvement of their mechanical and electrical performance as well as
endowment of multi-functionality to the structure [1–3]. Relevant studies have explored the use,
in cement-based materials, of such nano-reinforcements such as nano-CaCO3 [4], nano-SiO2 [5], as well
as carbon-nanofibers (CNFs) [2], graphene nano-platelets [6,7] and carbon-nanotubes (CNTs) [8,9].
It has been reported that homogeneously-dispersed nano-particles can fill inherent voids in cement
structures, hence lowering the porosity and increasing their strength and durability [10]. On the other
hand, poor design and supervision, unsuitable construction, insufficient materials selection and harsh
environments can severely downgrade cement structures [11–13].

One of the major durability issues that the construction industry is facing globally is the materials’
structural degradation [14–17]. This may lead to reductions in strength, reinforcement corrosion,
as well as aesthetics issues, which would require early repair or replacement of the structure [18].
Corrosion, attacking mainly reinforcements via the pores in the material bulk, is primarily due to
carbonation and chloride attack [12,19–22]. Dry environments favor corrosion because of carbonation
and carbon oxide excess [23]. On the other hand, localized corrosion in different types of cement-based
structures exposed to marine environments may lead to premature structure failure due to chloride
ingress through the net of the material pores or via ion incorporation in the mixture [12,24,25].
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In concrete, the corrosion process is completed in two stages: In the initial corrosion initiation
stage, chlorides penetrate the concrete without causing damage to the material. In the second stage,
termed corrosion propagation stage, corrosion elements accumulate until the material’s ultimate
failure [12]. For concrete structures in marine environments, the service life is the sum of the durations
of the two stages, while durability and serviceability of the structures depend greatly on the duration
of the initiation stage [12]. A variety of methods are currently available in the literature for prevention
of deterioration due to chloride penetration, as are models for prediction of the time of corrosion
initiation and total service life [19–24,26]. In order to better assess the phenomenon, knowledge of the
different driving forces responsible for the penetration of chloride ions in concrete is indispensable.
Possible such driving forces include absorption during wetting and drying cycles [27] and application
of hydrostatic pressure, by means of an hydraulic head on the surface of the concrete [18]. However,
the most common way in which chloride ions get in contact with concrete reinforcement is diffusion,
i.e. the movement of chloride ions under a concentration gradient via a continuous liquid phase [28].
The penetration rate depends on the quality of the concrete, its chloride binding capacity, hydration
degree, duration of exposure to chlorides, water to cement ratio, temperature and curing time, as well
as the presence of supplementary cementing materials [12,18,24,28,29]. A sufficient understanding of
these factors and their relationships could provide a good base for the limitation of degradation of
cement-based structures.

The degree of resistance of concrete to chloride ion penetration is characterized by the coefficient
of diffusion in Fick’s corresponding second law [30]. Its calculation requires exposure of the concrete
sample to known concentrations of chloride solutions for specific durations followed by measurement
of chlorides’ concentration at successively larger depths. The values of chloride diffusion coefficient
usually vary from 10−13 m2/s to 10−10 m2/s [31] in relation to the concrete properties such as w/cm
ratio, the type and proportion of mineral admixtures and cement, the material’s compaction and
curing state, chloride exposure conditions, as well as the presence of cracks [32]. Currently available
experimental methods for the determination of concrete’s resistance to chloride ion penetration include
the rapid chloride permeability test (RCPT) as shown by Marta Kosior—Kazberuk [33], the rapid
chloride test (RCT) method, and the rapid chloride migration test (RMT) [10,34–39]. Probably the
most straightforward way of measuring chloride penetration is to immerse the specimens under
investigation in salty solutions with different concentrations for specific periods of time depending on
the needs of the experiment [40–42]. Ming Jin et al. suggested the measurement of electrical resistivity
as a non-destructive method for monitoring chloride ion penetration in concrete structures by means
of the electrical properties of graphene-modified cement composites [6].

While considerable research efforts have dealt with concrete behavior with respect to chloride
penetration [10,16,38,39,43] and the effect of sodium chloride in mortars [42,44], there is currently a
clear lack of knowledge on the effect of carbon nanotube (CNT) presence on chloride penetration
in state-of-the-art nano-modified mortars intended for future exploitation in real constructions.
The main purpose of the present study is to address the effect of chloride penetration in carbon
nanotube-modified cementitious materials subjected to marine environments. For that reason, two
different methods, namely the rapid chloride test method (RCT) and the rapid chloride permeability
test method (RCPT) were used for the degradation of the specimens, while the mechanical and electrical
behavior of the corroded materials was investigated.

2. Experimental Procedures

2.1. Materials and Specimens

Five cement mixtures of varying carbon nanotube concentrations, namely 0.2%, 0.4%,
0.6%, and 0.8% by weight of cement, were prepared according to standard protocol
“BS EN 196-1:2005” [45] pertaining to the determination of physical, mechanical, and electrical
properties as well as chloride content in cement. A reference mixture without nano-inclusions was also
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prepared for comparison purposes. All mixtures contained ordinary Portland cement, regular tap water
and natural sand. Long multi-wall carbon nanotubes (MWCNT), synthesized via catalytic chemical
vapor deposition were used as nano-reinforcements. The tubes, commercially available by Shenzhen
Nanotech Port Co. Ltd. (Shenzhen, China), had nominal purity higher than 97% and amorphous
carbon content which is less than 3%. Nominal tube diameter ranged from 20 to 40 nm, while their
length ranged from 5 to 15 μm. Viscocrete Ultra 300 (Sika AG, Baar, Switzerland), which is a native
water-based concrete additive comprised of polycarboxylate polymers, doubled as a superplastisizer
and nanotube dispersing agent. Superplastisizer selection was based on its high CNT dispersion
efficiency [8,46], excellent resistance to mechanical and chemical attack, as well as its ability to inhibit
air entrapment inside the specimens. A second superplastisizer, Viscocrete Ultra 600 (Sika AG, Baar,
Switzerland) was added in all fresh mortars, in amounts of approximately 1.5 g, to aid air content
stability and workability, hence eliminating contributions of these phenomena to the overall behavior
and enabling attribution of findings exclusively to nanotube concentration. In all cases, water to
cement ratio was maintained at 0.5.

The experimental procedure for the preparation of nano-reinforced cement mixtures, at tube
loadings of 0.2%, 0.4%, 0.6%, and 0.8 wt. % of cement, adopted the three following successive steps.
Initially, the superplasticizer and nanotubes were mixed at a ratio of 1.5:1 under magnetic stirring,
in regular tap water. Given the fact that for a single mix, BS EN 196-1 requires usage of 1350 g of sand,
450 g of cement, and 225 g of water, the relevant water/CNT ratios were 250 at 0.2% CNT concentration
and 125%, 83.5%, and 62.5% at 0.4%, at 0.6%, and 0.8% CNT concentration, respectively. Accordingly,
the sand/cement ratio was constant at 3:1. The resultant aqueous suspensions of MWCNTs were
ultrasonicated for 90 min at room temperature with a Hielscher UP400S device (Hielscher Ultrasonics
GmbH, Teltow, Germany) equipped with a cylindrical 22 mm diameter sonotrode delivering a power
throughput of 4500 J/min at a frequency of 24 kHz. The selected combination of ultrasonication
duration and energy rate was established as optimum for the suspension homogeneity achievement
without tube aspect ratio impairment [47]. The ultrasonicated suspensions were mixed with ordinary
Portland cement type “I 42.5N” and natural sand using a laboratory rotary mixer, in low and high
speeds sequentially for a total of 4 min, according to standard test method BS EN 196-1:2005 [45].
Immediately after mixing, the workability and air content of the fresh mortars were measured.
The remaining fresh mixture was poured into oiled metallic molds with internal dimensions of
40 × 40 × 160 mm for flexural and compressive test specimen production and 150 × 150 × 150 mm
for chloride penetration and electrical conductivity measurement specimen, where they were left for
24 h before demolding. The specimens were subsequently placed into a 100% humidity room for
28 days before being transferred into a laboratory corrosive environment.

2.2. Properties in Fresh Conditions

Fresh mortar consistency was determined following flow table tests, carried out according to
European Standard BS EN 1015-3:1999 [48]. Consistency is a measure of the fluidity and/or wetness of
the fresh mortar and is indicative of the deformability of the fresh mortar when subjected to certain
types of stresses [48]. The mortar was introduced into the mold carefully in two layers while excess
mortar was removed. Subsequently, the mold was slowly raised, and the mortar was spread out on the
flow table disc by jolting the table 15 times, approximately one per second. This causes the mortar to
spread further, in a roughly circular shape. The flow diameter is the average of the maximum diameter
of the pool of fresh mortar and the diameter at right angles. This average diameter value constitute the
flowability of the mixture after subtraction of the mold diameter, 100 mm [48]. Mixture air content
was determined after European Standard BS EN 1015-7:1999 [49]. Therein, using an air entrainment
meter for mortars (TESTING Bluhm & Feuerherdt GmbH—Berlin, Germany), filling capacity of 1 L,
water was introduced on top of the mortar surface and forced into the mortar by means of applied
air-pressure hence displacing air from within the pores. The corresponding drop in water level reflects
the volume of air displaced from the mortar with the direct reading of the air content in percentage.
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2.3. Chloride Penetration

The resistance to chloride penetration of the modified mortars with different CNT loadings
was qualitatively evaluated using two effective methods, namely RCPT and RCT, suitable for
concrete characterization. The specimens used in these tests were the cores of 150 × 150 × 150 mm3

cubic samples.

2.3.1. RCPT Method

Rapid chloride ion penetrability test (RCPT) was conducted according to ASTM
C1202-97 [50] using the PROOVE’it© system (Germann Instruments—Copenhagen, Denmark).
It monitors the amount of electrical current passed through a 50 mm thick, 100 mm in diameter
specimen, which was positioned in a measuring cell and supplied with a direct current (DC) electric
current of 60 V for 6 h; the relevant apparatus is illustrated in Figure 1. In each side of the specimen
rested a fluid reservoir. One reservoir was filled with 3% NaCl and was connected to the negative
terminal, while the other was filled with 0.3 mol/dm3 solution of NaOH and was connected to the
positive terminal of the power supply.

Figure 1. Experimental set up for the rapid chloride permeability test method.

The total charge, in Cb, passing through the specimen is representative of its resistance to chloride
ion penetration. The chloride ion penetrability is evaluated qualitatively according to Table 1.

Table 1. Chloride ion penetrability based on charge passed.

Charge Passed [Cb] Chloride Ion Penetrability

>4000 high
2000 ÷ 4000 moderate
1000 ÷ 2000 low
100 ÷ 1000 very low

<100 negligible

During the test, the solution temperature was monitored and maintained in the range of 20
to 25 ◦C, as higher temperatures aid acceleration of chloride ion transport, hence resulting in
non-representative data.

2.3.2. RCT Method

Evaluation of the chloride penetration features of nano-modified mortars was also carried out
by exposing specimens to salt spray environments according to ASTM B117 [51] specifications.
As laboratory conditions are much more aggressive than natural ones, to accelerate the phenomenon,
severe corrosion states in short times were anticipated. Compared to other laboratory-grade
accelerated corrosion tests, the salt spray test was considered more representative of the natural
coastal environment [52]. Therein, after removal from the 100% humidity room, nano-modified
mortars were surface dried and then naturally dried in the laboratory environment. Subsequently,
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they were sealed with insulating exterior paint on four sides, including the top side of the mold and
two opposite open sides permitted chloride diffusion through a predefined path. Coated samples were
placed in a VSC 450 salt spray corrosion test chamber (Vötsch Industrietechnik, Balingen, Germany)
(Figure 2a) for 100 days, with a sealed side resting at the bottom of the chamber (Figure 2b).

  
(a) (b) 

Figure 2. (a) Salt spray chamber and (b) sealed specimens inside the chamber.

Salt solution prepared by dissolving five parts, by mass, of sodium chloride (NaCl) into 95 parts of
deionized water, was introduced into the chamber’s solution reservoir. The utilized salt contained less
than 0.3 percent impurities to avoid impurities acting as corrosion inhibitors. Salt spray solution acidity,
measured at 25 ◦C, was maintained in the pH range from 6.5 to 7.2, while the temperature inside the
chamber was maintained at 35 ◦C [52]. After the end of the 100-day exposure period, nano-reinforced
mortars were carefully removed from the chamber and gently washed with clean tap water to remove
any surface salt deposit before being naturally dried.

The dried mortars were prepared for testing by the following methodology. Initially, a cylindrical
core of the exposed sides to the NaCl was drilled out of each cubic specimen. The diameter of the cores
was maintained within 95 mm to 105 mm while sectioning of the total length provided cylindrical
samples of an approximate height of about 65 mm, such as the ones shown in Figure 3.

 
Figure 3. Testing cores drilled off from mortars exposed to accelerated corrosion.

Subsequently, 1.5 g of powder ground from incrementally increasing depths inside the
nano-modified material were removed using a profile grinder (Germann Instruments—Copenhagen,
Denmark) and collected for chloride ion measurement. The grinding depth increment was kept as
low as 1 mm, to allow for high accuracy measurement; 60 successive depths were interrogated. Next,
ground powders originating from mortars with different CNT content were tested separately according
to the rapid chloride test (RCT) method. In this way, the amount of chloride calculated using the RCT
electrode, which was initially calibrated, was related to CNT loading. Profiles of chloride content
versus the depth below the exposed surface were determined.
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Assuming that diffusion is a one dimensional process, diffusion of chloride ions into the materials
is governed by Fick’s second law of diffusion (steady state diffusion) as follows:

∂C(x)
∂t

= D
∂2C
∂x2 (1)

where C represents chloride ion concentration, x is the depth from the surface of concrete, t represents
time, and D is the diffusion coefficient.

Solving Equation (1) requires knowledge of initial and boundary conditions as well as the value
of the diffusion coefficient, D. For a constant diffusion coefficient and under the assumptions that
chloride ion concentration on the material’s surface is constant (Cs = C(0,t)), the initial concentration
(Ci) is zero and the concentration at an infinite point, quite deep in relation to the surface, is also zero.
Equation (1) converts to Crank’s solution [53] as follows:

C(x, t) = Cs − (Cs − Ci)erf

(
x

2√Dt

)
(2)

where C(x,t) indicates the chloride ion concentration at a depth of x, measured from the surface in mm,
at an elapsed time t, measured in years, from the start of the chloride exposure

Cs is the chloride concentration (% of materials mass) at the material’s surface
Ci is the initial or background chloride concentration (% of materials mass)
D represents the chloride diffusion coefficient (mm2/year)
Equation (2) describes the variation of chloride ion content as a function of the distance x from

the surface of the sample, after an elapsed time t since initial exposure to a constant surface chloride
concentration of Cs. The values of parameters Cs and D are determined using the least-squares curve
fitting that permits general non-linear regression analysis.

2.4. Porosimetry

The pore structure of the mortars modified with variable nanotube concentrations was analyzed by
mercury porosimetry in a PoreMaster 60 porosimeter (Quantachrome GmbH & Co. KG, Odelzhausen,
Germany). The measurements were performed on small nano-modified mortar volumes, less than
1 cm3, extracted from specimens after mechanical testing failure.

2.5. Electrical Conductivity Measurements

Surface electrical conductivity was incrementally measured at the exposed mortar surface, after
step grinding of 10 mm of material. DC electrical conductivity was measured using a custom-built
contact electrical conductivity probe connected to an ultra-high precision digital electrometer/high
resistance meter (Keithley 6517B, Tektronix Inc., Beaverton, OR, USA) capable of measuring resistances
up to 1018 with a 10 × 10−18 A current resolution. The probe, presented in detail in reference [2],
consists of a circular head comprised of 22 concentrically-arranged spring-loaded pin electrodes with
conductive rubber ends for optimal contact with the non-planar cement surfaces. The head rested on a
z-translational stage, which could be lowered and brought into contact with the specimen at constant
force by means of a lever. Conductivity, assumed exclusively attributable to nanotube presence,
is anticipated to vary with interrogation depth as a result of variable chloride ion concentration at the
instant depth.

2.6. Mechanical Performance

Mechanical characterization of corroded nano-modified mortars under the four point bending
test configuration was performed on 40 × 40 × 160 mm3 specimens on an Instron 5967 testing frame
(Instron, Norwood, MA, USA) equipped with a 30 kN loadcell according to standard test protocol
ASTM C1609 [54]. Prism halves occurring after the catastrophic bending test, were subjected to
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compression testing, at a load rate of 2400 N/s, which corresponds to a stress rate of 1.5 MPa/s for the
40x40 mm2 tested area, following the standard protocol EN 196-1:2005 [41].

3. Results and Discussion

3.1. Workability and Air Content of Fresh Mortars

Fresh mortar properties are the ones which determine the application range of the material.
During the course of the present study, workability as well as air content of the fresh nano-reinforced
mortars was maintained, in similar values throughout mixtures of variable nanotube concentration, by
addition of differential amounts of Viscocrete 600 superplasticizer as needed. As can be observed in
Figure 4, the workability of the mortars reinforced with different concentrations of carbon nanotubes
does not vary significantly from the starting, plain-mortar value. It must be recalled that the sole
dispersion assistive agent used in the mixture, which affects workability, was Viscocrete Ultra 300,
a native concrete additive which has proven highly effective for CNT dispersion, hence rendering
surfactant usage and chemical tube functionalization, unnecessary [8,55]. The invariance of workability
with respect to tube loading is a favorable finding, it ensures that the latter can act as the sole parameter
responsible for any documented variation in properties.

Figure 4. Change of flowability and air content across nano-modified mortars with different
concentrations of carbon nanotubes.

Following completion of the flow table test, proper volumes of fresh mortars were used for air
content testing. Results from each mixture are plotted as a function of the tube content in Figure 4.
Here again, all specimens are observed to share similar air contents, a finding which confirms the
workability results as well as the role of Viscocrete 600 superplastisizer in the mixing procedure.

3.2. Chloride Profile of the CNTs Nano-Modified Mortars

3.2.1. RCPT Method

The resistance to chloride penetration was initially evaluated qualitatively using the RCPT method;
results of current passing through nano-modified mortars with different CNT loadings after curing
duration of 28 days are illustrated in Figure 5. It is therein observed that throughout the whole test
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duration, current was lower for plain specimens and increased with CNT concentration. The current
passing through the sample with 0.8% wt. CNTs was approximately 20% higher than in the sample
with no nano-reinforcement. The observed behavior is rationalized upon the anticipated increase in
conductivity endowed by higher concentrations of the conductive filler and compares favorably to
relevant recent findings [56,57]

Figure 5. Current passing through nano-modified mortars with different amount of carbon
nanotubes (CNTs).

The electric charge allowed to pass through the nano-modified mortars is illustrated in Figure 6
as a function of tube concentration. Therein, negligible charge variation is observed with CNT loading,
while according to Table 1 classification, all samples appear to exhibit high chloride ion penetrability.
Furthermore, it is shown that the charge passing through the plain specimens is almost identical to
that passing through nano-modified mortars, a finding which suggests complete invariance of the
particular behavior to carbon nanotube presence. In view of these findings, three factors in the RCPT
method must not be neglected: (i) That the current passed is related to all ions in the pore solution,
not just chloride ions, (ii) that measurements are taken before steady-state migration is achieved,
and (iii) that the high voltage applied may lead to temperature increase which, in turn, may influence
the measurement [18,28].

3.2.2. RCT Method

As aforementioned, following 100 day exposure to salt spray, profile grinding at an increment of
1 mm, a total of 60 interrogations were performed. Figure 7 plots the typical chloride concentration
profiles, expressed in % mass of mortar as a function of interrogation depth.
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Figure 6. Total charge passed through specimens with different CNT loadings.

Figure 7. Chloride profile of the nano-modified mortars at different depths.

It is observed that the profiles had an almost identical shape throughout mortars of variable
CNT concentration, with chloride content being at a maximum near the surface and decreasing with
interrogation depth. For all specimens, the first one or two measurements, corresponding to the first
two grinding steps, show less chloride ions than expected as a result of the aforementioned washout,
which was performed following the exposure procedure [58]. These initial data points were not
considered in the least-squares regression analysis for the obtainment of the best-fit values of the
parameters of Equation (2). Moreover, it is observed that after the first 50 mm below the exposed
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surface, ion content drops to less than 0.05% where nanotube presence does not make a difference to
the total recorded behavior. Most importantly, at all depths, chloride content was consistently higher
for samples with higher CNT concentrations, a finding which signifies that chloride ion concentration
is directly affected by nanotube presence. According to Figure 7, the influence is moderate for CNT
loadings of 0.2% and 0.4% wt. of cement and more intense in mortars loaded with 0.6% and 0.8%
nanotubes. Chloride concentration in mortars with 0.8% wt. cement CNTs is almost 50% higher than
that of plain mortars. It is believed that after drying the mortars that were exposed to salt spray,
chloride ions are still present in the cement matrix, although the network of pore water which initially
carried them and acted as an electrical pathway, is now removed. Resultant chloride-containing
crystals are electrically conductive and are now precipitated between networks of conducting carbon
nanotubes. This facilitates electrical current flow through the material and absorption of a considerable
amount of chloride ions. Inarguably, bigger amounts of chloride ions manage to travel effectively and
are trapped to the inner part of the structure as CNT concentration increases. The chloride diffusion
coefficient values calculated for nano-modified mortars exposed to 5% NaCl solution following the
analysis presented in Section 2.3.2 are shown in Figure 8. It is therein observed that the coefficient
increases for the first two nanotube loadings and is at a maximum at a CNT concentration of 0.4% wt.
of cement above which it drops again by approximately 30% of the maximum value, to the level of the
plain specimens or slightly lower. Joining information from Figures 7 and 8, it can be argued that higher
chloride diffusion coefficient values do not necessarily signify larger amounts of chlorides penetration
in the specimen. This is because the coefficient expresses how fast the chlorides are transported in
the material and depends on external factors such as the degree of hydration and saturation, as well
as porosity.

Figure 8. Chloride diffusion coefficient for each nano-modified mortar.

3.3. Porosity

The pore size distributions measured by mercury porosimetry in mortars with variable carbon
nanotube contents are presented in Figure 9. It is therein observed that all mortars exhibited overall
comparable pore distribution curves with the main features being (i) the dominant peak at ca.
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6 × 10−3 μm, on 6 nm, which is fixed throughout variable nano-inclusion concentrations and is
inarguably attributed to intra-nanotube porosity, i.e., the over volume corresponding to the internal
open space of the cylindrical multi-walled tubes, and (ii) a pore range of non-consistent peaks up
to 0.2 μm.

Figure 9. Pore size distributions of nano-modified mortars.

The actual porosity values for each mortar with variable CNT concentration are given in Table 2.
It is observed that the total porosity drops with an increasing CNT concentration up to 0.4 wt. %,
above which it increases to values even higher than the plain case. This may be due to nanotube
entanglement issues at higher nano-inclusion concentrations.

Table 2. Porosity values for nano-modified mortars.

CNT Content % wt. of Cement Porosity (%)

0 16.22
0.2 14.64
0.4 12.68
0.6 19.28
0.8 20.57

Additionally, chloride diffusion coefficients of corroded mortars are plotted as a function of
respective mortar porosity in Figure 10. An inverse correlation between the two parameters is
therein observed, with diffusion coefficients values decreasing with total porosity. This finding
can be rationalized upon considering that more porous microstructures can block the rate of chloride
penetration inside the testing mortars.
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Figure 10. Chloride diffusion coefficient a function of mortar porosity.

Based on the above results, chloride diffusion in the processed mortars appears to be strongly
linked with CNT concentration. This is due to a combination of mechanisms, one related to the raise of
electric conductivity for CNT concentrations above the percolation threshold [2], the other associated
to the fact that CNT addition lowers porosity values in the material. Hence, CNTs affect chloride
diffusivity both directly, by affecting electrical transport properties, but also indirectly, by affecting
the microstructure.

3.4. Electrical Properties of Nano-Modified Mortars

The effect of salt spray (fog) corrosion test on the mortars’ electrical properties was investigated
by measurement of surface electrical resistivity at successive depths inside the ground mortars, with a
step of 10 mm, as shown in Figure 11. The depicted changes in electrical resistivity at successive
depths below the exposed surface are indicative of physical and chemical changes taking place into
the material [33]. Specimens with 0%, 0.2% and 0.4% nano-inclusion concentrations, demonstrate a
gradual increase in surface electrical resistivity with interrogation depth and reach, at a depth of 60 mm,
a practically common value. This indicates the absence of chloride ions at such depths, independently
of the concentration of nano-inclusions in the compositions. On the other hand, resistivity in samples
with 0.6% and 0.8% nano-inclusion concentrations commences at the surface with significantly lower
values than in the previous case, and follows a gradually increasing trend with depth, until it catches up
with the behavior of the lower CNT concentrations. This may be attributed to the electrical percolation
threshold of the nano-modified mortars wherein a conductive filler concentration of 0.6% wt. cement
CNTs is already sufficient for the creation of a conductive electrical path [2]. Electrical resistivity
appears to increase with interrogation depth below the exposed surface, which indicates that chloride
concentration decreases with depth. On the contrary, porosity is one of the main parameters affecting
the electrical resistivity in a cement-based material. The lower porosity values of specimens with 0.6%
and 0.8% wt. to cement carbon nanotubes (Table 2), may indicate that the electrical current takes the
path of least resistance inside the specific structures.
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Figure 11. Surface electrical resistivity with respect to the depth below the exposed surface for all the
nano-modified cement mortar.

3.5. Mechanical Performance of Nano-Modified Mortars

The effect of carbon nanotube concentration on the flexural and compressive strengths of the
nano-modified mortars, both before and after exposure to salt spray conditions for a duration
of 100 days, is presented in Figure 12. Virgin samples exhibited negligible fluctuation of the
compressive strength with respect to CNT content, while flexural strength showed a small increase
up to 0.4% CNT loadings. These findings compare favorably with previous research dedicated to the
mechanical properties of CNT-modified mortars [8]. It is observed that exposure to sea fog resulted in
improved flexural and mechanical properties for all specimens, irrespective of nanotube concentration.
Concerning flexural strength, the property appears to increase by approximately 10%, commonly
for mortars with CNT concentrations up to 0.4 wt. %, as a result of exposure to NaCl. The highest
increase with respect to unexposed specimens is 22% and is noted for mortars with 0.8 wt. % nanotube
content. These results are not incompatible with the porosimetry findings, wherein the inner pores of
the specimens are filled with salt from the water solution that mortars are subjected to. Because of
the lower porosity of the specimens with 0.6% and 0.8%, the percent increase of flexural strength of
the specimens up to 0.4% nanotube concentration is greater. On the other hand, compressive strength
appears to increase after the exposure to salt spray conditions for all the investigated ranges of carbon
nanotube loadings and is generally constant at about 10%.
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Figure 12. Mechanical properties of the nano-modified mortars before and after the exposure to the
salt spray chamber.

4. Conclusions

The effect of carbon nanotube concentration on chloride penetration in nano-modified mortars
was investigated, and their physical, electrical, and mechanical performance were assessed. Mortar
workability and air content in fresh conditions were kept constant among variable nanofiller
concentrations, thus as to not influence the ion penetration inside the nano-modified specimens,
and allow for rationalization of the findings by means of variable nanotube loading, exclusively.
The main conclusions can be summarized as follows:

1. Using the rapid chloride permeability test method (RCPT) for plain and nano-reinforced mortars,
all mortars were observed to exhibit high ion permeability. It must not be neglected that the
RCPT-measurable permeability reflects not only chloride ions, but the total of ions contained to
the mixture.

2. Nano-inclusions were found to affect the permeability of the mortars since the absorbed ion
chlorides increased with nanotube concentration. Diffusion coefficient (Da) did not follow the
same trend; it increased up to 0.4 wt. % of nanofiller content and decreased for higher contents of
0.6% and 0.8%. Porosimetry findings are compatible with the observed behavior.

3. The flexural and compressive properties of mortars exposed to salt spray fog present improved
values compared to the virgin specimens. The observed improvement was rationalized upon
sodium chloride filling the pores, which resulted in a decrease in apparent porosity and an
increase in material strength.

4. Electrical resistivity, measured incrementally every 10 mm below the surface of the specimen,
presented notable variations as a result of the specimens’ subjection to NaCl solution. For mortars
with 0, 0.2, and 0.4 wt. % CNTs, resistivity increased up to two orders of magnitude with
interrogation depth. On the other hand, mortars with percolated conductive nanofiller networks
at CNT concentrations of 0.6 and 0.8 wt. % CNTs, exhibited increases in electrical resistivity up to
five orders of magnitude with respect to the surface value.
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