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ABSTRACT
The production of high quality single-walled carbon nanotubes (SWCNTs) on a bulk scale has been an issue 

of considerable interest. Recently, it has been demonstrated that high quality SWCNTs can be continuously 

synthesized on large scale by using induction thermal plasma technology. In this process, the high energy 

density of the thermal plasma is employed to generate dense vapor-phase precursors for the synthesis of 

SWCNTs. With the current reactor system, a carbon soot product which contains approximately 40 wt% of 

SWCNTs can be continuously synthesized at the high production rate of ~100 g/h. In this article, our recent

research efforts to achieve major advances in this technology are presented.  Firstly, the processing parameters

involved are examined systematically in order to evaluate their individual in�uences on the SWCNT synthesis.�

Based on these results, the appropriate operating conditions of the induction thermal plasma process for an

effective synthesis of SWCNTs are discussed. A characterization study has also been performed on the SWCNTs 

produced under the optimum processing conditions. Finally, a mathematical model of the process currently 

under development is described. The model will help us to better understand the synthesis of SWCNTs in the 

induction plasma process.  

KEYWORDS
Single-walled carbon nanotubes (SWCNTs), large-scale continuous synthesis, radio frequency (RF) induction 

thermal plasma, optimization, numerical modeling
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Over the past decade, the superlative properties of 

single-walled carbon nanotubes (SWCNTs) [1] have 

attracted much attention for their use in a wide

range of applications, including microelectronic 

[2], biomedical [3], polymer [4], energy [5], and 

environmental [6] devices. Consequently, the 

economical production of high quality SWCNTs on

a large scale has become an issue of considerable

interest. To date, there have been tremendous efforts

to develop new synthesis methods leading to the 

economical production of SWCNTs and it has been

shown that SWCNTs can be produced by many
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different ways, such as arc discharge, laser ablation,

arc-jet plasmas, chemical vapor deposition (CVD), 

non-equilibrium plasmas, and combustion methods.

Recently, it was demonstrated that high quality 

SWCNTs can be continuously synthesized, on a 

large scale, by the method of simultaneous direct

evaporation of carbon black and metal/metal-

oxide catalyst mixtures, using induction thermal

plasma technology [7]. In this process, the high 

energy density of the thermal plasma is employed 

to generate dense vapor-phase precursors for the

synthesis of SWCNTs. The main advantages of this 

process are that the rate of input carbon is not limited 

by the rate of electrode erosion and that SWCNTs

are synthesized in the free space without any 

substrates. Before undertaking optimization efforts, 

it was shown that a carbon soot product which 

contains approximately 40 wt% of SWCNTs can be 

continuously synthesized at production rates of over 

100 g/h.

The primary goal of this article is to review our 

recent research advances in this new technology. The 

review begins with a brief introduction of induction 

thermal plasma and the processing system developed

for the SWCNT synthesis, which is followed by a

parametric study of the various variables involved

in the process. The characterization of the raw and

purified materials is presented in section 1. Section

2 is devoted to our current numerical work on the

modeling of the growth of SWCNT in the induction 

plasma reactor. Preliminary results of this numerical 

work are presented and comparisons with related 

experimental data are carried out for validation 

purposes. Finally, the article is concluded with a

discussion of future work.

1. SWCNT synthesis by induction thermal 
plasma technology

1.1 Induction thermal plasma

In recent years, thermal plasma jets generated by

various plasma torches have begun to be used for

the production of various functional nanomaterials 

by taking advantages of their high temperature and

high enthalpy, which have proved to be critical in

obtaining high quality products [8, 9]. Among the 

variety of thermal plasmas, induction thermal plasma 

has proven to offer many advantages in designing 

the nanostructure of the products and seems to be 

one of the most promising methods for the large-

scale synthesis of new nanomaterials [10]. 

Induction thermal plasmas are electrodeless

discharges, in which the radio frequency (RF) 

electrical energy in a copper coil is coupled to a

plasma gas by eddy currents through magnetic 

induction [11, 12]. The excitation frequency is 

typically between 200 kHz and 40 MHz and

laboratory units are operated at power levels of 30

50 kW while larger scale industrial units have been

tested to a power level of 1 MW.  

A typical  induction plasma torch usually

consists of three main elements: an induction coil, a 

con� nement tube, and an injection probe. The torch is�

operated using three distinct gas streams: a feedstock 

carrier gas, a protective sheath, and a central stream

where the chemical transformations take place. 

The central gas is injected with a swirl component

to stabilize the plasma, whereas the sheath gas 

is injected with a directional flow and is used to

protect the torch wall from damage by the high

temperature of the discharge. The feedstock materials

are introduced axially through a water-cooled

probe located at the center of the plasma torch. This

injection scheme allows for the delivery of the raw

materials directly into the core region of the plasma 

discharge. In comparison with other types of thermal

plasmas, the induction thermal plasma has the 

following unique advantages in material synthesis:

(1) a relatively large plasma volume and a lower

plasma velocity compared to those in DC or AC

plasmas, thus providing for longer residence times

for feedstock materials inside the discharge zone; (2)

the RF plasma torch is an almost maintenance-free

device because of its electrodeless design; (3) it allows

the use of practically any type of plasma gases and

feedstock materials without affecting the stability of 

the discharge.

1.2 The induction thermal plasma processing

system for SWCNT synthesis

Figure  1  shows a  prototype reactor  system
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constructed to facilitate the continuous production of 

SWCNTs on a large scale. The reactor system consists

of three major parts: a reaction chamber, a quenching

chamber, and a filtration chamber.  The induction

plasma torch is a commercial TEKNA PL-50 (Tekna

Plasma Systems, Inc.) composed of a five-turn coil 

and a ceramic tube with an internal diameter of 50 

mm. The torch is driven by a 40 kW RF power supply 

(Lepel Co.) operated at an oscillator frequency of 2 5 

MHz.

The react ion chamber is  a  double-walled

cylindrical tube of 500 mm in length and 150 mm in

inner diameter. The primary purpose of this reaction

chamber is to provide a suitable environment for the

formation of SWCNT precursors and SWCNT growth.

The reaction chamber contains interchangeable

graphite inserts to allow for flexible control over

maximum achievable temperature, background

temperature, and cooling rate. The quenching 

chamber is composed of a double-walled cylindrical 

segment of 500 mm in length, and 150 mm in inner 

diameter. The main roles of the quenching system are

to provide a region for the completion of the SWCNT

growth process and for the initiation of secondary 

chemical reactions, such as in situ purification or

functionalization. For this purpose, the quenching

chamber is equipped with multiple ports to allow for

the injection of various chemical agents. The � ltration�

chamber consists of three porous metallic filters (60 

mm in outer diameter, 850 mm in length, and with

pore size of 2.8 �m) which effectively separate the�

solid SWCNT-containing materials from the gaseous

products. The residual gases are further cooled before

being exhausted through a vacuum pump.  

The SWCNT synthesis experiments are typically 

performed at a fixed plate power of 40 kW and

at a constant pressure of 66 kPa, the operating

frequency being around 3 MHz. For stable operation

of the induction plasma torch, the sheath gas (He)

is maintained at a constant flow rate of 120 slpm 

(slpm denotes standard liters per minute), while the 

central gas (Ar) is supplied at a � ow rate of 25 slpm. �

The powder carrier gas (Ar) is introduced through

the injection probe at a flow rate of 5 slpm. Lastly,

powders are delivered at feed rates typically between 

72 and 120 g/h. Under these operating conditions,

the torch thermal ef� ciency is around 65� %.

1.3 Parametric study of processing conditions

Changes in the processing parameters, such as

plasma gas composition and velocities, operating

pressures, composition of raw materials, and feed

rates usually bring about important modi�cations of �

the synthesis environment and consequently have a

significant influence on the final yield of SWCNTs.  

In an effort to optimize the induction thermal plasma 

process for the SWCNT production, a parametric

study of the various processing parameters has been 

conducted systematically.

Due to their different nucleation temperatures,

solubilities of carbon, and catalytic activities for 

graphitization, the catalysts play a critical role

in determining the type, properties, and yield of 

SWCNTs [13]. Thus, the effect of varying the catalytic 

source was � rst analyzed.  Since many studies have �

reported that bimetallic catalysts such as Ni/Y or

Ni/Co enhance the yield of SWCNTs compared to

single-metal catalyst systems [14], it was decided to

investigate possible synergistic effects within three 

catalyst mixtures. Experiments were performed

by adding Y2O3 or CeO2 to a previously employed 

bimetallic catalyst (a mixture of Ni and Co). Figure 

2(a) shows a comparison of the Raman spectra of the

resulting materials. The material produced using a 

Figure 1 Schematic layout of an induction thermal plasma 

processing system developed for the continuous production of 

SWCNTs on large scales
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mixture of Ni/Co/Y2O3 exhibits the highest G-band 

(G-graphite) to D-band (D-disorder) intensity ratio, 

which indicates a much better graphitization of 

SWCNTs in the as-produced soot.

The positive impact on SWCNT production of 

the addition of Y2O3 or CeO2 was explained in our

previous work in terms of the following contributing 

factors [7]: (1) the oxygen released upon their

vaporization can help burn away amorphous carbon

during the process; (2) it is very likely that the

addition of Y or Ce significantly increases radiative 

emissions from the plasma due to their low ionization

potentials and, consequently, radiative heat transfer, 

and possibly photocatalytic reactions, will be

promoted; (3) the presence of Y in the metal particle 

may alter the process temperature through the highly

exothermic reaction of yttrium carbide formation 

which would have the effect of retarding the start 

of SWCNT growth and maintaining the particles

in a liquid phase, allowing for a higher carbon

supersaturation than for pure Ni or Co particles.

At high temperatures, the thermodynamic 

properties of plasma gases depend strongly on

their compositions [15]. Thus, an experiment was

performed using a mixture of He and Ar as the

sheath gas (He:Ar=1:1), in order to clarify the effect 

of sheath gas composition on the quality of SWCNTs

produced. The normalized Raman spectra obtained 

with He and the He/Ar mixture as sheath gas are

shown in Fig. 2(b). From the increased intensity of 

the D-band, the addition of Ar into the sheath gas 

seems to have a negative impact on SWCNT quality.

The high efficiency of the He sheath gas can be 

explained by its good thermal conductivity which

results in the faster and more intense evaporation of 

the feedstock in the He gas. It was also found from

the previous simulation results that higher quenching

rates are obtainable in He plasmas through ef�cient�

heat exchange with the surroundings [7]. This is

very attractive for the rapid generation of SWCNT

precursors by the strong supersaturation of the 

carbon vapors produced. Thus, gas compositions 

with higher He contents seem to be more ef�cient for�

the synthesis. However, the stability of the plasma 

typically decreases on replacement of Ar with He,

due to the lower electrical conductivity and higher

ionization potential of the latter.

It is well known that the physico-chemical

properties of the solid carbon sources, such as particle

size, sulfur content, and grain size, all have signi�cant �

effects on the quality of the SWCNTs produced [16].

For this reason, four different grades of carbon black 

(Super P, Raven 860 ultra, Elftex-12, and M-880) were

tested and their performances were evaluated by 

analyzing the Raman spectra of the products. In Table

1, some important properties of these carbon blacks

are summarized. Sulfur-containing compounds have 

been routinely employed to improve SWCNT yields 

in other synthesis processes. It is believed that small

amounts of sulfur can help promote the SWCNT 

growth reaction by changing the surface tension and 

thus affecting reaction paths, while higher sulfur

concentrations may poison the catalyst particles

and impede the formation of SWCNTs [17]. In Fig. 

3(a), the three carbon blacks have different sulfur 

contents while having very similar sizes of primary

Figure 2 Raman spectra of the SWCNTs produced by the induction thermal plasma process showing the effects of (a)

different catalysts and (b) sheath gas composition
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particles and grains.  Our results agree with previous

observations that sulfur content has an effect on the

diameter distribution of SWCNTs [7, 17]; larger tubes

are synthesized with higher levels of sulfur (see RBM 

in Fig. 3(a)).

The influence of the microstructure of carbon 

blacks on SWCNT growth was also investigated. By

using powder X-ray diffraction (XRD) patterns and 

the Debye Scherrer formula, the crystallite sizes of 

the individual carbon blacks (Lc) were calculated and

are presented in Table 1. Carbon black M-880 (Lc =

2.187 nm) exhibits the lowest degree of graphitization 

among the four carbon blacks and outperforms

Elftex-12, which has the largest grain size of 9.277 nm

(see Fig. 3(b)). These results indicate that the ef�ciency�

of carbon blacks for the production of SWCNTs

decreases with their crystallite size. This is because

the smaller, less-ordered grains require less energy for

their complete vaporization within the plasma.

1.4 Characterization of the SWCNTs produced

By using the optimum processing conditions found

in the above parametric study (i.e., Raven 860 ultra/

Ni/Co/Y2O3 with 98.4/0.6/0.6/0.4 at%), SWCNTs 

were produced and their material properties were

analyzed. Under these conditions, large rubbery

textured sheets of SWCNT material were formed

in the filtration chamber after only 15 20 min of 

operation (Fig. 4 (a)). To determine what types of 

materials were synthesized during the process, the 

raw soot material was examined using powder XRD 

and thermogravimetric analysis (TGA). The XRD

pattern shows a rich crystalline structure, as seen

in Fig. 4(b). Interestingly, the presence of yttrium 

carbide (YC2) is readily observable but there are no 

traces of nickel or cobalt carbides (e.g., Ni3C, Co2C,

and Co3C). Although the background is high at small 

2�, no peak attributable to fullerenes is visible in the

2� range 10� 20�.

Figure 4(c) shows the percentage weight loss and

its derivative as a function of temperature for the raw

soot material in air. The majority of the carbonaceous

materials are consumed within multiple oxidation

events occurring between 300 and 650 �C. The

residual mass of 16.2 wt%, observed in the TGA 

trace, corresponds to the fully oxidized catalyst

metals. The derivative curve (DTG) for the soot 

material was �tted to a series of Lorentzian functions �

and exhibited six peaks at 312 (14%), 342 (28%), 398 

(19%), 440 (8%), 575 (11%), and 600 �C (20%) due to 

Figure 3 Raman spectra of the SWCNTs produced by the induction thermal plasma process showing the effect of 

different grades of carbon black: (a) effect of sulfur content; (b) effect of crystallite size

Table 1 Material properties of the carbon blacks employed for the production of SWCNTs by the induction thermal plasma process  

Carbon black Size of primary particle (nm) Sulfur content (wt%) d002dd (Å) a
Lc (nm) a

Super P 40 0.02 3.575 7.908

Raven 860 ultra 39 0.60 3.601 8.290

Elftex-12 37 0.93 3.645 9.277

M-880 16 1.11 3.578 2.187
a

d002dd  is the interplanar distance between two graphene layers and Lc is the crystallite size.
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the combustion of various forms of carbonaceous

materials. Although the interpretation of the peaks 

observed in DTG pro� les can be very challenging, the �

individual oxidation events in the DTG pro�le were�

tentatively correlated to speci�c sample components �

as shown in Fig. 4(c). The DTG profile exhibits a 

strong peak in the higher temperature range of 600

750 �C (i.e., the burning temperature of partially

graphitized carbon particles). In our previous study

[18], this was mainly attributed to unprocessed 

starting feedstock materials. While we still believe 

this is plausible, it could also originate from highly

graphitized reaction by-products such as multi-layer 

carbon shell particles.

Further characterization by Raman spectroscopy, 

s c a n n i n g  e l e c t ro n  m i c ro s c o p y  ( S E M ) ,  a n d

transmission electron microscopy (TEM) were 

performed, and the results are shown in Figs. 5(a) (d).

Figure 4 (a) Photograph; (b) XRD pattern; (c) TGA/DTG plots of the raw SWCNT soot produced by the 

induction thermal plasma process

Figure 5 (a) Full Raman spectrum; (b) low-frequency region of the Raman spectrum; (c) SEM image; (d)

TEM image of the raw SWCNT soot produced by the induction thermal plasma process 
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From the expanded view of the radial breathing 

mode (RBM) in the Raman spectrum (Fig. 5(b)), the

diameters of our tubes seem to be in the range of 1.2

1.6 nm, with the majority being 1.4 nm according to

the equation � = 12.5 + 223.5/d [19], where d is the

tube diameter, in nm, and � is the wave number, in

cm 1.  The mean diameter is larger than that of HipCo 

SWCNT materials and very similar to those obtained

from materials produced by laser ablation or arc 

discharge.

Figures 6(a) and (b) show the TGA/DTG pro� les �

of the feedstock and of the purified SWCNTs, 

respectively. The purified SWCNTs exhibit a well-

de� ned one-step weight loss between 400 and 550 � �C,

as seen in Fig. 6(b).  But a very weak peak at a 

temperature of around 625 �C is also visible in Fig.

6(b), which overlaps with the oxidation peak of the

untreated carbon black (Fig. 6(a)).  It is apparent 

from the Raman spectra in Figs. 6(c) and 6(d) that 

the purification process narrows the diameter

distribution of the SWCNTs produced, by preferential 

removal of the smaller diameter tubes.

The BET surface areas of the raw soot and of 

the purified SWCNTs were derived from the N2

adsorption isotherms at 77 K to be 122 and 480 m2/g,

respectively. The BET surface area of the purified 

SWCNTs measured in this work is in good agreement

with those of puri� ed arc discharge-grown SWCNTs �

(~400 m2/g), which have somewhat similar tube

diameter distributions [20]. The electrical resistivities 

of the samples were measured by using the four-

probe method and the results are available in the

literature [18].

2. Numerical modeling of the SWCNT 
growth in the induction plasma process

Although the initial configurations of the process

were designed largely through empirical approaches,

the optimization procedure requires a more complete 

understanding of the SWCNT formation mechanism

and its relationship with the local plasma properties

(which can be controlled by the macroscopic 

processing parameters) [21 23]. However, our

knowledge of the plasma characteristics during the

SWCNT synthesis is rather limited so far, the plasma 

zone being frequently considered as a black box. The

reason for this is mainly due to limitations on the

accessibility of diagnostic tools, attributable to the 

high heat � ux, and the fast � �uctuation of the plasma�

Figure 6 (a) TGA/DTG plots of the feedstock; (b) TGA/DTG plots of the purified SWCNT fifi lm; (c) full Raman spectrum of thefi

purified SWCNT fifi  lm; (d) low-frequency region of the Raman spectrum of the purififi ed SWCNT fifi lmfi
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Mass conservation:

MMomentum conservation: 

EEnergy conservation:

TTurbulent kinetic energy:

DDissipation rate of turbulent kinetic energy:

Species conservation (Ar, He, Ni, Co, and C):

In tthe KK � l model, the effective viscosity and thermal

conductivity include both laminar and turbulentnductivity include both laminar and turbulent

commponents,

In tthe above equations, the turbulent viscosity �t d and

the turbulent thermal conductivity �t are de� ned as�

For the Lorentz force and ohmic heat ing For  the Lorentz force and ohmic heat ing

terms appearing in the momentum and energy ms appearing in the momentum and energy

conservation equations, it is necessary to calculate thenservation equations, it is necessary to calculate the

elecctromagnetic � a eld distributions inside the plasma�

torch, induced by the alternating coil current. Thech, induced by the alternating coil current. The

electromagnetic field distribution can be obtained ctromagnetic field distribution can be obtained

by solving the magnetic vector potential equation as solving the magnetic vector potential equation as

desscribed in Refs. [25, 26].

MMagnetic vector potential:

EElectric and magnetic � elds:�

Lorentz forces and ohmic heating:

resulting from the chaotic interactions with the 

feedstock materials injected.

S i n c e  i n f o r m a t i o n  a b o u t  t h e  p ro c e s s i n g 

conditions—including the plasma properties—

is crucial to further advance our current induction

plasma technology, a mathematical model based

on the widely accepted vapor liquid solid (VLS) 

growth mechanism has been developed [24]. The

goal of this numerical work is to provide a self-

consistent description of the plasma characteristics

for given operating conditions, and to then accurately 

predict the yield rate of the SWCNTs. For this, the 

mathematical model developed consists of several

sub-models: (1) plasma generation model; (2) plasma–

particle interaction model; (3) carbon–metal liquid

droplet formation model; (4) SWCNT nucleation and

growth model. A more detailed explanation of each

model follows in this section.

2.1 Plasma generation model

To simulate plasma generation by an RF induction

plasma torch,  a 2-D plasma model has been

developed based on the following assumptions 

[25]: (1) an axisymmetric and steady-state; (2) 

a quasi-neutral and optically thin plasma in a

local thermodynamic equilibrium (LTE) state; (3)

negligible viscous dissipation and pressure work 

terms in the energy equation; (4) incompressible and

temperature-dependent mass density; (5) a negligible 

effect of metal vapor on the electrical conductivity 

of the plasma; (6) a negligible effect of carbon and 

metal vapors on the radiation property of the plasma;

(7) turbulent flow. Although the vapors generated

from the evaporation of particles have a significant 

effect on the electrical and radiational properties of 

the plasma, their effects were not taken into account

because no reliable data are available. Based on 

these assumptions, the coupled interactions between 

eddy current, induced magnetic field, and plasma

�ow can be described in the framework of magneto-�

hydrodynamic (MHD) equations for conservation

of mass, momentum, and energy, along with the K

� turbulence model. The axisymmetric cylindrical 

coordinate system (r, z) was adopted in this modeling 

work and detailed governing equations for the 

plasma generation model are as follows:



Nano Research

808 Nano Res (2009) 2: 800 817

In the above equations, the superscript * denotes the 

complex conjugate.

2.2 Plasma–particle interaction model

In the induction thermal plasma process, SWCNTs 

are continuously synthesized from direct evaporation 

of carbon-containing particles inside the plasma jet, 

and consequently the SWCNTs yield rate strongly 

depends on the evaporation efficiency of the 

particle injected. In spite of this importance, particle 

bbehaviors in the thermal plasmas are not yet totally 

understood. Therefore, the following simpli� cations �

were assumed in this work [27]: (1) spherical particles 

were assumed; (2) a uniform temperature distribution 

inside a particle was assumed; (3) particle sizes were 

assumed to follow the Rosin-Rammler distribution 

function; (4) the temperature variation in the particle 

bboundary layer and the rarefaction effect (Knudsen

effect) were not taken into account [28].

The Lagrangian reference frame approach was

employed to describe particle behaviors inside 

the plasma plume [27, 29]. In this method, the 

momentum exchange between particles and plasma 

are calculated by Newton's law with a proper drag 

coef�cient (i.e., the force balance for the equation of �

motion is restricted to the viscous drag and inertia), 

whereas the heat and mass transfers are calculated by 

using the energy balance equations as described in 

Refs. [27, 29].

Momentum exchange between plasma and 

particle:

where CD is the drag coef� cient proposed in Ref. [30] �

and the integration time t is until the diameter of the 

particle becomes zero (i.e., complete evaporation). 

Heat and mass exchanges between plasma and 

particle:

The heat transfer coefficient (hc) is given with the

Nusselt number by using the correlation of Ranz and

Marshall [31, 32].

2.3 Carbon-metal liquid droplet formation model

The carbon and metal vapors produced in the plasma

plume will be transported to the lower-temperature

region, through diffusion or convection processes. 

According to the VLS growth mechanism, these

vapors are cooled down and form a carbon metal

liquid droplet. Although the formation mechanism of 

carbon metal droplets is not yet clear, it is likely that 

carbon vapors first condense into clusters and then

metal vapors convert to a liquid droplet by absorbing 

the carbon clusters produced. In this work, however, 

it is assumed that a carbon–metal liquid droplet is

simply formed by the homogeneous nucleation of 

metal vapors and subsequently grows through the

co-condensation of carbon and metal vapors (i.e.,

as soon as stable metallic nanoparticles appear by 

homogeneous nucleation, carbon atoms, and the

rest of the not-yet-nucleated metal atoms condense

on the surface of the nanoparticles produced) and

coagulation proceeds. Thus, the clustering of carbon 

atoms and formation of soot nuclei were not taken 

into account due to many uncertainties associated

with these phenomena. 

With this simplified nucleation and growth 

pathways, the droplet generation process can be 

described by the aerosol general dynamic equation 

(GDE) [33]. For this, the following assumptions are

further introduced in this work [29]: (1) spherical 

droplets; (2) negligible droplet inertia; (3) identical

velocity and temperature of a droplet to those of 

the gas flow; (4) negligible heat generation caused

by condensation; (5) negligible electric charge

of a droplet; (6) lognormal size distribution; (7) 

the composition of a droplet at a local position is

independent on the droplet size; (8) the effect of 

SWCNTs grown from a droplet is totally ignored, 

even though SWCNTs have a significant impact on 

the droplet generation and its transport. The GDE 

can be written as
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then the co-condensation term can be written as,

lLastly, in a free molecular regime, the collision kernel

between droplets with volume vd and v′d sis written as

[36],

E It is very difficult to solve the above GDE

directly because of its non-linearity. Up to now,

sseveral methods have been proposed to solve this

 equation, for instance, the discrete sectional method,

t the moment method, and the quadrature moment

dmethod. The moment method has been employed

tin the present work. In this method, the droplet

a size distribution function is assumed to follow a

lognormal distribution,

and then the � g rst three moments are calculated using�

the following equations,

    

rThe zeroth moment is the mean droplet number

edensity, whereas the first moment represents the

e mean volume of the droplets produced. By using the

o moment method, the GDE can be transformed into

s these three steady-state moment transport equations

[36]. 

0th moment:

1st moment:

2nd moment:

wwhere the first, second, and third terms describe 

mmass transfer inside a control volume caused

byy convection, thermophoresis, and diffusion 

prrocesses, respectively. The fourth term is the metal 

nuuclei generation term through the homogeneous 

nuucleation. In this work, these metal nuclei are 

asssumed to form carbon metal liquid droplets by 

abbsorbing both metal and carbon vapors. This process 

is described by the fifth term, which represents 

thhe growth of carbon metal droplets by the co-

coondensation process. The sixth and seventh terms 

staand for the further growth of carbon metal droplets 

thhrough the coagulation process.

The thermophoretic velocity uth is given as

annd the size-dependent diffusion coefficient Dd is 

wwritten as [34],

inn which the mean free path � is de�ned as,�

Thhe homogeneous nucleation term is given by the 

seelf-consistent classical theory proposed in Ref. [35],

wwhere the supersaturation ratio of metal vapor Sm

annd the normalized surface tension � are de� ned as,�

  

If the volume of a droplet particle is taken as the sum 

off the volumes of metal and carbon,
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 The saturation limit of carbon atoms in a droplet

particle can be obtained by using the relation [42],

The number of surplus carbon atoms is then simply

obtained from

By utilizing a factor fcntff (assumed to be 0.5), the 

number of surplus carbon atoms which will form a

SWCNT is given as

Finally, the mean length of the SWCNTs can be

estimated from the equation,

 More detailed information on the constants and

coefficients employed in the above sub-models is

available in the Supporting Information.

2.5 Computation domain and numerical schemes

The computational domain considered in the present

fwork is depicted in Fig. 7. The detailed dimension of 

the processing system is identical to that of the system

employed in our previous experimental studies [7].

As shown in Fig. 7, the computational domain mainly 

consists of a plasma torch zone, a reaction zone, and a 

quenching zone. Since physical phenomena occurring

inside the torch zone are quite different from those 

occurring inside the reactor zone (i.e., the reaction and 

quenching zones), the 2-D simulations were carried 

out in two steps to save computing time. Firstly,

the plasma generation and the particle evaporation 

fare simulated without considering the formation of 

droplets and SWCNTs. Secondly, the formation rates 

of droplets and SWCNTs inside the reactor zone are 

calculated using the data extracted at the torch exit, 

as the boundary condition at the reactor entrance. 

The operating conditions employed in this numerical 

study are summarized in Table 2. A mixture of carbon

black (CB), nickel, and cobalt was considered as a

2.4 SWNT nucleation and growth model

To complete the mathematical model, a reliable

model describing the nucleation and growth of 

SWCNTs from the droplets is needed. Although 

there exist several models based on molecular

dynamics [37, 38] or Monte Carlo [39] approaches, 

the integration of those models into the previous 

plasma and particle models is quite challenging

because of their large differences in physical scales.

For this reason, a simpli�ed model proposed in Refs.�

[40, 41] was adopted in this numerical work. In this

model, the nucleation of SWCNTs is initiated as soon 

as the droplet particles are supersaturated by carbon 

atoms, and the surplus carbon atoms are assumed to 

be precipitated out of the surface of the droplets to 

form SWCNTs.  Competing with SWCNT growth is

the formation of graphene layers which eventually 

poison the catalyst.

In order to describe SWCNT nucleation and

growth according to the above model, the mean

numbers of carbon and metal atoms in a droplet 

particle (i.e., mean composition of a droplet) should 

be known. Assuming that the composition of 

droplets is independent of the droplet size, the mean

composition of a droplet at a local position can be

calculated by using the following equations:

and

Mm
1

^
and M c

1

^
can be calculated by using following

transport equations:

andand
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feedstock material, with a ratio of CB/Ni/Co = 98.8

at%/0.6 at%/0.6 at%. Details of the particle injection

conditions are presented in Table 3.

The density, viscosity, thermal conductivity, 

specific  heat at  constant pressure,  electrical

conductivity, and radiation losses from the plasma

gases (i.e., argon and helium) were obtained from the

tabulated data [15], which were calculated with the

assumption of an LTE. Upon particle evaporation, 

however, the properties of the plasma could be

signi� cantly altered by the presence of the metallic or �

carbon vapor. Thus, the effects of the particle vapors 

on the plasma properties—except on the radiational 

and electrical properties—were taken into account 

where the detailed data for carbon, nickel, and cobalt

vapors were obtained from Refs. [43 44]. To calculate 

the mixture properties, such as density, thermal 

conductivity, and viscosity, the mass-weighted

mixing law was employed, while the specific heat

was calculated using the mixing law. The diffusion

coefficients of each species in the mixture were

calculated from the modified Chapman equations 

using Lennard-Jones parameters.  Lastly,  the 

thermodynamic properties of the particles injected 

into the plasma were obtained from [44, 45].

To solve the above governing equations, 

appropriate boundary conditions are required for

the computational domain depicted in Fig. 7. The 

boundary conditions employed in previous thermal

plasma modeling were used here for the calculations

of thermofluid, electromagnetic fields, species, 

and the three moments [26, 29, 36]. As a typical 

example, the boundary conditions used in the plasma 

Figure 7 Computational domain employed for the 2-D numerical 

simulation of the SWCNT synthesis by the induction thermal plasma

process

Table 2 Operating condition for the 2-D numerical simulation

Net plasma

power (kW) a

Frequency

(MHz)

Pressure

(kPa)

Carrier gas

(slpm)

Central gas

(slpm)

Sheath gas

(slpm)

Feed rate

(g/min)

28 3.0 66 5 (Ar) 25 (Ar) 120 (He) 1.5

a The conversion efficiency of the RF power supply is assumed to be 70%.fi

Table 3 Conditions of particle injection for the 2-D numerical simulation

Inlet velocity 

(m/s)

Temperature

 (K)

Mass flow  rate fl

(kg/s)

Max. dia.

(m)

Mean dia.

(m)

Min. dia.

(m)

Carbon 11.0 300 2.4 ×10 5 3.0 ×10 6 2.0 ×10 6 1.0 ×10 6

Nickel 11.0 300 7.0 ×10 7 3.0×10 6 2.0 ×10 6 1.0 ×10 6

Cobalt 11.0 300 7.0 ×10 7 3.0×10 6 2.0 ×10 6 1.0 ×10 6

generation model is summarized in the Supporting

Information.

The 2-D numerical simulations were performed 

using the commercial code FLUENT© [46]. In this

code, the governing equations are transformed 

into finite difference equations and then solved

by the SIMPLE-like pressure correction algorithm 

proposed by Patankar [47]. The basic modules of 

FLUENT were employed to solve the conservation 
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equations for the thermofluid fields, whereas the

vector potential equation for the electromagnetic 

field and the moment transport equations were

solved using the user defined functions (UDFs) 

approach. Once converged solutions were obtained 

for the thermo� uid and moment� � elds, the growth of �

SWCNTs was estimated. 

2.6 Numerical results

Figure 8 shows the distributions of the temperature

and species concentration fields (i.e., carbon and

nickel vapors) in the entire region of the processing 

system. As mentioned above, these results 

were obtained without considering

droplet formation. The off-axis profile 

in the high-temperature zone is clearly

observed inside the torch, mainly due to 

skin depth effect and particle injection 

through the probe located at the center 

of the torch. In the reaction zone, the off-

axis profile begins to disappear from the 

entrance of the reactor owing to mixing 

phenomena, caused by the plasma jet

expansion. Owing to the graphite insert,

temperatures of over 4000 K prevail in

the entire region of the reaction zone

but the temperature decreases rapidly 

to around 1000 K in the quenching zone 

through the intensive heat exchange 

with the water-cooled reactor walls. The

cooling rate at this transition (i.e., Z =

0.65 m) was estimated to be around 1.62 

× 104 K/s. The broad high-temperature

region observed in the reaction zone is 

highly suitable for the effective growth

of SWCNTs. It is clearly seen in Fig. 8(b) 

that the generation of the vapors is rapid, 

indicating that induction thermal plasma 

is ideally suited for the evaporation 

of solid-phase feedstock materials. To 

further investigate the particle behaviors 

in the plasma plume, the trajectories of 

the each particle injected into the plasma

torch were examined and the results are

illustrated in Fig. 9. It is obvious from this 

plot that carbon particles need more time

to be evaporated compared to nickel particles and this 

is mainly due to the higher evaporation temperature 

of carbon particles.

By taking advantage of these calculations, the 

nucleation and growth of droplet particles inside the 

reactor system were simulated and the main results, in 

particular distributions of droplet number density and 

droplet diameter, are shown in Fig. 10. Similarly, the

temperature and mean droplet size pro�les calculated�

along the reactor axis are presented in Fig. 11(a). The 

non-monotonic variation in the particle diameter

obtained in this work is mainly attributable to the 

Figure 8 Calculated distributions of the (a) temperature and species mass fractions

inside the induction thermal plasma processing system (plasma power: 28 kW,

pressure: 66 kPa, plasma gas: mixture of argon and helium, feed rate: 1.5 g/min,

feedstock: CB–Ni–Co/98.8 at% 0.6 at% 0.6 at%)0 6 at%

Figure 9  Calculated trajectories of the particles injected into the induction thermal 

plasma torch (plasma power: 28 kW, pressure: 66 kPa, plasma gas: mixture of argon

and helium, feed rate: 1.5 g/min, feedstock: CB Ni Co/98.8 at% 0.6 at% 0.6 at%)0 6 at%
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measured ones. For validation purpose, a TEM image 

of the SWCNT soot obtained after air oxidation is 

shown in Fig. 11(b), which shows the size distribution 

of the metallic nanoparticles present inside the soot. 

Accounting for the original metal/metal-oxide 

particle size of 1 2 �m, all particles appearing in the�

TEM image seem to be produced during 

the synthesis process. The diameter of 

the particles ranges from 2 nm to 12 nm 

as indicated in Fig. 11(b); therefore, the 

mean diameter of nanoparticles predicted 

by the 2-D numerical simulation seems 

to be in fairly good agreement with the

experimental data.

Lastly, the mean length of the SWCNTs

produced from a droplet is estimated 

based on the model described in the

previous section. Figure 11(c) shows

that the mean length ranges from 1 �m 

Figure 10 Calculated distributions of the number density of the droplet particles 

produced (top) and their mean diameter (bottom) (plasma power: 28 kW, pressure: 66

kPa, plasma gas: mixture of argon and helium, feed rate: 1.5 g/min, feedstock: CB Ni

Co/98.8 at% 0.6 at% 0.6 at%)

Figure 11 (a) Axial profiles of the temperature and mean droplet diameter calculated along the axis of the reactor system; fi

(b) TEM image of the SWCNT soot showing the size distribution of the nanoparticles produced; (c) mean length of SWCNTs 

estimated along the axis of the reactor system; (d) SEM image of the dispersed SWCNTs showing their length distribution

small particles newly generated in the quenching

chamber. The mean diameters of the droplets

produced range from a few nm to tens of nm and are

predicted to be around 10 nm at the exit of the reactor 

system. To ensure the accuracy of the numerical

results, it is important to compare them with the
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to 2 �m. This compares favorably with the values

obtained from the SEM images shown in Fig. 11(d).  

More numerical results on the supersaturation ratio 

of vapors and the nucleation and growth rates of  

droplet particles are also available in the Supporting

Information.

3. Concluding remarks

In the past three years, it has been demonstrated that

SWCNTs can be successfully continuously synthesized 

at a high yield rate of 100 g/h in a sheet-like form. 

Through further optimization studies, the induction 

thermal plasma process has become a very reliable

process, which is now capable of industrial-scale

production of SWCNTs. However, there is still a need

for further improvement of this process through better

understanding of the SWCNT formation mechanism 

in connection with the plasma conditions established

and maintained during the processes.Therefore, the 

identification and design of the optimum reactor

geometry and the related operating parameters, based

on detailed studies of the plasma characteristics, will 

be an important next step of our research.

In this regard, a mathematical model is now being

developed and some preliminary results are presented 

in this article. Comparisons with experimental 

data demonstrated that the mathematical model

developed is reasonable. However, the current model

is not completely self-consistent, due to the lack of 

precise knowledge of some important phenomena

and numerical difficulties, thereby imposing many 

simplifications or assumptions on the model. 

Especially, nucleation and growth mechanisms of 

SWCNTs are oversimplified in this model. These

phenomena are intrinsically atomic or molecular

scale processes (i.e., discrete level) that are affected by 

macroscopic parameters (e.g., temperature), which are

typically describable by using continuum approaches 

such as fluid dynamics. Therefore, a multi-scale

simulation technique should be developed to bridge 

the gap between the physical phenomena occurring at

the different scales. In addition, the droplet formation

simulation was conducted without considering the

SWCNTs produced on the droplets. Since the various

particle processes, such as nucleation, growth, and 

transport, are strongly influenced by the SWCNTs 

grown from a droplet, a considerable improvement of 

this model is needed as well. Lastly, the clustering of 

carbon atoms and the formation of soot nuclei should 

be taken into account by using proper mathematical

models.

The characterization of the thermal plasma is also

very crucial for further validation and subsequent

improvement of our current model. Therefore 

thermal plasma diagnostics, such as enthalpy probe

measurement and optical emission spectroscopy

(OES), will be carried out in an in situ manner

and then more rigorous validation studies will be 

performed. The scientific information obtained in

this work can be utilized for further optimization

of the various induction thermal plasma processes

developed, not only for the synthesis of SWCNTs but 

also for the synthesis of other carbon nanostructures,

such as fullerenes, carbon-encapsulated nanoparticles, 

and carbon onions.
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Nomenclature 

Aexit area of reactor exit (m2)

A� tangential component of magnetic vector potential 

(T·m)

CD drag coef� cient �

Cp speci� c heat of � �uid at constant pressure (J/(kg·K))�

C� constant in turbulence model 

C1 constant in turbulence model 

C2 constant in turbulence model  

cp speci� c heat of particle injected (J/kg·K)�

Dd size dependent diffusion coefficient of droplet

produced (m2/s)

Dd mean diffusion coef� cient of droplet produced (m� 2/s)

Dk binary diffusion coefk �cient of species� k (mk 2/s)
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dcnt diameter of SWCNT (m)

dd diameter of droplet produced (m)

 dd  mean diameter of droplet produced (m)

dp diameter of particle injected (m)

dm1 diameter of metal monomer (m)

E� tangential component of electric � eld (V/m)�

FL Lorentz force (N/mL
3)

f frequency applied to RF induction coil (Hz)f

fcntff  percentage of carbon atoms in a droplet which will

form an SWCNT

G droplet growth rate by co-condensation (m3/s)

Gt product of the turbulent viscosity and viscous

dissipation terms (kg/(m·s3))

h speci� c enthalpy of � �uid (J/kg)�

hc heat transfer coef� cient of � �uid (W/(m� 2·K)) 

HbHH  latent heat of particle injected at boiling point (J/kg)

HmHH latent heat of particle injected at melting point (J/kg)

HrHH  radial component of magnetic �eld intensity (A/m)�

HzH axial component of magnetic � eld intensity (A/m)�

I homogeneous nucleation rate of metal vapor (mI 3·s 1)

Jcoil coil current density (A/m2)

JindJJ  induced current density (A/m2)

j* number of monomers contained in a droplet of 

critical size

K turbulent kinetic energy (mK 2/s2)

kB Boltzmann constant (J/K)

Lcnt length of SWCNT (m)

Mg molecular weight of gas (kg/mol)

Mk moment of k kth order

Mk

^  moment of kth order in normalized form

Mw molecular weight of metal (kg/mol)

m
4

mass � ow rate (kg/s)�

mc1 mass of carbon monomer (kg)

mm1 mass of metal monomer (kg)

mp mass of particle injected (kg)

N total number of droplet produced (mN 3)

NAN  Avogadro constant (molA
1)

Nc mean number of carbon atoms in a droplet produced

Ncnt number of surplus carbon atoms in a droplet which

will form an SWCNT 

Nc-sat  maximum number of carbon atoms in a droplet

produced (saturation limit of carbon atoms) 

Nc -surp number of surplus carbon atoms in a droplet

produced

NmNN mean number of metal atoms in a droplet produced

NmlNN  number of surplus carbon atoms in a droplet which

will form a graphene monolayer

Nu Nusselt number 

n0 reference monomer concentration employed for 

normalization of moments (m 3)

nms metal vapor concentration at saturation (m 3)

ncs carbon vapor concentration at saturation (m 3)

Pohm heat generation by ohmic heating (W/m3)

Pc
s saturation pressure of carbon (Pa)

Pm
s saturation pressure of metal (Pa)m

P c
vap vapor pressure of carbon (Pa)

P m
vap vapor pressure of metal (Pa)

p static pressure of � uid (Pa)�

Pr Prandtl number of �uid�

Pr� constant in turbulence model

PrK constant in turbulence model 

Prt turbulent Prandtl number

R universal gas constant (J/(mol·K))

Rep particle Reynolds number

Rrad radiational loss taken into account by using net 

emission coef� cient (W/m� 3)

Sc supersaturation ratio of carbon vapor

Sct turbulent Schmidt number

Sm supersaturation ratio of metal vapor

Sc
p mass generation through evaporation of particle 

injected (kg/(m3·s))

S e
p heat exchange with particle injected (W/m3)

Sk
p mass generation of kth species through evaporation 

of particle injected (kg/(m3·s))

S m
p momentum exchange with particle injected (N/m3) 

S0 bulk solubility of carbon in metal at melting

temperature

sm1 surface area of metal monomer (m2)

T temperature of T � uid (K)�

TaT  temperature of ambient gas (K)

TbTT  boiling temperature of particle injected (K)

TmTT melting temperature of particle injected (K)

TpTT  temperature of particle injected (K) 

u velocity of �uid (m/s)�

up velocity of particle injected (m/s) 

uth thermophoretic velocity (m/s)

u axial velocity of �uid (m/s)�

v radial velocity of � uid (m/s)�

w swirl velocity of � uid (m/s)�

x fraction of liquid phase in particle 

WkWW molecular weight of species k k (kg/mol)k

YkY mass fraction of species k k
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Greek letters

� Dirac-delta function

�gph thickness of graphene layer (m)

� dissipation rate of turbulent kinetic energy (m2/s3) 

�p emissivity of particle

� dimensionless surface tension

� laminar thermal conductivity of �uid (W/(m·K)) �

�eff  effective thermal conductivity of f � uid (W/(m·K))�

�t turbulent thermal conductivity of � uid (W/(m·K)) �

� mean free path (m)

� laminar viscosity of � uid (kg/(m·s))�

�eff  effective viscosity of f � uid (W/(m·s))�

�t turbulent viscosity of � uid (kg/(m·s))�

�0 magnetic permeability of free space (N/A2)

	c1 monomer volume of carbon (m3)

	d volume of droplet produced (m3)

	
c

d volume of carbon in a droplet produced (m3)

	
m

d volume of metal in a droplet produced (m3)

	
*

d critical volume of droplet (m3)

	g geometric mean volume of droplet produced (m3)

	m1 monomer volume of metal (m3)


 droplet surface availability for carbon atom

condensation

�  mass density of � uid (kg/m� 3)

�d mass density of droplet produced (kg/m3)

�g mass density of graphitic layer (kg/m3)

�m mass density of metal (kg/m3)

�p mass density of particle injected (kg/m3)

� electrical conductivity (� � 1·m 1)

�g� geometric standard deviation of droplet size 

distribution

�sb��  Stefan Boltzmann constant (W/(m2 · K4))

�st�� surface tension (N/m) 

� viscous stress tensor (N/m� 2) 

Electronic Supplementary Material: Supplementary 

material is available in the online version of this

article at http://dx.doi.org/10.1007/s12274-009-9085-9

and accessible free of charge.
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