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a b s t r a c t

The formation of an aerogel-like sock is important to the floating catalyst method of synthesizing carbon
nanotubes (CNTs). The sock, a term coined by Alan Windle, is an assembly of the individual electro-
statically assembled nanotubes synthesized in the reactor. The coherency of this sock helps form the yarn
or sheet. In this study, sock formation is investigated by controlling the feedstock type, injection rate, and
carrier gas flow rate. A convection vortex has been identified, possibly for the first time, in the floating
catalyst method. A convection vortex model is proposed to explain the sock formation. The sock
morphology is found to be strongly affected by the carrier gas flowrate, where too high gas flowrate
reduces the concentration of CNTs in the reactor resulting a failure in the sock formation. The dynamic
behavior of the sock is explained by a web-shell structure.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The floating catalyst method [1e3] is one of the most promising
methods for scale-up of CNT production. The process includes
catalyst formation, chemical decomposition of feedstock under
high temperature, and CNT growth, culminating in sock formation.
Under precise conditions, the CNT grown in the reactor self-
assembles into an aerogel-like sock, which can be densified by
stretching and condensation to produce CNT yarn and film [4e8].
The sock is the critical link bridging the nano-scale CNT with
macro-scale products because it allows macromanipulation of a
nano entity. To optimize the properties of CNT yarn and film, a full
understanding of the process, including knowledge of catalyst dy-
namics, CNT growth, sock formation and post-treatment is needed.

Previous studies of the catalyst dynamics and CNT growth have
shown that, it is vital to regulate the sulfur concentration [3,9e12],
ou), Mark.J.Schulz@uc.edu
feedstock injection temperature [10,13], carrier gas flow rate [14,15]
and type of hydrocarbon [2,16] in order to control the CNT diameter
and purity. There are also intensive studies performed on yarn and
film properties in recent years [17e21].

Some simulation studies provided insightful knowledge,
regarding catalyst particle activity [22e24], hydrocarbon decom-
position [25], and CNT growth [26]. Kuwana et al. [27] observed
vortex formation for substrate-based growth of CNTs from simu-
lation study. They suggested that the vortex could be used to
enhance the reaction.

Several studies have shed light on the sock formation process.
Motta et al. [16] studied the effect of carrier gas and feedstock in-
jection rate on the sock “spinnability” in a vertical furnace. Some
mechanisms have been proposed for the sock formation, including
thermophoresis or inertial migration [22], van der Waals attraction
[7,28] and electrostatic attraction [29]. However, there is still sig-
nificant ambiguity surrounding the understanding of how trans-
port issues affecting the sock formation process. Furthermore, to
the best of our knowledge, there have not been any studies of the
sock formation for the horizontal furnace and in particular those
parameters affecting sock behavior in the horizontal furnace.

In this work, we present a systematical study of the conditions
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for sock formation in a horizontal floating catalyst reactor. On the
basis of experimental observations and numerical simulation, we
propose a convection vortex model to describe the sock formation
process. A web-shell structure has been used to study the sock
dynamics.

2. Experimental

2.1. Horizontal floating catalyst reactor

A horizontal reactor is employed for the experiments (Fig. 1).
The set-up is equipped with an nubulizer, a high temperature
heating furnace, a ceramic reactor tube of 1 m in length with an
inner diameter of 45 mm, and a harvest box. If not explicitly stated
elsewhere, the feedstock is a mixture of hexane (10 vol%, Fisher
Scientific), methanol (90 vol%, Fisher Scientific), ferrocene (1 wt%,
Sigma Aldrich) and thiophene (0.3 vol%, Sigma Aldrich). Several
carbon sources have been tested on our horizontal furnace,
including hexane/methanol, ethanol and butanol. Among them,
hexane/methanol provides the most stable sock production. Thus
they are used in our experiments. For preparation of the feedstock,
hexane and methanol are mixed first, follwed by dissolving ferro-
cene and thiophene in the mixer. The heating zone temperature is
1400 �C. In the experiments, the Fe/S atomic ratio is kept constant
when varying the ferrocene concentration by adjusting the amount
of thiophene in the feedstock. Argon gas with 3 vol% hydrogen
(100e4000 sccm, Wright Brothers, Inc) and the feedstock are
injected together into the tube via a nebulizer. There are three
stages in the process: (i) feedstock evaporation and decomposition,
(ii) CNT growth, and (iii) sock formation. The feedstock mixture
evaporates once entering the high temperature zone after injection.
The high temperature induces feedstock decomposition into iron
catalyst particles and a carbon source. CNTs then grow from the
catalyst particles and aggregate into a sock near the outlet of the
reactor tube. A video or digital camera was placed facing the outlet
end of the tube, so that the sock dynamics in the reactor tube could
be observed and analyzed.

2.2. Characterizations

In all the experiments, the sock exits the reactor tube by itself
without intervention. The sock samples were characterized using
Raman spectroscopy (Renishaw, inVia, excited by a 514 nm HeeNe
Fig. 1. The horizontal reactor: (a) experimental setup in the labrotary; (b) sch
laser with spot size of ~1 mm2), a FEI CM20 transmission electron
microscope (TEM), and by thermogravimetric analysis (TGA), using
a Netzsch STA409 analyzer (samples were heated up from room
temperature to 900 �C at a rate of 10 �C min�1 in 30 ml min�1 of
air).

3. Results and discussion

3.1. Modeling and simulation

Similar as other researchers [22,27], a three-dimensional, steady
and compressible flow model has been used for the computational
fluid dynamics (CFD) simulation. Using governing equaitons [30,31]
for fluid dynamics and heat transfer listed below, the flow field and
temperature field in the reactor were computed using ANSYS
software [32], ignoring the influence of CNTs in the reactor.

V$ðruÞ ¼ 0 (1)
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rCpu$VT ¼ V$ðkVTÞ þ Q : (3)

Here r is the gas density, which changes with temperature, u is
the gas velocity field, p is pressure, m is dynamic viscosity, Cp is the
specific heat capacity at constant pressure, T is temperature, k is
thermal conductivity and Q is heat generated from chemical
reaction.

Using (i) the tube heating zone temperature, (ii) the defined
inlet flowrate and (iii) atmospheric pressure, we calculate the gas
flow streamline and gas temperature distribution from equations
(1)e(3). The simulation results are shown in Fig. 2.

3.2. Sock formation by the convection vortex

There are several studies of the sock formation mechanism for
example, (i) it was believed that the sock forms possibly due to
thermophoresis or inertial migration, and the CNT may accumulate
at a certain distance away from the wall [22]. The thermophoretic
force is a result of temperature gradients and responsible for
keeping CNTs from bonding on the reactor tube. Also (ii) Zhong
et al. [7,28] speculated that the van derWaals attraction leads to the
ematic of the setup. (A color version of this figure can be viewed online.)



Fig. 2. Simulation of the temperature and flow profiles in the reactor tube: (a) Temperature isosurface, color indicates temperature; (b) velocity streamline. Color indicates gas
velocity along the tube axis, the red line shows flow toward the harvest box (right of figure) or outlet of the reactor, the blue line shows flow in the reverse direction toward the inlet
of the reactor. The heating zone temperature is 1400 �C, and the gas flowrate is 1000 sccm. (A color version of this figure can be viewed online.)
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sock formation. And (iii) Chaffee et al. [29] mentioned that the
nanotubes could form bundles due to electrostatic attraction.

In this study, we propose a more complete mechanism, that
convection vortex coupled with electrostatic interactions, enables
sock formation. Around the outlet region of the reactor tube, there
is gas flowing from the harvest box back into the tube (Fig. 3, blue
arrows), which interact with the carrier gas flowing out of the tube
into the harvest box (red arrows). In the regionwhere the two flows
interact (Fig. 3b), CNT flows upwards. Later around the tube outlet,
strong velocity flow (around 0.5 m/s) is generated, which is quite
high compared with the average flow speed of 0.01 m/s in the
middle of the tube. It is noted that the CNTs flow path is inter-
twined (Fig. 3a) instead of laminar flow, which is responsible for the
vortex generated (Fig. 4). This localized high velocity flow and
complex flow pattern could lead to connected CNT networks,
formed by CNTs coming into close proximity. Similar as flow-
induced alignment in wet spinning processing [8], the high veloc-
ity and ensuing high drag force cause the CNT to align and self-
connect, which creates the closed end of the sock. With more
CNTs joining the sock end by the carrier gas flow, this closed end
servers as a seed for further sock shell formation. Once the sock is
complete, carrier gas flow will push the sock out, forming a
continuous CNT sock.

Using a digital camera, a vortex (Fig. 4) around the tube outlet
regionwas observed, which agrees well with the simulation. When
there is a low concentration of catalyst particles in the reactor, CNT
nucleation is reduced and amorphous carbon tend to form. In this
Fig. 3. Convection vortex induced sock formation: (a) Gas streamline in the outlet region; (b
Color indicates the gas velocity along the tube axis, the red line shows flow toward the h
temperature is 1400 �C for our system, with gas flow rate 1000 sccm. (A color version of t
situation, the flow pattern of the CNT and black smoke (possibly
amorphous carbon) follows the same path as predicted in the
simulation (Fig. 4a and b). When the sock forms, it interacts with
the flow field, the sock formation pattern still resembles the
simulated flow pattern, although not perfectly. The resemblance
between the simulation and sock images shows that the convection
vortex plays a key role in the sock behavior.

It is observed that when the sock forms, a closed-end cap forms
first, which flows upward and move towards the tube outlet, then
the CNT sock continuously comes out of the reactor. Fig. 5 is an
example of the entire sock formation process which is also captured
on video (see supplementary material). In the process, the CNTs
connect with each other forming a closed end around the vortex
region. Later, this closed end flows out of the reactor tube, followed
by a continuous sock flows, with pattern affected by the vortex
flow.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.carbon.2016.02.087

It is important to note that there is also a convection vortex at
the inlet region of the reactor tube (Fig. 2). This vortex is believed to
have a tremendous effect on the catalyst size, due to the particular
flow velocity profile [13]. The increase of the mean free path and
residence time of the catalyst particle could affect the concentra-
tion of appropriate sized catalyst. This is being further investigated
and will be presented in a future publication.

The properties of the produced CNT sock has been characterized
(Fig. 6). The high G/D ratio of 25 and TGA analysis showed the good
) Cross-section arrow volume line showing the region where the sock closed end forms.
arvest box, the blue line shows flow in reverse. In the simulation, the heating zone
his figure can be viewed online.)
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Fig. 4. Outlet vortex comparison from simulation and experiment: (a) Modeled convection vortex around the reactor outlet. The red line indicates the CNT flow path and the blue
line indicates gas flow from the harvest box into the reactor. The flowrate is 1000 sccm in simulation; (b) Image showing accumulation of CNTs without sock formation, ferrocene
concentration is 0.3 wt%, gas flowrate is 1000 sccm, and feedstock injection rate is 16 ml/h; (c) Image showing the sock in the reactor, ferrocene concentration is 1 wt%, gas flowrate
is 1800 sccm, feedstock injection rate is 32 ml/h. (A color version of this figure can be viewed online.)

Fig. 5. Sequential images showing sock formation by convection vortex: (a) Before feedstock injection; (bed) CNT forming closed-end networks, which flow upward around the
vortex region; (e) Sock end comes out of the reactor tube; (f) Continuous sock. Experimental conditions: ferrocene concentration is 2 wt%, gas flow rate is 1000 sccm, and feedstock
injection rate is 16 ml/h. (A color version of this figure can be viewed online.)

Fig. 6. Properties of the collected CNT sample: (a) Raman microscopy showing G/D ration of 25, insert is sample TEM image; (b) Thermogravimetric analysis of the sample.
Experimental conditions: ferrocene concentration is 1 wt%, gas flow rate is 1000 sccm, and feedstock injection rate is 16 ml/h. (A color version of this figure can be viewed online.)
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properties of the grown CNTs.
A convection vortex also occurs in vertical furnaces. Simulation

of vertical reactor was performed using the same parameters for
the simulation of the horizontal furnace. The streamlines are
shown in Fig. 7. Previously, Li et al. [1] observed that convection
occurred in the upper half of the furnace. They speculated that the
gas moved upward close to the furnace walls and downward in the
center of the tube, which was confirmed by our simulation (Fig. 7).
As the velocity streamline shows, the backflow (Fig. 7 a and b)
carries vaporized feedstock upward toward the inlet of the furnace.



Fig. 7. Streamline in vertical furnace at different parts of the tube: (a) Tube inlet re-
gion; (b) Middle region; and (c) Tube outlet region. Red streamlines indicate doward
flow and blue streamlines indicate upward backflow. Parameters used are the same as
for the horizontal furnace, except the reactor is placed vertically. (A color version of
this figure can be viewed online.)
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The observed vortex affects the catalyst formation process and later
CNT growth. Theoretically the back flow will take some catalyst
back towards the inlet. Thus part of the catalyst, hydrocarbon and
thiophene will stay for a longer time inside a vertical furnace
instead of being carried out quickly. This could explain why there is
still sock formation for a certain time after the sulfur is stopped
[13]. The reason might be that it takes certain time to purge the
remaining sulfur in the reactor, since it is trapped in the inlet
vortex.

It was stated that there is no convection in the lower half of the
vertical furnace due to density increase [1]. Simulation, however,
indicates the convection is significant in the outlet region of the
vertical furnace, whichmight also explain the closed end formation
of the sock. Similar as the horizontal furnace, the outlet convection
vortex could possibly lead to the formation of the sock closed end,
and ensuing continuous sock formation. It should be noted the
synthesis processes in horizontal and vertical furnaces are quite
different. For example, the flow field is axisymmetric in a vertical
furnace and plane symmetric in a horizontal furnace. The two
different flow fields might both lead to sock formation due to the
convection vortex. This must be further verified by experiment.
3.3. Aerogel-like sock dynamics

Once the sock forms, its behavior can be changed by varying the
gas flow rate and feedstock injection rate. Images of socks under
various carrier gas flow rates are shown in Fig. 8. The transparency
of the sock increases when increasing the gas flowrate, indicating a
lower CNT concentration with the higher gas flowrate. For our
system, when the carrier gas flowrate is too high of 2000 sccm,
there is no sock formation with only random CNTs carried by the
flow.

It can be seen that the sock becomes darker with a higher
feedstock injection rate (Fig. 8 eeh). The feedstock injection rate
determines the initial iron concentration, and thus amount of
catalyst available for growth. With other factors remaining the
same, a high injection rate increases the overall catalyst concen-
tration, which provides more active catalyst particles capable of
nucleating nanotubes. In this horizontal reactor, it was found that
the sock diameter increases along with increasing flowrate (Fig. 8
aec). A similar phenomenon has also been observed in vertical
furnace [22]. The speed of the sock exiting the reactor tube in-
creases when increasing the feedstock injection rate. The sock will
keep flowing out of the reactor if the end is closed. Typically about a
0.3 m length of the sock extends into a harvest box where the sock
is wound up on a motorized pulley.

Although the sock always has a thick shell, the sock inner
pattern changes when the feedstock injection or carrier gas flow-
rate is varied. Sock pattern under 1200 sccm (Fig. 8b) is close to
concentric, while 1800 sccm has a more significant vortex (Fig. 8c).
With low gas flowrate and slow feedstock injection rate (Fig. 8
eeg), the sock patterns are almost concentric, with a core in the
center and a shell surrounding it. Obviously this could not be
explained by only using the convection vortex model. It is believed
that the patterns changes are due to the interaction between sock
and the carrier gas, which is not considered in the previous simu-
lation. By changing the feedstock injection rate and carrier gas
flowrate, the concentration of CNTs and the sock permeability will
be varied. Also the carrier gas flow could be influenced by the ex-
istence of different sock structures. Thus the sock structure and the
carrier gas flowwill affect each other and ultimately reach stability,
leading to various sock patterns.

The sock could be treated as aweb-shell structure (Fig. 9), with a
shell composed of CNTwebs. The sock has a thicker shell and a low-
density center. Sometimes the sock center is even transparent.
There is vortex inside the sock (Fig. 4), which indicates that the sock
should have certain gas permeability to allow convection happen.
The near hollow sock could sustain a certain pressure and driving
force because of the thick shell (~100 nm thickwall) and closed end.
The thickness of the shell should affect the gas permeability as well
as the driving force acting on the sock. The gas permeability of the
sock and the carrier gas flow rate, control the sock formation and its
speed exiting the reactor. For successful sock formation, the shell
thickness should be high enough to maintain the structural shape
under the carrier gas flow. For too high gas flowrate (Fig. 8d), the
web-shell structure could not be sustained resulting failure of sock
formation.

Cranford et al. [33] modeled the effect of wind on a spider web.
Similarly, the drag force on a CNT sock could be expressed as:

Fd ¼ 1
2
Nrgasu

2CDA (4)

Here N is the number of CNTs under load, rgas is the gas density,
u the mean gas flow speed, A the reference area of the fiber (A ¼ dl
fiber diameter multiplied by fiber length), and CD the drag coeffi-
cient in the flow direction.

This partly explains the increase of sock speed with higher
feedstock injection rate. The higher feedstock injection rate leads to
a larger concentration of catalyst particles, resulting an increase of
the number of CNTs. Based on equation (4), the driving force on the
sockwill increase due tomore CNTs under load. As for the change of
the sock diameter under different flowrates (Fig. 7), it could be
related to the force acting on the sock. With a higher flowrate, the
force on the sock increases, which is responsible for both pushing
the sock out of the reactor tube, and expanding it radially. Thus a
higher flowrate leads to a larger sockwhose diameter is close to the
tube diameter. There exists a critical length of the furnace to ach-
ieve continuous growth and to obtain long CNT and provide the



Fig. 8. Morphology of sock formation under different gas flow rates and feedstock injection rates: (a) 800 sccm; (b) 1200 sccm; (c) 1800 sccm thinner sock; and (d) 2000 sccm no
sock. In (aed) the feedstock injection rate is 32 ml/h, ferrocene 1 wt%. In (eeh) gas flowrate 800 sccm, ferrocene 1 wt%, and feedstock injection rate of (e) 8 ml/h and (f) 16 ml/h (g)
24 ml/h (h) 32 ml/h. (A color version of this figure can be viewed online.)

Fig. 9. Schematic of the web-shell structure. (A color version of this figure can be
viewed online.)
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best properties for the thread or sheet. The influence of furnace
length on the CNT web-shell structure will be investigated in the
future.

It is clear that the previous simulation and analysis did not
consider the feedstock evaporation and influence of the sock on the
flow field, which are both important to the process. A better model
and simulation, accounting for feedstock evaporation and the two-
way interaction between the gas flow and sock, is currently being
developed to provide a deeper understanding of the synthesis of
CNTs by floating catalyst method. And it could possibly be used as a
tool to optimize the reaction parameters to form a sock that pro-
vides the highest properties for the yarn and sheet produced.
4. Conclusions

Aerogel-like sock formation has been investigated in this study.
Amore complete sock formationmechanism based on a convection
vortex mechanism has been proposed, stemming from experi-
mental evidence and verified by simulation. The sock dynamic
behavior was observed under varied conditions of feedstock in-
jection rate and carrier gas flow rates. A web-shell structure was
used to explain the sock formation behavior. The influence of the
various sock conditions on the properties of CNT yarn/sheet is
currently under further study. The knowledge gained in this work
will guide future optimization of the CNT sock formation process
and contribute to better control over the properties of CNT products
fabricated from yarn and sheet.
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