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Abstract

Carbon Nanotubes (CNT) have great properties and since their discovery have been the focus of
multiple researches. CNT can be synthesized by different methods, which are in general very expensive
and time consuming. Flame synthesis appears as a solution, since it is energy efficient, scalable, cost-
effective and fast.

In this report, an extensive study of flame synthesis was carried out. The main objective was to
understand how the production of CNT, in terms of mass, could be improved.

An impinging premixed flame of Propane/Air with co-flow of Nitrogen was employed. The deposition
was studied over three different stainless steel substrates. The experiments were made at an equivalence
ratio of 1.6 and a Reynolds number (Re) varied from 300 (envelope flame) to 700 (tulip flame). For Re
= 300, envelope flame mode was achieved, which seemed to favor CNT synthesis. The optimum height
at which the substrate is placed was concluded to be at 10 mm above the burner outlet.

Mass measurements were done and the results showed that at Re = 300, the highest quantity
of CNT was accomplished. CNT with diameters comprised between 30-70 nm were observed. As
sampling increased, the expected diameter size decreased and smaller CNT became more predominant.
Temperature seemed to affect the diameter size of the CNT accomplished and consequently the
diameter of the CNT were not uniform over the deposition area. On the other hand, the area where
deposition occurs seems to be related to the flow velocity, as demonstrated in the PIV analysis.
Keywords: Carbon Nanotubes, flame synthesis, envelope flame, mass growth, particle image
velocimetry.

1. Introduction

Carbon Nanotubes (CNT) have interesting proper-
ties which provides them various applications. In
result, CNT has been considered the material of
the 21st century [1].

Figure 1: Evolution of the number of papers pub-
lished, patents issued and production capacity from
2004 to 2010. Adapted from [2].

The number of papers that were published and
the amount of patents issued increased exponen-

tially in the recent years and it is estimated that
the production capacity of CNT, since 2004, has
augmented at least tenfold, as shown in Figure 1
[2]. That clearly shows that this market has a lot
of potential.

There are few methods known to produce nan-
otubes, such as chemical vapor deposition (CVD),
laser ablation, electric arc discharge and flame syn-
thesis [3]. Nevertheless, the first methods have high
costs associated and/or they are time consuming.
In that way, flame synthesis appears to be a so-
lution, since it is energy efficient, cost effective,
rapid, scalable and a continuous process. Further-
more, synthesizing CNT using flames meet the re-
quirements for their formation, since they demand
a source of carbon, a source of heat and a presence
of a metallic catalyst. In order to produce CNT in
a large scale, it is necessary to understand how they
form and specially in which conditions the growth
of CNT is enhanced.
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2. Background
2.1. Carbon Nanotube Structure
CNT can be considered a rolled graphite sheet,
however to form such curved structure it is nec-
essary to add some topological defects to it. In
this case, positive curvature is added to the pla-
nar hexagonal lattice. That can be accomplished
by creating pentagons and accordingly to Euler’s
principle 12 pentagons are needed, so the hexag-
onal lattice is fully closed.Following this principle,
CNT can be described as arrangements of elongated
C60 molecules. They are tiny spherical structures
of 60 carbon atoms connected together forming 20
hexagons and 12 pentagons [4].

There are two categories of carbon CNT. The first
category and also the first one to be found out were
the Multi-Walled Carbon Nanotubes (MWCNT).
MWCNT are basically a set of concentric graphite
sheets in a cylinder shape placed around a common
hollow with an inter laying space of approximately
0,34 nm [4], as shown in Figure 2.

Figure 2: Schematic of SWNT (A) and MWNT (B)
[5].

The second category are the Single-Walled Car-
bon Nanotubes (SWCNT). They are composed by
just a single layer of graphite and they have ex-
ceptional properties. The average diameter for
SWCNT and MWCNT ranges between 0.4-2 nm
and 2 nm to 100 nm [5].

2.2. Flame Synthesis
Many types of flame configurations were used to
synthesize CNT, namely premixed flames and dif-
fusion flames. Comparatively, premixed flames offer
advantages that make them ideal for CNT produc-
tion. This type of flame promotes a rapid com-
bustion with a easily controlled flame, allowing a
selection of different kinds of fuels. Besides that,
it enables the adjustment of the stoichiometry of
the reacting gases yielding, hence the flame chem-
ical compositions. Temperature is also effortless
adjustable and all this aspects combined together
make premixed flames suitable for generation of dif-
ferent structures of carbon. Premixed flames are
not limited by diffusion so the reactive gas profile
can be made uniform by the burning system and
scalability can be achieved.

In 2004, Height et al. [7] studied the synthe-
sis of SWCNT using a premixed flame of acety-
lene/oxygen/argon with argon dilution of 15 mo-
lar percent. They did multiple tests with different
equivalent ratios and concluded that for φ = 1.5 -
1.9 CNT were formed. Furthermore, at an φ of 1.6,
it was observed the best results.

Nakazawa and his co-workers [6] applied a pre-
mixed impinging flame of ethylene diluted with ni-
trogen (Figure 3). The deposition on their substrate
resembled a shape of a doughnut and it was mostly
located in the area of the unburned gases. After
examination, they concluded that the structures of
carbon obtained were MWCNT. They stated that
this method allows mass production of carbon nan-
otubes. The same approach was implemented by
Woo et al. [8], who characterized it too as a large
scale production mechanism of MWCNT.

Figure 3: Schematic of an impinging premixed
flame. Adapted from [6].

3. Implementation

Figure 4: Schematic of the experiment.

In this experiment, it was required a Bunsen
burner, mass flow controllers and the reactive gases
so the desirable impinging premixed flame could be
achieved. A thermocouple was implemented to an-
alyze the temperature and a camera to capture the
flame shape, as well as the depositions on the sub-
strates. The schematic of the experiment is pre-
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sented in Figure 4.

3.1. Coordinates
The coordinates of flame are important to under-
stand where the substrate was inserted but also
where temperature measurements were made. The
following Figure 5 shows the coordinates imple-
mented for this work.

Figure 5: Flame coordinates (r,z) in millimeters.
(A) = (10, 0); (B) = (0, 10); (C) = (0, 20).

Important to note that, the center of flame is lo-
cated at the origin of the axes and that in z direction
the origin is coincident with the center of the outlet
nozzle. The height (z-axis) is measured as height
above burner and z = 0 equals to HAB = 0.

3.2. Particle Implementation Velocimetry
The particle implementation velocimetry (PIV)
measures the velocity fields by analyzing images of
seeded flows. The measurements were done by illu-
minating the particles inserted in the gas flow us-
ing a double pulsed laser. The laser was pointing
at the area of interest and it can be described as
a planar sheet of green light with a wave length
of approximately 530 nm. The particles were illu-
minated in two consecutive frame, recorded by a
high-speed sCMOS camera and synchronized with
the double pulsed laser. The two dimensional veloc-
ity field can be obtained from the two-consecutive
frames. Knowing the time span between the the
two pulses and the distance traveled by the seeding
particles during that time, the velocity is possible
to calculate.

The seeding particle was alumina with a mean
diameter of 3 µm, which is an acceptable particle
diameter for gaseous flows. Those particles were
collocated in a small reservoir and with the help
of a mixer were shaked, so they could be better
dispersed in the flow.

The laser sheet was created by Dantec Dual
Power 65-15 Yag laser with two cavities, each one
with 15 Hz of maximum laser pulse frequency. The
camera was kept perpendicular to the laser sheet
and to area under study.

The image system was obtained via HiSense Zyla
sCMOS camera with a resolution of 2560x2160 pix-
els and a velocity of 40 fps. In addition, a 532 nm
filter Melles Griot was employed to avoid excessive
light and to only let the green radiation band go
through.

The synchronization between the laser and cam-
era was accomplished by BNC 575 Series Pulse Gen-
erator, which was linked to the software Dantec Dy-
namic Studio so it would be possible to control the
experiment and to post-process the data. In Figure
6 is described the experimental setup.

Figure 6: Schematic of PIV experimental setup.

After some trials, it was defined that 200 pairs
of images would be enough to describe the velocity
fields.

In order to obtain the 2-D velocity maps, aver-
age correlation was implemented. In this method, a
correlation function of each interrogation area (IA)
is averaged at each location for all the images. This
method is helpful for cases where it can be hard to
keep a constant particle density during the acquisi-
tion time.

The IA used in this experiment had the size of 32
per 32 pixels.

The time between pulses is very important to ob-
tain an accurate experiment. Small times can cause
that particles might not have enough time to move
from frame to frame, resulting in small velocity vec-
tors. On the other hand, large times between pulses
are also not advisable, since the particles may travel
a long distance, disappearing from the IA in the sec-
ond frame. That will result in wrong measurements
of velocity vectors. After experimenting, the time
between samples were chosen to be 200 µs. Another
issue is that the particles that are already close to
the border of IA can still disappear in the second
frame. A possible solution is to create an overlap-
ping factor between IA. This method creates an ap-
proximation between IA, allowing more vectors in
the two on-plane directions. For this experiment an
overlapping factor of 50% x 50% was implemented.

3.3. Premixed Flame Procedure
A premixed flame of C3H8/air with co-flow of N2

is the method used to grow CNT, in this way it is
important to understand what is the procedure for
that. First of all, the flow meters are turned on and
connected to the software Flow Vision. Afterwards,
the handle of the compressed air and C3H8, and all
the needles are opened. The next step is to open
the N2 bottle and set the pressure to 20 psi. With
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everything open and ready to start feeding the flow
meters, it is regulated the values of mass flows for
each gas. The substrate is put in the three-way
translator and the height and radial position is de-
fined, according to the requirements. The flame is
then ignited and the probe is inserted in the flame,
but only when the water in pot starts boiling. The
experiment is ran for the desirable sampling time.
When the time is reached the probe is removed from
the flame and set aside to cool down and afterwards
labeled. The flame is extinguished and all the nee-
dles and handles are closed. The last step is to turn
off the flow meters.

3.4. Sample Preparation

In this experiment, it was used three different types
of substrates. The first one was brand new stainless
steel (SS), while the second substrate (SS-AS) con-
sisted in SS with annealing as pre-treatment and
sanded. The last sample (SS-Ni) was the same
type of SS but in this case with electrodeposition
of Nickel (Ni) derived material. The first two sub-
strates were wiped with acetone before being tested.
The plates had all the same dimensions (130 x 38
mm).

3.5. Preparation of nickel derived materials

Nickel derived materials were electrodeposited from
an electrolyte solution containing 0.01 M nickel
(II) chloride hexahydrate (CL2Ni.6H2O) (Sigma-
Aldrich) and 2.0 M ammonium chloride (NH4Cl)
(Roth). The solution used for electrodeposition was
prepared from analytical grade chemicals and dis-
tilled water. Before deposition, the SS plates were
polished with a 120-grit paper (Dexter), cleaned
with acetone in ultrasound and dried with a jet
of cold air. All electrodeposition experiments were
carried out at room temperature in an electrode cell
connected to a power source (Kikusui Electronics,
Model PAB 32-3). In order to test the influence of
Re = 300, the working electrode was a SS plate with
an active area of 40.00 cm2 and the counter elec-
trode was a graphite plate. One the other hand, for
Re = 500, the working electrode was a SS plate with
an active area of 80.00 cm2 and the counter elec-
trode was a two graphite plates. Electrodeposition
was carried out in galvanostatic mode by applying
constant current density of 0.04 A cm2 and 0.02 A
cm2 for Re equal to 300 and 500, respectively. The
deposition time was 240 seconds. After electrode-
position, nickel derived materials were rinsed with
distilled water.

3.6. Working Conditions

Initially, it was made several tests with the intu-
ition of understanding better how the CNT syn-
thesis evolves in the burner used. Co-flow of in-
ert (0.1 LPM of N2) in a flame with Re = 700

was tested, in SS substrates. Afterwards, it was
evaluated how CNT formation varied with different
Reynolds numbers and with substrate. In order to
do that, Re equal to 300 and 700 were tested over
the three types of substrates employed. All this ini-
tial samples had a sampling time of 15 minutes, φ
= 1.6 and they were inserted around 10 mm HAB
(height above burner) (Sample name = Substrate-
Re-Inert).

In the next step, it was investigated how HAB
could influence the production of CNT and since in
this work mass matters, the evaluation was based on
how much mass it was produced. In order to that, it
was chosen three different HAB (7, 10 and 14 mm).
SS and SS-Ni substrates were selected. The same
Re values as before were applied, with one excep-
tion. For SS-Ni, it was discovered that by applying
Re = 700, it led to the formation of agglomerates
of amorphous carbon instead of CNT as occurred
for Re = 300. Due to that, it was tested with Re =
500 instead of 700 (Sample name = Substrate-Re-
HAB).

Mass production seemed higher at HAB = 10 mm
and the experiments made using SS-Ni substrates
revealed unsuitable for mass measurements.

It was decided to make all the following experi-
ments with SS-AS. In this way, it is possible to use
the same substrate over and over and at the same
time saving money. It would not be economically
feasible to use a new SS substrate every time that
is required a new test. Regarding this fact, a mass
versus time evaluation was made. The objective
was to identify the mass growth rate of CNT. In or-
der to so, tests were carried out at Re equal to 300
and 700, and at HAB = 10 mm. Since it is a time
experiment, sampling times of 5, 10, 15, 20, 30, 40,
50, 60 min were employed. For Re = 300, it was
made an additionally test with 70 min of sampling
time (Sample name = Substrate-Re-HAB-Sampling
Time).

It is important to denote that, regarding the
Reynolds number, it was observed that when Re
= 300 was applied the flame shape changed sub-
stantially compared to the flame type achieved at
700 and 500. The flame modes can be described
as envelope flame and cool central core flame (tulip
flame) at Re = 300, and Re = 500 and Re = 700,
respectively.

3.7. Characterization of CNT

The crystal structures of SS substrate and materi-
als were investigated using XRD. The microstruc-
ture of substrate and materials was performed by
using scanning electron microscopy (Hitachi S2400
or FEG-SEM, JEOLJSM7001F).
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3.8. Temperature Measuremnents

In Figure 7 is shown the exact points where tem-
perature values were taken for Re = 300 and HAB
= 10mm.

Figure 7: Temperature measurements for Re =
700. Points with the following coordinates (r, z):
(A)=(0, 10), (B)=(10, 10), (C)=(20, 10).)

4. Results and Discussion
4.1. Initial Tests

In the beginning, it was made some tests to have a
better understanding of how CNT formation occurs.
A SEM analysis was required to evaluate the CNT
obtained, since different conditions would proba-
bly generate different types of CNT and deposition
rates. A SEM image representative of what was
observed is displayed in Figure 8.

Figure 8: SEM image with 10k magnification of
sample SS-700.

The fist test was regarding the use or not of in-
ert. It was observed that the sample where inert
was not applied (SS-700-Inert) produced less CNT
deposition than sample SS-700. The presence of N2

slightly decreases the temperature, which benefits
the CNT grow since high temperatures can burn
CNT and damage their structure. Lin et al. [9]
reported that N2 helps keeping the catalyst surface
clean and active, enhancing the carbon bulk diffu-
sion. The temperature measured show a difference
of -30 Celsius degrees when N2 is applied, this dif-
ference is really low and can be justified by the fact
that the percentage of N2 being around 1% of the
total flow of Air + C3H8. In SS-700, the substrate
is almost not visible which means that it is covered
by CNT and consequently high production of CNT
was achieved. Since in this investigation the objec-
tive was to maximize the mass production, it was

decided to use co-flow of N2 in all the experiments
from now on.

By analyzing each SEM image using the software
iTEM, an expected diameter value was achieved. A
normal distribution of 60 values was implemented
for each sample. Figure 9 displays a representative
example of what was obtained.

Figure 9: Normal distribution of diameter sizes for
sample SS-700.

The use of inert seems to generate CNT with big-
ger diameters than when inert is not present. Be-
sides that, samples with SS substrates had bigger
CNT, in terms of diameter, than SS-AS.

4.2. Height Analysis
In order to evaluate the optimal height, mass mea-
surements were carried out and are displayed in Ta-
ble 1.

Table 1: Mass measurements of samples at different
HAB.

Sample Mass [mg]

SS-700-14 6.38

SS-700-10 7.21

SS-700-7 3.36

SS-300-14 4.60

SS-300-10 8.34

SS-300-7 5.08

As it is possible to observe, there is no data of
samples using SS-Ni, that can be justified by the
fact that during the measuring process, the results
were not reliable. While the substrate was in the
flame, some of the Ni derived electrodeposited was
consumed, which made the mass unstable.

Analyzing the results obtained, it is evident that
in both cases, Re = 700 and Re = 300, the height
at which the production of mass was maximum was
the same, HAB = 10 mm. Thus, HAB = 10 mm
will be considered the optimal height for CNT for-
mation.

4.3. Time Analysis
In 2011 [10], Bedewy et al. studied the growth of
CNT. It was observed that after the first CNT were
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formed, new CNT appeared from catalytic parti-
cles that were inactive before. The growth of new
CNT occurred at an increasing rate and that be-
havior was compared to popcorn being made. On
the other hand, as it would be expected, the deac-
tivation of the catalytic particles stopped the CNT
growth. That same phenomenon was observed in
2017 by Chen et al. [11]. In order to described
the CNT evolution mathematically, Bedewy and co-
workers opted for a population growth model, which
fitted the results obtained.

Bedewy et al. in 2016 [12] analyzed the nu-
cleation and deactivation kinetics of CNT growth.
Once again a logistic growth model was employed to
describe the number density of particles and CNT
versus time.

Following this approach, a mathematical model
of population growth can be applied to describe the
synthesis of CNT, in terms of mass, as shown in
Equation 1. This type of methodology will serve
to reinforce the tendency observed in the previous
works.

M(t) =
Mmax

1 +

(
Mmax −M0

M0

)
exp(−rgt)

(1)

where M0 is the mass at the initial stage,t is the
time, rg is the mass growth rate and Mmax is the
value for which the mass produced tends as time
is passing. However, when t = 0 M0 is also zero
and that creates an indeterminate form. In order
to solve that issue, t will be substituted by t′ = t-
t0, with t0 being the first instant where mass was
calculated.

If logarithms are applied to Equation 1, an ex-
pression y = ax + b type can be achieved, where
a = rg. The value of rg can be obtained from the
slope of the line and finally all the parameters are
known.

Regarding these facts, experiments were made
varying the sampling time, since all the tests made
until this point had a sampling time of 15 minutes.
For these tests SS-AS substrates will be employed
instead of SS substrates, those would imply a high
investment cost and by using SS-AS, it is possible
to sand it after the experiment and afterwards reuse
it.

The tests were made at Re = 700 and Re =
300 and three measurements were collected for each
sampling time. An average value was calculated and
a graphic evolution was obtained. Based on the
experimental results, the parameters of the mathe-
matical model were determined. This way is possi-
ble to get the expressions for the CNT growth model
and, again, a graphic evolution is attained. The er-
rors of the experimental data are also shown in the

graphs. In Figure 10 is displayed the evolution for
Re.

Figure 10: Experimental data versus mathematical
model for Re = 300. The error bars are multiplied
by five for better reading.

As it was expected at Re = 300 more CNT was
produced. The advantage of envelope flame over
tulip flame is that in the center of the flame there
is still reaction, meaning that the deposition can
have a shape of a filled circle instead of a circular
crown. As it is possible to observe, the behavior of
CNT mass for Re = 300 can be clearly divided in
two cases. The first case takes place in the first 40
minutes, while the second case occurs from minute
40 to minute 70.

It is evident that after 15-20 minutes, the CNT
synthesis seems to stagnate until the minute 40 is
reached. The formation of CNT appears to slow
down again after 60 minutes. As it is known,
catalytic particles are critical for CNT formation.
However, not every catalytic particle is active and
generates CNT, it can be said that there are more
active catalyst particles than others. That can ex-
plain the tendency observed. During the first 15 to
20 minutes, the most active catalyst particles gen-
erate CNT, after that there might not be any active
catalyst left and catalyst deactivation occurs. The
synthesis process is stopped and remains like that
for 20 minutes. That might be the time required for
the inactive catalytic sites to become active, result-
ing in carbon being deposited and CNT synthesis
taking place again.

Regarding these facts, the area of deposition
might be influenced and it may show a tendency
similar to the one performed by the CNT mass.
In order to evaluate that possibility, photos of the
samples were taken and afterwards binarized with
the help of the software ImageJ, as demonstrated
in Figure 11. Since the mass produced was higher
when Re was equal to 300, it was decided to just
evaluate that situation.

After having all the images binarized and scaled,
the calculation of the area of deposition is trivial.
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(a) SS-AS-300-10-
5min

(b) SS-AS-300-10-
70min

Figure 11: Binarized images of samples. The depo-
sition is represented by the black area.

The results are displayed in Figure 12.

Figure 12: Evolution of CNT deposition area.

As it was initially thought, the behavior of the
area of deposition as sampling time increases resem-
bles the tendency verified for the mass. The area
increases quickly for 15 minutes and remains more
or less constant until the sampling time reaches 40
minutes, afterwards the area increases again. This
might indicate, as referred before, that the least ac-
tive sites are only activated after some time and
that the growth of CNT can be described in two
steps. Analyzing the binarized images, it appears
that deposition occurs initially on two areas. The
first can be defined as the region of the substrate
where the center of the flame is located. The sec-
ond one matches the ends of the flame. As time is
passing, carbon starts to fill the empty spots. That
might indicate that, the the most active sites are
located in the areas referred before.

4.4. Diameter Analysis

A diameter analysis could be important to quantify
the diameter evolution over time but also to under-
stand better how the active sites work. In order
to evaluate the diameter behavior over time, SEM
analysis were carried out (Figure 13) and an ex-
pected diameter was found for each sampling time.
The normal distributions are represented in Figure
14 results are summarized in Table 2.

(a) SS-AS-300-10-5min (b) SS-AS-300-10-20min

Figure 13: SEM images with 10k magnification of
three samples illustrating the variety of diameters
obtained.

(a) (b)

Figure 14: Normal distribution of diameter sizes for
different sampling times; (a) SS-AS-300-10-5min;
(b) SS-AS-300-10-70min.

Table 2: Expected diameter per sampling time.

Sampling time [min] Diameter [nm]

5 65.34

10 59.20

15 60.43

20 52.85

30 51.22

40 46.46

50 46.11

60 39.86

70 40.12

Analyzing the table above, the expected diame-
ter tends to decrease with time. It shows that the
sampling time has an important effect on the diam-
eter size of the nanoparticles. What probably hap-
pens is that the CNT with smaller diameters start
to overlap the bigger ones. The big nanoparticles
are still there but they are now covered by the lit-
tle ones, which are becoming predominant. So the
CNT diameter do not shrink over time, both CNT
are still present but just cannot be observed via
SEM. This gives a new idea of how deposition oc-
curs, showing that the big catalytic particles might
be the first ones to be activated in the beginning
of the synthesis process. When those particles are
gone, carbon seems start to gather around the small
catalytic particles and CNT with smaller diameters
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are formed.
Another normal distribution was made, so the

most expected value for CNT diameter during the
70 minutes could be calculated. This analysis will
help to qualify what is a big or a small CNT. The
following Figure 15 displays the normal distribution
accomplished for this case.

Figure 15: Normal distribution of the diameter for
the group of results obtained over the 70 minutes.

The overall expected diameter of CNT is 49.77
nm. This means that CNT with diameter sizes big-
ger than 49.77 nm will be denominated big CNT,
while values below 49.77 nm will be considered
small CNT. With this new nomenclature, it can be
made an analysis describing what is the percentage
of small and big CNT that each sample has. The
results show a tendency of small CNT increasing as
the sampling time increases. This means that small
CNT start to be predominant over time , just as
it was referred before in this report. This can be
used as another evidence that the small catalytic
particles are only activated after the big ones are
extinguished.

Kharlamova [13] investigated the melting points
of small catalytic particles. It was observed that
the melting point of small particles was lower when
compared to the bulk material.

In that same study, it was concluded that to
form CNT, the catalytic particle should be in the
liquid form, which means that CNT formation is
affected by temperature. However, it is still im-
portant to understand how those catalytic particles
are formed on the substrate. According to Zhou
and co-workers [14], small bumps start appearing
on the substrate when it was placed in the flame.
Those small bumps emerged only after 30 seconds of
heating exposure. It was stated that, if the surface
was completely smooth, the graphite basal planes
would be parallel to the substrate, in that way,
producing CNT would be impossible. It was ob-
served that those small bumps were indeed, active
catalytic particles that were generated to help the
growth of CNT. Those particles will have a melting
point smaller than the bulk material, as described
before. Thus, bigger catalytic particles will have
higher melting points, which would mean that in re-

gions where higher temperatures are observed, big-
ger catalytic particles are available. In other words,
bigger CNT might be synthesized where tempera-
ture values are higher. However, smaller active sites
are also present in those regions, since their melt-
ing points are lower than the ones for bigger active
sites. In that way, the production of bigger CNT in-
stead of smaller ones might indicate that the biggest
catalytic particles are, indeed, the most active ones.

It is expected that temperature will decrease from
the center to the end of the flame. As a result of
that, the CNT obtain might present different diam-
eter sizes along the deposition area. It is predicted
that the diameter of CNT will take the same behav-
ior as the temperature does, which suggests that the
CNT generated will display smaller diameter sizes
as deposition gets further from the center.

Since the doubt about the uniformity of the diam-
eter along the substrate came along. SEM analysis
were made, in order to verify that question. Four
points along the radius direction were analyzed, as
shown in Figure 16.

Figure 16: Points analyzed along the radius. Coor-
dinates (x, y) in millimeters ; (A) (19, 0); (B) (13,
0); (C) (6.5, 0); (D) (0, 0).

After obtaining the SEM images, normal distri-
butions of 60 diameters were made and the values
for the expected diameters were accomplished. The
results showed a tendency of the diameter of CNT
decreasing from point D (center) to point A (end of
the plate), as it is represented in Figure 17. Since
that tendency was kept during the experiment, only
the sample SS-AS-300-20min is represented here.

The results of the normal distributions for sample
SS-AS-300-20min are displayed in Table 3.

Table 3: Expected diameters for sample SS-AS-300-
20min over the radius.

Point Diameter [nm] σ

A 36.26 7.8

B 42.10 6.9

C 53.59 9.2

D 55.65 8.4
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(a) (b)

(c) (d)

Figure 17: Diameter analysis over radial direction
for SS-AS-300-20min; (a) SEM image for position
A; (b) Normal distribution of diameters for posi-
tion A; (c) SEM image for position D; (d) Normal
distribution of diameters for position D;

As referred before, the results show a clear ten-
dency of the size of the diameters to decrease over
the radius direction. It can indicate that big cat-
alytic particles are mainly located in the center of
the deposition.

The fact that, bigger CNT were produced where
the temperature is theoretically higher, might prove
that the biggest CNT are the most active ones..

Regarding the SEM images, Figure 13, entangled
CNT were formed. However one exception was ver-
ified. Looking at Figure 17d, CNT with a curled
shape were obtained.

4.5. Temperature

Figure 18: Temperature measured at Re = 300 in
three different points.

Since temperature affects the growth and synthe-
sis of CNT, measurements were made to evaluate if
temperature changed over the radius. In Figure 18
is described the variation of temperature as function
of the sampling time for all the positions recorded

(Figure 5).
As the point measured is moving outwards the

center of flame, the temperature starts to decrease.
This validates the results obtained, since temper-
ature seems to influence the diameter size of the
CNT obtained.

4.6. Velocity Field
Another study made was regarding the velocity in
the area where CNT is deposited. It is interest-
ing to analyze, how the velocity changes over time
and if consequently that affects the quantities of
CNT formed. According to Zhou and co-workers
[14], if high temperatures are combined with good
density of carbon particles in one region, poten-
tial active catalysts can be formed and consequently
CNT will potentially grow. In that way, if the ve-
locity at which carbon particles are is low, which
would mean an higher residence time, then there is
a higher chance of CNT being synthesized in that
region. This might explain why CNT are initially
formed in certain regions of the substrate.

A PIV analysis was implemented to study the
velocity field evolution. In this experiment Re =
700 and Re = 300 were analyzed.

As an exemplar of the behavior observed, only the
analysis at Re = 300 is displayed. The PIV analy-
sis was implemented in the region where deposition
occurs, just bellow the substrate and at HAB = 10
mm.

The 2-D velocity map is showed in Figure 19,
while the velocity profile obtained in the region
where deposition occurred is displayed in Figure 20.

Figure 19: 2-D velocity map. The blue line indi-
cates the region where velocities where measured.

Figure 20: Velocity profile at the deposition region
for Re = 300.
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In this case the deposition takes place from r =
0 mm to r = 20 mm. However, as it was shown
before, the first areas to be covered with CNT are
at the center and at the ends of flame. The coor-
dinates for those areas are r = 0 - 10 mm (center)
and r = 18 - 20 mm, which results in values of ve-
locity around 0.02 - 0.16 m/s for r = 0 - 10 mm and
0.11 m/s for r = 18 - 20 mm. This analysis indi-
cates that in both cases (Re = 700 and Re = 300),
the velocity observed in the areas where deposition
takes place is very similar. Based on the results
obtained, deposition seems to occur initially in the
regions where velocities are comprised between 0.02
- 0.16 m/s The residence time is higher which poten-
tiate the attraction to the catalytic particle. As it
was said before, high temperatures combined with
a constant presence of carbon particles favors the
growth of CNT. The regions where lower velocities
are observed, are the ones where deposition occurs
firstly. In those regions, the quantity CNT gener-
ated is higher resulting in less active sites available
as time passes. In result of that, carbon might start
to deposit on the empty spots as it can be observed
in Figure 11. Therefore, the velocity at which the
particle is going seems to influence how deposition
occurs.

Important to add that, deposition does not oc-
cur after r = 20 mm even though the velocities are
lower after that. That can be explained due to com-
bustion not occurring after r = 20 mm, the flame
plume is not visible after that and consequently no
combustion products are present.

5. Conclusions
During this report, it was possible to achieve the
following conclusions:

• The presence of N2 revealed to generate more
quantity of CNT, which is fundamental if the
objective is to maximize the mass production.

• The envelope flame mode (Re = 300) allowed
an increase of CNT production. Combined
with the substrate placed at HAB = 10 mm,
the mass of CNT synthesized was maximum.

• Based on the results obtained, bigger catalytic
particles seem to have higher attraction force.
In that way, small CNT are only produced
when the bigger active sites are not available.

• It was demonstrated that temperature affects
the diameter size of the CNT obtained.

• The velocity and consequently the time of res-
idence of carbons affect how deposition occurs.

• Based on the diameter range for each
type of nanoparticle (SWCNT, MWCNT and

CNF), MWCNT were successfully accom-
plished. Mostly bundles of entangled CNT
were observed.

Acknowledgements
For all the help and support, the author would like
to thank Prof. Edgar Fernandes, Dr. Lúısa Mar-
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