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Abstract
In this study, an empirical relationship between the energy band gap of multi-walled car-
bon nanotubes (MWCNTs) and synthesis parameters in a chemical vapor deposition (CVD) 
reactor using factorial design of experiment was established. A bimetallic (Fe-Ni) catalyst 
supported on CaCO3 was synthesized via wet impregnation technique and used for MWCNT 
growth. The effects of synthesis parameters such as temperature, time, acetylene flow rate, 
and argon carrier gas flow rate on the MWCNTs energy gap, yield, and aspect ratio were 
investigated. The as-prepared supported bimetallic catalyst and the MWCNTs were charac-
terized for their morphologies, microstructures, elemental composition, thermal profiles and 
surface areas by high-resolution scanning electron microscope, high resolution transmission 
electron microscope, energy dispersive X-ray spectroscopy, thermal gravimetry analysis and 
Brunauer-Emmett-Teller. A regression model was developed to establish the relationship 
between band gap energy, MWCNTs yield and aspect ratio. The results revealed that the 
optimum conditions to obtain high yield and quality MWCNTs of 159.9% were: temperature 
(700ºC), time (55 min), argon flow rate (230.37 mL min–1) and acetylene flow rate (150 mL 
min–1) respectively. The developed regression models demonstrated that the estimated values 
for the three response variables; energy gap, yield and aspect ratio, were 0.246 eV, 557.64 
and 0.82. The regression models showed that the energy band gap, yield, and aspect ratio of 
the MWCNTs were largely influenced by the synthesis parameters and can be controlled in 
a CVD reactor.

Key words: multi-walled carbon nanotubes, factorial design, energy gap, regression model, 
scanning electron microscopy, transmission electron microscope, chemical vapor deposi-
tion

1. Introduction

Researchers have extensively explored different synthesis protocols to produce large 
quantities of high quality carbon nanotubes (CNTs), which exhibit exceptional mechanical, 
chemical, and electronic properties [1]. Such unique characteristics, including high tensile 
strength, high elastic modulus, high thermal conductivity, and tendencies to withstand high 
current densities, make the CNTs suitable for different applications in electronics and ma-
terials science. In particular, single-walled carbon nanotubes (SWCNTs), and multi-walled 
carbon nanotubes (MWCNTs) are growing in popularity for applications in new electronic 
devices [2].
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cal equations that relate the MWCNTs’ band gap, yield, and as-
pect ratio to the nanotubes’ synthesis conditions.

2. Experimental

2.1. Materials

Iron nitrate nonahydrate, Fe(NO3)3.9H2O; nickel nitrate hexa-
hydrate, Ni(NO3)2.6H2O; calcium carbonate, CaCO3; sulphuric 
acid, H2SO4; nitric acid, HNO3; and Argon and acetylene gases 
were of analytical grade with percentage purity in the range of 
98 to 99.99%. All chemicals were used without further purifica-
tion.

2.2. Synthesis of the Fe-Ni/CaCO3 catalyst

Bimetallic (Fe-Ni) catalyst supported on CaCO3 was prepared 
by the wet impregnation method. An equimolar (50:50 wt%) so-
lution of Fe (NO3)3.9H2O and Ni(NO3)2.6H2O salts was impreg-
nated with 6 g of CaCO3 as the support material. The mixture 
was allowed to age for 1 h under continuous stirring. The ho-
mogenized slurry obtained was dried at 120˚C for 12 h. The re-
sulting product was ground and calcined at 400°C for 16 h. The 
calcined samples were allowed to cool and then sieved through 
a 150 μm sieve and then kept for characterization. 

2.3. Synthesis of MWCNTs

Design Expert version 7 was used for the factorial design 
of experiment shown in Table 1 to generate experimental runs 
where the influence of the following synthesis parameters on 
the catalyst yield were investigated, namely, acetylene flow rate, 
argon flow rate, reaction temperature, and time. About 1 g of 
the prepared bimetallic Fe-Ni/CaCO3 catalyst obtained under 
the optimum conditions in Section 2.2 was used for each run.

The two-level factorial experimental design for the four CVD 
variables resulted in the generation of 16 experimental runs, pre-
sented in Table 2. 

The yield of MWCNTs produced in the CVD with the Fe-Ni/
CaCO3 catalyst was determined after purification of all samples 
with H2SO4 and HNO3 acids. The yields were calculated using 
the relationship presented in Eq. 1.

 (1)

where Mt is the total mass of the final catalyst and carbon prod-
ucts after the CVD reaction process, and Mcat is the initial mass 
of the Fe-Ni/CaCO3 catalyst.

The nanotubes have been synthesized by several methods, 
including arc discharge, laser ablation, electrolysis, sono-
chemical (or hydrothermal) and various forms of chemical 
vapor deposition (CVD) methods [1,3]. Among these, the 
catalytic chemical vapor deposition (CCVD) method remains 
the most popular. CCVD is a simple and economically viable 
technique for preparing high-quality and high-quantity CNTs 
in continuous mode, and at a significantly lower temperature 
than other techniques [4]. In a typical CCVD method, MW-
CNTs are obtained via deposition of acetylene or methane gas 
onto supported single- or combined transition metal catalysts 
(such as Fe, Co, Ni, Fe-Co, Fe-Ni, or Fe-Ni-Co on CaCO3), 
which are placed inside a long horizontal furnace [3,5-8]. The 
advantages offered by bimetallic catalysts, and by CaCO3 as 
catalyst support for CNTs synthesis, have been well-reported 
in the literature [4].

Despite advances in the MWCNTs synthesis techniques, up 
to commercial scale production, investigations of controlled 
synthesis methods to obtain tailored nanotube properties for 
specific applications are continuing [9]. For instance, the use 
of MWCNTs in sensor devices is one of their most promising 
applications in electronics. Such sensors need to exhibit high 
sensitivity and selectivity, as well as fast response and recovery 
[10]. 

A number of experimental measurements are available to 
study the nanotubes’ electronic properties [11-13], but most 
of the literature investigating the dependence of CNT elec-
tronic properties on their chirality has been largely based on 
theoretical physical principles [14-18]. In particular, first-
principle calculations have been useful for predicting many 
of the electronic properties of CNTs. Theoretically, if the chi-
rality and the diameter of MWCNTs can be controlled dur-
ing MWCNT synthesis, then it would be possible to obtain 
desired properties for different electronic applications, based 
on the growth conditions.

One of the important electronic properties of MWCNTs is the 
band structure, and this has been the focus of several theoretical 
simulations [14-18].Depending on their chirality and diameter, 
MWCNTs exhibit various band gaps, which in turn determine 
the insulating, semiconducting, or metallic properties of the 
nanotubes. In addition, MWCNTs can behave as a ballistic con-
ductor at room temperature. Ballistic electronic transport can 
occur in a conductor whose length is smaller than the electronic 
mean free path [2]. The metallic or semiconducting MWCNTs 
can be used as wires on circuit boards or a channel in transistors. 
Nonetheless, empirical relationships relating CNT synthesis 
conditions to the nanotubes’ electronic properties have not been 
well-explored.

Instead of experimental measurements of MWCNTs band 
gaps, the present study relied on the widely used approximation 
based on the tight-binding model of grapheme π-bands with the 
nearest-neighbor [19] for semi-conducting nanotubes, as modi-
fied by Jamal and Arefin (2011). Because MWCNTs are ballistic 
conductors at room temperature, we approximated the band gaps 
of metallic MWCNTs to be three times as large as those of semi-
conducting nanotubes [20], using the modifications of Jamal and 
Arefin (2011). 

This article reports a factorial design-synthesis of MWCNTs 
via CVD using a Fe-Ni/CaCO3 catalyst, and establishes empiri-

Table 1.  Levels of factors considered in the experimental design.

Level Time
(min)

Temp
(°C)

Argon flow 
rate

(mL min–1)

Acetylene flow 
rate

(mL min–1)

Lower (-) 45 700 230 150

Upper (+) 55 760 280 180
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gy gap (eV) against the MWCNTs diameter (nm) obtained from 
TEM images of the samples, for metallic (M) and semi-conduct-
ing (S) nanotubes.

2.5. Characterization of the Fe-Ni/CaCO3 cata-
lyst and MWCNTs

The as-prepared catalyst-and MWCNTs synthesized at the 
optimum conditions were characterized in order to determine 
their thermal stability, surface area, nature of functional groups, 
degree of crystallinity, and morphology using thermal gravimet-
ric analysis (TGA; TGA 4000, Perkin Elmer, USA), Brunauer-
Emmett-Teller (BET; NOVA 4200e, Quantachrome Instruments, 
USA), Fourier transform infrared (Perkin Elmer Frontier Spec-
trometer), X-ray diffractometer (XRD; PW 1800 diffractometer, 
Philips, Netherlands), high-resolution scanning electron micro-
scope coupled with electron diffraction spectrometer (HRSEM-
EDS; JEM 100S, JEOL Ltd., Japan), and high-resolution trans-
mission electron microscope (HRTEM)/selected area electron 
diffraction (SAED) (Philips CM20 FEG, the Netherlands).

3. Results and Discussion

The TGA profile of the calcium carbonate support used for 
the bimetallic catalyst was obtained over the temperature range 
of 0 to 700ºC at a constant heating rate of 10 mL min–1 under N2 
flow, and is depicted in Fig. 1.

In Fig. 1, it can be seen that the material is thermally stable 
up to 616ºC and beyond this, a weight loss of 97% occurred 
between 616 and 700ºC. This was attributed to the decomposi-
tion of CaCO3 into CaO and CO2. This informed the choice of 
700ºC for the development of the Fe-Ni/CaCO3 catalyst, which 
was utilized in CNTs production. HRSEM was used to examine 
the surface morphology of the prepared bimetallic Fe-Ni/CaCO3 
catalyst, and the results of the micrographs at low and high mag-
nification are presented in Fig. 2. 

HRSEM images at low magnification revealed the presence 
of scattered agglomerated, irregular and highly porous particles, 
whereas at higher magnification, it was found that the spherical 
catalyst particles were homogeneously distributed on the sub-
strate surface (CaCO3). The uniform distribution of the catalyst 
particles reveals the porous nature of the support material, which 
is an essential requirement for a catalyst to be used in CNT syn-

2.4. Energy gap calculation and ANOVA

The energy gaps of the MWCNTs were determined for metal-
lic (M) type and semi-conducting (S) nanotubes using the fol-
lowing equations: 

     (2)

  (3)

where Eg-S and Eg-M depict the energy band gap (eV), γo = 2.7eV 
(or ~3.0eV for graphite and nanotubes), ac-c = 0.142 nm is the 
nearest-neighbor carbon-carbon bond length, and dt is the nano-
tube diameter in nm [20,21]. In this study, the energy gaps were 
estimated from the diameter of the CNTs obtained from high-
resolution scanning electron microscope (HRSEM)/ transmis-
sion electron microscope (TEM) micrographs, while the values 
of γo = 3.0 eV and ac-c = 0.142 nm were maintained. 

Single-response models were developed for the MWCNTs 
yield, energy gap and aspect ratio using Design Expert software. 
Various synthesis parameters, including time, temperature, ar-
gon flow rate, and acetylene flow rate were the independent vari-
ables, while the CNTs yield, Energy gap, and Aspect ratio were 
the responses. The three regression models formed the basis for 
multi-response optimization which was carried out in the Design 
Expert. Logarithmic and polynomial regression equation fittings 
were obtained from a Kataura plot generated by graphing ener-

Table 2. Factorial experimental matrix for MWCNTs synthesis

Run Time 
(min)

Temperature 
(°C)

Argon flow 
rate

 (mL min–1)

Acetylene 
flow rate 

(mL min–1)

1 45 700 230 150

2 55 700 230 150

3 45 760 230 150

4 55 760 230 150

5 45 700 280 150

6 55 700 280 150

7 45 760 280 150

8 55 760 280 150

9 45 700 230 180

10 55 700 230 180

11 45 760 230 180

12 55 760 230 180

13 45 700 280 180

14 55 700 280 180

15 45 760 280 180

16 55 760 280 180

Fig. 1. Thermal profiles of CaCO3 support at a heating rate of 10 mL 
min–1 under N2.
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the presence of agglomerated iron and nickel particles effec-
tively loaded on to the calcium carbonate. The micrographs also 
indicate the presence of lattice fringes which further confirmed 
that the prepared catalyst is highly crystalline. 

As presented in Fig. 4, highly crystalline phases dispersed 
in the whitish CaCO3 support matrix could be observed. The 
crystalline phase in the HRTEM suggests the possible formation 
of NiFe2O4 in the final catalyst. This indicates that the wet im-
pregnation method used in the catalyst preparation was effective 
in dispersing the metal nanoparticles onto the support matrix. 
The regions of metal particles are the active part or sites of the 
catalyst on which the CNTs would grow, while the white bulk 
regions are the support-dominated regions. 

Fig. 5 presents the XRD results of the Fe-Ni/CaCO3 catalyst, 
which was used to analyze its crystalline nature. The XRD pat-
tern reveals the presence of the follow ing diffraction peaks at 2θ 
values of 29.5, 31.5, 37.8, 41.6, 43.4, 45.2 and 51.9o. 

The peaks observed at Bragg angle values of 37.463, 41.1705, 
44.9604, 47.1574, and 50.5629o were attributed to the existence 

thesis. The sizes of the Ni-Fe nanoparticles can influence the 
diameter of the CNTs. The HRSEM image of the catalyst pre-
sented in Fig. 2 shows that the Ni-Fe nanoparticles dispersed 
on the CaCO3 support material are about 40 nm in size. The 
observed dispersion of Ni-Fe nanoparticles on the CaCO3 was 
also supported by the accompanying EDX spectrum, showing 
that Ni, Fe, Ca, C and O are the dominant elements present in the 
sample. The corresponding EDX of the Fe-Ni/CaCO3 catalyst is 
shown in Fig. 3.

Fig. 3 reveals the presence of the following elements: C, Ca, 
O, Fe, Ni, Mg and Ca in different proportions. Ca has the high-
est percentage of 19.26 wt% and Ni is the lowest amount. The 
presence of these transition elements (Fe, Ni) further confirmed 
the successful deposition of the catalyst particles on the support. 

The EDX spectrum qualitatively confirmed the chemi-
cal components of the Ni-Fe/CaCO3 catalyst. The results also 
showed that the nitrates in the Fe and Ni salts were converted to 
their respective metallic oxides during the calcination process. 
The EDX percentage elemental compositions of the original cat-
alyst mixture of (C=81.66%; O=5.76%; Ca=4.21%; Fe=4.12%; 
Ni=4.09%; Cu=0.16) revealed that the particles contained both 
Fe and Ni in the ratio of 1:1 mass %, the same proportion as used 
in the catalyst preparation. The EDX also showed high oxygen 
content, which could be the result of iron and cobalt oxide for-
mation (NiFe2O4, Fe2O3 and Ni3O4).

Also, the presence of heavy metals (Fe and Ni) around the 
low energy position of oxygen in the spectrum (Ring in Fig. 3) 
further suggests that oxygen is possibly in mixed oxides form of 
the following elements; Ca, Fe and Ni and hence the presence of 
ternary NiFe2O4 and oxides of Fe and Ni. However, the Ca, Fe, 
and Ni were also present individually, as found around 3.7, 6.4, 
and 7.5 to 8.3 keV respectively in Fig. 3.

The microstructures and the crystalline nature of the as-pre-
pared Fe-Ni/CaCO3 were examined using HRTEM. Fig. 4 show 

Fig. 2. HRSEM images of the Fe-Ni/CaCO3 catalyst at (a) low magnifica-
tion (b) high magnification. 

Fig. 3. EDX of Fe-Ni/CaCO3 catalyst.

Fig. 4. HRTEM images of the Fe-Ni/CaCO3 catalyst.

Fig. 5. XRD patterns of the Fe-Ni/CaCO3 catalyst.
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obtained.
The results of analysis of variance (ANOVA) carried out in 

Design Expert software was used to generate regression mod-
els which were used for multi-response optimization. The inde-
pendent variables included the various CVD parameters (time, 
temperature, Argon flowrate, and acetylene flowrate), and three 
responses (CNTs yield, energy gap, and aspect ratio) were con-
sidered. Three separate regression models were developed using 
ANOVA for each response (that is yield, energy gap, and aspect 
ratio) as presented in Tables 4-6.

The model F-value of 22.84 implies the model is significant. 
The factors A, B, D, AD, BC are significant model terms be-

of Fe3C in the catalytic structure. Fe2O3 which was regarded as 
one of the resource candidates for Fe inside the catalyst was ex-
amined at Bragg angles of 33.7006o and 62.1522o. The peaks ap-
pearing at 43.1753, 57.3737, and 62.2346o could be linked to the 
presence of Fe3O4. The peaks observed at 37.3808 and 43.449o 
could be associated with NiFe2O4. In addition, the peak traced to 
a Bragg angle of 57.3737o could be that of CaFe2O4. 

The surface area of the catalyst as obtained from the BET 
method was 63.353 m2 g–1 and a pore volume of 12.9423 cm3 
g–1 was obtained. Overall, the properties of the Fe-Ni/CaCO3 
as revealed by the TGA, HRSEM, EDX, HRTEM, XRD, and 
BET showed its suitability for CNT growth. For the MWCNTs, 
which were characterized by TEM, SEM and XRD, Table 3 list 
the variation in MWCNTs properties with synthesis conditions 
in the factorial experimental design. The band gaps have been 
estimated from the diameters of the as-synthesized MWCNTs as 
obtained from TEM images.

As presented in Table 3, experimental run 10 gave the highest 
yield of 198% MWCNTs at conditions of 55 min, 700°C, 230 
mL min–1 argon flowrate, and 180 mL min–1 acetylene flowrate. 
The high yield could have been favored by the combined effects 
of a longer reaction duration of 55 min, and higher acetylene 
flowrate of 180 mL min–1. It can be observed from the results 
that the band gaps of the MWCNTs vary with the CVD synthesis 
parameters and other properties of the nanotubes such as yield, 
morphology, aspect ratio, and crystalline nature. Again, chirali-
ty and defects in nanotubes are important factors affecting their 
electronic properties. So, the XRD peak angles and peak shifts 
observed in the results (Table 3) are indicative of possible lattice 
distortions that could affect the energy gaps of the MWCNTs as 

Table 3. Variation in MWCNTs properties with synthesis conditions in factorial design

Run Yield (%) TEM Band gap (eV), S SEM Aspect ratio XRD

1 101 0.2526 600

2 181 0.2465 520

3 34 0.2384 380

4 81 0.2395 410

5 93 0.2449 500

6 127 0.2407 430

7 67 0.2356 390

8 80 0.2340 380

9 184 0.2332 350

10 198 0.2319 320

11 100 0.2283 205

12 72 0.2256 200

13 179 0.2292 210

14 162 0.2302 220

15 93 0.2247 190

16 91 0.2228 140

Table 4. Response 1 (yield) ANOVA table for selected factorial 
model

Source F-value P-value Remark

Model 22.84 0.0001 Significant

A (Time)  5.56 0.0461 Significant

B (Temperature) 103.03 <0.0001 Significant

C (Argon flowrate)  0.97 0.3527  Not significant

D (Acetylene flowrate) 27.75 0.0008 Significant

AD 11.98 0.0085 Significant

BC  6.04 0.0394 Significant

BD  4.51 0.0664 Significant at 
(P<0.1)
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of 0.0001 showed it is a reliable model that can be used to navi-
gate the design space. The final regression equation in terms of 
coded factors is presented in Eq. 4;

Yield = 115.19 + 8.81A - 37.94B - 3.69C + 19.69D 
         - 12.94AD + 9.19BC - 7.94BD (4)

Similarly, the final Equation in terms of actual factors were:

Yield = -496.133 + 30.225 * Time - 1.478 * Temp -9.09 
            * Argon Flowrate + 22.81 * Acetylene Flowrate
            - 0.173 * Time * Acetylene Flowrate + 0.012 
            * Temp * Argon Flowrate - 0.018 * Temp 
            * Acetylene Flowrate (5)

It was also observed that regression Eq. 4 agrees well with the 
behaviour of the model graphs, showing the two-way interaction 
effects of the synthesis conditions on the yield, as presented in 
Fig. 6, respectively, for acetylene flowrate and time, argon flow-
rate and temperature, and acetylene flowrate and temperature.

Table 5 is the ANOVA results for the Energy Gaps of the 
semi-conducting MWCNTs. The model F-value of 89.13 and 
P-value of <0.0001 implies the model is significant. Thus, the 
factors A, B, C, D, BD, ABD are significant model terms. An 
R2 value of 0.9834 was obtained. The Predicted R2 of 0.9477 
is in reasonable agreement with the adjusted R2 of 0.9724. The 
final regression equation in terms of coded factors is presented 
in Eq. 6:

Energy Gap = 0.23 - 9.812×10-4 A - 3.76910-3 B - 2.119
                     ×10-3 C - 6.644 × 10-3 D + 8.812 × 10-4 BD
                     - 8.812 × 10-4 ABD (6)

cause they fulfill the P<0.05 criteria. An R2 of 0.9523 was ob-
tained, and the predicted R2 of 0.8094 is in reasonable agreement 
with the adjusted R2 of 0.9106. The source term, Argon flowrate 
(C) was added in the model to support hierarchy, even though it 
is not a significant term in the model. The overall model P-value 

Table 5. Response 2 (energy gap) ANOVA table for selected fac-
torial model

Source F-value P-value Remark

Model  89.13 <0.0001 Significant

A (Time)  7.88 0.0205 Significant

B (Temperature) 116.24 <0.0001 Significant

C (Argon flowrate)  36.74 0.0002 Significant

D (Acetylene flowrate) 361.23 <0.0001 Significant

BD  6.36 0.0327 Significant

ABD  6.36 0.0327 Significant

Table 6. Response 3 (aspect ratio) ANOVA table for selected fac-
torial model

Source F-value P-value Remark

Model  76.60 <0.0001 Significant

B (Temperature)  52.46 <0.0001 Significant

C (Argon flowrate)  19.78 0.0010 significant

D (Acetylene flowrate) 226.11 <0.0001 Significant

BC  8.05 0.0161 Significant

Fig. 6. Two-way interaction model graphs for yield response (a) acetylene flowrate and time; (b) argon flowrate and temperature; and (c) acetylene flow-
rate and temperature.
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tions within the domain of factors selected for MWCNTs syn-
thesis were found to be 55 min time, 700°C temperature, 230.37 
mL min–1 Argon flowrate, and 150 mL min–1 acetylene flowrate. 
This condition achieved a simultaneous optimum, with a yield 
of 159.932%, Energy gap of 0.2464 eV, and Aspect ratio of 
557.644, with an overall desirability of 0.820.

Presented in Fig. 9 is a Kataura plot of band gap against 
nanotubes diameter (nm) obtained from TEM images of the 
MWCNTs samples. The Kataura plot was generated from cal-
culated energy gaps (for semi-conducting, S, and metallic, M, 
nanotubes). It is a graph relating the energy of the band gaps in 
a CNT to its diameter.

Each MWCNT of a certain diameter can be metallic (M) or 
semiconducting (S); it can have several band gaps, convention-
ally labeled as S11, S22, M11, M22, and so on. This property results 
in multiple branches in the Kataura plot [22]. Both semi-con-
ducting and metallic curves in the Kataura plot gave R2 values 
of 0.969 in logarithmic regression equation fitting, and 0.988 in 
two-degree polynomial regression equation fitting, as presented 
in Eqs. 9 and 10; 

Logarithmic regression equations;

Eg-S = - 0.02ln(dt) + 0.319, R2 = 0.969 (9a)

Eg-M = - 0.07ln(dt) + 0.957, R2 = 0.969 (9b)

Two-degree Polynomial regression equations;

Eg-S = 2×10-5 dt
2 - 0.002dt + 0.281, R2 = 0.988 (10a)

Eg-M  = 6×10-5 dt
2 - 0.006dt + 0.845, R2 = 0.988 (10b)

where dt is the MWCNTs diameter. Eqs. 9 and 10 can be consid-
ered alternative expressions for Eqs. 2 and 3, respectively.

4. Conclusions

Multi-walled CNTs were synthesized from a CaCO3-sup-
ported bimetallic (Fe-Ni) catalyst which was prepared by wet 
impregnation. Both the catalyst and the synthesized MWCNTs 
were characterized to investigate the suitability of the catalyst 

The two-way interaction effect of temperature and time on 
the energy gap, which is in agreement with Eq. 6, is also sup-
ported by Fig. 7.

The model F-value of 76.60 implies the model is significant, 
and the factors B, C, D, BC are significant model terms fulfilling 
the P<0.05 criteria. An R2 of 0.9653 was obtained, and the pre-
dicted R2 of 0.9267 is in reasonable agreement with the adjusted 
R2 of 0.9527. The final regression Equation in terms of coded 
factors is presented in Eq. 7;

Aspect Ratio = 340.31 - 53.44B - 32.81C
                     - 110.94D + 20.94BC (7)

Again, Eq. 7 gives the final equation in terms of actual fac-
tors, which were:

Aspect Ratio = 8392.31 - 8.9 * Temp - 21.69 
                         * Argon Flowrate - 7.396 * Acetylene Flowrate
                      + 0.0279 * Temp * Argon Flowrate  (8)

Similar to Figs. 6 and 7, a two-way interaction effect of argon 
flowrate and temperature on the aspect ratio, which is in agree-
ment with Eq. 7, is also supported by Fig. 8.

The three regression models were the basis of a multiresponse 
optimization that identified the combination of factors which 
could simulataneously predict the optimum synthesis conditions 
for MWCNTs’ yield, Energy gap, and aspect ratio, in the case 
of semi-conducting nanotubes. The optimum synthesis condi-

Fig. 7. Two-way interaction model graph for energy gap (temperature 
and time).

Fig. 8. Two-way interaction model graph for aspect ratio (argon flow-
rate and temperature).

Fig. 9. Kataura plot of the synthesized MWCNTs as semi-conducting (S), 
and metallic (M).
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and to study the effects of synthesis conditions on the CNTs 
properties. Peak shifts were observed in the XRD patterns of 
the nanotubes, suggesting crystal lattice deformations that could 
be responsible for variation in the energy gaps. The energy gaps 
of the MWCNTs (semi-conducting and metallic case) were ob-
tained empirically from the TEM average diameter. Three dif-
ferent regression models were developed to analyze the effect of 
synthesis conditions on the Yield, Energy gap, and Aspect ratio 
of the nanotubes. These were used as the basis for a multiple 
response optimization that gave a global optimum. The regres-
sion models showed that the energy gap of the MWCNTs can be 
controlled by time, temperature, carrier gas, acetylene flowrate, 
and the interactions of (temperature-acetylene flowrate), and 
(time-temperature-acetylene flowrate). Also, the yield was af-
fected by time, temperature, acetylene flowrate, and interactions 
of (time-acetylene flowrate), temperature-argon, and (tempera-
ture-acetylene flowrate); while the aspect ratio was influenced 
by temperature, argon flowrate, acetylene flowrate, and interac-
tion of (temperature-argon flowrate). A Kataura plot for both the 
semi-conducting and metallic type MWCNTs was also made to 
establish empirical regression equations for both.
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