
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/341824557

Carbon precursor analysis for catalytic growth of carbon nanotube in flame

synthesis based on semi-empirical approach

Article  in  Carbon letters · February 2020

DOI: 10.1007/s42823-020-00127-z

CITATION

1
READS

94

5 authors, including:

Muhammad Thalhah Zainal

Universiti Teknologi Malaysia

7 PUBLICATIONS   45 CITATIONS   

SEE PROFILE

mohd fairus mohd yasin

Universiti Teknologi Malaysia

46 PUBLICATIONS   247 CITATIONS   

SEE PROFILE

Wan Fahmin Faiz Wa

Universiti Teknologi Malaysia

69 PUBLICATIONS   311 CITATIONS   

SEE PROFILE

Khairul Fikri Tamrin

University Malaysia Sarawak

72 PUBLICATIONS   713 CITATIONS   

SEE PROFILE

All content following this page was uploaded by mohd fairus mohd yasin on 23 August 2020.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/341824557_Carbon_precursor_analysis_for_catalytic_growth_of_carbon_nanotube_in_flame_synthesis_based_on_semi-empirical_approach?enrichId=rgreq-5bfc1849ffdd8112d74bddf6af6b06f5-XXX&enrichSource=Y292ZXJQYWdlOzM0MTgyNDU1NztBUzo5Mjc1Nzc3ODcwNzI1MTJAMTU5ODE2MzE4NjQwOQ%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/341824557_Carbon_precursor_analysis_for_catalytic_growth_of_carbon_nanotube_in_flame_synthesis_based_on_semi-empirical_approach?enrichId=rgreq-5bfc1849ffdd8112d74bddf6af6b06f5-XXX&enrichSource=Y292ZXJQYWdlOzM0MTgyNDU1NztBUzo5Mjc1Nzc3ODcwNzI1MTJAMTU5ODE2MzE4NjQwOQ%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-5bfc1849ffdd8112d74bddf6af6b06f5-XXX&enrichSource=Y292ZXJQYWdlOzM0MTgyNDU1NztBUzo5Mjc1Nzc3ODcwNzI1MTJAMTU5ODE2MzE4NjQwOQ%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Muhammad-Thalhah-Zainal?enrichId=rgreq-5bfc1849ffdd8112d74bddf6af6b06f5-XXX&enrichSource=Y292ZXJQYWdlOzM0MTgyNDU1NztBUzo5Mjc1Nzc3ODcwNzI1MTJAMTU5ODE2MzE4NjQwOQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Muhammad-Thalhah-Zainal?enrichId=rgreq-5bfc1849ffdd8112d74bddf6af6b06f5-XXX&enrichSource=Y292ZXJQYWdlOzM0MTgyNDU1NztBUzo5Mjc1Nzc3ODcwNzI1MTJAMTU5ODE2MzE4NjQwOQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universiti-Teknologi-Malaysia?enrichId=rgreq-5bfc1849ffdd8112d74bddf6af6b06f5-XXX&enrichSource=Y292ZXJQYWdlOzM0MTgyNDU1NztBUzo5Mjc1Nzc3ODcwNzI1MTJAMTU5ODE2MzE4NjQwOQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Muhammad-Thalhah-Zainal?enrichId=rgreq-5bfc1849ffdd8112d74bddf6af6b06f5-XXX&enrichSource=Y292ZXJQYWdlOzM0MTgyNDU1NztBUzo5Mjc1Nzc3ODcwNzI1MTJAMTU5ODE2MzE4NjQwOQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mohd-Fairus-Mohd-Yasin?enrichId=rgreq-5bfc1849ffdd8112d74bddf6af6b06f5-XXX&enrichSource=Y292ZXJQYWdlOzM0MTgyNDU1NztBUzo5Mjc1Nzc3ODcwNzI1MTJAMTU5ODE2MzE4NjQwOQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mohd-Fairus-Mohd-Yasin?enrichId=rgreq-5bfc1849ffdd8112d74bddf6af6b06f5-XXX&enrichSource=Y292ZXJQYWdlOzM0MTgyNDU1NztBUzo5Mjc1Nzc3ODcwNzI1MTJAMTU5ODE2MzE4NjQwOQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universiti-Teknologi-Malaysia?enrichId=rgreq-5bfc1849ffdd8112d74bddf6af6b06f5-XXX&enrichSource=Y292ZXJQYWdlOzM0MTgyNDU1NztBUzo5Mjc1Nzc3ODcwNzI1MTJAMTU5ODE2MzE4NjQwOQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mohd-Fairus-Mohd-Yasin?enrichId=rgreq-5bfc1849ffdd8112d74bddf6af6b06f5-XXX&enrichSource=Y292ZXJQYWdlOzM0MTgyNDU1NztBUzo5Mjc1Nzc3ODcwNzI1MTJAMTU5ODE2MzE4NjQwOQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Wan-Fahmin-Faiz-Wa?enrichId=rgreq-5bfc1849ffdd8112d74bddf6af6b06f5-XXX&enrichSource=Y292ZXJQYWdlOzM0MTgyNDU1NztBUzo5Mjc1Nzc3ODcwNzI1MTJAMTU5ODE2MzE4NjQwOQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Wan-Fahmin-Faiz-Wa?enrichId=rgreq-5bfc1849ffdd8112d74bddf6af6b06f5-XXX&enrichSource=Y292ZXJQYWdlOzM0MTgyNDU1NztBUzo5Mjc1Nzc3ODcwNzI1MTJAMTU5ODE2MzE4NjQwOQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universiti-Teknologi-Malaysia?enrichId=rgreq-5bfc1849ffdd8112d74bddf6af6b06f5-XXX&enrichSource=Y292ZXJQYWdlOzM0MTgyNDU1NztBUzo5Mjc1Nzc3ODcwNzI1MTJAMTU5ODE2MzE4NjQwOQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Wan-Fahmin-Faiz-Wa?enrichId=rgreq-5bfc1849ffdd8112d74bddf6af6b06f5-XXX&enrichSource=Y292ZXJQYWdlOzM0MTgyNDU1NztBUzo5Mjc1Nzc3ODcwNzI1MTJAMTU5ODE2MzE4NjQwOQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Khairul-Tamrin?enrichId=rgreq-5bfc1849ffdd8112d74bddf6af6b06f5-XXX&enrichSource=Y292ZXJQYWdlOzM0MTgyNDU1NztBUzo5Mjc1Nzc3ODcwNzI1MTJAMTU5ODE2MzE4NjQwOQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Khairul-Tamrin?enrichId=rgreq-5bfc1849ffdd8112d74bddf6af6b06f5-XXX&enrichSource=Y292ZXJQYWdlOzM0MTgyNDU1NztBUzo5Mjc1Nzc3ODcwNzI1MTJAMTU5ODE2MzE4NjQwOQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University-Malaysia-Sarawak?enrichId=rgreq-5bfc1849ffdd8112d74bddf6af6b06f5-XXX&enrichSource=Y292ZXJQYWdlOzM0MTgyNDU1NztBUzo5Mjc1Nzc3ODcwNzI1MTJAMTU5ODE2MzE4NjQwOQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Khairul-Tamrin?enrichId=rgreq-5bfc1849ffdd8112d74bddf6af6b06f5-XXX&enrichSource=Y292ZXJQYWdlOzM0MTgyNDU1NztBUzo5Mjc1Nzc3ODcwNzI1MTJAMTU5ODE2MzE4NjQwOQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mohd-Fairus-Mohd-Yasin?enrichId=rgreq-5bfc1849ffdd8112d74bddf6af6b06f5-XXX&enrichSource=Y292ZXJQYWdlOzM0MTgyNDU1NztBUzo5Mjc1Nzc3ODcwNzI1MTJAMTU5ODE2MzE4NjQwOQ%3D%3D&el=1_x_10&_esc=publicationCoverPdf


1 23

Carbon Letters
 
ISSN 1976-4251
 
Carbon Lett.
DOI 10.1007/s42823-020-00127-z

Carbon precursor analysis for catalytic
growth of carbon nanotube in flame
synthesis based on semi-empirical approach

Muhammad Thalhah Zainal, Mohd
Fairus Mohd Yasin, Wan Fahmin Faiz
Wan Ali, Khairul Fikri Tamrin & Mohd
Hanafi Ani



1 23

Your article is protected by copyright and

all rights are held exclusively by Korean

Carbon Society. This e-offprint is for personal

use only and shall not be self-archived

in electronic repositories. If you wish to

self-archive your article, please use the

accepted manuscript version for posting on

your own website. You may further deposit

the accepted manuscript version in any

repository, provided it is only made publicly

available 12 months after official publication

or later and provided acknowledgement is

given to the original source of publication

and a link is inserted to the published article

on Springer's website. The link must be

accompanied by the following text: "The final

publication is available at link.springer.com”.



Vol.:(0123456789)1 3

Carbon Letters 
https://doi.org/10.1007/s42823-020-00127-z

ORIGINAL ARTICLE

Carbon precursor analysis for catalytic growth of carbon nanotube 
in flame synthesis based on semi‑empirical approach

Muhammad Thalhah Zainal1 · Mohd Fairus Mohd Yasin1 · Wan Fahmin Faiz Wan Ali2 · Khairul Fikri Tamrin3 · 
Mohd Hanafi Ani4

Received: 10 November 2019 / Revised: 25 January 2020 / Accepted: 30 January 2020 
© Korean Carbon Society 2020

Abstract
Although flame synthesis promises economic benefit and rapid synthesis of carbon nanotube (CNT), the lack of control and 
understanding of the effects of flame parameters (e.g., temperature and precursor composition) impose some challenges in 
modelling and identifying CNT growth region for obtaining better throughput. The present study presents an investigation 
on the types of carbon precursor that affect CNT growth region on nickel catalyst particles in an ethylene inverse diffusion 
flame. An established CNT growth rate model that describes physical growth of CNT is utilised to predict CNT length and 
growth region using empirical inputs of flame temperature and species composition from the literature. Two variations of 
the model are employed to determine the dominant precursor for CNT growth which are the constant adsorption activation 
energy (CAAE) model and the varying adsorption activation energy (VAAE) model. The carbon precursors investigated 
include ethylene, acetylene, and carbon monoxide as base precursors and all possible combinations of the base precursors. 
In the CAAE model, the activation energy for adsorption of carbon precursor species on catalyst surface Ea,1 is held constant 
whereas in the VAAE model, Ea,1 is varied based on the investigated precursor. The sensitivity of the growth rate model is 
demonstrated by comparing the shifting of predicted growth regions between the CAAE model and the VAAE model where 
the CAAE model serves as a control case. Midpoint-based and threshold-based techniques are employed within each model to 
quantify the predicted CNT growth region. Growth region prediction based on the midpoint-VAAE approach demonstrates the 
importance of acetylene and carbon monoxide to some extent towards CNT growth. Ultimately, the threshold-VAAE model 
shows that the dominant precursor for CNT growth is the mixture of acetylene and carbon monoxide. A simplified reaction 
mechanism is proposed to describe the surface chemistry for precursor reactions with nickel catalyst where decomposition 
of the ethylene fuel source into acetylene and carbon monoxide is accounted for by chemisorption.

Keywords  Carbon nanotube (CNT) · Modelling · Catalytic growth · Flame synthesis · Carbon precursor

1  Introduction

Flame synthesis has been a subject of study that has been 
widely explored for synthesising various carbon nanomateri-
als including carbon nanotube (CNT) [1–3]. The fascinating 
mechanical, electrical, and thermal properties of CNT make 
CNT desirable for various fields of engineering and medi-
cal applications [4–6]. Carbon precursor is one of the key 
components for synthesizing CNTs alongside heat source 
and catalyst medium. However, the exact species that con-
tributes towards CNT growth in flames with different fuel 
and temperature ranges remains unclear. In comparison to 
catalytic growth in homogeneous systems like chemical 
vapour deposition (CVD), the complexity in determining the 
key precursor in flames is more eminent where the species 
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composition and temperature distribution are naturally non-
homogeneous. Nonetheless, it is widely believed that both 
hydrocarbon in CnHm form and carbon monoxide are key 
growth precursors in flame synthesis of CNTs [7].

Various studies have emphasised that carbon monoxide 
is the precursor for CNT growth in flames. Flame synthesis 
studies in an engine environment where dodecane and fer-
rocene were employed as the fuel and the catalyst, respec-
tively, show a positive correlation between carbon monoxide 
composition and CNT formation [8–10]. Vander Wal [11] 
reported that carbon monoxide is the favourable precursor 
for CNT growth using premixed flames in flame synthesis. In 
the same study, acetylene was found to be unfavourable for 
CNT growth as it contributes to catalyst deactivation [11]. 
Arana et al. pointed out that at high temperature, catalytic 
disassociation of carbon monoxide is more favourable [12]. 
The importance of carbon monoxide for CNT growth in 
flames has been reviewed elsewhere [13].

Other studies suggest that light hydrocarbons also con-
tribute to CNT growth along with carbon monoxide. A 
review of flame synthesis studies by Mittal et al. suggests 
that acetylene C2H2 and carbon monoxide are the leading 
precursors in flame synthesis [14]. The said claim is sup-
ported by a flame synthesis experiment that suggested acety-
lene and carbon monoxide as the possible precursors in an 
ethylene inverse diffusion flame by combining the species 
composition, temperature, and CNT growth region within a 
flame structure analysis [15]. Since the carbon precursor was 
determined based on the product species, the contribution of 
ethylene as reactant towards CNT growth remains inconclu-
sive. Another study claimed the important role of acetylene 
and carbon monoxide towards the formation of CNTs in 
inverse diffusion flames though the reported data on species 
composition shows that higher concentration of methane is 
found at the CNT growth region compared to acetylene and 
carbon monoxide [16]. In the studies of references [15, 16], 
the active carbon precursor was determined based on the 
species abundance in the region of CNT growth without 
considering the element of temperature in catalytic growth. 
Xu et al. mapped the growth region of CNTs that were syn-
thesised in methane inverse diffusion flame via various cata-
lysts in alloy form [17]. The study showed an abundance of 
ethylene and carbon monoxide at the region of CNT growth 
within multiple locations of the flame but the analysis of 
species contribution towards CNT growth was absent [17]. 
Although carbon monoxide is the active precursor in synthe-
sizing CNT using nickel catalyst and ethylene in premixed 
flames, light hydrocarbons such as methane and acetylene 
were discovered contributing towards CNT growth too [18]. 
A linear relationship between methane and acetylene con-
centration with CNT mean diameter clearly indicates the 
great potential of both hydrocarbons as precursors [18].

Several CNT growth rate models have been developed 
to study catalytic growth of CNTs in CVD [19–24] and 
flames [25–28]. Puretzky et al. proposed a growth rate model 
in the form of kinetic equations that explain CNT growth 
processes and the interaction of carbon atoms with a cata-
lyst particle [19]. Naha and Puri [20] adopted a previously 
developed diamond nucleation model [29] and integrated 
the model with the catalyst deactivation process in [19] to 
calculate CNT length and growth rate. The accuracy of the 
diamond nucleation model was later improved by Zainal 
et al. [30] via modification of the surface chemistry term 
of the model. Saeidi and Vaezzadeh [21] proposed a CNT 
growth rate model based on a phonon vibration model where 
CNT–catalyst interaction is assumed to be analogous to a 
mass-spring system. The phonon vibration model was fur-
ther refined by the inclusion of catalyst deactivation param-
eter [24]. Zahed et al. [22, 23] adapted a correlation for thin 
film deposition to calculate CNT growth rate in CVD reac-
tors, but the physics required to describe CNT growth pro-
cesses is found lacking. It is noted that growth rate models 
for flame synthesis applications are rather scarce. Previously, 
the diamond nucleation model was employed to model CNT 
growth in flames by adapting parameters such as carbon dif-
fusivity [25], flame temperature [27], and species composi-
tion [26, 28]. Due to limited experimental data for validation 
of CNT length and growth rate, validation works are often 
done based on CVD studies [25, 26, 28].

Modelling studies have also been carried out to analyse 
species distribution within the CNT growth region. A mod-
elling study on the flame synthesis of CNT in methane dif-
fusion flames predicted CNT length and growth region by 
assuming methane as the carbon precursor [28]. The study 
employed temperature and species composition obtained 
from computational fluid dynamics (CFD) as inputs to a 
growth rate model. Due to lack of prediction accuracies in 
temperature and combustion species, the size of growth 
region was overpredicted. The assumption of a single car-
bon precursor contributing to the CNT growth resulted in 
inaccurate representation in high-temperature gradient envi-
ronment [28]. Another study used a three-step CNT growth 
model to demonstrate that carbon monoxide is the main 
precursor for the growth of single-walled CNTs in meth-
ane premixed flames [31]. Both temperature and species 
composition from a CFD simulation were post-processed 
using a stochastic particle method to determine the CNT 
growth [31]. Earlier modelling works by Naha and Puri [25] 
on CNT synthesis in ethylene diffusion flames suggested 
carbon monoxide and carbon dioxide as the dominant pre-
cursors for carbon deposition on iron catalyst particles. 
Unrau et al. [32] synthesised CNTs from ferrocene catalyst 
in an ethylene inverse diffusion flame and provided a gen-
eral conclusion on the carbon precursor that contributes to 
the growth based on the predicted particles trajectory and 
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carbon precursor distribution with no growth rate model 
included. A recent study employed a multi-scale model to 
predict CNT growth region in inverse diffusion flames where 
the integration of detailed chemical kinetics within the CFD 
flame simulation was observed to yield accurate prediction 
of CNT growth region [28]. In the study, hydrocarbon fuel 
was assumed as the main precursor and prediction of CNT 
growth region was carried out based on a fixed adsorption 
activation energy [28].

The present study aims at predicting the CNT growth 
region using an established growth rate model with semi-
empirical approach where the measured species and tem-
perature distribution from a published flame synthesis 
experiment is employed as model input. The prediction of 
CNT growth rate is done based on the precursor species con-
centration, local temperature, and residence time. Detailed 
analysis of the dominant carbon precursor(s) that contributes 
to the CNT growth at different temperature range is done at 
various regions within the flame. The contribution of spe-
cific precursors on CNT growth region is then discussed in 
the light of a proposed surface reaction.

2 � Modelling

2.1 � Growth rate model

The present study predicts CNT growth region based on 
a recent flame synthesis experiment of Padilla et al. who 
synthesised CNTs using nickel catalyst in an inverse diffu-
sion flame setup [15]. Ethylene, benzene, and the mixture of 
both hydrocarbons were employed as the fuel source where 
CNTs were observed to grow only in the ethylene and ethyl-
ene–benzene flame [15]. Ethylene was chosen as the fuel in 
the present study due to the simpler hydrocarbon structure. 
A CNT growth rate model that has been previously devel-
oped [30] is employed in the present study.

The main equation of the model that describes the time 
evolution of the surface density of solid carbon atoms on 
the surface of a catalyst particle n1 is shown by Eq. (1). The 
terms on the right-hand side of Eq. (1) describes the physical 
CNT growth processes due to interactions between carbon 
atoms and a catalyst particle. The number of carbon atoms 
remaining on the surface of a catalyst particle for a given 
time is related to the total amount of carbon that impinges 
on the particle Nad , the amount of carbon that desorbs away 
from the particle Ndes , the amount of carbon that undergo 
bulk diffusion through the catalyst particle Nbd , the amount 
of carbon that transforms into stable clusters Nsc and critical 
clusters Ncc , and the amount of carbon that is converted into 
amorphous carbon layers Nacl.

The adsorption term, Nad represents the first physical 
interaction between carbon atoms and metal catalyst parti-
cle in the CNT growth process. The term Nad captures the 
species composition including the type of carbon precursor 
which is defined by Eq. (2). Variable p1 is the pre-exponen-
tial factor, whereas variable Ea,1 represents the activation 
energy for precursor adsorption on nickel catalyst particle 
surface. The term Fb1 represents the flux of the carbon pre-
cursor molecules as described by Eq. (3). The catalyst sur-
face area S0 is determined based on a spherical geometry 
where the radius of the catalyst particle is 5 nm assuming 
growth of single-walled CNTs. Variables m and n are the 
mass and the partial density of the carbon precursor mol-
ecule, respectively. Partial density in Eq. (3) is calculated 
based on the measured mole fraction of carbon precursors 
from reference [15].

While some of the carbon atoms adsorb on the catalyst 
surface, those that do not adsorb undergo desorption away 
from the catalyst particle. The desorption term Ndes in Eq. (1) 
can be expressed by Eq. (4) where variables �res and Ea,2 are 
the residence time of the adsorbed hydrocarbon before being 
desorbed away from the catalyst particle and the desorption 
activation energy, respectively. Constants v, and kB denote 
the surface vibrational frequency of adsorbed species, and 
Boltzmann’s constant, respectively. The responses of adsorp-
tion term in Eq. (2) and desorption term in Eq. (4) towards 
an identical value of activation energy are opposite to each 
other due to the sign difference in the exponential term of 
both the equations. The temperature T in Eq. (4) as well as 
in other terms within the growth rate model is based on the 
empirical data of ethylene inverse diffusion flame in [15].

Adsorbed carbon atoms experience bulk diffusion through 
the catalyst particle as modelled by the bulk diffusion term 
Nbd shown in Eq. (5). The rate of carbon diffusion out of 
the catalyst Rd,out is evaluated at the saturation time ts where 
the surface of a catalyst particle is saturated with carbon 

(1)
dn1

dt
= Nad − Ndes − Nbd − Nsc − Ncc − Nacl.

(2)Nad =Fb1p1exp

(

−
Ea,1

kBT

)

(3)Fb1 =
1

4
S0n

(
kBT

2�m

) 1

2

.

(4)Ndes =
n1

�res
=

1

v
exp

(
Ea,2

kBT

)

(5)Nbd =Rd,out
||t=ts = C0

√
Db

�t
.
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atoms. C0 represents the volume concentration of carbon 
atoms at the surface of the catalyst particle, whereas Db is 
the carbon bulk diffusivity which varies with the type of 
catalyst used. A constant Db value of 1.36 × 10−17 m2∕s is 
employed in the present study which corresponds to bulk 
diffusivity of carbon in nickel metal [30]. Carbon atoms that 
diffuse through the catalyst particle form two types of carbon 
clusters which are the critical cluster and the stable cluster. 
The critical cluster as represented by the term Ncc in Eq. (6) 
experiences decomposition into single atoms and contributes 
towards CNT growth. The critical threshold of carbon atoms 
is 10 before the critical cluster transforms into a stable clus-
ter [33]. On the other hand, the stable cluster as represented 
by the term Nsc in Eq. (7) does not decompose into single 
carbon atoms and further agglomeration of this type of clus-
ter would cause deactivation of the catalyst particle [20].

Variables i, and �i in Eq. (6) represent the number of car-
bon atoms in a stable cluster and the capture number for 
a stable nuclei, respectively, whereas �x in Eq. (7) is the 
capture number of a critical nuclei. The surface diffusiv-
ity of carbon in a metal catalyst particle Ds varies with the 
type of catalyst and is taken to be 5.2 × 10−21m2∕s based on 
a previous study that models catalytic growth of CNTs on 
nickel [28]. Another physical process involved throughout 
the catalytic CNT growth is the formation of amorphous 
carbonaceous layer that encapsulates the catalyst surface and 
gradually deactivates the CNT growth site. This process is 
modelled by the last term in Eq. (1) Nacl which is described 
by Eq. (8).

Based on Eq. (8), variables �c1 , np1 , np2 , �m , nm , and Anp 
are the rate constant for catalyst deactivation, the concen-
tration of carbonaceous layer, the concentration of inactive 
catalyst particles, the number of carbon monolayers, the sur-
face density of carbon monolayers, and the surface area of 
catalyst nanoparticle, respectively. The entire growth rate 
model consists of a system of ordinary differential equa-
tion (ODE). For example, the surface density of critical 
clusters ni and the surface density of stable clusters nx in 
Eqs. (6) and  (7), respectively, are dependent variables of 
two ODE functions. However, for the sake of brevity, only 
the major equations are shown here. Detailed explanation of 
the growth rate model can be found in reference [30]. The 
dependent variable n1 that is solved from the main ODE in 
Eq. (1) is used to calculate CNT length using Eq. (9) where 

(6)Ncc =(i + 1)�iDsn1ni

(7)Nsc =�xDsn1nx.

(8)Nacl = �c1

(
np1 + np2

�mnmAnp

)

.

constants ac and C∗ are the diameter of a carbon atom and the 
amount of carbon required to form a monolayer, respectively.

2.2 � Prediction of CNT growth region

The growth rate model predicts CNT growth region based on 
the space of high CNT length which qualitatively represents 
the actual CNT growth region as observed from scanning 
electron microscopy (SEM) images. The plot of predicted 
CNT length via Eq. (9) is translated into CNT growth region 
based on the midpoint and the threshold method. In the for-
mer approach, the peak of the length plot is considered as the 
midpoint of the predicted growth region where the width of 
the predicted growth region follows that of the experiment. 
The latter method takes a range of CNT length that corre-
sponds to a certain percentage of the peak of the length plot 
to be considered as the predicted CNT growth region. In the 
present study, the CNT length and growth region are deter-
mined using a total of seven precursors as listed in Table 1. 
The precursors include C2H4 (Case 1), C2H4 (Case 2), CO 
(Case 3), the combination of C2H4 and CO (Case 4), the 
combination of C2H2 and CO (Case 5), the combination 
of C2H4 and C2H2 (Case 6), and the combination of C2H4 , 
C2H2 , and CO (Case 7).

In the present study, two growth rate models are imple-
mented based on constant adsorption activation energy 
(CAAE) and varying adsorption activation energy (VAAE), 
respectively. In the CAAE model, the adsorption activation 
energy Ea,1 in Eq. (2) is considered to be constant and takes 
the value of 600 kJ/mol based on a previous study that mod-
els surface chemistry of methane–ethylene fuel mixture with 
nickel catalyst [28]. On the other hand, the activation energy 
for precursor desorption Ea,2 in Equation (4) is varied. The 
Ea,2 values of single precursors (Cases 1–3) are varied 
based on Table 2, whereas the Ea,2 values of mixed precur-
sor (Cases 4–7) are calculated using the mixing rule shown 
in Eq. (10) [34]. The CAAE model is physically less accu-
rate as the surface chemistry between different precursor 

(9)L =

�
1

acC
∗

�
Db

�

�

× ∫
t

0

n1
√
t
dt.

Table 1   Prediction of CNT 
growth region based on single 
precursor and combination of 
multiple precursors

Model Precursor

Case 1 C
2
H

4

Case 2 C
2
H

2

Case 3 CO
Case 4 C

2
H

4
–CO

Case 5 C
2
H

2
–CO

Case 6 C
2
H

4
–C

2
H

2

Case 7 C
2
H

4
–C

2
H

2
–CO

Author's personal copy



Carbon Letters	

1 3

and nickel metal happens at different rate. Nonetheless, the 
CAAE model is treated as a control study to investigate 
the sensitivity of the growth region prediction when Ea,2 is 
varied in isolation from the variation of Ea,1 . In the VAAE 
model, both Ea,1 and Ea,2 are varied according to Table 2.

3 � Results and discussion

3.1 � Midpoint‑based prediction of CNT growth 
region

CNT growth region is predicted at height above the burner 
(HAB) of 0 mm, 15 mm, and 25 mm which represents the 
flame base, side, and tip, respectively, as shown in Fig. 1. 
CNT length plots are generated for each HAB where Ea 

(10)Ea,mix =
∑

i

�iEa,i.

values from Table 2 (for Cases 1–3) and calculated Ea,mix 
values from Eq. (10) (for Cases 4–7) are substituted into 
both Eqs. (4) and (2). The resulting CNT length plots cal-
culated in Eq. (9) are shown in Fig. 2. CNT lengths are first 
predicted based on the CAAE model using individual and 
combined precursors as shown in Fig. 2a, c, e and b, d, and 
f respectively. The normalised CNT length represents the 
CNT length predicted by case n Ln divided by the maximum 
CNT length predicted by the same case Lmax,n where the 
subscript n denotes the case number. The radial distance 
is normalised with respect to the burner radius R=10 mm. 
Based on Fig. 2, the black shaded band represents the experi-
mental CNT growth region, whereas the peaks of the line 
plots underneath the black band are the high CNT growth 
region predicted by various precursors.

By just observing the line plots in Fig. 2, it is noted that 
the peaks of the predicted CNT length for most of the cases 
lie within close proximity with the experimental one. A pre-
liminary observation on Fig. 2a, b would suggest Case 1 
( C2H4 ) and Case 7 ( C2H4-C2H2-CO ) as the potential precur-
sors for CNT growth at 0 mm HAB. It is apparent that none 
of the single precursor prediction provides close prediction 
of CNT growth region at 15 mm HAB as shown in Fig. 2c. 
Nevertheless, the location of maximum CNT length lies 
quite close to the centre of the growth region measured in 
the experiment based on Fig. 2d for mixed species in both 
Case 5 ( C2H2-CO ) and Case 6 ( C2H4-C2H2 ). As shown in 
Fig. 2e, carbon monoxide is seen to be a dominant precursor 
at 25 mm HAB, whereas the CNT length prediction based on 
ethylene and acetylene at the same HAB shows a reducing 
trend towards the centreline.

A flame structure approach is devised to link the pre-
cursor prediction with the growth temperature and species 
measurements [15] as shown in Fig. 3. Temperature and spe-
cies mole fraction are plotted on the left and the right axis, 
respectively, over the radial length of the burner. The actual 
CNT growth region is again represented by the black band. 
Gray bands from top to bottom represent the predicted CNT 
growth region based on different precursor(s) from Case 
1 to 7. The predicted CNT growth region of each band is 
determined with midpoint-based prediction that takes the 
peak of predicted CNT length in Fig. 2 and extends the 
growth region from the peak to the left and the right-hand 
side according to half-width of the experimental growth 
region. The said technique indicates that the accuracy of 
the predicted growth region solely depends on the accuracy 
of maximum CNT length location.

Figure 3 shows prediction of the growth region using 
the CAAE model (Fig. 3a, c and e) and the VAAE model 
(Fig. 3b, d and f) with their respective measured thermo-
chemical properties of the gas phase from reference [15]. 
Here, the CAAE model serves as a control study to observe 
the response of the predicted growth region when the 

Table 2   Activation energy for carbon precursor adsorption on nickel 
catalyst for base precursors

Precursor Ea,1 (kJ/mol) Ea,2 (kJ/mol)

CAAE VAAE CAAE VAAE

C
2
H

4
600 [28] 203 [35] 203 [35] 203 [35]

C
2
H

2
600 [28] 264 [35] 264 [35] 264 [35]

CO 600 [28] 106 [36] 106 [36] 106 [36]

Fig. 1   Schematic representation of the growth region locations. 
Flame image reprinted from [15]
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adsorption activation energies Ea,1 and Ea,2 are varied. There 
are noticeable shifts in predicted growth region at all HAB 
when different models are employed which indicates high 
sensitivity of the growth rate model. A general comparison 
between the panels at the left and the right in Fig. 3 shows 
a consistent trend of predicted CNT growth region being 
shifted to the left when the model changes from CAAE to 
VAAE. At 0 mm HAB, it is noted that Case 3 is highly 
sensitive towards the activation energy variation compared 
to other cases as observed from Figs. 3a and 4a. Consider-
ing the left boundary of the predicted growth region as an 
indicator, a 40% shift is estimated for Case 3 at 0 mm HAB 

based on a 4 mm change in position of the left boundary. 
At 15 mm HAB, all of the predicted growth regions experi-
ence more than 15% shift towards the left with the excep-
tion of Case 7 as the model changes from CAAE to VAAE 
as shown in Fig. 3c, d. At similar HAB, Case 3 shows the 
highest sensitivity compared to the rest of the cases with a 
shift of approximately 60%. Significant change in growth 
region prediction is also observed for all cases at 25 mm 
HAB in Figs. 3e and 4e where the estimated shifting all of 
the cases are well over 20%. Based on Fig. 3b, d and f for the 
midpoint-VAAE model, it is observed that Case 1 ( C2H4 ), 
Case 6 ( C2H4-C2H2 ), and Case 3 (CO) are the dominant 

Fig. 2   Comparison between predicted CNT length plot and experi-
mental growth region based on individual and combined precursors 
using the CAAE model at  a, b 0 mm HAB,  c, d 15 mm HAB, and   

e, f 25  mm HAB. The black band represents CNT growth region 
reported by reference [15]
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precursors at 0 mm HAB, 15 mm HAB, and 25 mm HAB 
respectively. The listed dominant precursor shows the impor-
tance of C2H2 and CO though only to some extent.

3.2 � Threshold‑based prediction of CNT growth 
region

The prediction of CNT growth region using the threshold 
technique is based on SEM observation of CNTs. A spe-
cific threshold value is set to separate dense and sparse CNT 
growth within a predicted growth region. To find the opti-
mised threshold value, a sensitivity analysis is carried out at 
80%, 70%, and 60% of the maximum length of the individual 
length plots in Fig. 2. The optimised threshold value is 70%. 

Accordingly, the CNT growth regions are predicted based 
on this threshold value for both CAAE and VAAE models 
as shown in Fig. 4.

Based on Fig. 4a, c and e, Case 2 ( C2H2 ) is the domi-
nant precursor at 0 mm HAB and 15 mm HAB, whereas 
Case 3 (CO) is the dominant precursor at 25 mm HAB 
when the CAAE model is employed. A similar trend is 
shown in a recent study where fuel hydrocarbon was 
identified as the dominant precursor at 4 mm HAB and 
12 mm HAB of an inverse diffusion flame though the study 
was not extended to locations further downstream of the 
flame  [28]. The study employed the same multi-scale 
model where 80–90% accuracy of growth region predic-
tion is achieved when the CAAE-threshold technique is 

Fig. 3   Prediction of CNT growth region using the midpoint technique based on the CAAE model at  a 0 mm HAB, c 15 mm HAB, and  e and 
based on the VAAE model at  b 0 mm HAB,  d, f 25 mm HAB
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employed [28]. Using the VAAE model, the mixture of 
C2H2–CO (Case 5) is seen as the dominant precursor for 
CNT growth at all flame heights as shown by Fig. 4b, d 
and f. In fact, both C2H2 and CO, whether they appear 
standalone or combined, have been observed as the domi-
nant precursors. This finding agrees with another study 
which reported that high concentration of acetylene and 
carbon monoxide are found to overlap with the catalyst 
trajectory at downstream locations of the flame [32], sug-
gesting that both precursors experience the most interac-
tion with the catalyst particles prior to CNT formation.

There are multiple predicted growth regions that fully 
overlap with the experimental growth region e.g., Cases 

4, 5, 6, and 7 as evident in Fig. 4d. However, majority of 
the said cases tend to overpredict the experimental growth 
region which is a form of inaccuracy. In the previous study, 
a threshold of no CNT growth was introduced to curb the 
overprediction in which the growth region is truncated at 
the tails of the length plot [28]. However, the same method 
could not be applied here since the tails of the length plots in 
Fig. 2 do not consistently touch the horizontal axis. For this 
reason, a no-overlap criterion is introduced to filter out cases 
that significantly predicts CNT growth but simultaneously 
exhibits overprediction. A bar chart is presented in Fig. 5, 
comparing percentages of overlapping and non-overlapping 

Fig. 4   Prediction of CNT growth region using the threshold technique based on the CAAE model at  a 0 mm HAB,  c 15 mm HAB, and  e and 
25 mm HAB based on the VAAE model at  b 0 mm HAB,  d 15 mm HAB, and f 25 mm HAB
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between predicted and experimental growth regions in 
Fig. 4a–f.

Based on Fig. 5, the overlap bars are generated based on 
the percentage of the width of experimental growth region 
that is predicted by a case. On the other hand, the no-over-
lap bars are produced by taking the percentage of predicted 
growth region that does not overlap with the experimental 
one. It can be observed that Case 5 consistently shows the 
highest overlapping percentage across all HABs with 95%, 

100%, and 100% overlapping in Fig. 5a–c, respectively. 
For non-overlapping data, Case 5 is found as the second 
best after Case 2 at 0 mm HAB (Fig. 5a), second best after 
Case 1 at 15 mm HAB (Fig. 5b), and second best after the 
cases without the non-overlapping bars at 25 mm HAB in 
Fig. 5c. On the basis of Case 5, it is evident that the growth 
prediction with varying adsorption and desorption energies 
coupled with threshold-based identification of CNT growth 
region reveals that C2H2–CO is the dominant precursor for 
CNT growth.

Using the experimental growth region as the indicator, 
the actual temperature range for CNT growth is approxi-
mately 800 K–1200 K, 950 K–1400 K, and 1050 K–1450 K 
for flame heights of 0 mm, 15 mm, and 25 mm, respectively. 
These high-temperature ranges at all flame locations clearly 
indicate favourable catalytic decomposition, chemisorption 
of ethylene fuel and adsorption rate of combustion products 
like carbon monoxide at the surface of a nickel catalyst par-
ticle. Similarly, in a different study, dissociation of carbon 
monoxide was found favourable at high temperature with the 
presence of nickel catalyst [12]. The identification of C2H2 
as one of the dominant precursors alongside carbon monox-
ide finally solves some earlier hypothesis discussed in [15]. 
In the study, C2H2 and CO concentration were observed to 
coincide with the actual growth region.

Table 3 summarizes findings of the best predicted domi-
nant precursors based on the midpoint and the threshold 
methods. Regardless of the methods used, CO is the domi-
nant precursor at the flame tip either in singular form (Case 
3) or combined form (Case 5). Similarly, C2H2 is also a 
dominant precursor at the flame base and flame side (Cases 
5 and 6); in exception of Case 1 at 0 mm HAB using the 
midpoint-VAAE model. Despite the crude assumption of 
the midpoint-based technique and the oversimplified phys-
ics of the CAAE model, the predictions of C2H2 and CO as 
dominant precursors are largely consistent with the meth-
ods adopted, as demonstrated in Table 3. In a nutshell, the 
fact that C2H2 and CO dominates other species in predicting 
CNT growth region for all methods (see Table 3) conforms 
the earlier claim that C2H2 and CO are the leading precur-
sors for CNT growth in flame synthesis previously reported 
in [14].

Having concluded that Case 5 ( C2H2–CO) is the dominant 
precursor for the ethylene inverse diffusion flame, a reaction 
mechanism is proposed as shown in Table 4. Considering the 

Fig. 5   Comparison of percentage of CNT growth region for Cases 
1–7 that overlaps and does not overlap with the experimental growth 
region at a 0 mm HAB, (b) 15 mm HAB, and c 25 mm HAB based 
on the threshold technique and the VAAE model

Table 3   Summary of dominant precursors based on the VAAE model

HAB (mm) Midpoint method Threshold method

0 (base) Case 1 ( C
2
H

4
) Case 5 ( C

2
H

2
–CO)

15 (side) Case 6 ( C
2
H

4
-C

2
H

2
) Case 5 ( C

2
H

2
-CO)

25 (tip) Case 3 (CO) Case 5 ( C
2
H

2
-CO)
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high temperature throughout the entire CNT growth region, 
it is suggested that the adsorption mechanism responsible for 
the CNT growth process is chemisorption. The double bond 
structure of C2H4 changes into a triple bond C2H2 structure 
while the hydrogen atoms have dissociated. Furthermore, 
other C2H4 molecules are completely disintegrated from the 
fuel and forms new compounds with other elements such as 
oxygen to form CO.

4 � Conclusion

A CNT growth rate model was employed in the present study 
to investigate the type of carbon precursor that contributes 
to CNT growth region in ethylene inverse diffusion flames. 
Data on flame temperature and species composition from a 
previous flame synthesis experiment were used as inputs to 
the growth rate model. The prediction of CNT length and 
growth region was carried out using ethylene, acetylene, 
carbon monoxide, and all possible combinations of two to 
three species as precursors. The growth region prediction 
was done at the base, side, and tip of the flame which cor-
responds to 0 mm HAB, 15 mm HAB, and 25 mm HAB, 
respectively. Midpoint-based and threshold-based methods 
of quantifying the predicted CNT growth region was car-
ried out and compared. The effects of precursor type on the 
CNT growth region were simulated by manipulating the 
adsorption activation energy Ea,1 where a constant Ea,1 and 
varying Ea,1 represents the CAAE and the VAAE model, 
respectively. Prior to that, a control study is carried out by 
comparing the change in growth region between the CAAE 
model and the VAAE model. The control study shows the 
growth rate model is highly sensitive towards the change 
in activation energy with most cases at all HABs showing 
at least 15% shift in growth region. The threshold-based 
approach combined with varying activation energy was 
chosen as the method to determine the dominant precur-
sor due to its appropriate surface chemistry. The accuracy 
of predicted growth region was presented via overlapping 
percentage with the actual growth region. Based on the 
threshold-VAAE model, C2H2–CO is identified as the domi-
nant precursor at all flame heights under study. A reaction 
mechanism for precursor contribution towards CNT growth 

was proposed where the contribution of C2H2 and CO is 
largely by chemisorption.
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