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Abstract

This study focused on the development of Fe—Co/kaolin catalyst by a wet impregnation method. Response surface meth-
odology was used to study the influence of operating variables such as drying temperature, drying time, mass of support
and stirring speed on the yield of the catalyst. The catalyst composite at best synthesis conditions was then calcined in an
oven at varied temperature and time using 2* factorial design of experiment. The catalyst with optimum surface area was
then utilized to grow carbon nanofiber (CNF) in a chemical vapour deposition (CVD) reactor. Both the catalyst and CNF
were characterized using high-resolution scanning electron microscopy, high-resolution transmission electron microscopy,
thermogravimetric analysis (TGA), X-ray diffraction (XRD) and X-ray photoelectron spectroscopy. On the influence of
operating variables on the yield of catalyst, the results showed that an optimum yield of 96.51% catalyst was obtained at
the following operating conditions: drying time (10 h), drying temperature (110 °C), stirring speed (100 rpm) and mass
of support (9 g). Statistical analysis revealed the existence of significant interactive effects of the variables on the yield of
the catalyst. The HRSEM/XRD/BET/TGA analysis revealed that the particles are well dispersed on the support, with high
surface area (376.5 m*/g) and thermally stable (330.88 °C). The influence of operating parameters on the yield of CNF was
also investigated and the results revealed an optimum yield of 348% CNF at the following operating conditions: reaction
temperature (600 °C), reaction time (40 min), argon flow rate (1416 mL/min) and acetylene/hydrogen flow rate (1416 mL/
min). It was found from statistical analysis that the reaction temperature and acetylene/hydrogen flow rates exerted signifi-
cant effect on the CNF yield than the other factors. The contour and surface plots bi-factor interaction indicated functional
relationship between the response and the experimental factors. The characterization results showed that the synthesized
CNF is thermally stable, twisted and highly crystalline and contain surface functional groups. It can be inferred from the
results of various analyses that the developed catalyst is suitable for CNF growth in a CVD reactor.
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1 Introduction

CNF synthesis dated back as far as 1890, when it was pro-
duced as carbon filament (a nuisance) that was formed dur-
ing catalytic conversion of carbon-containing gas [1, 2].
Since then, there have been concerted efforts on CNFs due
to their unique potentials as well as their chemical similarity
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density. However, CNFs are regarded as excellent alterna-
tive to CNTs due to the fact that the structure and angular
arrangement of fibers in the matrix provide exposed edges
that enhance chemical functionalization. Their production
process can be easily transferable to industrial scale, and
as a result, CNFs are about 2—3 times cheaper than CNTs
[6]. In addition, CNFs can be used for research purposes to
build knowledge that might be transferable than the more
expensive CNTs. The ease of handling CNF make it prefer-
able since it prevents the challenges arising from dispersion,
processing and handling that are peculiar to CNT [6].

In the last couple of years, researchers have employed
various techniques to synthesize CNF which include the
vaporization of graphite from an arc discharge, laser abla-
tion methods and catalytic decomposition of carbon-con-
taining compounds gases [1, 7, 8]. Of all the aforementioned
techniques, CVD method has been the preferred choice
over other techniques for a large-scale production of CNFs
because of its selectivity, flexibility, cost-effectiveness and
it is technically simple [9, 10]. In addition, the synthesis
parameters such as the reaction temperature, flowrate of
the carbon source and the amount of catalyst used can be
readily adjusted such that different types of CNFs could be
obtained [11]. In CVD technique, CNFs were synthesized by
the decomposition of carbon source (usually hydrocarbons
or carbon monoxides) in a tubular quartz reactor placed in
a furnace in the presence of suitable catalyst and inert gas.

Metal catalysts mainly used for CVD are transition metals
such as iron, cobalt and nickel and their alloys. The choice
of these noble metals and their alloy was reported to have
the ability to bring about reduction and prevents deactiva-
tion process of some hydrocarbon reactions [12]. They also
have the ability to improve metal support interaction thereby
increase the catalyst activity [13]. These metal catalysts are
either used alone or as an alloy to obtain a high yield of
CNF. For instance, Manafi and Badiee [14] reported that
cobalt used as a catalyst to lithium fluoride produced high
yield of more than 70% CNF by CVD. Seongyop et al. [15]
also reported a high yield of 43-57% of CNF in a CVD
reactor at low temperature of 480 °C with the application of
nickel-supported catalyst. In the same vain, the findings of
van der Lee et al. [16] showed that 50% yield of CNF was
obtained using SiO,-supported Ni catalyst. CNF of excellent
crystallinity and morphology were also grown using nickel
and molybdenum catalysts as reported by Eunyi et al. [17].
The use of iron catalyst has produced high yield of 158.2%
helical CNF of good aspect ratio and morphology.

High yield of CNF by these catalysts was obtained with
the use of various support materials that are stable at high
temperatures, possesses high surface area, very easy to
handle, very easy to regenerate with low cost and hence
influence the activity of the catalyst [12, 18]. Some of the
researchers who employed different support materials for
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the growth of CNF in a CVD reactor include Mamun et al.
[19] who reported that the use of powdered activated carbon
(PAC) as a support to nickel in the synthesis of CNF in a
CVD reactor aided the growth of CNF and the formed CNF
could be applied for various uses. In addition, as reported by
Prasantha et al. [20], silica used as an iron-supported cata-
lyst produced CNF of good morphology and arrangement
by providing good bonding between carbon and created a
good dispersion of the carbon in a cement matrix material.
The platelet morphology of CNF with a uniform orienta-
tion was produced when alumina was used as a support to
nickel catalyst in a CVD reactor by decomposition of liquid
organic waste from chemical and petrochemical industries
to yield 22-23% acetylene that served as carbon source [21].
In addition, the same alumina was used as support to bime-
tallic (Ni—Cu) catalyst for the investigation of the relation-
ship between microstructure changes of the catalyst and the
morphology of graphitic CNF using acetylene as the carbon
source [22]. Other support materials used for synthesis CNF
of good structural arrangements, morphology and applied
for various applications include: silica [20], Na,CO; [23],
NaCl [24], maghemite [25] and nickel alloy [26]. Previ-
ously, Miao et al. [27] demonstrated the production of car-
bon nanotubes and carbon nanospheres on kaolin-supported
transition monometallic (Fe, Co, and Ni) catalysts by CCVD
technique and obtained high-yield carbon spheres of con-
trolled size at the temperature range of 750-850 °C and
reaction time of 30 min. Similarly, Xu et al. [28] produced
two different kinds of carbon nanostructures namely carbon
nanotubes and carbon spheres from kaolin- and ceramic-
supported cobalt catalysts, respectively, via CCVD method.
The authors found that only carbon spheres with diameter of
500-1500 nm was formed from the kaolin-supported catalyst
while a mixture of carbon nanotubes and carbon spheres
were obtained using ceramic plate. The authors opined that
substrate played an important role in the formation of either
carbon nanotubes or carbon spheres. Comparatively, it can
be noticed that the authors used monometallic catalyst for
the synthesis of the nanomaterials and the synergetic effect
which perhaps determined the quality and yields of carbon
materials were not studied. Additionally, proper optimization
of synthesis parameters using surface response methodol-
ogy was not carried out. Therefore, this study employed the
use of bimetallic (Fe—Co) kaolin-supported catalyst for CNF
growth because of high solubility and high rate of diffusion
of carbon into the catalyst phase exhibited by Fe—Co as well
as strong affinity of raw kaolin to provide a strong base for
anchoring these catalysts. In addition, no study is available
in literature on the use of response surface methodology
(RSM) to study the influence of synthesis parameters (reac-
tion temperature, deposition time, acetylene/hydrogen flow
rate and argon flow rate) and their interactions on the yield
of CNF grown using kaolin-supported bimetallic catalyst.
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Thus, the present study is targeted at preparation of carbon
nanofibers onto kaolin-supported Fe—Co catalyst using a
wet impregnation method followed by catalytic decomposi-
tion of acetylene in a CVD reactor. The prepared bimetallic
catalyst and CNFs were characterized for their morphology,
microstructures, elemental composition, phase structure,
surface area, thermal profiles, and surface oxidation states
by HRSEM, HRTEM, EDS, XRD, BET, TGA and XPS.

2 Experimental
2.1 Materials

The kaolin used in this study was obtained from Ejigbo area
of Lagos State, Nigeria and used as received without any
further treatment. Chemicals such as Co (NO3),-6H,0, and
Fe(NO;);-9H,0, were obtained from Sigma Aldrich, USA,
while H,SO, and HNOj are obtained from Kem light lab.,
Mumbai India and Guangdong Guanghua Chemical Fac-
tory Co., Ltd, China, respectively. All the chemical used
are of analytical grades with percentage purity in the range
of 98-99.99%. The carbon source (C,H,)/(H,) and carrier
gas (Ar) were supplied by BOC Gases Nigeria Plc, Lagos,
Nigeria.

2.2 Methods
2.2.1 Design of experiments (DOE)

A sequential optimization of process variables as control-
lable inputs for the Fe—Co/kaolin catalyst and CNF produc-
tion were carried out. The statistical software MINITAB 16
was used to design the experiments and data were analyzed
using RSM-based central composite design (CCD) to estab-
lish the optimum experimental conditions. All the four vari-
ables were coded at two levels corresponding to the upper
and lower values of each variable as shown in Table 1. The
limits of each variable were inferred from previous work
for the development of similar catalysts [29]. The response
optimizer of the software was used to determine the desir-
ability of the results.

Table 1 Levels of factors considered in RSM-based CCD in catalysts
synthesis procedures

Drying Drying Stirring Mass of

time (h) temp. (°C) speed (rpm) support
®
Upper (+) level 12 120 400 10
Lower (—) level 8 100 200 8

2.2.2 Synthesis of Fe—Co/kaolin catalyst

The bimetallic catalyst Fe—Co on kaolin support was pre-
pared as described elsewhere [30] by a wet impregna-
tion method, which is targeted mainly at the dispersion
of the Fe and Co active components into the pores of the
kaolin surface. In this study, 3.62 g and 2.47 g of nitrate
salts of iron and cobalt compounds, Fe(NO;);-9H,0 and
Co(NO;),-6H,0, respectively, were weighed and dissolved
in 50 mL of distilled water, followed by the addition of
a known weight of kaolin under continuous stirring for
30 min. The resulting slurry was allowed to dry at room
temperature after which it was oven dried at 120 °C for 12 h,
cooled to room temperature, ground and finally screened
through a 150-pum sieve. The dried catalyst was ground to
avoid agglomeration. This procedure was repeated in accord-
ance with the experimental matrix presented in Table 3 to
investigate the influence of drying time, drying temperature,
stirring speed and mass of support on the yield of catalyst.
The yield of the catalyst after drying was calculated using
the relationship presented in the following equation and the
result obtained is presented in Table 3:

f catalyst aft -dryi
mass ol catalyst alter oven-drying x 100% .

ey
The fine powder (the catalyst) obtained as best yield from
Table 3 was calcined by varying the calcination temperature
and time using 22 factorial design to determine the influence
of calcination parameters on the properties especially the
yield and the surface area. The yield of the catalyst after
calcinations was determined using the following equation
and the result is presented in Table 4:

Yieldpeq (%) = e i
pried (%) initial mass of mixture

mass of catalyst after calcination

YieldCalcined (%) = X 100%

@

mass fter oven-drying
2.2.3 Synthesis of CNF

The synthesis of CNF was carried out by the decomposition
of acetylene (C,H,) gas in a tubular quartz reactor called
CVD. The heating rate, reaction temperature and gas stream
rates were electronically controlled in the reactor during the
synthesis. 0.5 g of the catalyst (Fe—Co/kaolin) was weighed
and stacked into a quartz boat (120 mm X 15 mm) at room
temperature, weighed and the boat was set in the middle
center of the tube. The furnace was heated at 10 °C/min
starting at room temperature while argon gas was allowed to
flow over the catalyst at a flow rate of 472 mL/min. Once the
set reaction temperature of 550 °C was attained, the argon
flow was set to the required flow rate after which carbon
source (acetylene and hydrogen gas mixture) was intro-
duced. The introduction of hydrogen in the carbon source
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was to prevent the formation of CNT. The reaction was then
allowed to proceed until the set reaction time of 40 min was
attained, after which the carbon source flow was stopped and
the furnace allowed to cool down to room temperature under
a continuous flow of argon. The boat was then removed from
the reactor and re-weighed to quantify the amount of CNF

Table 2 Levels of factors considered in RSM-based CCD for CNF
synthesis

produced. Percentage of CNFs produced was determined
using the following equation [29]:

M s
catalyst % 100’ (3)

total —

M

catalyst

% CNFs =

where M|, is the total mass of the final catalyst and CNF
produced after CVD reaction process and M,y is the ini-
tial mess of Fe—Co/kaolin catalyst introduced into the CVD
reactor.

This procedure was repeated to investigate the influence

Time (min) Tem- Argon Acetylene/ of reaction time, reaction temperature, carrier gas (argon)
?fée)‘mre' ﬂﬁ:) (mL/ l(’;'l‘f/ongf; flow " flow rate and carbon source/hydrogen (C,H,/H,) flow rate
on the yield of CNF using RSM based on CCD. The levels
Upper (+) 40 600 2360 1416 of factors were varied for optimization parameters by con-
level sidering the operation limit, shown in Table 2.
Lower (—) 30 550 944 472
level
Table 3 Experimental rnatri; Run no. Drying time Drying tem-  Stirring speed Mass of sup-  Experimental Predicted
and the yield of Fe—Co/kaolin (h) perature (tpm) port (g) yield (%) yield (%)
catalyst
1 8 120 200 8 80.51 82.49
2 12 100 200 8 70.23 83.62
3 8 100 200 8 79.18 83.98
4 10 110 300 9 87.66 78.37
5 12 100 400 10 52.18 63.47
6 12 120 400 8 80.86 81.34
7 12 100 400 8 72.14 70.33
8 8 100 200 10 63.64 76.43
9 8 100 400 8 52.86 66.64
10 12 120 200 10 87.22 86.71
11 8 120 400 10 86.41 86.29
12 8 100 400 10 61.43 66.98
13 10 110 300 9 87.66 78.37
14 12 120 400 10 93.21 88.29
15 12 120 200 8 93.32 87.65
16 12 100 200 10 64.10 68.87
17 8 120 400 8 77.03 72.13
18 10 110 300 8 90.69 78.37
19 10 110 300 9 87.66 78.37
20 8 120 200 10 87.07 88.76
21 10 110 500 9 73.80 74.37
22 6 110 300 9 90.98 81.43
23 10 110 100 9 96.51 90.13
24 10 110 300 7 79.76 82.55
25 10 130 200 9 68.45 93.92
26 14 110 300 9 83.35 83.07
27 10 110 300 9 87.66 82.25
28 14 110 300 9 83.35 70.58
29 10 110 300 9 87.66 82.25
30 10 110 300 11 83.41 81.95
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2.2.4 Purification of CNF

In the purification process, 1 g of as-synthesized CNF was
weighed and placed inside a 50-mL beaker containing 30 mL
of distilled water. 0.1 M HNO; and H,SO, mixture (v/v 3:1)
was then added to the as-synthesized CNF in the beaker to
treat and remove the impurities present. Distilled water was
added to make the content up to 100 mL. The mixture was
stirred vigorously and then sonicated for 90 min at 40 °C in
an ultrasonic bath to introduce oxygen group to the surface of
the treated CNFs so as to open the edges for substrate bind-
ing. The oxidized CNF was then cooled to room temperature
and 300 mL of distilled water was added to wash off the acid.
More distilled water was added until the pH became neutral.
The slurry was filtered and the residue oven dried at 120 °C for
12 h. The dried CNF was grounded and sonicated to prevent
agglomeration and thereafter characterized.

2.2.5 Characterization of Fe—Co/kaolin catalyst and CNF

The as-produced catalyst, as-synthesized and purified CNFs
were characterized. Thermogravimetric analysis (TGA 4000,
Perkin Elmer, USA) was used to determine the thermal sta-
bility. Brunauer—-Emmett-Teller (BET; NOVA 4200e, Quan-
tachrome Instruments, USA) was utilized to determine the sur-
face area based on nitrogen adsorption—desorption isotherm.
The degree of crystallinity, morphology, elemental compo-
sitions and microstructure of the samples were determined
using X-ray diffractometer (XRD; PW 1800 diffractometer,
Philips, The Netherlands), high-resolution scanning electron
microscope coupled with electron diffraction spectrometer
(HRSEM-EDX; JEM 100S, JEOL Ltd., Japan), and high-res-
olution transmission electron microscope (HRTEM, Philips
CM20 FEG, The Netherlands). The surface oxidation states
of the CNFs were determined using X-ray photoelectron spec-
troscopy (XPS).

3 Results and discussions
3.1 Effects of catalyst synthesis parameters

Catalyst preparation parameters are the significant factors
that controls its quality and quantity and hence its cata-
lytic activities. These factors include drying temperature
and time as well as the stirring speed and mass of support
used [30-32]. The experimental design matrix employed
by RSM and the resulted yield is presented in Table 3.
From Table 3, the optimal yield of 96.51% catalyst was
obtained at optimal temperature, time, mass of support and
stirring speed of 110 °C, 10 h, 9 g and 100 rpm, respec-
tively. It was obvious that the optimum yield obtained was
at a center point between the lower and higher settings for

the parameters studied. This is attributed to the fact that
when the samples were dried at 100 °C for 12 h, there
was a complete loss of bound water. Further increase
in temperature to 110 °C and reducing the time to 10 h,
though more of evaporation will take place but there is
tendency for the condensation of moisture which diffuses
into the matrix of the catalyst thus increase in the weight
of catalyst occurred and the yield was further enhanced.
However, a lowest yield of 52.18% was obtained at dry-
ing temperature (100 °C), drying time (12 h), stirring
speed (400 rpm) and mass of support (10 g) because the
moisture diffusion during impregnation was faster than
the solute adsorption on the surface of the kaolin matrix
at higher stirring speed (400 rpm), more of the moisture
were lost due to evaporation at a prolonged drying time
(12 h). These resulted into enhancement of the movement
of moisture from the bulk of the catalyst hence the reduc-
tion in the mass of the resulting catalyst.

3.2 Temperature and time effect after calcination

The sample obtained at optimum conditions after drying
was calcined to study the influence of calcined time and
temperature on the yield and surface area of the Fe—Co/
kaolin catalyst. The calcination was employed to remove
the residual moisture present in the samples and accelerate
the conversion of nitrates into their respective oxides. Vis-
ual observation revealed that all the samples turned dark-
ish brown after calcination due to the complete removal of
moisture. The result of the 2 factorial design of the four
samples obtained after calcination is presented in Table 4.

From Table 4, it could be observed that an optimum
yield 78.73% was obtained after calcinations at 500 °C
for 14 h and the yield of catalyst decrease with increase
in temperature. This could be attributed to the complete
transformation of metal salts to metallic oxides. It could
also mean that high temperature caused partial transfor-
mation of highly dispersed iron oxide nanocrystallite into
fayalite normally found in silica walls that is embedded in
kaolin support [31]. This result is in line with the work of
Abdulkareem et al. [30] and Nukleonika [33] who reported

Table 4 Factorial experimental matrix showing yield and surface area
after calcination

Samples Calcination Calcina-  Yield (%) Surface area (m?/ 2)
temperature tion time
(§©)] (h)

B 500 14 78.73 318.670

C 500 16 73.64 190.836

D 600 14 71.49 376.477

E 600 16 70.15 306.828
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the same observation. Thus, increase in calcination time
from 14 to 16 h was responsible for the reduction in the
yield due to destruction of the hollow structures in the pre-
cursor. In addition, the table revealed that increase in cal-
cination time from 14 to 16 h, at a temperature of 500 °C,
the surface area decreased from 318.670 to 190.836 m?/g.
The same observation occurred at 600 °C (from 376.477 to
306.828 m%/g). This could be attributed to more moisture
lost at higher temperatures due to evaporation as well as
structural change due to dehydroxylation of the supported
material (kaolin) during calcination at higher temperature
as reported by Francisca [34]. However, all the samples
have higher surface area enough to be used as catalyst
for synthesis of CNF in a CVD reactor because accord-
ing to Bawa et al. [35], all the materials having a surface
area value above 100 m%/g are considered having a high
surface area and are a potential material to be employed
as catalyst.

3.3 Kaolin characterization results

Prior to synthesis of catalyst, the raw kaolin sample received
from Ejigbo Lagos state, Nigeria was characterized to moni-
tor the changes in physical, chemical and microstructural
properties to determine its suitability as catalyst support for
CNF growth in a CVD reactor.

3.3.1 Surface area

The surface area of raw kaolin sample was determined using
BET and the result showed that there was no significant
change in the surface area of raw kaolin (106.2 m*/g) and
the dried catalyst (99.8 m%/g). This could be due to the fact
that at pre-calcination, the catalyst was only dried to remove
moisture and as a result, the drying temperature was not
enough to result in significant change in the surface area
due to evaporation. Other possible reason could be due to
the blockage of kaolin pores by the catalyst and vice versa.
On the other hand, the surface area of the catalyst increases
from 99.8 to about 376.5 m%/g after calcinations due to struc-
tural change in kaolin due to dehydroxylation. This same
observation was reported by Francisca [34]. The author’s
report showed that during dehydroxylation of kaolin, change
in structure that took place resulted in expanded layers of
silicates in form of montmorillonites, smectites and other
vermiculites which were not removed during heat treatment,
hence contributed to increase in surface area. Bawa et al.
[35] reported that porous materials with surface area greater
than 100 m?/g are a potential material for catalyst support.
Thus, the value obtained for kaolin is slightly higher than
that reported by Bawa and colleagues; this validates the
choice of kaolin as a support material.
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3.3.2 XRD analysis of kaolin

The phase identification and the crystallinity of the kaolin
sample were carried out using XRD. The result of the analy-
sis is shown in Fig. 1.

The results as presented in Fig. 1 shows ten diffraction
peaks at 26 value of 8.9°, 12.4°, 19.9°, 24.9°, 26.6°, 28.0°,
35.0°, 38.3°, 50.1° and 62.2° with corresponding crystal
plane of (001), (110), (210), (220), (221), (321), (400),
(411), (521) and (542). The presence of mica and quartz
at 26 value of 8.9°, 24.9°, 38.3° and 50.1° was as a result
of silicate minerals present in the kaolin sample. The XRD
study confirmed that the resultant kaolinite are mixture of
simple cubic, body-centered cubic and combinations of face-
centered cubic. The average lattice parameters from indexing
of the peaks in the XRD were calculated to be 9.9882 A.The
particle diameter of the kaolin sample was calculated using
the Debye—Sherrer equation:

094 )
" Bcos@’ “)

where A is the wavelength of the X-ray (0.1541 nm), f is
the full width at half maximum (FWHM), 0 is the diffrac-
tion angle in radian, and D is the particle diameter size. The
interspacing between the atoms (d) was calculated using the
Bragg’s law given as:

A
2sinf’

&)

Using Egs. 4 and 5, lattice parameters (a) were calculated
and the results are presented in Table 5.

From Table 5, the average interspacing between the
atoms, average crystal size and average lattice parameters
of the kaolin sample are 0.3764 nm, 17.480 nm and 10.03 A,
respectively. These indicated that the kaolin sample used
shows characteristic that is of less interplanar spacing
which support reflections at higher orders. This wider angle
between the unit cell of the kaolin crystal of 10.03 A is more
than the reported values of a well-crystallized kaolinites
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g.1 XRD spectra of kaolin sample
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Table 5 Indexing results for kaolin characterization o3 0
Peak no. 20 p (nm) D (nm) D (nm) a (A) 100 01
1. 8.9 0.0962 0.9926 8.182 9.93 :: 02 g
2. 124 00824 07135 9.964  10.09 - 03 €
3. 19.9 0.0824 0.4458 10.058 9.97 2 ” 367.12°C 04 g‘*
4. 249 00549 03574 14.203 10.11 2 s :
5. 26.8 0.0549 0.3324 14.257 9.97 88
6. 28.0 0.0823 03184 10.209 10.07 36 54
7. 35.0 0.0274 0.2559 29.085 10.25 84 44736°C 0.7
8. 38.5 0.0275 0.2337 29.706 9.92 82 08

0 100 200 300 400 500 600 700 800 900
9. 455 00543 0.1992 16.710 9.96 Temperatars (°C)
10. 62.4 0.0275 0.1487 32.429 9.98

having a graphitic line of 001 d-spacing of 7.1-7.2. The
difference could be connected with a small amount of inter-
layer water within the kaolin crystals. However, there are
some incompleteness and imperfections in some patterns
in Fig. I indicating the overshadowing amounts of other
minerals of clay size with the kaolin. Some peaks related
to crystallized phase were also detected, which is attributed
to quartz and mica initially present in the kaolin. The kao-
lin showed well-defined diffraction angles at 26 values of
12.4° and 19.9° corresponding to the d crystal particle size
of 9.964 nm and 10.058 nm with corresponding crystal plane
of (100) and (110), respectively. This is a little bit different
from that obtained by Sachin et al. [36] who reported the
typical characteristic peaks of kaolinite at 20 value of 12
and 25. The difference may be due to the presence of pristine
phase of mica and quartz in the sample not detected at the
diffraction angle of less than 12.4. However, the graphitic
line of this sample observed at 12.4 and 19.9 may be as a
result of low contents of quartz and mica impurities present
in the sample at 26 values of 24 and 31 as reported by [37].

3.3.3 Thermogravimetric and differential thermal analysis
of kaolin

The thermal stability of the kaolin sample was also investi-
gated and the result is shown in Fig. 2.

The TGA curve shown in Fig. 2 revealed three weight
lost regimes. The first occurred between the temperatures
of 26.75-180.06 °C which corresponds to weight loss of
about 1.94%. This represents the loss of hygroscopic water.
Second, the conversion of kaolin sample into kaolinite
started at the onset temperature at 367.12 °C. However,
the conversion was due to the presence of some impurities
such as quartz and mica as shown in Fig. 2. This result is
in close agreement with the report of Kovo [38] and Shani
et al. [39]. Third, the main weight loss occurred at the peak
temperature of 447.36 °C with a corresponding weight loss
of 12.61%. Weight loss at this temperature may be linked

Fig.2 TGA/DTA curve of kaolin

to dehydroxilation process of the kaolin sample when the
structural OH component of kaolin is lost in form of water.
This is in line with the work of Francisca [34] who reported
the same observation. The transformation of kaolin into
kaolinite due to heat treatment is presented in the following
equation:

2Al,Si,0,(0H), — 2Al,Si,0, + 2H,O0. (6)
The TGA curve also showed that the kaolin sample is

stable up to temperature above 600 °C which implies that
the kaolin could be used as a support for catalyst synthesis.

3.4 Statistical analysis of Fe—Co/kaolin catalyst

Statistical analysis was carried out for the purpose of study-
ing the influence of synthesis parameters on the yield of
Fe—Co/kaolin catalyst using MINITAB 16 software. Analy-
sis of variance (ANOVA) was used to generate the statistical
model for the mean and combined effects of these process
parameters on the yield of catalyst and the result is presented
in Table 6.

The estimated model for the yield (Y) as a function of all
the four factors was obtained and is presented in the follow-
ing equation:

Yield (%) = —308.677 + 6.6A +5.71B—-0.34C
+ 16.67D - 0.37AA — 0.04BB - 2.87DD

+ 0.07AB + 0.01AC—-0.9AD + 0.01BC
+ 0.35BD + 0.02CD,

(N

where A =drying time, B=drying temperature, C = stirring
speed and D =mass of support.

One important observation in the regression model is that
there is main and interaction effects between the factors con-
sidered. It can be generally deduced from the main effects
of the model that increase in drying time, drying tempera-
ture, and mass of support which increase the yield and hence
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Table 6 (ANOVA) for the yield of Fe—Co/kaolin catalyst

Source F value P value Remark
Regression 1.48 0.235

Linear 2.72 0.073

A 0.04 0.850

B 7.44 0.016 Significant
C 3.39 0.087

D 0.00 0.946

Square 1.56 0.238

A? 0.54 0.473

B? 4.60 0.050 Significant
c? 0.98 0.339

D? 2.06 0.173

Interaction 0.61 0.721

AB 0.28 0.607

AC 0.15 0.705

AD 0.47 0.503

BC 0.44 0.516

BD 1.74 0.209

CD 0.57 0.464

Residual error 0.000

Lack of fit 89.02

have positive effect on the yield. This is in line with the result
obtained from Table 3 which showed that the optimum yield
of catalyst was obtained when there was a increase in drying
temperature from 100 to 110 °C, drying time from 8 to 10 h
and mass of support from 8 to 9 g. However, the stirring speed
has negative effect on the yield, implying that low setting of
stirring speed (100 rpm) leads to an optimum yield of the cata-
lyst as shown in Table 3.

The results of the P value and F test values as presented
in Table 6 showed that the model was not significant with a
P value of 0.235 and F value of 1.48. However, only the tem-
perature variable of the linear part of the model is significant
with a P value of 0.016 and F' value of 7.44 corresponding to
about 98.4% confidence level at a value of 0.05. This same
observation occurred for the squared part of the model with
a P value of 0.05 and F value of 4.60 corresponding to 95%
confidence level at the same a value. This observation sug-
gests that the effect of temperature on the yield of catalyst
is independent of other variables. The interaction part of
the model was also not significant with a P value of 0.721
and F value of 0.61. The non-significance ability of some
parameters might be attributed to the choice of confidence
level. Consequently, the only significant factor (drying tem-
perature) was analyzed and a reduced model which contains
the factor was generated. The reduced desirable model is
shown as follows:

Yield (%) = —308.270 +5.71B — 0.04B>. 8)
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3.5 Characterization results for Fe—Co/kaolin
catalyst

3.5.1 HRSEM analysis of Fe-Co/kaolin catalyst

The surface morphology and the elemental composition
of the produced catalyst before and after calcination were
carried out using HRSEM/EDX and the results are pre-
sented in Fig. 3.

The HRSEM images of the pre-calcined catalyst
depicted in Fig. 3a showed a plate-like nature of psue-
dohexagonal flexible sheets of kaolin crystals with irregu-
lar particle shapes. The structure might be related to the
strong interaction bond in aluminosilicate materials, the
dominant component of kaolin [34, 40, 41] used as a sup-
port during impregnation. It was also observed that the
catalyst components of the sample agglomerates with
some amorphous impurities as the drying temperature of
120 °C was not enough to disperse and reduce the Fe—Co
catalyst components into their respective nanoparticles
[12, 42]. The EDX spectrum revealed different percent-
age compositions of the following elements: Fe, Co, Al,
Si, C and O.

Figure 3b—e show the micrographs of HRSEM image of
the catalyst after calcination at different temperatures and
drying time. From the figures, it could be seen that the par-
ticles irrespective of the calcination temperature contains
micro pores. This is an indication that the pores allow for
dispersion of the iron and cobalt nanoparticles into the
matrix of the kaolin. The dispersion of Fe—Co nanoparti-
cles on the kaolin support is also evidenced in the accom-
panied EDX spectrum which revealed the presence of Fe,
Co, C, O, Al and Si in the sample. There is evidence of
agglomerations in the sample with mixture of shapes rang-
ing from hexagonal to spinel. Meanwhile, as the calcina-
tion temperature increases, the shape of the particles turned
nearly spherical with reductions in agglomerates due to heat
treatment during calcination stage. This might be as a result
of large surface provided by the kaolin support. Researchers
such as Mahmoud et al. [43], Liluia et al. [44] and Honar-
bakhsh et al. [45] reported that in calcination, temperature
of iron—cobalt catalyst was responsible for the occurrence
increase or agglomeration and the morphological changes
to sphere-like shape. The observe changes might be attrib-
uted to the formation of some intermediates such as spinel
Fe,0O; in form of hematite as well as Co;0, and CoFe,0,
[43]. The lumps of active catalyst formed during calcination
process further support its suitability for the growth of CNF.
From Fig. 3b, it could be observed that at 500 °C, drying
time of 14 h, the Fe—Co/kaolin particles are closely packed
unlike stack with loosely bound ends observed at 600 °C for
14 h. However, when the drying time of the calcined catalyst
was increased to 16 h irrespective of the temperature, it was
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observed that the morphological arrangement of the Fe-Co/
kaolin particles was similar.

The accompanied EDX results from the figures also
showed that at the calcination temperatures of 500 °C and
600 °C, all the samples contain Fe and Co in ratio 1:1 by
mass as used in catalyst preparation. In addition, the ratio

of the percentage composition of elements in kaolin support
used in this study (Al:Si:O=1:1:3) was not in close agree-
ment with what is obtained for kaolin (Al:Si:O~1:1:6). This
might be as a result of dehydroxylation of kaolin as well as
reduction of iron and cobalt salt into their respective oxides
(CoFe,0,, Fe,0;, and Co;0,) during calcination.
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3.5.2 XRD analysis of Fe—Co/kaolin catalyst

The phase identification and formation of the catalyst was
studied by XRD and the result is presented in Fig. 4.

According to Fig. 4, a high intense peak was observed at
20 value of 26.42° with crystal plane of (220) attributed to
quartz (SiO,) in the kaolin support formed via dehydroxy-
lation during heat treatment. The peak was pronounced
because of its unreactive nature. The peak at 26 value of
20.69° and 35.30° with crystal plane (111) and (311) are
assigned to CoFe,0, while other peak such as 49.9° with
crystal plane (400) is attributed to CoO; and Fe, 05 [43, 45].
Several other peaks in the pre-calcination catalysts suggest
that the drying temperature of 120 °C was not enough to
reduce the iron and cobalt salts into their respective oxides.
On the other hand, some of these peaks disappeared upon
calcination of samples at higher temperatures of 500 and
600 °C. The calcined samples showed the diffraction peaks
at 20 values of 20.69°, 26.42°, 35.30°, 49.9° and 60.10° with
corresponding crystal planes of 111, 220, 311, 400 and 422,
all of which revealed the formation of cobalt ferrite with a
face cubic structure (FCC) [45]. The figure also shows that
as calcination temperature increases, there is no significant
change in the peaks as well as their intensity. The crystal
particle size of the samples at pre-calcination was 32.6 nm,
but upon calcination at higher temperature of 500 °C, the
average crystallite size reduces to 31.8 nm and 28.0 nm at
14 and 16 h, respectively. The same reduction in average
crystallite size was observed upon calcination at temperature
of 600 °C (14 h, 27.3 nm; 16 h, 27.9 nm). The reduction in
crystallite size might be attributed to attrition of particles as
a result of heat treatment.

3.6 Synthesis and optimization of CNF

The versatility of CVD method used for mass production
of CNF to meet its increasing demand necessitated optimi-
zation of its synthesis parameters. RSM was used to design
an experiment to determine and optimize the influence
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Fig.4 XRD spectra of Fe—-Co/kaolin catalyst
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of the synthesis parameters such as reaction temperature,
reaction time, flow rate of argon and flow rate of acety-
lene/hydrogen ratio on the yield of CNF. The experimental
matrix and the result of the yield obtained are presented
in Table 7.

From the result presented in Table 7, it was noticed that
highest yield of 348% CNF was obtained at a reaction tem-
perature of 600 °C, reaction time of 40 min, argon flow
rate of 1416 mL/min and acetylene/hydrogen flow rate of
1416 mL/min. The higher percentage yield observed was as
aresult of enough residence time of 40 min that allowed the
production and growth of CNF, at a reaction temperature of
600 °C. In addition, low flow rate of hydrogen in the feed
promoted the reduction of oxygen content in the reaction
zone by expanding the clustered bond in the carbon mol-
ecule, hence more acetylene flow and growth was enhanced.
However, low yield of 16% was noticed at the following
process conditions: reaction temperature (600 °C), depo-
sition time (30 min), argon flow rate (2360 mL/min) and
acetylene/hydrogen flow rate (944 mL/min). This suggests
that low residence time of 30 min had led to suppression
of CNF growth because the amount of carbon source fed
into the reactor was also low and promoted agglomeration
of the catalyst hence reduction of rate of decomposition of
acetylene to carbon.

3.6.1 Effect of reaction temperature

The growth of CNF in a CVD reactor is governed by the
heat treatment needed for the decomposition of the precur-
sor gas (acetylene), the diffusion of the carbon formed onto
the matrix of the support and subsequent deposition of the
carbon in form of CNF Amogh et al. [46]. In view of this,
the influence of reaction temperatures between 525 and
625 °C on the yield of CNF was carried out and the result
showed that an increase in reaction temperature from 550
to 600 °C lead to increase in the yield of CNF from 108 to
348% at constant acetylene/hydrogen flow rate ratio of 2.
This suggests the existence of linear relationship between
the reaction temperature and the yield as a result of rapid
decomposition of acetylene which produces more carbon.
Beyond 600 °C, at the same acetylene/hydrogen flow rate
ratio, a slight decrease in the yield of CNF was observed,
which could be ascribed to the lost of more acetylene in the
reaction environment as a result of dehydroxylation of sup-
ported catalyst used. This result is in line with the findings
of Ali et al. [21], Antonio et al. [47] and Rinaldia et al. [48].
The authors opined that increase in temperature increase
the yield of CNF due to faster decomposition of acetylene
at higher temperature.
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Table7 The yield of C_NF from Run no. Tempera-  Time (min) Argon flow  Acetylene/hydrogen Experimental Predicted

RSM-based CCD matrix ture (°C) (mL/min)  flow (mL/min) yield (%) yield (%)
1 550 40 1416 944 108 98
2 600 30 1416 944 214 211
3 550 30 1416 944 120 147
4 575 35 1888 1180 136 136
5 600 30 2360 1416 214 179
6 600 40 2360 944 68 100
7 600 30 2360 944 16 61
8 550 30 1416 1416 234 158
9 550 30 2360 944 66 69
10 600 40 1416 1416 348 300
11 550 40 2360 1416 283 242
12 550 30 2360 1416 194 163
13 575 35 1888 1180 136 136
14 600 40 2360 1416 296 289
15 600 40 1416 944 142 193
16 600 30 1416 1416 256 247
17 550 40 2360 944 48 77
18 575 35 1888 1180 136 136
19 575 35 1888 1180 136 136
20 550 40 1416 1416 206 180
21 575 35 2832 1180 124 114
22 525 35 1888 1180 136 186
23 575 35 944 1180 167 202
24 575 35 1888 708 120 20
25 575 45 1888 1180 192 189
26 625 35 1888 1180 324 298
27 575 35 1888 1180 136 136
28 575 25 1888 1180 100 128
29 575 35 1888 1180 136 136
30 575 35 1888 1652 96 220

3.6.2 Effect of acetylene/hydrogen flow rate

The role played by hydrogen in the synthesis of CNF is
very important. This is because the presence of hydrogen
CNF growth serves as reducing agent to oxygen content in
the reaction environment not only to promote the synthesis
quality. This happened via stoppage of clustered dangling
bond at the edges of the graphitic CNF to prevent the for-
mation of tubular graphene shells. However, by control-
ling the relative amount of hydrogen in the gas phase, it is
possible to change the structure of carbon formation from
tube to fibers. This study, therefore, investigates the effect
of acetylene/hydrogen flow ratio on the yield of CNF. The
optimum temperature of 600 °C was chosen while varying
the acetylene/hydrogen flow rate ratio between 1 and 3 at
0.5 intervals. The result as presented in Table 7 revealed
that at acetylene/hydrogen flow rate ratio of 1, the yield of
CNF was 120%, however, decreased to 68% upon increase

in the flow ratio to 1.5, showing that the hydrogen in the
feed had suppressed the formation of carbon available for
reaction withdrawing little acetylene supplied for reaction.
When hydrogen supply is of equal amount with the main
carbon source such as acetylene, there is tendency for the
suppression of production of CNF due to low residence
time as a result of high-velocity profile created by high
relative hydrogen flow rate to acetylene [12]. Yehya et al.
[5] also reported that hydrogen presence in the mixture
of the carbon source in synthesis of CNF could serve as
a blocking agent inhibiting the active sites for conver-
sion. However, as the flow ratio increases to 2.5, the yield
increases to 348%. This result could be attributed to the
release of excess acetylene for easy conversion to carbon.
However, further increase in flow ratio of hydrogen to
acetylene lead to decrease in yield of CNF. This happened
because at flow ratio of 3, carbon available for reaction has
been exhausted.
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3.6.3 Effect of reaction time

Another process parameter that played major role in the CNF
growth is reaction time. Though, CNF can be synthesized
within few minutes of reaction, but at a prolonged residence
time, the surface area, and morphology could be altered [5].
By careful control of these process parameters, the desired
CNF can be produced in large quantity [47]. This paper
reports the effect of reaction time from 25 to 45 min on the
yield of CNF at constant temperature of 600 °C, acetylene/
hydrogen flow rate ratio of 2.5 and constant argon flow rate
and the result obtained depicted that as the reaction time is
increased from 30 to 40 min, there was a decrease in yield
from 256 to 136%, and then increase to 348% at 40 min,
thus the CNF yield fluctuated. The increase in the yield of
CNF with an increase in time may be connected to decrease
in rate of diffusion of carbon into the matrix of the catalyst
at increased temperature until the carbon supply into the
system was exhausted hence decrease in yield. The increase
in the yield observed at higher deposition time could be
attributed to the rate of decomposition of acetylene due to
high catalytic activity of the Fe—Co particles as a result of
high diffusion of carbon into the matrix of the catalyst via
active site generated by the kaolin support. This result is in
line with the findings of Mustafa et al. [49] who reported the
same observation.

3.6.4 Effect of argon flow rate

For the synthesis of CNF in a CVD reactor, an inert gas
which acts as a carrier gas is needed to purge the system
of air thereby preventing oxidation of carbon. Most widely
used carrier gases are argon and nitrogen though sometimes
hydrogen is employed to reduce the oxygen contents of the
reaction environment. For the desired CNF amount, the flow
rate of inert gas (argon in this study) was controlled and
studied to evaluate its effect on the yield of CNFs. This was
done by varying argon flow rate from 944 to 2832 mL/min,
keeping other parameters constant. It could be observed
from Table 7 also that increasing the argon flow rate from
944 to 1416 mL/min, there was an increase in the yield of
CNF. This result is attributed to lower rate of transfer of
acetylene molecule from the catalyst surface. However, as
the flow rate of argon was further increased to 2360 mL/min,
a corresponding decrease in the yield of CNF was noticed
because the rate at which carbon moved out of the reacting
surface has increased thereby disallowing high deposition
of carbon on the surface of the catalyst. These results are in
agreement with the work of Aliyu et al. [18] and Idowu [50]
who independently found that increase in flow rate of argon
implied increase in the rate of carbonaceous materials as a
result of coverage and number of acetylene molecules on the
catalyst metal nanoparticle’s surface. In addition, there was
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another transit decrease in CNF yield noticed at an increased
argon flow rate from 1416 to 1888 mL/min. This showed that
argon as a carrier gas has the tendency of either suppressing
or improving the decomposition rate of acetylene [18, 42].

3.7 Statistical analysis of CNF synthesis

Statistical optimization of the process parameters was car-
ried out to determine the correlation between the experimen-
tal and simulated results. Minitab’s Response Optimizer was
used to calculate individual desirability using utility transfer
function. This was done by selecting weight (from 0.1 to
10) to determine how much close is the experimental to the
optimized values and the result is shown in Table 8.

From Table 8, composite desirability of 1 was observed
suggesting that the settings connote favorable results for the
responses as a whole. Be that as it may, the individual desir-
ability shows that the settings are more effective at maximiz-
ing yield (0.98077) than at minimizing reaction temperature,
reaction time, acetylene/hydrogen flow rate and argon flow
rate.

The correlation between the experimental and predicted
yield was determined from the plots of the experimental
and predicted yield data. The result presented in Fig. 5 indi-
cates that they fall within both statistical and experimental
acceptability (R*=0.7333) with optimal solution obtained

Table 8 Solutions of the optimized and experimental yield

Operating parameters Optimized solution Experi-

mental
solution

Reaction temperature (°C) 625 600
Reaction time (min) 45 40
Acetylene/hydrogen flow rate ratio 2.5 25

(mL/min)
Argon flow rate (mL/min) 2832 1416
Desirability 1.000
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Fig.5 Plots of experimental and predicted yield of CNF
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at reaction temperature of 625 °C, reaction time of 45 min,
acetylene/hydrogen flow rate ratio of 2.5 and argon flow rate
of 2832 mL/min.

The interactive effects of the process variables were
carried out using analysis of variance (ANOVA), a three-
dimensional response surface and two-dimensional contour
plots. This was done to test the significance and accuracy
of the model generated from the designed experiment using
Minitab 16 software. The result is presented in Table 9.

The estimated model for the yield (Y) as a function of all
the four factors was obtained and is presented in the follow-
ing equation:

Yield (%) = 136 + 55.92A + 30.75B —44.08C
+ 100D + 106.29AA + 22.29 BB

+ 21.79CC —-15.71DD + 30.75AB C))
—72.25AC + 24.75AD + 56.25BC
+ 82.25CD,

where A represents the reaction temperature; B represents
reaction time; C represents argon flow rate and D represents
acetylene/hydrogen flow rate.

One important observation in the regression model has
to do with the main and interaction effects between the fac-
tors considered. It can be generally noticed from the main
effects of the model that reaction temperature, reaction time
and acetylene/hydrogen flow rate increase the yield hence
exerted positive effects while argon flow rate has nega-
tive effect due to decreased yield of the CNF synthesized.

Table 9 ANOVA results on significant factors of the process param-
eters on the yield of CNF

Source F value P value Remark
Regression 293 0.024 Significant
Linear 7.08 0.002 Significant
A 5.53 0.033 Significant
B 1.67 0.216

C 3.43 0.084

D 17.70 0.001 Significant
Square 1.58 0.232

AA 5.70 0.031 Significant
BB 0.25 0.624

cc 0.24 0.631

DD 0.12 0.729

Interaction 1.07 0.423

AB 0.28 0.605

AC 1.54 0.234

AD 0.18 0.677

BC 0.93 0.350

BD 1.50 0.240

CD 1.99 0.178

This result is in close agreement with the results obtained
in Table 7 which showed that highest yield of CNF was
obtained when the CVD reactor was operated at higher lev-
els of reaction temperature, reaction time and acetylene/
hydrogen flow rate and at a lower level of argon flow rate.
The interaction effects from the model showed that there
were significant interactions among the studied variables on
the response (yield).

The P and F values were used to check the significance of
the tested variables and their interactions. The results of the
P value and F test values presented in Table 9 revealed the
significance of the model, its linear part, drying temperature
as well as acetylene/hydrogen flow rates having P values of
0.024, 0.002, 0.033 and 0.001 with corresponding F values
0f 2.93,7.08, 5.53 and 17.70, respectively. These correspond
t0 97.6, 99.8, 96.7 and 99.9% confidence level at an « value
of 0.05. This same observation occurred for the temperature
of the squared part of the model with a P value of 0.031 and
F value of 5.70 corresponding to 96.9% confidence level
at the same a value. These observations suggest that the
effect of temperature and acetylene/hydrogen flow rate is
independent of other variables. The interaction part of the
model was not significant with a P value of 0.423 and F
value of 1.07. The non-significance ability of some param-
eters might be attributed to the choice of confidence level
[18, 40]. Consequently, the two significant factors, reaction
temperature and acetylene/hydrogen flow rate, were ana-
lyzed and a reduced model which contains the two factors
were generated. The reduced desirable model is shown by
the following equation:

Yield (%) = 147.02 + 55.92A +100.08D

10
+ 100.78AA —21.22DD + 24.75AD. (10)

Though, some of the tested variables were found to be
statistically non-significant, their effects and their inter-
actions were shown to be practically significant from the
experiments. The significance of these variables was deter-
mined using the contour and surface plots and the result is
presented in Fig. 6.

From Fig. 6a, b, it can be noticed that a simple maximum
contour plots were obtained while the surface plot repre-
sents a falling ridge which implies that at constant argon
flowrate and acetylene/hydrogen flow of 1888 mL/min and
1.5 where curvature was obtained, respectively, yielded
more than 350% CNF when the CVD was operated at a
temperature of above 620 °C for more than 40 min. These
are factor settings above the prescribed in the experiment
and depicted that operating at that level could maximize the
yield of CNF. However, this is in contrast with the experi-
mental result presented in Table 7, where optimum yield
of about 348% was obtained. The possible reason for this
was that the experimental reaction had earlier occurred at
35 min before it was discovered that more carbon generated
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from the decomposition of acetylene was still held at the
surface of the catalyst due to low residence time. The falling
ridge surface and rising ridge contour plots as presented in
Fig. 6¢, d demonstrated the effect of temperature and argon
flow rate on CNF yield. From the figure, it could be observed
that to maximize the yield of CNF, the reaction temperature
need to be increased from 600 °C to above 620 °C, while
argon flow rate need to be increased from around 1100 to
less than 1500 mL/min. This implies that a combination of
high-level temperature and low-level argon flow rate could
lead to more yield of CNF. This might be attributed to lower
rate of transfer of carbon molecule from the catalyst surface,
even though the operating temperature is enough for com-
plete decomposition of acetylene. The effect of combination
of time and argon flow rate on the yield of CNF is presented
in Fig. 6e, f. It is obvious from the figure that to maximize
CNF yield, argon flow rate of about 2500 mL/min is needed
at a minimum time of about 25 min. This implies that at
higher argon flow rate, the tendency for mass transport of
carbon from the surface of the catalyst could be reduced if
the reaction takes place at a shorter time. The surface and
contour plot of Fig. 6g, h represent the effect of combina-
tions of argon flow rate and acetylene/hydrogen flow rate on
CNF yield. The figure shows that maximum yield of CNF
could be obtained by maximizing both argon flow rate and
acetylene/hydrogen flow rate ratio. This might be associated
with the fact that as more argon flows into the system, more
acetylene is needed to compensate for the loss of carbon
from the catalyst surface. A combination of higher tempera-
ture and high acetylene/hydrogen flow favored high yield of
CNF (Fig. 6i, j).

3.8 Characterization results of CNF
3.8.1 Morphological arrangement and size distribution

The morphology and size distribution of as-synthesized and
purified CNF were examined using HRSEM while the inter-
nal texture diameter and size distributions were measured by
a HRTEM. The HRSEM and HRTEM images of as-synthe-
sized and purified CNF are presented in Fig. 7.

From Fig. 7a, b, it could be observed that the as-synthe-
sized sample contain CNFs in a winding form surrounded
by impurities from kaolin used as catalyst support. The
micrograph also contains spread of Fe—Co catalyst nano-
particles which was used to promote the growth of CNF
in the CVD reactor. After acid treatment, the sample con-
tains twisted form of CNF with homogenous size entangled
cover one another and grow both in length and diameter as
observed in Fig. 7b. Though, impurities in form of amor-
phous carbon, metal catalyst as well as the support materials
were still noticed in the purified catalyst, substantial parts
of them were removed as evidenced in the EDX spectrum

of the purified sample. Complete removal of the impurities
cannot be achieved as this often lead to destruction of the
fiber structure.

The result of HRTEM revealed from Fig. 7c that the
nanofibers have inner diameter in the range of 19.5-40 nm.
The outer diameter of CNF ranges between 25 and 100 nm
which could be controlled by adjusting the synthesis time
[51].The image also showed that the diameter of purified
CNF remain the same with as-synthesized CNF, an indi-
cation that there was no significant change brought about
by the influence of acid treatment. Some metal particles
were maintained at both the middle and the end of the fibers
showing that the growth process might follow the deposition
diffusion—nucleation growth mechanism [52]. The formation
of metal particles at the middle of the fibers indicated that
the support material (kaolin) had provided numerous active
sites in which nucleation and subsequent growth of CNFs
were obtained because of the presence of many metal oxides.
This observation is in contrast with tip or base growth mech-
anism observed with the use of other support materials such
as alumina, silica, and calcium carbonates [53]. However,
during purification, it was observed that some deformations
were formed on the fibers (see Fig. 7d). These deformations
exhibited are one of the disadvantages of using acid treat-
ments method for purification of CNF.

3.8.2 Elemental composition and thermal stability

Figure 8a, b presents the EDX spectrum and elemental
composition of both as-synthesized and purified CNF while
Fig. 8c depicted the thermal stability of both as-synthesized
and purified CNF as determined by TGA.

Figure 8a showed the presence of elements such as C,
O, Fe, Si, Al and Co were present with atomic composition
of 71.14, 18.99, 0.11, 5.53, 4.07 and 0.13% in the as-syn-
thesized CNF, respectively. The presence of these elements
could be traced to catalyst used in the production of CNF. In
purified spectrum shown in Fig. 8b, there is presence of C,
O, Si and Fe. The presence of Fe and Si might be associated
with their incomplete removal during acid treatment process.
However, it is worth of notice that the percentage composi-
tion of CNF in as-synthesized sample increased from 71.14
to 98.61% after purification. This showed that the purifi-
cation process improves the composition of CNF as other
impurities such as Fe, and Si were significantly removed.

The thermal profile of as-synthesized and purified CNFs
as shown by Fig. 8c indicated that there was a rapid initial
mass loss between the temperatures of 64.48-122.03 °C
for as-synthesized CNF (A-CNF). This initial mass loss
could be attributed to the presence of impurities in form
of amorphous carbon and some associated defective sites
which were not thoroughly initiated during growth in the
CVD reactor. These defective sites were improved with
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Fig.7 HRSEM image of a as-synthesized CNF and b purified CNF, ¢ HRTEM image of as-synthesized CNF showing the internal and external
fiber diameter, d HRTEM image of purified CNF showing the deformation as a result of acid treatment

the acid treatment using combination of H,SO, and HNO;,
with the purified CNF (P-CNF) showing a constant pattern
within these ranges of temperatures, although, some volatile
components were lost. The decomposition of the purified
CNEF starts at a temperature of 209.75 °C and terminated at
a temperature of 433.21 °C showing a mass loss of about
88%. This shows that the purified CNF is relatively pure.
The 12% impurities might be due to the presence of metallic
particles which were trapped within the pores of the CNF
and could not be removed by acid treatment. However, the
as-synthesized CNF curve indicated a decomposition initia-
tion at a temperature of about 196.77 °C with its residual
mass at the temperature of about 389.53 °C representing
mass loss of about 69%. This attributes could be linked to

@ Springer

the presence of some traces of kaolinites as impurities which
were embedded in the sample. The TGA profile of purified
CNF as presented showed that the P-CNF is stable up to a
temperature of about 433.21 °C implying that it could be
applied for further applications.

3.8.3 XRD analysis of CNF

The phase structure of as-synthesized and purified CNFs
was examined using XRD and the result is shown in Fig. 9.

According to Fig. 9, two major diffraction peaks at 26
value of 26.31° and 44.32° are noticed for as-synthesized
CNF while in the case of purified CNFs, a slight decrease
in 20 values earlier noticed for as-synthesized CNFs
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Fig. 9 XRD spectrum of A-CNF and P-CNF

specifically was found to be 25.39° and 44.22°. The slight
difference might be associated with the process of purifica-
tion. All these major peaks are in line with the identified
peaks for carbon in hexagonal-graphitized form [3, 12, 54].
However, the peaks observed for P-CNFs were in form of
graphitized carbon and high crystallinity than A-CNFs as
evidenced in their sharpness. The figure also showed that

the different peaks correspond to the crystal plane of (002)
and (100) with corresponding d-spacing of 0.3354 nm and
0.3451 nm, respectively. The d-spacing is as a result of
interlayer of graphites and further support the fact that the
crystals in the carbon phase are well packed and arranged
in orderly manner.

3.8.4 X-ray photoelectron spectroscopy (XPS) analysis
of CNF

The surface oxidation of the elements formed on both
A-CNF and P-CNF was determined using XPS and the result
is presented in Fig. 10.

The general XPS survey of A-CNF as presented in
Fig. 10a revealed the presence of C, O, Si, and Ar. The pres-
ence of carbon and oxygen was due to the carbon source
(acetylene) and air used during synthesis and growth of CNF
in a CVD reactor. Argon (Ar) presence was due to Ar beam
utilized during sputtering. The major components such as
the C (1s) and O (1s) occurred at binding energy of 284.6 eV
and 535.5 eV, respectively, while the small contamination
of Si (2p) present at 105.5 eV binding energy originated
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from the kaolin support used for the synthesis of catalyst.
Reported observations of [51] showed that the binding
energy of silicon as a reinforcing material was between 103
and 105 eV. Higher binding energy obtained in this study
was as a result of local charging and that the silicon presence
serves as impurities but not as composite. Non-detection of
Fe and Co suggested that the two metals are encapsulated
within the inner pores of the CNFs.

The sputtered envelope of the XPS analysis result of puri-
fied CNF (P-CNF) is presented in Fig. 10b. After purifi-
cation of CNF, its anchoring sites were opened allowing
the addition of some functional groups hence oxidation
occurred. The result as presented in the figure shows that the
counts of C (1s) (binding energy of 284.56 eV) and oxidized
O (1s) (binding energy of 534.5 eV) was obvious reveal-
ing that all other impurities in form of nanoparticles have
been removed during purification. The HRTEM micrograph
further shows that Fe and Co were encapsulated within the
matrix of the CNFs due to their non-detection by the XPS.
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It was also noticed that Si (2p or 2s) was not found on the
surface of the P-CNF, suggesting that the Si was trapped
within the wall of the P-CNF.

Figure 10c revealed the presence of six peaks at their
respective binding energies. The main peak (SP> C=C/
SP? C-C) is attributed to the graphitic structure of car-
bon. Other peaks correspond to hydroxyl functional group
(C-OH), attachment of carbonyl (C=0), carboxyl (O—C=0)
and nitrate (NHx) groups of the CNF structure. However,
the m—n* peak is the transition loss peak, which denote the
chemical force of attraction on the surface of the CNFs. This
result confirms the work of Jing-Hong et al. [55] and Yaru
[56] who independently submitted that deconvolution of car-
bon peak especially for oxidized carbon produced chemical
shift in binding energies of the component elements and that
functionality characteristics such as the carbonyl, hydroxyl,
and carboxyl group which are exposed created sites for effec-
tive adsorption of substrates.
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The summary of the C 1s fits for all the specimens and
the percentage contribution of each species to the envelope
was calculated for both A-CNF and P-CNF and the results
are shown in Tables 10 and 11.

The results as presented in the tables showed that both
A-CNF and P-CNF contain some oxygen surface groups.
The presence of these oxygen-containing groups in A-CNF
was due to the formation of carbon dioxides at higher tem-
perature during the growth of CNF in a CVD reactor. P-CNF
also contains these oxygen-containing groups probably due
to the acid treatment with combination of H,SO,/HNO; and
the percentage of the oxygen-containing compounds was
found to increase from (14-20%), (6-8%), (2-3%), (0—1%)
for C-OH, C=0, O-C=0 and n—n*groups, respectively.
This result is supported by the findings of Tijmen et al. [57]
who found that carbon nanomaterials treated with H,SO,/
HNO; mixture resulted into increase in oxygen-containing
compounds due to the binding effects of the oxygen to the
carbon layers at the surface. It was also revealed from the
tables that the bindings of elements in terms of the % con-
centration and area covered for A-CNF are C—C and C=C
74% (12,194), C-OH 14% (2232), C=0 6.0% (1059),
0-C=0 4.0% (604), NHx 2.0% (308) and n—n* 0% (76),
respectively. While that of P-CNF are C—C and C=C 63.0%

Table 10 C 1s fits result for A-CNF

Binding Binding FWHM Area  Atomic % Chemical
energy energy concentra- bonds
€eV) change tion

284.8 1.67 12,194 74 C-C,C=C
286.2 -14 1.6 2232 14 C-OH
287.7 -29 1.6 1059 6 C=0
289.4 —-4.6 1.6 604 0-C=0
290.8 -6 1.6 308 2 NHy
292.3 =75 1.5 76 0 ¥
Total 16,473 100

Table 11 C Is fits result for P-CNF

Binding Binding FWHM Area  Atomic % Chemical
energy energy concentra-  bonds
V) change tion

284.54 1.18 34,724 63 C-C,C=C
285.94 -14 1.6 10,853 20 C-OH
287.44 -29 1.6 4638 8 C=0
289.14 —-4.6 1.6 2361 0-C=0
290.54 -6 1.6 1859 3 NHy

292 —7.46 1.6 606 1 ¥
Total 55,041 100

(34,724), C-OH 20% (10,853), C=0 8.0% (4638), O-C=0
4.0% (2361), NHx 3.0% (1859) and n—n* 1% (606), respec-
tively These show that purification of CNF with acid treat-
ment has really increased the oxygen-containing functional
groups at the surface of the CNF, thereby enhancing its
active sites for further applications.

4 Conclusion

Model predicting the yield of Fe—Co/kaolin catalyst was
developed using RSM. The model was analyzed and found to
be sufficient for predicting the effects of the catalyst prepara-
tion parameters on the yield with drying temperature show-
ing independent significance to the model. The surface and
contour plots of the yield as a function of bi-factors of the
model showed positive interactive effects. The results of
characterization of the produced catalyst showed that the
catalyst possess characteristics that made it suitable for the
growth of CNF. The CNF preparation parameters such as
the reaction temperature, reaction time, argon flow rate and
acetylene/hydrogen flow rate have been shown to have effect
on the yield of the CNF. The ANOVA study from the gener-
ated data using RSM showed that all the tested parameters
are significant either alone or based on the bi-factor relation-
ship as exhibited by the surface and contour plots. The result
of HRSEM showed a twisted form of CNF, with a relative
diameter of about 19.5 and 40 nm as revealed by HRTEM.
TGA result showed that the CNF is thermally stable, XRD
result revealed a highly crystalline graphitized CNF, while
the XPS showed that the grown CNF contains some surface
functional groups capable of enhancing its active sites for
further applications.
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