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Abstract: Multiwalled carbon nanotubes (CNT) supported cobalt oxide was prepared as a catalyst
by strong electrostatic adsorption (SEA) method. The CNT support was initially acid- and
thermal-treated in order to functionalize the support to uptake more Co clusters. The Co/CNT
were characterized by a range of analytical methods including transmission electron microscopy
(TEM), temperature programmed reduction with hydrogen (H,-TPR), X-ray diffraction (XRD),
Fourier-transform infrared spectroscopy (FTIR), Raman spectroscopy, atomic absorption spectroscopy
(AAS), Zeta sizer particle size analysis and Brunauer—-Emmett-Teller (BET) surface area analysis.
TEM images showed cobalt particles were highly dispersed and impregnated at both exterior and
interior walls of the CNT support with a narrow particle size distribution of 6-8 nm. In addition,
the performance of the synthesized Co/CNT catalyst was tested using Fischer-Tropsch synthesis
(FTS) reaction which was carried out in a fixed-bed micro-reactor. H>-TPR profiles indicated the
lower reduction temperature of 420 °C was required for the FTS reaction. The study revealed that
cobalt is an effective metal for Co/CNT catalysts at pH 14 and at 900 °C calcination temperature.
Furthermore, FTS reaction results showed that CO conversion and Cs, selectivity were recorded at
58.7% and 83.2% respectively, which were higher than those obtained using a Co/CNT catalyst which
pre-treated at a lower thermal treatment temperature and pH.

Keywords: carbon nanotubes; thermal treatment; cobalt; Fischer—Tropsch; catalyst; acid treatment

1. Introduction

In Fischer-Tropsch synthesis (FTS), syngas (H, + CO) is consumed to produce hydrocarbons
and chemical products where FTS itself plays a significant energy production role between all
environmentally friendly fuels and renewable energy resources. While there is an early prediction of
a rapid decline in crude oil reserves, the abundant presence of natural gas and coal reserves can be
an alternative feedstock for the FTS technique to remain popular. In addition, having a less sulfur
and aromatic ring content, fuel prepared from an FTS technique could offer a practical non-toxic
environment strategy. In the fabrication of FTS catalyst, the most common metals are iron, cobalt,
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nickel, and ruthenium. Within the metal series, nickel-based catalysts produce a higher amount
of methane while ruthenium-based catalysts are costly when exploited on a large scale. Generally,
iron and cobalt based catalysts are considered more economical and cost saving. Iron catalysts have
high selectivity towards olefins and water gas shift reaction (WGSR), and give lower activities in
comparison to cobalt catalysts [1]. For the FTS technique, cobalt catalyst is one of the effective catalysts
with high selectivity for linear hydrocarbons (paraffin) and less complicated reaction conditions [2,3].
The FTS technique depends on several factors including cobalt loading percentage, dispersion of
cobalt particles on the support and the metal reducibility property. Specifically, the catalyst support
could help in homogeneous dispersion of cobalt particles on its surface hence, ensuring complete
reduction of the metal [4]. In recent years, the performance of cobalt-based catalysts and properties of
common supports including alumina, silica, and titania have been investigated [5]. On the other hand,
carbon nanotubes [6], carbon nanofibers [7,8], carbon spheres [9], and graphene [10] have emerged
and are considered as a new series of catalyst supports. Carbon-based supports as compared to
conventional supports have weak interaction between catalyst active sites and the support material
and this leads to a higher degree of reduction and enhanced catalyst activity. Carbon nanotubes
(CNT) play a special support role for FTS reaction due to their unique mechanical and electrical
properties [11]. On the other hand, the unique tubular shape structure of a CNT support could
offer several advantages including the presence of confinement for the active sites and encapsulation
of catalyst particles within the support [12]. These combined factors lead to the easier reduction,
lower agglomeration, higher catalyst activity and performance [13], longer catalyst’s lifetime and last
but not least increased catalyst activity from other metal (such as Co, Ru, and K) loadings [14,15].
However, these earlier reports have been lacking further studies on the effect of catalyst preparation
conditions such as pH, acid, and thermal treatment against catalyst performance in the FTS reaction.
The aim of this research, therefore, is to synthesize a series of cobalt catalyst supported on CNT by
applying the SEA technique and to investigate further the effect of pH, acid and thermal treatment on
the overall performance of the Co/CNT catalysts in the FTS reaction.

2. Experimental

2.1. Carbon Nanotube Support Purification/Functionalization

Functionalization and activation of CNT (purity > 95%, chemical vapor deposition, length:
10—20 um and diameter: 30—50 nm, purchased from ILJIN Nanotech Co. Ltd., Seoul, Korea),
prior to metal loading is very crucial. The objective of these processes is to expand the interaction
of foreign molecules with the surface of CNT. This process introduces oxygen-containing groups
(OH) on the surface, purifies and produces pristine CNT, and helps to uncap the CNT end-terminals.
Approximately 2 g of commercially available and as-received CNT were added to a flask fitted with a
reflux condenser containing 35 vol% nitric acid (Merck, Petaling Jaya, Malaysia) where the solution was
kept at 25 °C and 110 °C for 5, 10, 15, and 20 h respectively. The slurry solution was dried in an oven
overnight at 110 °C. The acid-treated CNT were thermally treated at 600 °C, 700 °C, 800 °C, and 900°C
in flowing argon gas at 20 mL min~! [16]. In this study, at different temperature, samples with
acid and thermal treatments were designated as follows: as-received CNT, CNT.A.600, CNT.A.700,
CNT.A.800, and CNT.A.900. The last 3 digits after the letter A (which denotes the acid) in the sample
name represent the respective temperature at which thermal pre-treatment was conducted prior to
impregnation of the metal cobalt particles.

2.2. Preparation of Catalysts Using SEA Method

The synthesis of the Co/CNT catalyst via the usual impregnation methods has resulted in cobalt
particles being dispersed heterogeneously on the CNT support. The strong electrostatic adsorption
(SEA) method was exploited to give higher levels of catalyst dispersion on the support and narrower
particle size distribution [17-19]. Electrostatic attraction of oppositely charged particles is the basis of



Symmetry 2019, 11, 50 30f 19

the SEA method. Supports such as alumina, CNT, silica, and other metal oxides contain a hydroxyl
group on their surface, therefore in the SEA method, the point of zero charges (PZC) is the pH of a
medium that the hydroxyl group on the support’s surface remains neutral. If the pH value is smaller
than PZC, the hydroxyl group protonates and the positive charges, therefore, attract anions. On the
other hand, if the pH is higher than PZC, the hydroxyl group deprotonates and the resulting negative
charges would attract cations [20]. In this study, Co/CNT catalyst samples were synthesized via the
SEA method at an optimum pH with a total of 10% cobalt loading.

2.3. Determination of PZC and Co Uptake on CNT

In order to find out a point of zero charges (PZC) of a CNT support,
the equilibrium-pH-at-high-oxide-loading (EpHL) method was applied [21]. By adding nitric
acid or ammonium hydroxide into a series of distilled water containing solutions, a pH range of 2-14
was prepared. A pre-weighed amount of CNT was then added to 50 mL of each solution. The mixtures
were shaken for one hour on a rotary shaker prior to the final pH value measurements. The PZC of
the CNT support was found on the plateau plotted from the final pH versus initial pH graph. As for
the measurement of optimum pH during the cobalt uptake, a series of pH values for a cobalt nitrate
precursor was prepared within a range of 2-14. Accordingly, to the prepared solutions were added
the pre-weighed CNT and they were then shaken for 1 h and the final pH was measured. In order
to find out an optimum pH for the Co uptake, 5 mL of each cobalt solution was subjected to atomic
absorption spectrophotometry (AAS) analysis and a plot can be obtained from the Co uptake versus
pH. To prevent pH shift, cobalt precursor adsorbs to CNT support at selected pH. The as-synthesized
catalyst samples were air dried after 24 h and followed by calcination at 400 °C for 4 h in a tubular
furnace under an Ar flow to remove residual reactants.

2.4. Catalyst Characterisation and Equations

Fischer-Tropsch synthesis (FTS) catalysts can be characterized by a range of methods including
a physical adsorption method, temperature-programmed reduction method carried out using a
Thermo Finnigan (TPDRO 1100 MS, Waltham, MA, USA), and transmission electron microscopy
(TEM) analysis performed on Zeiss LIBRA 200 FE, (Jena, Germany). Furthermore, Fourier transform
infrared spectroscopy (FTIR, Perkin Elmer, Petaling Jaya, Malaysia), X-ray diffraction (XRD) on a
Bruker (A&S D8 Advanced Diffractometer, Singapore) and atomic absorption spectroscopy (AAS) by
Agilent Technologies GTA 120 (Santa Clara, CA, USA) were also used to measure the extent of uptake
of Co particles on the CNT support. Thermogravimetric analysis (TGA) analysis was performed
on a Perkin Elmer STA 4000 (Petaling Jaya, Malaysia) analyser. Pore volume and average pore size
of the calcined catalysts, total surface area, and unmodified support (CNT) were observed using
Micromeritics, (ASAP 2020, Norcross, GA, USA) adsorption equipment.

Equations (1)—(4) were used to calculate reduction percentage based on result derived from TPR
figure peak area, dispersion % and Equations (5)-(9) applied to calculate selectivity and conversion of
catalyst samples [10,22-24].

HpUptake x Stoichiometry x AtomicWeight

%Reduction = o) Metal

)

where: H; uptake = amount of Hp in pmol/g.cat, calculated from TPD spectra of catalyst.
Atomic weight = molecular weight (MW) of metal. % metal = weight percentage of metal in catalyst.

. . __ HpUptakex AtomicWeight x Stoichiometry __ Numberof CoAtomsonSur face
O/oDZSpE?SlOI’l(TOt(ZlCO) - % Metal — TotalNumbero f CoAtomsinSample x 100 (2)
where: H; uptake = amount of H; consumed in mmol/g.cat calculated from peak area of H,-TPD
spectra. Atomic weight = MW of metal. % metal = weight percentage of metal in catalyst.
Stoichiometry = 2.
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Number of active sites of catalysts calculated using % dispersion and % reduction calculated
using Equation (3) [23].

Weighto fCoinSample X Reduction x Dispersion x Ny

.0f ActiveSites =
No.of ActiveSites i 3)
where: Ny = Avogadro’s number. MW = atomic weight of metal.
A ical A TPD ibrati
Hyuptake Moles _ nalytical Areafrom ‘ x CalibrationValue @
geat SampleWeight x 24.5

The performance of nano catalyst in Fischer-Tropsch (FT) reactions was studied by
using Microactivity-reference equipment (Micromeritics, GA 30093-2901, USA). An online gas
chromatograph (Agilent Hewlett-Packard Series 6890, Santa Clara, CA, USA) equipped with TCD and
FID) system was used to analyze gaseous products. Percentage of conversion for CO, methane (CH,)
selectivity and Cs, selectivity were calculated using Equations (5)—(7) respectively [23].

COConversion(%) = COin = COout x 100 ®)
COjy
. MoleofCHy
HySelectivity(%) = 1
CHySelectivity (%) Total Moleso f Hydrocarbons x 100 ©)
Cs.. Selectivity(%) = MolesofCs+. % 100 @)

~ Total Moleso f Hydrocarbons

FTS rate shown in Equation (8) and water gas shift reaction rate Equation (8) is equal to formation
rate of carbon dioxide (RFCO,) and can be defined by [25-28]:

RFTS (gHC/gcat.hil) = gHydrocarbonsProduced /gcat + h™ 8)

RWGS (gCOz /gcat.h_l) = RFCO, = gCO,Produced/gcat x h™* )

3. Results and Discussion

From a plateau plotted from the data of the final pH versus initial pH values shown in Figure 1a,
the PZC of the CNT support was found to be 9.5. Figure 1b shows plot of Co uptake versus pH.
From this plot, optimum pH for Co uptake is 14. Prior to the FT reaction, the catalysts were reduction
and activated under the flow of H2 at the rate of 1.8 L/h at 220 °C for 2.5 to 10 h. After catalyst
activation at the high reduction temperature, the catalysts were cooled down to reaction temperature
and flushed with helium gas for 10 min. Fischer—Tropsch reactions were done at 2/1 Hy/CO (v/v)
ratio, 40 L/g-cat.h, 240 °C, and at 20 atm pressure.
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Figure 1. Determination of (a) point of zero charges (PZC) of the carbon nanotubes (CNT) support,
and (b) Co uptake versus pH analyzed by atomic absorption spectrophotometry (AAS).

3.1. Effect of Acid Pre-Treatment Conditions on Co/CNT Properties and Performance

The influence of different conditions of CNT acid treatment on physicochemical properties of the
catalysts, FTS activity and selectivity was studied. Figure 2a—f shows TEM micrographs of as-received
CNT, CNT.5A.25, CNT.5A.110, CNT.10A.110, CNT.15A.110, and CNT.20A.110. For the naming of the
catalyst samples the numbers before the letter A (which means “acid treated”) represent the duration of
acidic treatment (in hours) and last three digits represent temperature used during the acid treatment.
From the TEM micrographs they collectively show the acid treatment method was able to uncap the
terminal cappings of the CNT and secondly, it introduced defects over the external surface of the CNT.
Acid treatment has been shown to be an effective method to uncap CNT and cleave the nanotubes into
segments [29]. Furthermore, Figure 2 shows the image of as-received CNT and that of the uncapped
CNT after refluxing in concentrated nitric acid. As a result of uncapping the CNT it now could allow
the cobalt nitrate to enter the various CNT tubular channels with ease during catalyst preparation [30].
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Figure 2. TEM images of (a) as-received CNT, (b) CNT.5A.25, (c) CNT.5A.110, (d) CNT.10A.110,
(e) CNT.15A.110, and (f) CNT.20A.110.

Figure 3 shows FTIR spectra of the as-received CNT where a peak around 1700 cm~! can be
attributed to the oscillation of carboxylic groups. Upon acid treatments, the peak slightly shifted to a
higher wavenumber. The presence of carboxylic groups in the CNT support can be described from
possible elimination of the impregnated cobalt nanoparticles from the CNT during the purification
process. In addition, a peak at 3430 cm ! could possibly be associated with the -OH bending distortion
in carboxylic acid groups. Moreover, comparable to that observed by Novoselov et al. [10]. Finally,
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it should be noted that the spectra of samples before and after HNO3 treatment, have no significant
difference. However, the intensity of OH peak at 3500 cm~! was found to escalate with escalation
duration of the acid treatment.

Transmittance (%)

400 900 1400 1900 2400 2900 3400
Wavenumber (cm!)

Figure 3. FTIR spectra of (a) as-received CNT, (b) CNT.5A.25, (c) CNT.5A.110, (d) CNT.10A.110,
(e) CNT.15A.110, and (f) CNT.20A.110.

Table 1 shows the surface area and pore volume of the as-received CNT and catalyst samples
prepared in different experimental conditions. Removal of CNT caps via acid treatment increased
the surface area and pore volume. Increasing acid treatment temperature and duration enhanced
surface area and pore volume of the catalysts. Cold acid treatment at room temperature leads to an
increase of BET surface area from 138.2 to 163.4 m? /g and for hot acid treatment in 110 °C increased to

270.6 m?/g.

Table 1. Surface area and pore volume data for treated CNT samples under various conditions.

Sample * BET Surface Area (m?/g) Pore Volume (cm?/g)
CNT As-received 138.2 0.26
CNT.5A.25 163.4 0.35
CNT.5A.110 216.8 0.41
CNT.10A.110 2453 0.49
CNT.15A.110 266.4 0.54
CNT.20A.110 270.6 0.56

* A number before letter A refer to a CNT sample with a specific acid (A) treatment duration (in hour) and last

three-digit number refer to the acid treatment temperature.

Simultaneously, for cold treated CNT at 25 °C, pore volume of CNT increased from 0.26 to
0.35 cm3/ g and for hot treated CNT increased to 0.56 cm3/ g which could be due to presence of defects
on CNT as indicated by the TEM results.

Figure 4 shows the Raman spectra of the as-received and acid-treated CNT at various experimental
conditions. A peak for a disordered carbon at 1340 cm ™! attributed to the D-band tangential mode
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and a peak at 1580 cm ! is for G-band peak for an ordered carbon [31,32]. Moreover, the second-order
2D feature at about 2700 cm ™! is observed for the as-received CNT samples and the C-H stretching
vibration at 2920 cm ™! is related to treated samples only. Table 2 shows the Raman band intensity
ratios ID/IG for treated CNT samples. Ratios of ID/IG represent the quality of carbon nanotubes of
the catalyst supports. Ratios of ID/IG increased slightly with increasing duration of acid treatments.
The results revealed the number of defects on the outer surface of CNT which increased with prolonged
acid treatments. Therefore, the treated CNT as catalyst support could lead to enhanced dispersion,
reduction in sintering and deactivation of metal catalytic particles during a Fischer-Tropsch reaction.

Ip Ig

M N (@

Intensity (a.u.)

©)|

M N L)
M N (a)

500 1000 1500 2000 2500 3000 3500 4000
Raman Shift (cm!)

Figure 4. Raman spectra of (a) CNT.10A.110, (b) CNT.5A.25, (¢) CNT.5A.110, and (d) as-received CNT.

Table 2. The intensity ratios Ip/Ig for acid treated CNT samples at various experimental conditions.

Samples Ip Ig Ip/Ig
As-received CNT 135899  1593.20 0.853
CNT. 5A.25 1581.24 1411.81 1.1200

CNT.5A.110 1591.63 1389.49 1.1454
CNT.10A.110 1554.03 1346.89 1.1537

XRD patterns of CNT which were pre-treated under different experimental conditions are shown
in Figure 5. Peaks at 20 of 25° and 43° on Figure 5 correspond to those of carbon nanotubes and
increasing acid treatment temperature has no influence on the intensity of the peaks.
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Figure 5. XRD patterns of (a) as-received CNT, (b) CNT.A.25, and (c) CNT.A.110.

Figure 6 shows the XRD patterns of Co supported CNT that have undergone various acid
treatments. While the 20 peaks at 25° and 43° in Figure 6 correspond to those of carbon nanotubes,
other 20 peaks at 32°, 36.8°, and 45° can be attributed to different crystal structures of Co3O4 and
CoO [33]. The most intense peak at 36.8° in the XRD patterns was attributed to CoO and no peak for
the CNT support was observed. Table 3 shows further data for the average particle size of the Co304
catalyst calculated from the XRD patterns and the Scherrer equation using peak at 36.8° and TEM

images [34].
CNTs CoO
l Co0;0, l CNTs

l l (e)
Z

2 @
g

1 S O]

R . D)

(@

20 2.5 ) 3:0 3.5 4.0 4.5 50
2 Theta

Figure 6. XRD patterns of (a) Co3O, standard, (b) Co/as-received CNT, (¢) Co/CNT.15A.25, (d)
Co/CNT.15A.110, and (e) Co/CNT.20A.110.
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Table 3. Catalyst particle size determined from TEM and XRD data.

Samples XRD dCo304 (nm) TEM Size (nm)
Co/CNT.5A.25 9.7 9.8
Co/CNT.5A.110 9.0 8.9
Co/CNT.10A.110 8.2 8.1
Co/CNT.15A.110 7.4 7.3
Co/CNT.20A.110 7.3 7.2

Increasing BET surface area and uncapping of the CNT tubular ends helped to increase catalyst
active site distribution and lower the overall particle size. From Figure 2, by increasing acid treatment
temperature from 25 to 100 °C, it led to an increase in the number of defects on CNT and provided an
anchoring site for metal particles. On the other hand, acid treatments cleaved CNT and as a result,
introduced functional groups on the surface of nanotubes [35]. Acidic functional groups on the surface
of the CNT support have provided active sites during the preparation of the catalyst. Incipient wetness
impregnation is the most common method of heterogeneous catalyst preparation and is carried out
with a solution of the catalyst precursor, then dried and further captivated by either calcination
and/or reduction. CNT are naturally hydrophobic and have low solubility in water-based solvents.
Acidic functional groups decrease CNT hydrophobicity and introduce further surface modifications
making them more susceptible to the aqueous solution of a catalyst precursor [35]. In addition,
acid treatments could lead to more homogeneously dispersed impregnation of metal particles and
a reduction in metal particle size as observed by the data from the TEM images and XRD patterns
(Table 3).

Figure 7 displays the TPR spectra of the catalyst samples. The first peak in the TPR profile was in
the range of 177 °C to 220 °C which was contributed to a reduction of Co304 to CoO. Furthermore,
the second peak was attributed to the decline of the second step, CoO species to Co which was in
a range of 377 to 477 °C. Gasification of the CNT support was represented by peak (f) at 600 °C.
Acid treatments of the CNT support led to a decrease reduction temperature (from 294 to 200 °C) for
the first TPR peak and for the second peak, the reduction temperature declined from 481 to 456 °C.
In addition, for the acid treatment temperature at 100 °C, the first peak in the TPR profile decreased
from 384 °C to 363 °C and the second TPR peak decreased from 481 to 448 °C. Acid treatments could
result in uncapping of the CNT terminal end caps and cleaving the tubes at defects and imperfections
caused by the acid treatment. This led to a lower temperature needed for cobalt particles reduction.
While the reduction percentage from the Hp-TPR profile can be calculated from Equation (4). Table 4
shows a catalyst reduction percentage during the H2-TPR analysis and Table 4 also shows that by
increasing acid treatment duration up to 15 h it leads to an increase in reduction percentage up
to 18.5%. Acid treatment applied in other to introduce OH functional groups to CNT surface and
opening of CNT caps for catalyst encapsulation purpose. Tube shape CNT structure with open caps
resulted confinement of particles in CNT channels and prevent metal active sites from agglomeration,
sintering and deactivation. Increasing the acid treatment duration more than 15 h makes CNT to break
down to the shorter segments and change the tube-shape CNT unique structure and properties and
consequently lower reduction rate.
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Figure 7. TPR-H, profile of (a) Co/CNT.5A.25, (b) Co/CNT.5A.110, (c¢) Co/CNT.10A.110,
(d) Co/CNT.15A.110 (e) Co/CNT.20A.110, and (f) as-received CNT.

Table 4. H,-TPR of the catalyst sample with various acid treatment duration and temperature.

Samples 1st TPR Peak (°C) 2nd TPR Peak (°C) Reduction (%)
CNT as-received — 600 —
Co/CNT.5A.25 200 400 114
Co/CNT.5A.110 211 409 14.6
Co/CNT.10A.110 219 420 16.7
Co/CNT.15A.110 230 425 18.5
Co/CNT.20A.110 250 455 12.0

Table 5 shows the effect of different condition of acid treatments on the CNT thermal treated
support against catalyst performance. With increasing acid treatment temperature and duration from
25°Cand 5h to 110 °C and 15 h, FTS rate and % CO conversion, increased from 0.17 to 0.24 and 41%
to 58.7% respectively. Table 5 also shows the WGS reaction rate decreased from 0.45 to 0.35 for higher
temperature and longer duration of acid-treated CNT supports. By applying acid treatments on a
CNT support it could increase the BET surface area, catalyst reducibility, number of surface active
sites, FTS reaction rate and on the other hand, decrease catalyst particle size [36]. After the CNT acid
treatments and an opening of the CNT terminal caps, the exterior surface of the CNT becomes more
electron-rich relative to their electron-deficient interior surface [37]. The effect of surface electron
distribution could influence the catalyst’s active sites. Table 5 shows CO conversion increased by up
to 58.7%. Figure 8d shows confinement of catalyst active sites inside the CNT channels could lead
to an interaction formed between the CNT internal surface Co particles and hence, causing more
CO conversion.

Table 5. Effect of acid treatment conditions on performance of catalysts. *.

Catalysts %CO conv. FTSRate WGSRate %CO;  %Scps %Cy-C4 %Scs.  O/P
Co/CNT as-received 24 0.14 0.45 0.5 443 20.1 35.1 0.95
Co/CNT.5A.25 41 0.17 0.43 0.5 15.3 17.1 67.1 0.42
Co/CNT.5A.110 47 0.19 0.40 0.5 12.5 13.9 73.1 0.48
Co/CNT.10A.110 53 0.22 0.37 0.5 11.5 8.9 79.1 0.52
Co/CNT.15A.110 58.7 0.24 0.35 0.5 9.5 6.8 83.2 0.60
Co/CNT.20A.110 59.0 0.21 0.38 0.5 11.5 219 66.1 0.55

* Reaction T =240 °C, P = 20 atm, and H,/CO = 2.
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Figure 8. TEM images of (a) as-received CNT (b) CNT.A (c) CNT.A.900, and (d) Co/CNT.A.T900.

In addition to the removal of the CNT end-caps, acid treatments could present a large number of
functional groups on carbon nanotubes [38]. Acidic functional groups enhance hydrogen adsorption
on the catalyst surface and increase the FTIS rate. On the one hand, confinement of catalyst particles
localized in certain areas across the CNT channels could lead to the increased density of reactants,
higher local pressure and a suitable condition for syngas conversion to hydrocarbons [37].

Table 5 indicates a drop-in selectivity of methane from 44.3% to 9.5% and an increase from 35.1%
to 83.2% for Cs, selectivity for the acid treated Co/CNT catalysts at various experimental conditions.
The rate of olefin to paraffin ratio increased from 0.42 to 0.60 for the acid-treated CNT support and
such an increase is due to a lower termination rate for the paraffin reaction.

3.2. Effects of Thermal Pre-Treatment Conditions on Co/CNT Properties and Performance

Thermal treatments were applied to induce structural changes in acid treated CNT.
Thermal treatments can be exploited to introduce certain defects on nanotubes and also change
their electrical properties. The application temperature for thermal treatment ranges from 600 °C to
900 °C [39,40]. In this study, the effects of acid and thermal treatments on the properties of CNT is
introduced. The TEM micrographs of the CNT support and Co/CNT samples are shown in Figure 8.
In this study also, thermal treatments were carried out after the acid treatments. TEM analysis shows
that thermal treatments on CNT changed their morphology and introduced defects on the outer surface
of CNT. After the thermal treatments, metal Co particles were presented on the CNT by a strong
electrostatic adsorption method.

Following the acid pre-treatment step, functional groups containing oxygen such as -OH
introduced on the surface of CNT could adsorb Co ions during impregnation method through the
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SEA process [41]. The —-OH groups needs to be removed from the external surface of CNT due to
a subsequent thermal treatment on nitric acid-treated CNT. But the -OH group was maintained in
the interior surface of the CNT channels. By increasing temperature of the thermal pre-treatment,
this feature resulted in increased encapsulation of cobalt oxide nanoparticles in CNT channels.

Table 6 shows the elemental composition of the calcined 10% total metal loading of Co/CNT
catalysts after the acid and thermal treatment studied using energy-dispersive X-ray spectrometry.
After the acid and thermal treatment, the purity of carbon nanotubes did not change (purity > 95%).
The O content indicates functionalization has taken place and Co content was comparable to that
observed from the AAS result.

Table 6. Elemental composition of samples by energy-dispersive X-ray spectroscopy (EDX).

Samples C (wt %) O (wt%) Co (wt %)
as-received CNT 97.26 2.16 —
CNT.A 96.09 3.91 —_—
CNT.A.600 97.37 2.63 e
CNT.A.700 97.48 2.52 —_
CNT.A.800 97.48 2.52 —_
CNT.A.900 97.66 2.34 —_—
Co/CNT.A.800 85.68 212 9.20
Co/CNT.A.900 86.84 2.04 9.12

Reducibility of a catalyst is one of the key factors affecting catalyst performance. The TPR profiles
of pristine and acid-treated CNT are shown in Figure 7. Two reduction peaks were detected for the
Co/CNT samples. The first peak was recorded around 300 °C which was associated with the reduction
of Co304 to CoO [42] and the second peak was recorded at around 550 °C which was related to the
reduction of CoO to Co [42].

The amount of the chemisorbed hydrogen calculated from the H,-TPR profiles and other
associated parameters are tabulated in Table 7. Hydrogen consumption by the Co/CNT samples
increased with increasing temperature of the thermal pre-treatment of the CNT support which could
be due confinement of Co particles inside the CNT channels, a bigger particle size, and a lower
metal-support interaction. Equations (1) and (2) were used to calculate reduction and dispersion
percentage, respectively [43].

Table 7. Dispersion, reducibility and chemisorption properties of 10% Co/CNT catalysts.

H,-Consumption 0,-Ads. H,-Desorption . . No. of Active

Catalysts (pmol/g.cal:) (umol/g.cat) ( pmol/g.zat) %Reduction  %Disp- Sites (x10%)
Co/CNT.A 1520 270.6 233.5 38.4 8.7 3.8
Co/CNT.A.600 1840 353.4 312.6 48.8 20.9 45
Co/CNT.A.700 1910 376.8 351.6 55.2 24.5 49
Co/CNT.A.800 2045 397.6 394.8 63.8 26.4 5.4
Co/CNT.A.900 2093 405.8 410.7 68.1 29.1 5.8

Reduction % and the number of Co active sites [44] on the catalysts can be obtained from
H,-TPD profiles [45] and the results are presented in Table 7. Increasing temperature of the thermal
pre-treatment from 600 °C to 900 °C resulted in a significant improvement of the catalyst reducibility
and dispersion of Co nanoparticles. Increasing Co/CNT reducibility could be related to unique textural
properties of CNT and low interaction of Co nanoparticles with the thermal pre-treated CNT support at
high temperature (900 °C). CNT-supported catalysts contained a high number of active sites inside the
CNT channels which increased with increasing temperature of thermal pre-treatment. The observed
trend could be because of narrow particle size distribution, improvement in reducibility, and high
dispersion of Co oxide nanoparticles inside the CNT support channels [46,47].
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Thermogravimetric analysis results are shown in Figure 9 for the CNT acid and thermally treated
sample at a high temperature of 900 °C (CNT.A.900). A sharp weight loss for the catalyst was observed
to start around 300 °C and continued up to 500 °C. After 500 °C the weight loss became negligible.
Calcination of the catalyst at 300 °C for 3 h removed moisture and counter ions present in the catalyst.

120

100 +

0 100 200 300 400 500 600 700
Temperature (°C)

Figure 9. Thermo-gravimetric analysis of CNT.A.900 under argon flow.

3.3. Effect of pH and Thermal Pre-Treatment on Catalyst Properties and Performance

In an aqueous medium like water, when particles were dispersed in a polar medium,
surface charges on particles could determine the state of aggregation or dispersion. With a change
in pH, the state of particles like aggregation or dispersion is influenced by polarity and extent of
surface charges developed by particles [48]. Figure 10 shows a plot of pH values versus particle
size in a 10 wt% metal particle suspension. With increasing pH to 14, the particle size increased and
reached its optimum largest size (6—8 nm) when pH increased to 14. In order to measure the average
particle size of the catalyst particles, 150 cobalt particles were analyzed by micrographs obtained from
TEM analysis.
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Figure 10. Effect of pH on the cobalt average particle size using CNT.A.900.
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Figure 11 shows the influence of thermal treatment temperature on cobalt particle size for the
prepared samples at pH 14. With increasing thermal treatment temperature from 600 to 900 °C,
the cobalt particle size decreased from 10.2 to 7.3 nm accordingly. A decrease in cobalt particle size was
due to thermal treatments which removed more OH functional groups from the external surface of the
CNT support channels and therefore, led to a higher uptake of particles inside the CNT channels.
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Figure 11. Effect of the CNT thermal treatment on cobalt particle size prepared at pH 14.

The following describes the Fischer—Tropsch synthesis (FIS) reaction that was carried out for
the Co catalyst samples prepared on the CNT support that have undergone thermal pre-treatment at
various temperatures. Table 8 shows at same thermal treatment temperature (900 °C), increasing pH
during the FIS reaction from 12 to 14, led to an increase in CO conversion from 40.4% to
58.7% respectively.

Table 8. Effect of FTS reaction pH on catalyst performance. *.

Catalysts pH  %COcony. F?nfoll‘/:;e %CO,  %Scus %C-Cy %Scs,  O/P
Co/as-received CNT —_ 224 0.10 0.5 44.3 20.1 35.1 0.93
Co/CNT.A.800 13 485 0.15 0.5 19.4 104 697 053
Co/CNT.A.800 14 54.2 0.20 0.5 12.6 7.4 795 057
Co/CNT.A.900 12 404 0.12 0.5 203 144 648  0.50
Co/CNT.A.900 13 51.6 0.18 0.5 14.3 8.8 764 055
Co/CNT.A.900 14 58.7 0.24 0.5 95 6.8 832  0.60

* Reaction T =240 °C, H, /CO =2, P = 20 atm.

During the preparation of the studied catalysts via the strong electrostatic adsorption (SEA)
method, increasing the pH led to a higher uptake of metal Co nanoparticles on the CNT surface and
thus resulted in a higher CO conversion. Increasing the pH during the Co uptake step via adding
concentrated nitric acid led to introduce higher rate of OH functional group and consequently led
to uptake more catalytic active sites on the CNT support and led to an increase in Cs,. from 69.7% to
83.2%. The highest Cs,. selectivity (83.2%) for the 10% Co/CNT catalyst belongs to the sample prepared
at 900 °C thermal treatment and pH 14. Decreasing the pH and thermal treatment temperature led
to a decrease in Cs, selectivity as low as 69.7%. In addition, the olefin to paraffin ratio also followed



Symmetry 2019, 11, 50 16 of 19

the same trends with those observed for the Cs, selectivity. The highest olefin to paraffin ratio (0.60)
belongs to the 10% Co/CNT catalyst sample which was prepared at 900 °C thermal treatment and
pH 14. On the other hand, decreasing the thermal treatment temperature and pH led to a decrease
in olefin to paraffin ratio as low as 0.50. In order to confirm results reproducibility, all catalysts were
reproduced twice.

Figure 12 indicated the effects of cobalt particle size on Cs, and CHy selectivity, olefin/paraffin
mass ratio and FTS rate. The results show increasing metal particles beyond 8 nm in particle size
led to a decline in the FTS activity. Bezemer et al. reported a higher FTS activity and a higher cobalt
active sites on the CNT surface having less than 10 nm particle size distribution on carbon nano-fiber
supports [49,50]. Chen et al. reported that particle size is not the only role player in an FTS activity
but also confinement of catalytic active sites inside CNT support channels has a significant effect
(Figure 8d) [51]. Figure 12 shows a decline in selectivity of CH4 and an increase in Cs, in the range of
6-8 nm catalyst particle size.
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Figure 12. Influence of cobalt particles size on (a) FTS rate (b) olefin to paraffin ratio, (c) Cs; selectivity,
and (d) CHyj selectivity.

4. Conclusions

In this study, a Co catalyst prepared on acid- and thermal- treated CNT support using an
SEA method was reported. Acid and thermal pre-treatments on the CNT influenced structural,
morphological and physicochemical properties of the catalyst. Acid treatment and increasing acid
treatment duration and temperature to 20 h and 110 °C resulted in an increase in the BET surface area
from 138.2 to 270.6 m?/g. Dispersion of Co metal nanoparticles on the acid-treated CNT improved
t0 29.1% for the CNT sample which was thermally pre-treated at 900 °C. Increasing temperature of
CNT pretreatment also resulted in a better deposition of Co nanoparticles within the inner walls of
the CNT. Performance of the Co catalyst supported CNT were verified using an FTS reaction which
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were previously thermally treated at various temperatures. The results show that for the Co catalyst
which was thermally pre-treated at 900 °C, a greater fraction of nanoparticles was found in the interior
surface of the CNT support channels, leading to enhanced activity and C5+ selectivity compared to
those deposited on CNT which were pre-treated at lower temperatures.
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