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ABSTRACT:

In the present work, the synthesis of Co/SBA-15 catalysts intended for Fischer-Tropsch (FT) synthesis was performed. During
the synthesis of catalysts there was contamination of samples with sodium nitrate due to the nature of the reducing agent used
for the synthesis of metallic phase. This kind of impurity is not advantageous for the FT reaction. Attempts at removal of sodium
compounds were carried out by means of simple leaching treatments, using ethanol and acid ethylenediaminetetraacetic (EDTA)
as solvent and complexing agent, respectively, followed by heat treatment at temperatures of 150 or 300°C. It was possible
to conclude that the treatment using EDTA was more effective in removing almost all the alkaline phase of samples, despite
the occurrence of oxidation, agglomeration, and removal of the metal nanoparticles in this process. In addition, there were no
significant differences in the product selectivity of FT synthesis of the catalysts after sodium removal, although the nanoparticles
were larger than 10 nm.

KEYWORDS: sodium removal, Fischer-Tropsch Synthesis, cobalt catalysts, EDTA, ethanol.

INTRODUCTION

The Fischer-Tropsch process is an effective technology for converting carbon sources, such as coal, natural
gas, and biomass, into high-value aggregated and pollutant-free products (Dry, 1996). Thus, since Brazil has
abundant reserves of natural gas, Fischer—Tropsch synthesis (FTS) is highlighted as one of the main steps in
the GTL (gas to liquid) process, which turns natural gas into liquid hydrocarbons (Ramos et al., 2011).

The aforementioned catalytic reaction converts two of the simplest compounds of nature, H2 and CO
(synthesis gas), into a complex array of products, including olefins, alkanes, and oxygenated compounds, in
addition to water, according to Dalai and Davis (2008). The main objective is to produce hydrocarbons in
the range of fuels such as diesel, kerosene, and gasoline.
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Although several metals are active in FTS, only iron and cobalt are economically viable for use as active
metal on an industrial scale (O'Brien et al., 1997). Cobalt-based catalysts have been widely studied in FTS
due to their high activity, high resistance to deactivation, and low activity in the shift reaction (Martinez,
Lépez, Mérquez, & Diaz, 2003). In addition, cobalt is the most indicated metal when the synthesis gas is
obtained from natural gas, due to the high H2/CO ratio (Davis, 2003).

In order to achieve a larger number of active sites, supported catalysts are commonly used because they
allow the dispersion of the metallic phase over a high specific area. Due to its narrow size distribution, high
specific area, and high thermal stability in relation to other mesoporous materials (Zhao, Sun, Li, & Stucky,
2000), SBA-15 is a good alternative for use as catalyst support.

Alkali and alkaline metals earths may be accidentally inserted into the catalysts intended for FT'S during
the preparation steps. These components may be introduced, for example, by impurities present in the water,
precursors of promoters and active metals, and equipment used in the process, as well as by the synthesis gas
derived from biomass (An et al., 2007; Lillebe, Patanou, Yang, Blekkan, & Holmen, 2013). Several studies
show a decrease in the activity of catalysts and increase in the selectivity of CO2 as the amount of sodium
increases in the samples (An et al,, 2007; Borg et al,, 2011; Balonek et al., 2010; Lillebe et al., 2013). These
behaviours are to a lesser extent attributed to geometric effects of the alkaline surface and to a greater extent
to electronic effects, which can affect the adsorption and desorption of H2 and CO molecules (Balonek et
al., 2010), leading to the need to remove alkaline compounds present in catalysts.

Currently, there are almost no studies on procedures for removal of alkali compounds in catalysts, for this
reason this work presents a leaching procedure was carried out with the aim of removing sodium compounds
present in the Co/SBA-15 catalysts. The solvents used were ethanol and ethylenediaminetetraacetic acid
(EDTA). The former was chosen because it is a good solvent for sodium nitrate, and the second, being
a polydentate binder, can forms complexes with various metal ions. The alkaline phase was inserted
unintentionally by the use of sodium borohydride as a reducing agent in the synthesis of the active phase.
The method promotes the removal of sodium compounds through a simple and fast procedure, allowing the
use of catalysts without the presence of poisoning compounds in the FTS.

MATERIAL AND METHODS

Experimental

Catalysts

The mesoporous molecular sieve SBA-15 used as catalyst support was synthesized according to the procedure
presented by Zhao et al. (1998; 2000). The synthesis of cobalt nanoparticles was performed according to the
method proposed by Zhao, Zheng, Zhang, and Xiao (2003).

Cobalt nanoparticles having a size of approximately 5 nm were incorporated in the mesoporous supports
by incipient impregnation. The suspension of nanoparticles was slowly dripped on the support to obtain
a content of around 7% by mass of cobalt. Subsequently, the sample was kept in a desiccator at room
temperature under vacuum for drying.

Leaching

The leaching procedure was carried out in catalysts in order to remove the sodium compounds present. The
treatments consisted of a washing step and a heat treatment stage. The samples were washed with 99.5%
cthanol or EDTA (0.3 mol L-1) in catalyst/ethanol volumetric proportions of approximately 1:3 and then
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centrifuged for 10 min. at 3500 rpm. After centrifugation, the samples were dried in a desiccator at room
temperature under vacuum for seven days. Subsequently, catalysts were subjected to heat treatment for a
period of 3 hours at temperatures of 150 or 300°C. Table 1 shows the nomenclature and conditions used
in the treatment of each sample.

Characterizations

The X-ray diffraction (XRD) patterns were collected with a Shimadzu XRD6000 X-ray diffractometer using
Ni-filtered Cu-Ka (40 kV and 30 mA) radiation with a diffraction angle (2#) ranging from 5 to 60°. The
peaks were identified by means of the computational package PCPDFWIN v. 2.3.

The catalysts were analysed by Transmission Electron Microscopy (TEM) and High-Resolution
Transmission Electron Microscopy (HRTEM) using a JEM 1400 and a JEM 3010 URP, respectively. The
samples were prepared using a small amount of nanoparticles suspension in isopropyl alcohol. After the
preparation, the suspension was kept for about an hour in an ultrasound bath with the aim of achieving
maximum Co/SBA-15 dispersion in the medium. Then, a drop of solution was placed carefully on a laced
(or holey) carbon-coated copper grid (0.3 cm in diameter and 200 mesh from Ted Pella, Inc.), which was
subsequently dried at room temperature. The grids prepared for analysis were dried overnight at room
temperature and subsequently inserted into a microscope to obtain the images.

Sample Solvent Number of washes Heat treatment (°C)

Standard - - -

Et/1/150 Ethanol 1 150
Et/1/300 Ethanol 1 300
Et/5/150 Ethanol 5 150
Et/5/300 Ethanol 5 300
Ed/5/150 EDTA 5 150
Ed/5/300 EDTA 5 300

TABLE 1.

Nomenclature and conditions used in leaching treatment.

Analyses of nitrogen adsorption/desorption were carried out at —196°C on a Micromeritics ASAP 2020
apparatus using approximately 0.100 g of sample for each measurement. Before the measurements, the
samples were degassed under vacuum condition at 300°C for 3 hours. The specific surface areas were
evaluated using the Brunauer—-Emmett—Teller (BET) method in the P/P0 range of 0.05-0.3 (Brunauer,
Emmett, & Teller, 1938). The mesopore diameter was calculated from the desorption branch of the nitrogen
isotherms using the Barrett—Joyner—Halenda (BJH) method (Barrett, Joyner, & Halenda, 1951), calibrated
for cylindrical pores (Kruk & Jaroniec, 1997). The total pore volumes were estimated according to nitrogen
uptake at a relative pressure (P/P0) of 0.99.

The cobalt contents present in the catalysts were determined by atomic absorption (AA) in Varian 50B
equipment. Prior to analysis, the samples were digested as follows: approximately 0.2 g of the sample was
mixed with 0.5 ml of aqua regia (HNO3: HCl at 1:3) and 3.0 ml of hydrofluoric acid; then the solution was
heated until it became clear. The solutions were cooled and then 10 mL of water, 5.0 mL of 4% H3BO3,
and 1.0 mL of hydrochloric acid were added. After further heating, the solutions were cooled, transferred,
and diluted in 100 mL volumetric flasks. The solutions were then immediately stored in plastic bags prior to
analysis to avoid the risk of contamination. Solutions with concentrations of 40, 80, 120, and 200 mgL-1 of
Co were used to prepare the calibration curve, obtained from a standard solution of cobalt.

The identification of compounds present on the surface of the SBA-15 was performed by spectroscopy
analysis in the Fourier transform infrared (FTIR) region using a Bruker Vertex 70 V spectrophotometer.
The preparation of KBr tablets was necessary for the analysis. Thus, 199 mg of KBr was mixed with 1 mg of
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each sample until the blend became homogeneous, and then the powder was pressurized to form pellets of
a size and thickness suitable for use in the equipment.

Fischer-Tropsch Synthesis (FTS)

The catalytic tests were carried out on a bench unit composed of an Inconel reactor, a thermostatic bath,
two resistive furnaces, temperature controllers, thermocouple to monitor reactor temperature, lines, valves,
aline-coupled chromatograph, and a computer for data acquisition and analysis.

Before the reaction, all the catalysts were activated with pure hydrogen (50 mL min.-1) and a heating rate
of 5 °C min.-1 until a temperature of 365°C was reached for 10 hours. After the reduction, the system was
cooled to 210°C under H2 atmosphere. The sample was then purged under inert atmosphere (He, 50 mL
min.-1) for 30 min.

The reaction conditions used in the catalytic evaluation were as follows: Temperature, 210°C; Pressure,
20 atm; H2/CO Ratio, 2.0; Flow of CO/H2/N2, 30 mL min-1 (N2 is used as internal standard).

The reaction products were analysed in a gas chromatograph coupled in line with FID and BID flame
ionization detectors. The CO conversion was calculated by means of continuous measurements using an
He plasma detector and N2 as an internal standard. The monitoring of product formation was carried out
by analyses in a flame ionization detector. An internal standard was used to obtain the amount of liquid
and gaseous hydrocarbons produced during the reaction. Finally, mass selectivity was calculated from the
following Equation 1 at 3:

Area;

Area;% = —— x 100
rea;% Aredo (1)
Area;% as
Flowrate; = T(; X HCﬁowate (2)
o flowrate;
Selectivity; = x 100 (3)

tOtaIHCfIOW?‘atB

(1@ G

where:
Areai and Areatotal refer to the areas obtained in chromatograms.

RESULTS AND DISCUSSION

The results corresponding to XRD analysis of catalysts are shown in Figure 1. In some catalysts, peaks
are observed at 26 = 29.5° and 26 = 39°, which are indexed to the planes (104) and (113), respectively,
indicating the presence of sodium nitrate (PCPDFWIN 89-0311), which is a secondary product in the
reduction reaction of cobalt nitrate with sodium borohydride. As previously explained, the presence of these
compounds is not interesting for the FTS.

There was a significant positive removal of sodium compounds after washing and heat treatment. By
washing the catalysts with ethanol only once, the amount of sodium nitrate removed increased after heat
treatment at a higher temperature. This suggests that part of the alkaline compounds, which were not
removed with the solvent after centrifugation, was removed during the heat treatment. By washing the
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catalysts five times with ethanol or EDTA followed by subsequent heat treatment, there is apparently no
presence of the undesired phase.

However, the alkaline phase could still be present in the catalysts if the particles were less than 5 nm in size.
This behaviour occurs because the XRD technique is not sensitive to the presence of very small oxide crystals;
in this case, the peaks become too wide and insufficiently intense to be identified and measured (Khodakov,
Chu, & Fongarland, 2007). For this reason, FTIR was subsequently performed with the objective of verifying
whether sodium was still present in the samples.

HRTEM was performed on the catalysts prior to leaching to observe the distribution, state, and size of
the nanoparticles in the mesoporous support. Some images obtained are shown in Figure 2.

According to Figure 2, there is a good agreement between the impregnated particle sizes and those
visualized on the catalysts. Interplanar distances of approximately 0.205 nm were found, which were
equivalent to the crystalline plane (111) of the metallic cobalt fcc (Co0) (Martinez, Prieto, & Rollan, 2009).
It was not possible to obtain measures related to the interplanar distances of the oxide species, probably
due to its absence in significant quantity, since the catalysts presented a greyish colouration, indicating the
presence of cobalt metallic.

TEM analyses were carried out in some samples after leaching and are shown in Figure 3. According to
Figure 3a and b, the heat treatment contributes in part with the agglomeration of the metal nanoparticles,
which showed sizes of around 20 nm, confirming the occurrence of sintering,

(104)——_ nanoOs

(113)
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.\ n Et/1/150

Intensity (a.u.)

Et/1/300
Et/5/150
Et/5/300
Ed/5/150
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FIGURE 1.
X-ray diffraction of catalysts before and after leaching treatments.
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FIGURE 2.
HRTEM images of the catalysts prior to leaching.
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FIGURE 3.
TEM images of the catalysts after leaching; a and b) catalysts before leaching
and treated at 300°C for 3 hours; c and d) Et/5/300; e and f) Ed/5/300.

Moreover, after the washing steps there was a larger agglomeration, as can be seen in Figure 3c-f, which
showed particle sizes in the range of approximately 20 to 50 nm. This proves the potential for agglomeration
of the nanoparticles by using ethanol and EDTA as solvents during leaching. However, these findings
contrast with previous results reported in the literature (Loosdrecht, Haar, Kraan, Dillen, & Geus, 1997;
Mochizuki, Hara, Koizumi, & Yamada, 2007), which state that the use of chelating agents in the catalysts
promotes a greater dispersion and, consequently, a decrease in the nanoparticle size.

This apparent lack of correlation can be attributed to the centrifugation step, which may have caused the
agglomeration of the nanoparticles, since the non-leached samples showed less agglomeration. This result is
extremely important considering that the FT'S occurs in the same temperature range of the heat treatment
and that the particle size significantly influences the activity and selectivity of the catalyst (Wang, Wu, Zhang,
& Tang, 2005; Bezemer et al., 2006; Borg et al., 2008).

The N2 adsorption/desorption isotherms of the Co/SBA-15 catalysts are shown in Figure 4. All the
isotherms presented are of type IV and have H1 type hysteresis, thus showing that the samples maintained
the characteristics of the mesoporous material even after the stages of washing and heat treatment.
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Table 2 presents the textural parameters of the synthesized catalysts. There was a decrease in the volume of
N2 adsorbed on the catalysts treated with ethanol. This fact suggests the agglomeration of cobalt species in
the channels or in the pore mouth on the external surface, partially blocking their entry and thus hindering
the access of nitrogen to its interior.

However, in the catalysts treated with EDTA, there is an increase in the values of the textural parameters
after washing and heat treatment. This may be due to the fact that the formation constant of Co-EDTA
complexes is greater than the Na-EDTA formation constant (Schwarzenbach & Flaschka, 1969). Thus,
during the treatment with EDTA, besides the removal of sodium, the removal of part of the impregnated
cobalt would also be occurring due to the formation of Co-EDTA complexes. This behaviour would lead to
the non-obstruction of the catalyst pores and consequently to an increase in the parameter values like the
specific area, volume, and pore size.

Through the atomic absorption analysis presented in Table 3, it is possible to confirm the formation
of Co-EDTA complexes during the treatment, since in the Et/5/150 and Et/5/300 catalysts most of the
impregnated cobalt is removed after treatment with EDTA. In the opposite way, Et/5/150 and Et/5/300
catalysts showed an increase in the cobalt concentration probably due to the removal of soluble substances
in the medium, in addition to the sodium nitrate, which may be present in the catalyst.

Figure 5 presents the results related to the FTIR analysis. Characteristic bands of sodium nitrate, which
is located at 1366 cm-1 according to the literature (Tam, Gunter, Craciun, Miller, & Jackson, 1997), are
visualized in the spectra. After the treatments using ethanol, there sodium is still present in the catalysts, while
the treatment using EDTA was more effective in removing the compounds. In this case, the heat treatment
at a higher temperature allowed the removal, apparently almost complete, of sodium nitrate.
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FIGURE 4.
N2 adsorption and desorption isotherms for Co/SBA-15 catalysts.
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Catalyst Specific area (BET) m? g Vpore: (c® g71) Dyore: (&)

Standard 247 0.458 58.8

Et/5/150 227 0.384 54.2

Ev/5/300 240 0.410 55.6

Ed/5/150 251 0.484 57.8

Ed/5/300 250 0.545 70.3
TABLE 2.

Textural parameters of Co/SBA-15 catalysts.

Catalyst Nominal content (%)
Standard 7.00
Et/5/150 7.15
Et/5/300 8.38
Ed/5/150 2.56
Ed/5/300 1.48

TABLE 3.

Cobalt content in catalysts.

Et/1/150

ﬂ\fA

Et/5/150

A

Et/5/300

T T T T T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000

Transmittance (a.u.)

wavenumber (cm’')

FIGURE 5.
FTIR spectra of the CoSBA-15 catalysts.

Interestingly, the complexing power of EDTA was more effective than the dissolving power of ethanol
in practically complete removal of the sodium compounds after heat treatment at the proper temperature.
Without the presence of a significant amount of alkaline phase, the catalyst can achieve a better performance
in specific processes, for example, in the FTS.

In Figure 6, Co/SBA-15 catalysts are shown after leaching and heat treatment. Cobalt nanoparticles in
the metallic state are known to have black colouration (Sun & Murray, 1999). When these nanoparticles
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are impregnated in a white coloured support, such as the SBA-15, the sample will acquire greyish tones
depending on the impregnated metal content. However, if the nanoparticles oxidize, the colouration can
acquire pink, bluish, or similar tones, depending on the valence number of the metal. The different colours
are related to the absorption of radiation in specific zones of the visible spectrum due to electronic transitions
in the orbital d.

Although sodium compounds were removed after EDTA treatment, nanoparticles were oxidized, while
treatment using ethanol kept the cobalt nanoparticles in the metallic state but left traces of sodium in the
catalysts. Therefore, EDTA-treated catalysts require a reduction step prior to the catalytic evaluation in the
FTS, requiring additional process costs, whereas in catalysts treated with ethanol this step could be omitted.

Through the catalytic evaluation of the samples Et/5/150, Et/5/300, Ed/5/150, and Ed/5/300, the
behaviour of the catalysts was verified in the FTS. The product formation profile and CO conversion after
0.1 and 24 hours of reaction are shown in Table 4.

There were no significant differences in CO conversions of catalysts both at the beginning of the reaction
and after the 24 hours interval. There was almost no difference in selectivity among the catalysts analysed,
probably due to the fact that the nanoparticles presented a too large size after the treatments carried out
with the objective of removing the sodium compounds. As previously mentioned, the catalysts evaluated
presented nanoparticle sizes between 20 and 50 nm, and the ideal size seems to be below 10 nm, as
reported in the literature (Bezemer et al., 2006; Borg et al., 2008). In addition, the agglomeration of the
nanoparticles made many of the active sites inaccessible. These were the main disadvantages of the treatment
for the removal of sodium compounds, since it was not possible to maintain the size of the impregnated
nanoparticles.
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Ed/5/150

&

FIGURE 6.
Co/SBA-15 catalysts after leaching and heat treatment.

Selectivity (%)

Flow Reaction

Catalyst I N . Xeo (%) CH, Co-Cs C:—Cn C12—Cis .
(mL min.") time hour (methane) (light) (gasoline) (diesel) ¥
30 0,1 7 50.3 28.7 7.9 0.4 12.7
Ev/5/150 30 24 10 53.7 314 7.9 0.3 6.7
30 0.1 8 41.7 24.7 59 0.5 27.1

Et/5/300
s/ 30 24 9 51.0 28.6 6.8 04 13.2
30 0.1 8 53.7 30.6 9.7 0.5 5.4
Ed/5/150 30 24 4 55.6 31.3 8.6 0.4 4.2
30 0.1 10 46.9 32.6 11.0 0.8 8.7
Ed/5/300 30 24 6 54.5 31.0 8.1 0.3 6.0

Catalytic Performance in the Fischer-Tropsch Synthesis.

Moreover, there was a greater formation of waxes in catalysts in which the temperature of heat treatment
was higher, as had already been presented in the literature (Mochizuki et al., 2007). This behaviour probably
occurred because of the larger particle size in the catalysts in which the treatment temperature was higher,
because consequently there was a greater sintering of the nanoparticles present and increased pore blockage.

Another evidence of pore blockade is the decrease in gasoline and diesel selectivity after 24 hours of
reaction, mainly in EDTA-treated catalysts, which presented higher particle sizes than ethanol-treated
catalysts, as can be demonstrated in TEM analysis.

Therefore, the results showed that the Co/SBA-15 catalysts with nanoparticle sizes above 20 nm did
not present significant differences of conversion and selectivity, mainly in relation to hydrocarbons in the
gasoline and diesel range.
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CONCLUSION

The results found in this study indicate the complexation power of EDTA is greater than the dissolution
power of ethanol in the removal of sodium nitrate of Co/SBA-15 catalysts. In addition, the heat treatment
step seems to potentiate the removal of unwanted compounds. However, although the treatment had
removed most of the sodium compounds, there was much agglomeration of the cobalt nanoparticles.
Accordingly, the eflicacy in the removal of sodium compounds through leaching and heat treatment is
annulled by the agglomeration of nanoparticles, making the catalysts unattractive when used in the FTS to
obtain long chain hydrocarbons.
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