


Figure 1.04. pH measurement during the course of titration
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CHAPTER 2: EFFECT OF CATALYST PREPARATION CONDITIONS ON THE
PERFORMANCE OF EGGSHELL COBALT/SILICA CATALYST FOR

FISCHER-TROPSCH SYNTHESIS?

2.1 Introduction

Fischer-Tropsch Synthesis (FTS) offers an alternative route to produce liquid
transportation fuels from biomass and nonrenewable resources such as natural gas and coal. FTS
converts hydrogen and carbon monoxide on a catalyst surface as per the following nominal

reaction [30]:

nCO + (2n+1) Hy —_— CoHaniz + nH,0 (2.01)

where “n” can range from 1 (methane) to 30 and higher (waxes). Branched chain hydrocarbons,
olefins and alcohols are also produced (not shown above) during this process. Ruthenium, iron
and cobalt are most active metals from the standpoint of turnover frequency (TOF) and product
selectivity. Cobalt preferentially produces more paraffinic hydrocarbons and is recommended if
the feed is relatively free of sulfur contamination. The development of tunable, selective

catalysts for FTS is important from a process economic point of view since it will reduce down-

? This chapter was published in Elsevier Publication, Applied Catalysis A: General, volume 447-448, pages 151-163
in 2012. Permission included in appendix G.
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Theoretical review reveals that on a fully hydoxylated silica gel surface, water covers the
silanol groups (SiOH) on silica surface and forms an immobilized layer [10]. This layer prevents
any direct contact between the metal salt and silica gel. In contrast to that, Robert [41] has
reported that ethanol sits vertical to silanol groups. Additionally, Stober et al. [42] have found
the surface coverage of ethanol to be approximately half of the available silanol groups (per
nm?). As shown in Figure 2.01, this wetting pattern permits direct favorable metal support
interactions (MSI) during catalyst preparation which help to achieve high metal dispersion.
Water as a solvent undergoes hydrogen bonding with the silica gel, however, at high pH values
(> PZC) the silica surface prevents hydrogen bond formation at charged sites [10]. Thus, the
final wetting depends on the solution pH along with the type of solvent used. An ideal situation
arises when the dissolved water is present in the organic solvent in small quantities insufficient
to form an immobilized coverage but large enough for sufficient ionization of the metal
precursor. This condition favors maximum salt uptake on the silica gel surface [19] provided
there is sufficient electrostatic interaction between the negative charges on the pore surface and
the salt cations. The synergistic action of the aqua phase in ethanol solution was reported in an
earlier study by the same research group [43]. Additionally, silica gel surface can exhibit polar,
non-polar or both characteristics depending on thermal treatment conditions [10, 43]. It has been
reported that at around 673-723 K, the silica surface loses half of its silanol groups [44] which
improves the retention of non-polar molecules and strongly affects the uniformity of the eggshell
profile.

Calcination environment also plays a major role in controlling the final distribution of the
active metal. During calcination it is necessary to provide an environment conducive for gradual

decomposition of the precursor, avoid sintering and ensure fine crystallite growth resulting in
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high active metal dispersion. In this regard, Borg et al. [45] identified that under identical
dynamic conditions, the presence or absence of steam during thermal treatment impacts the
active metal’s crystal size and the amount of residual nitrates in the final product. The
decomposition of hydrated nitrate precursor and Co(OH),, a titration product, leads to the
formation of O, [6] and H,O. If water is already present in the environment, decomposition
product cannot be easily removed. Longer residence time of product water on the catalyst surface
favors metallic crystal growth [46]. Similarly, the scavenging of oxygen is also required to
prevent sintering [6]. However, Puskas et al. [47] provides an alternate explanation on the effect
of H,O on catalyst surface. They found that the formation of water during the reduction process
provides a low potential energy pathway for the development of ortho as well as meta-silicates.

This enhanced metal support interaction will avoid migration of particles towards each other.

CoO + H,0 ——— (o (OH), (2.02)

Co(OH), + SiO(OH), ————  CoSiO; + 2H,0 (2.03)

CoO is the main precursor for silicate formation. However, the inactive oxidation state of cobalt

for Fischer-Tropsch catalyst is Co3;O4 (instead of CoO). For this oxidation state, Shim et al. [48]

suggested following reaction at around 100 °C using cyclic voltammograms.

Co;04+2H,0+2¢ +2H @~ ——m8 Co (OH), (2.04)

Thus at low temperature during thermal decomposition, species that are hard to reduce can form

even if Co30y is the starting specie, additionally, it has also been suggested that the space
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velocity of calcination or reduction gas controls the water concentration on the catalyst surface
[47, 49]. Sietsma et al. [6] proposed that the kinetics of decomposition process controls the
metal crystallite structure. They proposed that the presence of scavenging NO/He in the
calcination atmosphere leads to a gradual decomposition of the nitrate precursor following zero
order kinetics. They have also found that an increase in the concentration of scavenging gas
(reducing gas) in a mixture, decreases the average crystal size but the impact of space velocity
was “insignificant”.

The objective of this work is to study the impact of solvent used and the calcination
environment used on the metal dispersion and hence the catalyst activity. Accordingly, we
prepared four different catalyst samples under varying conditions of solvent and calcination and
tested them using a fixed bed FTS reactor. The catalysts were characterized using commonly
used techniques to understand the impact of solvent and calcination atmosphere. Catalyst
deposition was limited to eggshell morphology as the purpose was to enhance the activity of a

selective catalyst.

2.2 Theory
2.2.1 Design of Experiments

Table 2.01 lists the conditions under which the four different catalyst samples were
synthesized. Samples W-SA (Water/Static Air) and E-SA (Ethanol/Static Air) were chosen to
analyze the effect of solvent. The presence or absence of water either as solvent or as moisture in
the atmosphere can impact rehydration and silica surface coverage during salt deposition.
Likewise, samples E-SA and E-DH (Ethanol/Dynamic Hydrogen) compared the relative impact

of thermal treatment environment on the precursor decomposition. Calcination in static air
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helped in verifying the back reaction of calcination product (resulting in irreducible species) and
if it outweighed the sintering effect. On the other hand, use of dynamic hydrogen confirmed the
role of space velocity in an otherwise water producing environment (conducive for silicate
formation) and other accompanying phenomena responsible for smooth precursor
decomposition. Comparison of sample W-DH and E-DH was done to verify the extent to which
physical properties were sensitive to the choice of solvent alone. For each of these samples, we
estimated the Thiele modulus (discussed in section 2.2) to ensure that the eggshell thickness was
thin enough to avoid diffusion limitations (based on trial and convergence technique as reported
elsewhere [43]). Additionally, fully loaded catalyst samples were also prepared to verify the
effect of diffusion limitations on product selectivity. The detailed preparation techniques for both

the eggshell and fully loaded catalyst is given in section 2.3.

2.2.2 Eggshell Thickness Optimization: Trade-off between Diffusion Limitation and
Product Chain Growth

During preparation, the required eggshell thickness is based on a balance between the
diffusional limitations and the rate of reaction which in turn is dependent on the metal dispersion.
Higher dispersion will require a thinner shell and vice versa. Thicker shell leads to longer
residence time allowing for longer chain hydrocarbons to form. Thin shells limit the catalyst
metal present and can favor methane formation. Here we conduct a simplified kinetic analysis
based on Thiele modulus (using simplified power law model) to determine the desired shell
thickness. These kinetics are well suited for Eggshell type catalyst due to negative power with

respect to CO [1].
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R —kxp 2xp b (2.05)
co co co

In this equation the rate constants value reported by Davis et al. was used [50]. Using the above
rate equation, the deduced Thiele modulus for a catalyst pellet is derived as follows (detail of

development is shown in Appendix A)

Rate . xR 2xRxTx0
2 f M
$% = reD OP (2.06)

X
co Co,S

where Rate,s is the reference rate at the surface of the catalyst, R, is the radius of the catalyst
sphere, R is the ideal gas law constant, T is the temperature, Oy is the density of active sites
(surface exposed metal) per m’, Dco is the effective diffusivity of carbon monoxide, Pcos is the
partial pressure of carbon-monoxide at the surface. Table 2.02 lists the parameter values used in
this work. The required structural properties for this study (i.e. cobalt surface density using
dispersion and mean pore size) were obtained from BET analysis and hydrogen chemisorption
study. Following Houwelingen et al. [51] the above modulus can be written more conveniently

as

1/2
3xV_|Rate _xRxTx6
re M

R f
= 2.07
¢ S D xP ( )
Cco CO,S
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where Vyr represents the active volume of the spherical catalyst while S is its external surface
area of spherical pellet. For an eggshell catalyst, the active volume for an eggshell catalyst is
givenas4/3 & R’ (1-p3) where p is the fraction of the inner inactive core. Based on their approach

the eggshell modulus will be written as

beggshell = ¢><(1—p3) (2.08)

van Houwelingen et al. [51] also proposed that eggshell catalyst tend to behave according to the
slab geometry when the active shell thickness is sufficiently small and suggested the following

modulus for thin eggshells

b eggshell = ¢ @ (2.09)

3

they tested this model by correlating particle effectiveness as a function of modulus. Following a
conservative approach we assumed that for an eggshell thickness in the range of 0 to 0.3 mm (i.e.
p = 1-0.7) the slab model is valid, while beyond this range, the sphere geometry equation applies.
The radius of pellet used in this study is Imm. The eggshell thickness used should be such that
diffusional limitations should not occur. The resulting thickness is compared with those
suggested by Iglesia et al. [2] in Table 2.03. They used Langmuir-Hinshelwood kinetics
combined with diffusional rates of reactants and products and suggested a procedure to calculate

the desired range of eggshell thickness based on a “y” parameter. This comparison verified the

accuracy of assumptions with respect to sphere and slab geometry.
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The variation of eggshell modulus as a function of active shell thickness, for spherical
and combined geometry, is shown in Figure 2.02. This combined with the results shown in Table
2.03, show that spherical geometry alone does not accurately predict the required eggshell
thickness. The results with a combined geometry (slab and spherical as explained in Figure 2.02)
are in agreement with the predictions using Iglesia’s model.

For a combined model, the region between 0.4 and 0.3 represents geometric transition.
This region is represented by dotted lines. As shown in Figure 2.02, the combined model predicts
that except for sample W-SA, shift from mass transfer to kinetic limitation takes place inside the
geometric transition zone. Thus, the corresponding p (or eggshell thickness i.e. 1-p) value is an
approximate one. Eggshell thickness values are certainly dependent on crystallite distribution Oy
as expected from Eq. 2.06. Sample E-DH needs the thinnest shell while sample W-SA requires
the thickest. As shown in Table 2.03, except for sample W-SA, fully loaded catalysts would
show significant mass transfer resistance for a 2mm pellet. Sample W-SA has fewer numbers of
active sites on the surface of which reduces the CO diffusion requirements. The opposite holds
true for E-DH sample, showing maximum diffusion limitation for CO for a fully loaded sample.

The synthesis of eggshell catalysts was done in an iterative fashion. Initially catalyst
samples were synthesized with an assumed eggshell thickness. The metal loading and dispersion
of the catalyst was then experimentally measured. As given in Table 2.03, the values of metal
density are based on actual loading, active metal dispersion (given in Table 2.07) and the
structural properties of the support (provided by Fuji Tech). These experimental results were
used to determine the desired range of thickness for the eggshell catalyst using the analysis

described above. New catalyst samples were re-synthesized if the thickness was not within the
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desired range. As shown in Table 2.03, all the prepared catalyst samples had eggshell thickness

close to that calculated by Iglesia’s model.

2.3  Experimental
2.3.1 Catalyst Preparation
2.3.1.1 Initial Dehydration and Wetting with Non-Polar Solvent

Theoretical details associated with eggshell catalyst preparation technique are reported in
a related paper [43]. Commercially available CARIACT spherical silica gel (provided by Fuji
Tech) was used in this study as support material. For all the given set of experiments, support
was dehydrated in an oven at 773 K to remove adsorbed water and approximately half of silanol
groups. After thermal treatment, samples were soaked in non-polar solution (heptane) in a
nitrogen box. Saturated pellets were dried at a low ramp rate (1K/min) up to a final temperature
of ranging from 333-373 K depending on the desired thickness as discussed in section 2.2. This
ensured that the drying front moved from surface to the inside of the pores and there was little
convective flow in the opposite direction. This technique resulted in the removal of n-heptane

solvent from the external periphery only.

2.3.1.2 Precursor Salt Preparation

Cobalt nitrate hexahydrate was used as the metal precursor salt. The metal salt was either
dehydrated at 453 K for samples being prepared in ethanol or left as received for aqueous
samples. In order to avoid rehydration, dehydrated samples were transferred to the nitrogen box.
The dehydrated precursor samples were then slowly dissolved in a “seal-open” 200 proof

ethanol. Around 2% water (vol%) was added in the ethanol [43]. Hydrated samples on the other
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hand were dissolved in De-lonized (DI) water. The salt-ethanol solution was heated to 343 K
while the salt-water system was heated to 363 K. The hot solution was then poured into a fritted
funnel containing support pellets. The solution properties for both alcoholic and aqueous
solutions were optimized to ensure eggshell profile confinement within the given precipitation

time as discussed elsewhere [43].

2.3.1.3 Precipitation

In this study, urea was used as a precipitating agent. The solution was either made in
anhydrous ethanol or de-ionized water depending on the system (dehydrated or hydrated). The
concentration of this precipitating agent was based on the maximum solubility of urea in ethanol
for both aqueous and alcoholic systems. Urea was added drop wise in a hot bath of cobalt nitrate
(and immersed pellets) contained in a fritted funnel. In the case of the dehydrated cobalt nitrate-
ethanol solution the entire precipitation was carried out in a nitrogen box to avoid exposure to
moisture. The added urea to cobalt uptake ratio was 1:4. During the precipitation step, the entire
mixture was continuously stirred to avoid bulk precipitation and nucleation [14]. This drop wise
addition of urea helped maintain gradual rise of the pH (due to slow hydrolysis) from around the
PZC to approximately 3.5 (as observed via a pH meter) for the ethanol-urea system and 4.5 for
the water-urea system. The rise in pH helped the infusion of cobalt ions into the pores through
electrostatic interactions. However, the transport of cobalt ions (dissolved in ethanol) was
eventually retarded by the presence of the nonpolar n-heptane in the core of the pellet. To ensure
the confinement of the salt within the desired zone, the contact time between the silica gel and
the solution was controlled. Once that time lapsed, a vacuum pump was used to remove the

excess solution. As shown later in Section 4.3, this procedure resulted in greater dispersion as
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compared to a simple impregnation procedure suggested for silica supported cobalt catalysts [2,

15-17].

2.3.1.4 Drying and Calcination

All the loaded catalysts were subjected to drying for 24 hrs in a vacuum furnace at 373K.
Once the drying is complete, these samples were either calcined in the static air (SA) or
calcination was done under dynamic hydrogen (DH) environment. For static air calcination,
samples were kept in a top sealed ceramic pot and heated at low rate 2 K/min up to 673 K. The
prolonged residence time of calcination product (mainly H,O) can result in the formation of
silicates. On the other hand, sample treatment in hydrogen was carried out at a high space
velocity of 10 L/(get.h) in a % inch SS tubing enclosed in an externally heated furnace. This
way, calcination products were effectively removed from catalyst surface. The rate of
temperature rise was the same as that of the static air environment. Figure 2.03 shows the

cutaway microscopic images of the resultant eggshell catalysts after drying and calcination.

2.3.2 Catalyst Characterization

After calcination, the prepared samples were subjected to N,-physisorption using
Quantachrome Autosorb gas sorption system. The surface area (BET) was measured by plotting
nitrogen isotherms for various ratios of equilibrium and saturation pressure at the temperature of
liquid nitrogen (i.e. 77 K). Both the adsorption and desorption isotherms were measured. Prior to
this measurement, individual samples were out-gassed under ultra- high vacuum for 24 hours at
373 K. The BJH method was applied on desorption branch of the isotherm in order to calculate

the pore volume as a function of pore size. The pore diameter was taken as where maximum
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