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According to Anderson, the distribution of n-paraffins can be described by the Anderson-
Schultz-Flory (ASF) equation:
m,=(1-a)a™

where the growth probability factor « is independent of n and m, is the mole fraction of a

hydrocarbon with chain length n. « is defined by:

R

P

R, +R,

where R, and R, are the rates of propagation and termination, respectively. « determines
the total caron-number distribution of the FT products and the range of « is dependant on
the reaction conditions and catalyst type. The ASF equation does not distinguish between
different product types of the polymerization process. A semilogarithmic plot of the mole
fraction against carbon number yields the well-known ASF-diagram, where the slope of

the straigh line yields the chain growth probability « [Iglesia et al., 1993].

1.6 Effect of reaction parameters

The choice of reaction parameters is important for the optimization of any catalytic
process. The type of reactor used in the process determines the range of applicable

conditions due to physical constraints associated with the type of reactor.

1.6.1 Effect of temperature

The influence of temperature on the selectivity is consistent for all FT catalysts. With a
higher temperature the chain growth probability decreases. This leads to an increase in the
methane selectivity and a decrease in the hydrocarbon chain length. For example, nickel
and ruthenium catalysts operating at low temperatures (< 190 °C) produce a high
proportion of wax, but at higher temperatures (> 300 °C) methane is the main product
formed. A Sasol fluidized iron catalyst showed all the trends mentioned above, namely, as
the temperature increased the CH, selectivity increased and it also showed that the

olefinity of the products and the alcohols and acids selectivities decreased. These results
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also corresponded to product selectivities resulting from a temperature increase over a

cobalt catalyst [MLE. Dry, 1981].

1.6.2 Effect of pressure

A increase in total pressure increases the chain growth probability, for example, increasing
the operating pressure of a cobalt catalyst, from 0.1 MPa, to about 1.5 MPa shifted the
hydrocarbon selectivity towards the heavier products [F. Martin, 1939]. Roelen found that
over precipitated iron catyalysts, that up to about 2.0 MPa the wax selectivity increased
with increased pressure and that there was little change in the olefinity of the liquid
products [R.B. Anderson, 1956] The yield of oxygenate molecules increased with
pressure. Friedman and Schlesinger investigated the influence of pressure up to 10.3 MPa
over nitrided fused iron catalyst and showed all the trends mentioned above as well as a
increase in oxygenate content [S. Friedman M.D. Schlesinger, 1964]. Changes in product
spectrums with increased pressure can be attributed to increased partial pressures of
reactants and products. Claeys et al [1997] showed that increased partial pressures of
water over a slurry phase cobalt catalyst lead to significant changes in product
composition, including suppressed methane formation, enhanced chain growth, and the

inhibition of secondary olefin formation.

1.6.3 Effect of H,/CO ratio

Evaluating the effect of the H,/CO ratio indicates that a decrease in the H,/CO ratio results
in a higher average molecular weight hydrocarbon product and higher olefinicity.
Anderson [1956] showed similar findings for a Co/Ni/ThO,/Mn/Kieselguhr catalyst. A
lower H,/CO ratio resulted in lower methane selectivity and a higher olefin content. These
results are understandable in that a catalyst surface preferentially covered with hydrogen
favors chain termination. Thus the desired product selectivity is largely determined by the

fractional surface coverage of CO, H,, CO, and H,O.
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1.7 Objective of current research

In 1951 H. Storch stated that the addition of copper to a cobalt catalyst is deleterious for
the FTS reaction [H. Storch 1951]. Schwank observed a pronounced suppression of
activity when cobalt is added to iron or cobalt and Dry stated that the presence of copper in
a cobalt catalyst increases the rate of decline of the catalyst’s activity in FT synthesis
[Schwank J., 1991, M. Dry, 1981].In the light of the fact that copper is used as a promoter
for the iron catalyst and that the industry is looking at a commercial FTS Co catalyst, it is
essential to re-investigate the effect of copper on a Co catalyst. Cu is mainly used to
facilitate the reduction process with the iron catalyst. With Cu the reduction temperature
can be lowered thereby decreasing the effect of sintering. Bukur observed no effect of
copper on the product distribution and stated that additional studies with Fe/Cu catalyst are

required in order to elucidate the role of copper in the FTS [H. Bukur, 1990].

The objective of the present study is to investigate the effect of copper on the FT Co
catalyst. Can it be used as a reduction promoter and how will it effect the FTS activity and

product spectrum?
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2. EXPERIMENTAL

2.1 Catalyst Synthesis

A cobalt based catalyst appears to provide the best compromise between performance and
cost for the synthesis of hydrocarbons [Iglesia, 1997]. The catalysts were prepared by
means of incipient wetness due to the simplicity of the procedure and it is the most
commonly employed method. Cobalt nitrate and copper nitrate were used as a precursor
because it is simple to prepare and easy to decompose to cobalt and copper oxide
respectively. The precursor was brought into contact with the support by means of
impregnation. Silica was chosen because a lot is known about silica as a support and less
carbonaceous deposit and interaction between metal and support occurs on Co/SiO, than
on the Co/Al,O; catalyst [Boskovic and Smith, 1997]. After depositing the metal
precursor on the support the precursor was transformed into the required active component

via calcination and reduction.

2.1.1 Determination of the support void volume

This was done to determine the amount of liquid that needs to be added to the support
during the impregnation. The void volume that includes pore volume and interparticle
void volume of the particles was determined by titrating accurately weighed masses of the
silica support with deionised water, until a thin layer of water could be seen at the surface
of the silica. The measured void volumes for selected supports are in very close agreement
with calculated values of van Steen et al. (1996). Aldrich Chemical Company supplied the
silica support (99 % purity). The physical characteristics of the support are listed in

Table 2.1.

2.1.2 Preparation of supported catalyst

The metal salt Co(NO,), 6H,0 was dissolved in an appropriate volume of deionised water
and then added to the silica support, to obtain a loading of 20g Co/100g SiO,. The same
procedure was followed for the preparation of 20g Cu/100g SiO, with Cu(NO,), 3H,0 as

the metal salt. For the “co-impregnated” catalyst an appropriate amount of both metal
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salts; Co(NO,), 6H,0 and Cu(NO,), 3H,0 were dissolved in an appropriate volume of
deionised water and then added to the silica support, to obtain a loading of 20g Co/100g

S10,. The cobalt nitrate and copper nitrate used had a purity greater than 99% and was

supplied by Merck.
Void volume
- Surface area Mean pore diameter  Calculated Measured
(m*/g) (A) (em¥/g)  (cm/g
Davisil grade 646 300 150 2.25 2.3

Table 2.1: Characteristics of the Silica gel used

The impregnated samples were aged for 3 days at room temperature in a desiccator .and
subsequently dried in an oven at 90°C for 1 hour. Drying resulted in the elimination of the

water from the pores of the support [Perego and Villa, 1997].

2.1.3 Preparation of supported catalyst with promoter

The copper was added to the catalyst by means of a stepwise impregnation. The metal salt
Co(NO,), 6H,0 was dissolved in an appropriate volume of deionised water and then added
to the silica support, to obtain a loading of 20g Co/100g SiO,. The impregnated samples
were aged for 3 days at room temperature in a desiccator and then subsequently dried in an
oven at 90°C for 1 hour. The precursors were calcined in a fixed bed reactor at 380 °C for 6
hours in N, (60 ml (STP)/min). The heating rate was 10 °C/min. The correct amount of
Cu(NO,), 3H,0 was then dissolved in an appropriate volume of deionised water and then
added to the calcined catalyst, to obtain four different loadings of copper:

0.1g Cu/20g Co/100g Si0, ; 0.5g Cu/20g Co/100g Si0, ; 1g Cu/20g Co/100g Si0O, and 2g
Cu/20g Co/100g Si0,. The copper nitrate used had a purity greater than 99% and was
supplied by Merck. The catalyst precursor was aged for 3 days at room temperature in a

desiccator and then subsequently dried in an oven at 90°C for 1 hour.
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2.2 Catalyst activation and treatment

The overall activity is related to the activation treatments that the cobalt catalysts undergo.
The time and temperature of the drying, calcination and reduction influence the surface
properties and extent of reduction of the cobalt catalyst. The active phase of the cobalt
catalyst for the FTS is the metal phase. Calcination was followed by reduction of the

catalyst.

2.2.1 Calcination

Calcination usually takes place in an oxidising environment, at temperatures higher than
those used in the catalytic reaction. The cobalt nitrate precursor is calcined in N,, the
nitrate decomposes to HNO, and NO, gases that serves as the oxidising atmosphere.
During calcination several processes occur: loss of chemically bonded water or NO,,
decomposition of the precursor, modification of the surface (size of the oxide crystals

increase) and the modification of the structure.

The precursors were calcined in a fixed bed reactor at 380 °C for 6 hours in N, (60 ml

STP)/min). The heating rate was 10 °C/min.
( g

2.2.2 Reduction

All the catalysts were first dried by heating the catalysts to 100 °C in argon and then
heated up at 2 °C/min., and reduced for 16 hours at 360 °C in pure hydrogen (60 ml
(STP)/min).

2.3 Catalyst characterisation

Catalyst characterisation is a very important step in the design of a catalyst. It aids linking
structural and electronic properties of the active compound with catalytic performance,
which includes selectivity, activity and lifetime of the catalyst. The catalysts were

characterised using thermochemical, adsorptive and spectroscopic techniques.
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2.3.1 Temperature programmed reduction
This thermoanalytical technique measures the response of a solid as the temperature is
changed in a reducing atmosphere. A linear rate of temperature increase is applied while
passing a reducing gas over the catalyst bed. The objective of temperature programmed
reduction (TPR) is to understand the behavior of the catalyst under reduction. TPR is
particularly useful for the characterisation of metal oxide catalysts. The catalyst precursor
1s exposed to a flow of a reducing gas mixture, typically 5% hydrogen with nitrogen as the
make up gas and the concentration of the reducing gas in the effluent gas stream is then
monitored as a function of sample temperature. The metal oxides are reduced according to
the following general reaction pathway:

MO+H, - M+ H,0 (1
The thermodynamics of the reaction (1) as measured by the change in Gibbs free energy
is:
AG=AG"+ RTIn (P60 / P 1)
The high H,/N, gas flow rates over the catalyst keeps the partial pressure of water low.
Under these conditions, the reduction of the metal oxide remains thermodynamically

favorable.

2.3.1.1 Temperature programmed reduction procedure

A Molscular
sieve trap

HA W, mixture

Thermal

conductivity
Temperature fevector

cortrided
F l

reactor
Figure 2.1: The flowsheet of the temperature programmed reduction apparatus
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Approximately 0.15 g of catalyst was loaded on a porous fritt in a quartz mini reactor. The
quartz reactor has a thermowell in which a thermocouple was inserted to control the
temperature. A reducing gas consisting of 6% H, in N, was passed over the catalyst bed at
60 ml (STP)/min. The H,/N, mixture was calibrated by temperature programmed reduction
of pure copper oxide. The thermal conductivity of the reactor exit stream was measured
with a thermal conductivity detector (TCD). The hydrogen consumption could be

calculated from the change in thermal conductivity.

The catalyst was loaded in the reactor and then heated up in 60 ml (STP)/min. nitrogen, to
180 °C at 10°C/min., and left for 1 hour. After cooling down the reactor to 100°C at
5°C/min., the TCD was left for 5 hours to stabilize. Upon obtaining a stable signal from
the TCD, the gas stream was switched to 60 ml (STP)/min. H,/N, and the temperature was
raised linearly from 100 °C to 1000°C at 10 °C/min. After reaching 1000 °C the

temperature was kept for 10 minutes to ensure complete reduction.

2.3.2 Adsorptive characterisation techniques
The determination of surface area is considered to be an important requirement in catalyst
characterisation, although the catalytic activity may not be directly related to the total

surface area.

2.3.2.1 Carbon monoxide chemisorption

The measurement of the metal surface area of a supported metallic catalyst requires
adsorption exclusively or predominately on the metal surface. In chemisorption
measurements, the crux of the problem is how to determine the monolayer uptake from the
experimental isotherm. Monolayer coverage under these conditions is assumed for the
purpose of comparing the surface area of different catalysts. CO chemisorption does have
the difficulty that the chemisorption stochiometry is variable because the proportion of
chemisorbed species in the linear and bridged forms can vary, the former offering a

chemisorption stoichiometry of one, the latter of two.
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Measurements were performed using a Micrometrics ASAP 2000C apparatus. The
catalyst precursor was heated at 10 °C/min up to 360 °C under hydrogen, and kept at this
temperature for 16 hours. After reduction the catalyst was degassed for 2 hours at 107 torr
in order to eliminate chemisorbed hydrogen. The temperature was then lowered to 30 °C
while maintaining the vacuum. The amount of CO adsorbed was determined using the
dual isotherm technique. Chemisorption isotherms were measured between 50 - 400 mm
Hg. After completing the first isotherm the weakly adsorbed CO was eliminated by
evacuating the sample for 30 minutes at 10” torr and then the second isotherm was
obtained. The difference between the two isotherms gave the amount of CO irreversibly

chemisorbed on the sample.

2.3.2.2 BET surface area measurements and pore radius distribution

The characterisation of a catalyst ideally includes the measurement of the total surface area
of the support together with the measurement of the average pore diameter. The average
pore diameter and the surface area of the support are related, and can be obtained from
physical adsorption measurements. Surface area and mean pore diameter measurements

were made by the BET method using nitrogen as an adsorbate.

2.3.3 Spectroscopic characterisation techniques

2.3.3.1 Transmission electron microscopy
Transmission electron microscopy allow the direct observation of catalyst morphology

with magnification in the range of 10* - 10" m.

The catalyst samples were crushed and wetted with a few drops of distilled water. Copper
grids with a thin film of carbon acting as a support for the specimen were floated on the
droplets of the sample. Excess sample was blotted with filter paper and the sample was

allowed to dry.
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The samples were viewed in bright field mode in a JEOL 200CX transmission electron
microscope using an acceleration voltage of 200 kV. The cobalt particles were visible as

darker units on the silica grains.

2.3.3.2 Atomic absorption spectroscopy

Atomic absorption is a spectroscopic technique for determining the catalyst composition.
Each type of atom emits a characteristic spectrum that consists of a series of densely
spaced spectral lines. This provides the basis for spectrographic analyses of the

composition of the vaporised mixture of atoms.

Due to the hydroscopic nature of the cobalt nitrate precursor, it is necessary to verify the
exact Co metal loading. 0.2g-0.3g of the reduced cobalt catalyst was wetted with a few
drops of deionised water. A 40% HF solution was used to digest the sample. The sample
was then diluted with deionised water to obtain a value that lay in the optimum range of
the spectrometer (1-200 ug/ml). A Varian Spectra AA-30 spectrometer was used with
an air/acetylene flame. Only a few interferences have been observed for cobalt in an
air/acetylene flame. Ni, Cr, W in concentrations of 1000 xg/ml, Si will interfere at 200
pg/ml and Cu and Mo at 500 ug/ml(Welz, 1976). Calibration was done with cobalt
nitrate in solution with and without HF added. Standards were made up to 50 mg/l, 80
mg/1, 100 mg/l and 159 mg/1.

2.3.4 Fischer-Tropsch Synthesis

2.3.4.1 Experimental set-up

The catalyst was tested under Fischer-Tropics conditions in a fixed bed reactor at a
reaction temperature of 220 °C, total pressure of 15 bar and H,:CO molar ratio of 2:1. The
flowrates of CO and H, were controlled by a Brooks and a Unit mass flow controller to be
5 ml (STP)/min. and 10 ml (STP)/min respectively. The mass flow controllers were
calibrated using bubble flow meters. The mixer in the reactant feed line consisted of a /-

inch tube filled with small glass beads to ensure proper mixing of the feed. The function
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of the 4-way valve was to switch from inert argon gas flowing over the catalyst bed to
syngas at the start of the reaction. The pressure regulator and a needle valve automatically
controlled argon’s flowrate. When the syngas was flowing over the catalyst bed, argon

was bypassed and served as a make-up gas to maintain a total pressure of 15 bar in the

reactor. See figure 2.2

S MliEr

B d-¥yay wvakie
C—Fixed bed reactor
0—Wyax trap
E—Necdle valve
F—Mixer

G- Ampoule sampler
H=Cold trap

M, oyclohexane mixture

Figure 2.2: The flowsheet of the fixed bed reactor

The catalyst bed was packed in the region directly above the glass fritt and it was assumed
to be in an isothermal region (see figure 2.3). Silonised glass wool was placed above the
catalyst bed to keep the bed in place and glass beads on top of that to ensure proper mixing
of the feed. The synthesis gas entered at the top of the reactor and the argon by-pass line
entered at the side of the glass reactor and was mixed with the syngas and products at the
reactor exit. The temperature inside the catalyst bed was measured with a thermocouple.

The glass reactor was kept in place with a fitting and sealed by an o-ring. (see figure 2.3)
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syngas inlet —I:—r
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thermocouple
glass reactor

B
O-ring ? o
argon infet

stainless steel casing

il glass wool

BE catalyst bed
gass frif 22T

H .
] _— gas outlet

Figure 2.3: The glass reactor

The rig was tested for leaks by pressurizing it with hydrogen at 20 bar for 16 hours. For
the reduction of the catalyst, the bed was first heated up to 200 °C with a 60 ml (STP)/min.
argon to evaporate all the excess water. The catalyst was then heated to 360 °C at a
heating rate of 2 °C/min and a flow of 60 ml (STP)/min of hydrogen and kept at 360 °C for
16 hours. The catalyst was then cooled down to 220 °C in argon, while the syngas on

bypass and internal standard flowrates were stabilized.

A stainless U-tube filled with glass beads set at 180 °C ensured that the heavy waxes
would be trapped and would not settle in the exit line and eventually cause a blockage.
The reactor exit line was set at 190 °C to maintain the product mixture in the gas phase.
The exit gas was passed through a cold trap set at room temperature to entrap
hydrocarbons in the liquid phase at room temperature. The total flowrate was measured

with a bubble flow meter.
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2.3.4.2 Analyses of tailgas

Product analysis was carried out in two gas chromatographs. Conversion measurements
were obtained through gas analysis on a Varian 3300 Series GC using a thermal
conductivity detector (TCD) and an 80/100 Carbosieve II column. The organic product
spectrum was analyzed in a Varian 3400 gas chromatograph (GC) with a flame ionisation
detector (FID) and cryogenics installed. The cryogenic system installed on the FID GC
made use of CO, enabling GC oven temperatures of =70 °C. The product separation was
achieved using a 38-meter OV-1 type column with 0.25 g m film thickness and 0.25 mm
ID. (see Appendix V)

Prior to reaction, the composition of the syngas stream was analysed by injecting samples
with a Hamilton 0.5-ml syringe into the injector port of the TCD GC. When the bypass
flows were stable, the four-way valve was switched to the reaction position. A Hamilton
5-ml syringe was used for direct injection into the FID GC while ampoule samples were

taken for later analysis.

The reference gas used was 0.133% cyclohexane in nitrogen. Cyclohexane served as an
internal standard in the analysis of the FT product spectrum, and was fed to the product
line after the needle valve (see figure 2.2). FTS product samples were taken with the

ampoule sampling technique at regular intervals.
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3. RESULTS

3.1 Introduction

The effect of copper addition to the catalyst formulation of 20g Co/100g SiO, Fischer-
Tropsch catalyst was investigated. The stepwise impregnation of different amounts of
copper was done on a master batch of the impregnated cobalt catalyst to eliminate the
reproducibility factor. The copper promoted catalysts were compared to the unpromoted
catalyst, both with regard to their physical and chemical properties and their characteristics
in Fischer-Tropsch synthesis. The co-impregnated (1g Cu/20g Co/100g Si0O,) and the
copper catalyst (20g Cuw/100g SiO,) were also investigated under Fischer-Tropsch
synthesis reaction conditions. The results obtained from the co-impregnated catalyst and

the stepwise impregnated catalyst were, within experimental error, the same.

3.2 Physical and chemical properties

3.2.1 Atomic Absorption

The catalysts were synthesised by the incipient wetness impregnation method using an
aqueous cobalt nitrate solution so as to produce a catalyst containing 16.67%(wt) of Co
metal. Due to the hydroscopic nature of cobalt nitrate, the exact loading of Co metal had to
be determined (see Table 3.1).

Table 3.1. Atomic Absorption Results

Catalyst Wt % Cu Wt % Co

0g Cu/20g Co/100g Si0> | 0.00 (0.00*  13.1 (16.7)*
0.1g Cu/20g Co/100g Si0, | 0.08 (0.08)  14.2 (16.6)
0.5g Cu/20g Co/100g Si0, | 0.49 (0.41)  14.7 (16.6)
1g Cu/20g Co/100g Si0; | 0.74 (0.83)  14.2 (16.5)
2g Cu/20g Co/100g Si0, | 1.45 (1.60)  14.2 (16.4)

*Expected amounts in brackets

From the atomic absorption results it is clear that the amount of Co loaded was less than

intended. This probably was due to the hydroscopic nature of cobalt nitrate as well as
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copper nitrate. During impregnation less metal nitrate is added to the support which
results in a lower weight percentage of Co and Cu than expected. As can be seen the
expected weight percentage was about 16.5% for Co and the actual percentage of Co was
in the 14% region. The Co metal loading of the different catalysts were found to be within
the error of measurement. Catalysts from one master batch were used to impregnate
different amounts of copper to eliminate the effect of different catalyst preparation
procedures. The weight percentage of Cu loaded increased by a factor of 2 for each
catalyst, as intended. The effect of small amounts of copper on the physical and chemical

characterisation of the Co catalyst as well as FTS could be investigated.

3.2.2 BET surface area measurements and pore radius distributions

The characterisation of a catalyst ideally includes the measurement of the total surface
area exposed by the support together with the measurement of the average pore diameter.
The average pore diameter and the surface area of the support are related, and can be
obtained from physical adsorption measurements. The total surface area of the support and

the average pore diameter was measured using the BET method (see Table 3.2).

Table 3.2, Average pore size from BET

Catalyst Area Pore size
(m’/g) (nm)
Si0; 286 8
3.2.3 CO chemisorption

Measurements were performed using a Micrometrics ASAP 2000C apparatus. The
catalyst precursor was heated at 10 °C/min up to 360 °C under hydrogen, and kept at this
temperature for 16 hours. After reduction the catalyst was degassed for 2 hours at 10 torr
in order to eliminate chemisorbed hydrogen. The temperature was then lowered to 30 °C
while maintaining the vacuum. The amount of CO adsorbed was determined using the
dual isotherm technique. Chemisorption isotherms were measured between 50 - 400 mm
Hg. After completing the first isotherm the weakly adsorbed CO was eliminated by

evacuating the sample for 30 minutes at 10~ torr and then the second isotherm was
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obtained. The difference between the two isotherms gave the amount of CO irreversibly

chemisorbed on the sample. The results are shown in Table 3.3.

Table 3.3: CO chemisorption of reduced catalyst

Catalyst Veo/Sear  As Dispersion  dgy, (Co)
(cm’lgea) (M /gea) (%) (nm)

0g Cu/20g Co/100g SiO, 1.29 4.745 5.17 18.61

0.5g Cuw/20g Co/100g 810, | 1.35 4.969 5.07 18.99

1g Cu/20g Co/100g SiO; 1.39 5.117 5.15 18.71

*1g Cu/20g Co/100g Si0, | 1.28 4.715 4.84 19.89

2g Cu/20g Co/100g SiO, 1.32 4.859 4.96 19.42

*Co-impregnated
Taking into consideration the degree of reduction (100%) and the true metal loading
obtained from AAS, the total number of exposed atoms can be calculated as well as the

surface area (see Appendix II).

An alternative method to evaluate the volume of chemisorbed gas required to form a

monolayer V,, is to extrapolate the linear portion of the isotherm to zero pressure.

3.2.4 TEM results

TEM was used to look at the Co metal distribution on the support surface. Co metal could
be seen as darker images on the SiO; support. TEM measures the actual size of a number
of Co particles that can be seen on a very microscopic portion of the catalyst. The TEM
images show that cobalt particles are present as clusters and the small metal crystals are
separated from each other, indicating that the metal crystals are spread inside the pores of
the support. From the TEM it could be seen that the metal were highly distributed over
the support. (see Appendix IV) The average cluster size for all the catalysts were in the

same region (see Table 3.4).
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Table 3.4. Average Co cluster size from TEM measurements.

Catalyst dp (nm)

0g Cu/20g Co/100g SiO, 150
0.1g Cu/20g Co/100g SiO, 100
0.5g Cu/20g Co/100g SiO, 200

1g Cu/20g Co/100g SiO; 175
2g Cu/20g Co/100g SiO, 200
3.2.5 TPR results

The influence of different copper loadings on the reduction of the Co/SiO, catalyst was
studied by temperature programmed reduction. Co undergoes a two step reduction; Co304
first reduces to CoO and then to cobalt metal. These two distinct peaks can be seen in the
TPR spectra of the catalyst (calcined at 380 °C in N;) with a normal heating rate of 10
°C/min.  The hydrogen consumption associated with the reduction should be
approximately 1.3 mol Hj consumea/mol Co catalyst. Increasing the copper content from Og
Cuto 1g Cu per 20g Co/100g SiO; resulted in a clear shift in the temperature programmed
reduction spectra. The hydrogen consumption peaks shifted to lower temperatures with an
increase in copper content (see figure 3.1). Hydrogen consumption at higher temperatures
(> 500 °C) can be attributed to strong-metal-support-interaction. There was no significant
amount of hydrogen consumed above the second reduction peak indicating a low amount

of strong metal support interaction.

Table 3.5: Hydrogen consumption during TPR and the first reduction peak

temperatures for different Cu loadings.

Catalyst Total Hy:Co ratio T

(mole:mole) ‘c)
0g Cu/20g Co/100g SiO; 1.29 290
0.5g Cu/20g Co/100g SiO, | 1.31 240
1g Cu/20g Co/100g SiO; 1.30 205
2g Cu/20g Co/100g SiO, 1.28 205
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The amount of hydrogen consumed by the catalyst was apparently not influenced by the

addition of copper even though this might have been expected (see Table 3.5).

0.4

H2 cons. rate (mmol/(g.min))

e
700 800 900

Temperature C

Figure 3.1 Effect of copper addition on the TPR spectra of Co/SiO; catalysts.

All catalysts were heated up to 1000 °C and kept at this temperature for 30 minutes to
ensure total reduction of all the cobalt species. From the mass balance of the reduction
process the Hy/Co ratio was found to be around 1.3 mol H,/mol Co which corresponds to

the stoichiometry of the process.

The TPR-spectra showed a clear shift in the peaks to lower temperatures with an increase
in copper content. This was presumably due to a higher rate of reduction with an increase
in copper content. H; adsorps dissociatively on copper metal and thereby acts a source of
H, for the reduction of the cobalt oxide, and thereby increases the rate of reduction. The
reduction of copper oxide can form a 'hot spot' and thereby increase the temperature of a

certain region on the metal, and thereby also increase the rate of reduction.
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3.3 Fischer-Tropsch synthesis

The catalysts were tested at 220 C and 15 bar in a downflow fixed bed reactor. H, and
CO were fed in a ratio of 2:1 at 30 ml (STP)/min. over 0.3g of catalyst. Gas samples were
taken at lhr., 4hrs., 16hrs., 20hrs. and 24 hrs. after the feed has been switched to the
reactor. All the catalysts were reduced for 16 hrs. at 360 °C to ensure total reduction. A
TPR was done on the reduced base case and it showed 100 % reduction. CO
hydrogenation activity decreased with an increase in the amount of copper. A copper
promoted catalyst was also prepared by means of co-impregnation and it showed the same
result obtained for the stepwise impregnated catalyst. The activity of the

20g Cu/100g SiO; catalyst was less than 1% and mainly methanol was formed.

3.3.1 Time on stream behaviour
Figure 3.2 shows the time-on-stream behaviour The steady state yield of the volatile
organic compounds decreased with increasing copper content. Steady state was assumed

to be reached after 16 hours.
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Figure 3.2: Yield of volatile organic compounds

(see Appendix III)

3.3.2 Activity and hydrocarbon yield
The total hydrocarbon yield was measured at steady state as a function of different copper

loadings. A decrease in hydrocarbon yield with increase in copper loading was observed.
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After 20 hours the hydrocarbon yield for Og Cuw/20g Co/100g SiO, was 38 C% and it
decreased, with 2g Cu/20g Co/100g Si0O, having the lowest hydrocarbon yield of 7% (see
Table 3.6).

Table 3.6: Total hydrocarbon yield

Catalyst Total yield
(C%)

0g Cu/20g Co/100g SiO; 38
0.1g Cu/20g Co/100g 510, 29
0.5g Cu/20g Co/100g 510, 13
1g Cu/20g Co/100g SiO; 19
*1g Cu/20g Co/100g Si0, 20
2g Cu/20g Co/100g SiO, 7

*Co-impregnated
The addition of copper had a significant effect on the activity of the Co catalyst. The
activity decrease with as much as 84% (mmol of CO/(gCo.min.)) with a 1.5 wt.% of

copper (see table 3.7).

Table 3.7: Activity

Catalyst Activity (mmol of Activity (mmol of
CO/(g.min) CO/(gCo.min)
0g Cu/20g Co/100g Si0O, 8.6E+02 6.6E+03
0.1g Cu/20g Co/100g S10, 6.4E+02 4 .6E+03
0.5g Cu/20g Co/100g SiO, 3.5E+02 2.4E+03
1g Cu/20g Co/100g SiO, 4.4E+02 3.1E+03
*1g Cu/20g Co/100g SiO, 4.3E+02 3.0E+03
2g Cu/20g Co/100g SiO, 1.4E+02 1.0E+03

*Co-impregnated
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3.3.3 Chain growth probability
The chain growth probability was measured at steady state as a function of different
copper loadings. A decrease in chain growth probability with increase in copper loading
was observed (see Table 3.8). After 20 hours the chain growth probability for 0g Cu/20g
Co/100g Si0, was 0.84 and it decreased, with 2g Cu/20g Co/100g SiO, having the lowest
chain growth probability of 0.72.

Table 3.8: Chain growth probability

Catalyst Chain growth
probability

0g Cu/20g Co/100g SiO, 0.84
0.1g Cu/20g Co/100g SiO, | 0.81
0.5g Cu/20g Co/100g SiO, | 0.80
1g Cu/20g Co/100g SiO; 0.78
2g Cu/20g Co/100g SiO; 0.72

A plot of log (ny/ Zm) as a function of the carbon number was linear with deviations for

methane, the C, fraction and carbon numbers greater than 15 (n; is the molar fraction for

each carbon fraction). see figure 3.3
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Figure 3.3: Anderson-Schultz-Flory-distribution

3.3.4 Selectivities

3.3.4.1 Methane selectivities

The addition of copper has a clear effect on the selectivities of the FT catalysts. With an
increase in copper content the hydrogenating effect of the catalyst increased. This is
indicated by the increase in the CHy selectivity and decrease in the olefinity of the C;

fraction (see tables 3.9, 3.10 and 3.11)
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Table 3.9: Methane selectivity

Catalyst Scud(C%)
Og Cu/20g Co/100g Si0O, 11
0.1g Cu/20g Co/100g SiO; | 12
0.5g Cu/20g Co/100g Si0, | 17
1g Cu/20g Co/100g SiO- 19
2g Cu/20g Co/100g SiO; 26

v

Table 3.10: Olefin to paraffin ratio of the C;- and Cs-fraction

Catalyst Ci-fraction  Cs-fraction
0g Cu/20g Co/100g SiO, 0.42 2.8 &
0.1g Cu/20g Co/100g SiO, | 0.27 2.7

0.5g Cu/20g Co/100g Si0, | 0.36 2.3

1g Cu/20g Co/100g SiO, 0.37 2.1

2g Cu/20g Co/100g Si0; 0.34 1.8

Table 3.11: Cs. selectivities

Catalyst Scs+(C%)

0g Cu/20g Co/100g SiO, 74.4 ﬁ

0.1g Cu/20g Co/100g SiO, | 70.3

0.5g Cu/20g Co/100g SiO, | 63

1g Cu/20g Co/100g SiO» 59

2g Cu/20g Co/100g SiO, 44.5

3.3.4.2 Oxygenate selectivity
The oxygenate selectivity of the catalyst was investigated and this included mainly
alcohols. Cu is known to be a methanol synthesis catalyst but operates at higher pressures

and temperatures than FT conditions. The addition of copper had no clear effect on the

methanol and ethanol selectivities (see Table 3.12)
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Table 3.12: Alcohols

Catalyst Methanol ethanol

(mol %) (mol %)
Og Cu/20g Co/100g SiO, 3.75 1.41
0.1g Cu/20g Co/100g SiO, | 1.945 0.723
0.5g Cu/20g Co/100g SiO, | 1.968 0.698
1g Cu/20g Co/100g SiO, 2.234 1.084
2g Cu/20g Co/100g SiO; 3.86 1.46
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4. DISCUSSION

The aim of the project was to test the influence of copper as a promoter on the cobalt
catalyst. The TPR-spectra showed a clear shift in the peaks to lower temperatures with an
increase in copper content, which indicates a higher rate of reduction. The catalyst
characterisations showed no apparent effect on the physical and chemical properties of the
Co catalyst. There was a significant influence on the Fischer-Tropsch performance of the

catalyst. The activity of the cobalt catalyst decreased with an increase in copper loading.

4.1 Reproducibilty of results

Catalysts from one master batch were used to impregnate different amounts of copper to
eliminate the effect of different catalyst preparation procedures. The amount of Cu loaded
increased by a factor of 2 for each catalyst, as intended. Performing at least two mass
balances under the same set of process conditions, checked the important issue of
reproducibility of experimental data. Table 4.1 shows that product selectivities
(hydrocarbon distribution and olefin selectivities) were similar for the mass balances. The

error of the two runs arz not bigger than 10% for the 5 different catalysts.

Catalysts

0g Cu 0.1g Cu 0.5¢ Cu 1g Cu 2g Cu

Yue (C%) 383 |395 | 315 | 314 |17.0 | 158 | 183 [ 19.0 64 |70
Scha (C%) |10.7 | 11.0 | 11.4 | 11.3 | 189 | 18.1 | 19.1 [ 193 | 255 |26.0
Scs+ (C%) | 744 | 740 | 763 | 76.4 | 75.0 | 75.6 | 59 57.8 | 44.5 | 44.1

Olefin/parrafin
Cs-fraction 28 281 (282 128 1229 232 (22 122 19 |20
Ethanol(mol%) | 1.41 | 1.45 | 0.7 |07 |07 |07 |11 |08 |14 |15

Table 4.1: Product selectivities at steady state for two runs of the same catalyst
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4.2 Influence of copper promotion on the physical and chemical properties of the

catalysts

4.2.1 TPR-spectra

The appearance of two distinct, different maxima in the TPR-spectra indicates the
reduction of two different species. This indicates that the reduction of the calcined
catalyst is a two-step process. The first peak could be ascribed to Co304 particles being
reduced to CoO and the second peak the reduction of CoO to Co metal. All catalysts were
heated up to 1000 OC and kept ét this temperature for 30 minutes to ensure total reduction
of all the cobalt species. From the mass balance of the reduction process the H,/Co ratio
was found to be around 1.3 mol Ha/mol Co which corresponds to the stoichiometry of the

overall reduction.

The TPR-spectra showed a clear shift in the peaks to lower temperatures with an increase
in copper content. This is due to a higher rate of reduction with an increase in copper
content. [t is proposed that H, adsorps dissociatively on copper and thereby acts as a
source of H, for the reduction of the cobalt oxide, and thereby increases the rate of
reduction. In addition, the reduction of the copper oxide may form a ‘hot spot’ and thereby
increase the temperature of a certain region on the metal, and also increase the rate of

reduction.

4.2.2 Metal cluster size and dispersion and effect of copper promotion on FT
activity
Taking the amount of CO chemisorbed by the Og copper catalyst as the base case, the
effect of copper on the chemisorption of the catalyst could be studied qualitatively. The
chemisorption of the different catalysts show no significant effect on the metal surface
area as well as on the dispersion. This may be explained by the fact that copper also
adsorbs CO and the increase in the amount of copper in the cobalt catalyst does not
influence the overall chemisorption. Copper is a well known methanol catalyst and for
this reason it also adsorbs CO. The TEM photographs also showed, within experimental

error, no significant effect on the metal cluster size as well as dispersion.
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During heating and/or catalytic reactions, the supported metal catalysts have a high
tendency to sinter and thus to decrease the exposed surface area and surface free energy of
the system. The extent of sintering depends on several parameters includng time of
treatment, temperature, gas phase composition and the properties of the support and of the
active phase. The formation of highly dispersed particles on a support is governed by
nucleation and growth mechanisms. For sintering to occur particles or atoms, molecules

or clusters of the active phase must become mobile. The Tamman temperature (K):

1

TTam Y 5 Tbulk

melt

is considered to be sufficient to make atoms or ions of the bulk of a solid sufficiently

mobile for bulk-to surface migrations [Ertl et. al.,1997]. The Hiittig temperature (K):

| J
THu[ ngb 1k

melt

[s enough to make species already located on the surface sufficiently mobile to undergo
agglomeration or sintering. With the melting temperature of Co: Tyer = 1768.15 K, the
Tamman temperature is Tam = 884 K (611 0C) and the Hiittig temperature is Ty, = 589 K
(316 0C). With the melting temperature of Cu: Tpey = 1356 K (10830C), the Tamman
temperature is Ttam = 678 K (405 °C) and the Hiittig temperature is Ty, = 452 K (179 0C).
Therefore Cu has a higher tendency than Co to migrate to the surface, because of Cu
metal’s higher mobility. It is speculated that because the Cu is more mobile than Co the
Cu ‘decorates’, i.e. spreads itself over the Co surface. This would result in a lowered
amount of exposed Co surface atoms. Cobalt adsorbs CO dissociatively and is therefore
active for FT synthesis, in contrast copper adsorbs CO associatively and is active for
methanol formation [van der Laan, 1999]. This could explain why Cu addition lowered

the observed FT activity without lowering the measured CO chemisorption.

The products showed a typical Anderson-Schultz-Flory-distribution with the alpha values
decreasing with an increase in copper content (see table 3.9 and figure 3.3).

The deviations from ideal Anderson-Schultz-Flory-distribution are expected and are
usually explained as follows:

- The higher methane mole fraction can be as a result of parallel formation reactions.
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- Lower C; fraction, due to the high reactivity of ethene

- Higher mole fractions of the heavy fractions due to an increased readsorption of the

highly reactive alpha-olefins

The alpha values were determined between carbon number 4 and carbon number 15 for all
the catalysts. The reason for the decrease in the alpha values with increasing Cu content is
not clear. It may be speculated that compared to cobalt the relative adsorption strengths of
CO and H; on Cu are different. If H, adsorps relatively more strongly on Cu and if
hydrogen spillover then occurs onto the Co surface, the latter would become more
hydrogenating, resulting in lower olefin to parafin ratios (see Table 3.11) and an increase
in the probability of caain termination, yielding the observed lower alpha values. The
latter would result in an increase in CHy selectivity and a decrease in the Cs; selectivity

(see figure 4.1).
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Figure 4.1: Methane and the Cs; selectivity

Olefin selectivity
The effect of copper promotion on olefin selectivity, expressed as a mole percent of linear

olefins in the total hydrocarbon product of the same carbon number, is shown in figure 4.2
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Figure 4.2: Effect of copper content on the olefin selectivity of the cobalt catalyst

For all the curves the olefin content increases from C, to Cs, and then decreases with
increasing carbon number. This shape results from secondary hydrogenation of olefins.
Ethylene is more reactive than other low molecular weight olefins, whereas the increase in
the hydrogenaton activity (i.e. lower olefin content) of higher molecular weight olefins
may be atributed to their increased reactivity or to a greater adsorptivity of long chain
molecules. Copper promotion enhances the secondary hydrogenation of olefins, and the
olefin content decreases with the copper loading as shown in figure 4.2. The increased

hydrogenation activity has also been observed for the addition of copper to iron [Bukur,
1990].

Oxygenate selectivity
Oxygenates comprise only a small fraction of the products formed and consist primarly of

n-alcohols and small amounts of aldehydes. No clearly discernible trends are observed in

oxygenate selectivity as a function of copper concentration
(see table 3.13).
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Activity of the Co catalyst

The addition of copper had a significant depressing effect on the activity of the catalyst
(see section3.3.2). The pronounced suppression of activity when copper was added to a
cobalt catalyst was observed by Storch in 1931 and Schwank in 1991. The reasons for the
decrease in catalyst activity with the addition of copper are not clearly understood. A 20g
Cu/100g SiO; (i.e. a Co free catalyst) was prepared and tested under FTS conditions. The
activity of the copper catalyst was less than 0.5 %. If the copper hypothetically covers the
surface of the cobalt catalyst (see section 4.2.2) there will be a very low FT catalyst
activity. For this reason it is proposed that, because of the higher mobility of copper it
will tend to cover the cobalt metal catalyst surface and thereby inhibit the catalyst activity.
With an increase in the concentration of copper the more mobile copper is able to cover

more of the active sites thus inhibiting the FTS activity (see Table 3.14).


































































