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In the present study, differences in characteristics and catalytic activity
towards CO hydrogenation of Co catalysts dispersed on the various B modification on
zirconia supports were investigated. After calcination, the various samples were
characterized using XRD, SEM/EDX, TEM, TPR and H, chemisorption. CO
hydrogenation (H>/CO = 10/1) was also performed to determine the overall activity
and selectivity. The B modification on zirconia supports was found to increase the
catalytic activities of Co catalyst (20 wt%) during CO hydrogenation. The amounts of
B loading in the zirconia support were in the range of 0.5 to 3 wt%. The increased
activities were attributed to the larger number of reduced Co metal surface atoms for
catalyzing the reaction. It is worth noting that B modification can result in (i)
preventing the agglomeration of Co oxide species, and (ii) increasing the dispersion of
Co oxide species leading to facilitating the reduction of Co oxide species into Co
metal surface atoms. In addition, only a slight decrease in C,-C4 selectivity was
observed. For the various cobalt loading ( 5 to 20 wt%) on the 1 wt % of boron
modification on zirconia, it was found to decrease the catalytic activity with
decreasing the amount of cobalt loading, but an increase in C,-C4 selectivity was

observed.
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CHAPTER1

INTRODUCTION

In general, a supported catalyst usually consists of three components; (i) a
catalytic phase, (ii) a promoter, and (iii) a support or carrier. As known, the catalytic
properties apparently depend on the components as mentioned above. The catalytic
phase can be metals, metal oxides and so on. It can be employed under a specified
catalytic reaction. It is known that the catalytic performance is usually elevated using
a promoter such as a noble metal. Besides the catalytic phase and promoter, it should
be mentioned that a support could play a crucial role based on the catalytic
performance. Basically, a support material acts as a carrier for the catalytic phase to
be well dispersed on it. However, due to the supporting effect along with dispersion of
the catalytic phase, the properties of a catalyst could be altered with various supports
used. It is reported that many inorganic supports such as silica (SiO;), alumina
(AlLO3), titania ( TiO, ), zirconia (ZrO,) , and zeolites (R.C. Reuel and C.H.
Bartholomew, 1984; M. Kraum and M. Baerns,1999; G. Jacobs et al., 2002; N.N.
Madikizela and N.J. Coville, 2002; D.I. Enache et al. 2004) have been extensively
studied for years. During the part decades, zirconia-supported cobalt catalysts have
been investigated by many authors. However, it should be noted that the properties of
zirconia itself may not be suitable as a sole support for the supported cobalt catalyst.
Hence, the modification of the zirconia support would be necessary. It has been
reported that some metals such as boron were used to modify the properties of other
supports such as alumina or titania. (M.A. Stranick et al., 1986; J. Li and N.J.
Coville , 1999,2001; N.J. Coville and J. Li, 2002) I showed a significant enhancement
of catalytic activity of cobalt due to in creased cobalt dispersion.

In the present study, the effect of boron modification of zirconia on the
characteristics and catalytics properties of zirconia-supported cobalt catalyst during

CO hydrogenation was investigated. The study was scoped as follows:

1. Preparation of boron modified zirconia supports (0, 0.5, 1 and 3 wt%B) by

impregnation method.



2. Characterization of the boron modified support samples using BET surface
area, X-ray diffraction (XRD), scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDX), and transmission electron

spectroscopy (TEM).

3. Preparation of modified zirconia-based supported Co catalyst (5,10 and 20

wt% Co) using the incipient wetness impregnation method.

4. Characterization of the catalyst samples using BET surface area, X-ray
diffraction (XRD), temperature programmed reduction (TPR), hydrogen
chemisorption, scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDX) and transmission electron

spectroscopy (TEM).

5. Reaction study of the catalyst samples in carbon monoxide (CO)

hydrogenation at 220°C and 1 atm and a Hp/CO ratio of 10.



CHAPTER II

LITERATURE REVIEWS

There are several studies of zirconia-supported catalysts. Many researchers
have been found better knowledge about zirconia especially supported cobalt catalyst
in Fischer-Tropsch synthesis. These reports are very useful and will use to develop

works for the future.

2.1 Zirconia supported cobalt catalyst

M. Baerns et al. (1999) The dependence of the activity of cobalt-based
catalysts for Fischer—Tropsch synthesis on the type of cobalt precursor and support
material was studied. Titania-supported catalysts were prepared by means of incipient
wetness impregnation (IW), precipitation (PR) and spreading (SP) techniques. All
catalysts were characterised by XRD, XPS, TPR and CO pulse experiments. The
catalytic performance of the catalysts was examined at a total pressure of 20 bar, a
temperature of 200°C, a space velocity (GHSV) of 1200 h—land using a syngas
having a H2 to CO ratio equal to 2.

For titania-supported catalysts, the use of oxalate, acetate and acetyl acetonate
as cobalt precursors resulted in a higher activity compared with the reference catalyst
prepared from nitrate. The activities determined can be slightly correlated with an
increasing cobalt dispersion, whichwas affected by the preparation procedure and type
of precursor. The range of chain growthprobabilities increased in the following order:
cobalt(IIl) acetyl acetonate (a = 0.71)<cobalt acetate (a = 0.74)<cobalt(Il)acetyl
acetonate, cobalt oxalate, cobalt nitrate, cobalt-EDTA (a = 0.82—0.84). On adding 0.1
wt.% Ru to the catalyst made from cobalt(IIl) acetyl acetonate, a increased from 0.71
to 0.80.

For catalysts prepared by incipient wetness impregnation, ceria and zirconia
were additionally used as supports. The activity changed in the following order: ZrO,
<TiO, <CeO,. The a-value for ceria-and zirconia-supported cobalt catalysts

amounted to 0.81 and 0.69, respectively.



D. I. Enache et al. (2004) studied the activity and the selectivity of cobalt
catalysts supported on a crystallized and on an amorphous zirconia were compared
with cobalt supported on a y-alumina catalyst. The catalysts supported on zirconium
dioxide were found to present a better reducibility of the active phase and also to be
capable of hydrogen adsorption via a spillover mechanism. It is proposed that these
properties could account for a better catalytic activity and an increase of the chain
growth probability (o). At the same time, the estimated quantity of crystallized Co3O4
obtained after airflow calcination (for the same total cobalt loading) is related with the

surface area of the support.

J. Panpranot et al. (2005) reported nanocrystalline zirconia have been prepared
by the glycothermal method with two different glycols (1,4-butanediol and 1,5-
pentanediol) and employed as the support for cobalt catalysts. Commercial zirconia
supported cobalt catalyst was also prepared and used as a reference material. The
glycothermal-derived zirconia possesses large surface areas with crystallite sizes of 3—
4 nm. The catalytic activities for CO hydrogenation of the glycothermal-derived
zirconia supported cobalt catalysts were found to be much higher than that of the
commercial zirconia supported one. However, the cobalt catalysts supported on
zirconia prepared in 1,4-butanediol with lower amount of Zr content in the starting
solution exhibited higher activities than the ones supported on zirconia prepared in
1,5-pentanediol. The results suggest that the different crystallization mechanism
occurred in the two glycols may affect the amount of crystal defects produced in the
corresponding zirconia. As shown by TPR profiles, lower metal-support interaction
was observed for the catalysts supported on the zirconia formed via solid-state
reaction in 1,4-butanediol (more defects). Consequently, higher active surface cobalt

was available for H, chemisorption and CO hydrogenation reaction.

J. Panpranot et al. (2006) reported nanocrystalline zirconia was prepared by
decomposition of zirconium tetra n-propoxide in 1,4-butanediol and was employed as
a support for cobalt catalysts. The activity and the selectivity of the catalysts in CO
hydrogenation were compared with cobalt supported on commercial available micron-
and nano-sized zirconia. The catalytic activities were found to be in the order:

Co/ZrO;-nano-glycol>>Co/ZrO,-nano-com > Co/ZrO,-micron-com. Compared to the



micron-sized zirconia supported one, the use of commercial nano-sized zirconia
resulted in higher CO hydrogenation activity but lower selectivity for longer chain
hydrocarbons (C4—Cg), whereas the use of glycothermal-derived nanocrystalline
zirconia exhibited both higher activity and selectivity for Cs;—Cs. The better
performance of the latter catalyst can be ascribed to not only the effect of the

crystallite size but also the presence of pure tetragonal phase of zirconia.

2.2 Boron modified zirconia supported cobalt catalyst

M. Stranick et al. (1987) reported the influence of boron on the chemical state
and dispersion of Co/Al,O3 catalysts has been investigated by bulk and surface
spectroscopic techniques. Three series of Co/Al,Oscatalysts were studied: one
containing a constant Co loading of 3 wt% and boron loadings of 0.3 to 3 wt% and
two series containing 0.7 to 10 wt% Co and constant boron loadings of either 0 or 3
wt% Co. In the absence of boron. Co dispersion decreased with increasing Co loading
above 1.5 wt% Co. The presence of boron had little effect on Co dispersion at low Co
loadings, while catalysts with Co loadings in excess of 1.5 wt% exhibited an increase
in Co dispersion compared to boron-free catalysts. X-ray photoelectron spectroscopy,
diffuse reflectance spectroscopy, and gravimetric analysis were used to quantify the
Co species present on the catalysts as a function of both Co and boron loading. In the
absence of boron, Co exists as tetrahedral and octahedral Co*" at low Co loadings,
while Co30y is the primary phase at higher Co loadings. In the presence of boron,
Co304 formation is suppressed for catalysts with Co loadings less than 8 wt% in favor
of octahedral Co?" and minor amounts of Co borate. The formation of Co0304 occurs at
Co loadings greater than 6 wt% for boron-containing catalyst. A mechanism is
described to account for the effect of boron on the dispersion and chemical state of

Co.

J. Li et al.(1999) reported the effect of boron (as H3;BO;) on the CO
hydrogenation ability of Co/TiO; catalysts was investigated using XRD, LRS, TGA,
DRIFTS and a fixed bed flow reactor. The introduction of boron (0.02+1.5%) into a
10 wt% Co/TiO, catalyst decreased the Cos3O4 crystallite size (26£16 nm) in the

oxidic catalysts (calcined at 300°C) and decreased the hydrogen uptake (0.35+0.9



ml/g cat) in the reduced catalyst. Reduction of the Co/TiO; catalyst was made more
difficult by the presence of boron. The CO conversion and overall hydrogenation rate
decreased with decreasing ease of reducibility and decreasing cobalt dispersion
caused by boron. Turnover frequency (ca. 20x10° S™), however, remained constant
throughout and was independent of the extent of reduction and dispersion of the
catalysts. This provides further evidence of the structure-insensitivity of supported Co
Fischer Tropsch catalysts. Addition of small amounts of B (<0.1%) do, however,
result in an increase in a, less CH4 production and an increase in the olefin/parafin
ratio. This suggests an increase in the monomer propagation to termination ratio. At
higher B loadings, product selectivity shifted to the lower molecular weight

hydrocarbons and CO; selectivity increased (0+2.5%).

J. Li et al.(2001) reported TiO, was treated with boron (0.05, 0.1%; boric acid
source) to give B/Ti0,. Co(NO3), 6H,0 (10% Co) was then added to both TiO, and
B/Ti0; (incipient wetness) and the materials were then sulfided with 100, 200 and
500 ppm (NHy),S. The sulfided Co/TiO, catalysts with and without boron were
characterised by TPR and O, titration and evaluated for Fischer—Tropsch synthesis.
Low-level sulfur addition (100, 200 ppm S) did not significantly influence the activity
and selectivity of the catalysts. The addition of a higher-level loading of sulfur (500
ppm S) resulted in severe sulfur poisoning of catalysts (80% decrease in reaction
rate), but the modification of Co/Ti0; by boron retarded this poisoning (35% decrease
in reaction rate). A shift in the product distribution to light molecular weight
hydrocarbons (o0 U 0.32) was observed for the 500 ppm S loaded catalyst (no boron
addition) while boron addition retarded this shift (oo U 0.47). The effect of boron on

the sulfur poisoning resistance of the Co/TiO, catalysts is discussed.

J. Li et al. (2002) studied the effect of the addition of small amounts of boron,
ruthenium and rhenium on the Fischer—Tropsch (F-T) catalyst activity and selectivity
of a 10wt.% Co/TiO; catalyst has been investigated in a continuously stirred tank
reactor (CSTR). A wide range of synthesis gas conversions has been obtained by
varying space velocities over the catalysts. The addition of a small amount of boron
(0.05 wt.%) onto Co/Ti02 does not change the activity of the catalyst at lower space

times and slightly increases synthesis gas conversion at higher space times. The



product selectivity is not significantly influenced by boron addition for all space
velocities investigated. Ruthenium addition (0.20 wt.%) onto Co/TiO, and CoB/TiO,
catalysts improves the catalyst activity and selectivity. At a space time of 0.5 h-g
cat./NL, synthesis gas conversion increases from 50-54 to 68-71% range and
methane selectivity decreases from 9.5 to 5.5% (molar carbon basis) for the promoted
catalyst. Among the five promoted and non-promoted catalysts, the rhenium promoted
Co/Ti0; catalyst (0.34 wt.% Re) exhibited the highest synthesis gas conversion, and
at a space time of 0.5 h-g cat/NL, synthesis gas conversion was 73.4%. In
comparison with the results obtained in a fixed bed reactor, the catalysts displayed a

higher F-T catalytic activity in the CSTR.

G. Jacobs et al. (2002) Temperature programmed reduction (TPR) and
hydrogen chemisorption combined with reoxidation measurements were used to
define the reducibility of supported cobalt catalysts. Different supports (e.g. Al,O3,
Ti0,, Si0,, and ZrO; modified SiO, or Al,O3) and a variety of promoters, including
noble metals and metal cations, were examined. Significant support interactions on
the reduction of cobalt oxide species were observed in the order Al,O; > TiO, >
Si0,. Addition of Ru and Pt exhibited a similar catalytic effect by decreasing the
reduction temperature of cobalt oxide species, and for Co species where a significant
surface interaction with the support was present, while Re impacted mainly the
reduction of Co species interacting with the support. For catalysts reduced at the same
temperature, a slight decrease in cluster size was observed in H2 chemisorption/pulse
reoxidation with noble metal promotion, indicating that the promoter aided in
reducing smaller Co species that interacted with the support. On the other hand,
addition of non-reducible metal oxides such as B, La, Zr, and K was found to cause
the reduction temperature of Co species to shift to higher temperatures, resulting in a
decrease in the percentage reduction. For both Al,O3 and SiO,, modifying the support
with Zr was found to enhance the dispersion. Increasing the cobalt loading, and
therefore the average Co cluster size, resulted in improvements to the percentage
reduction. Finally, a slurry phase impregnation method led to improvements in the

reduction profile of Co/Al,Os.

N.J. Coville et al.(2002) studied a series of Co/B/Ti0O, (B = ammonium borate,

boric acid, o-carborane, 0.01-1.5 wt.% B) catalysts were synthesized. The addition of



boron decreased the reducibility of the Co as determined from temperature-
programmed reduction studies and H2 reduction/O2back titration studies. This in turn

decreased the FT activity but not the turnover frequency of the Co catalyst.

Y. Brik et al. (2002) studied cobalt- and cobalt-boron-loaded TiO, (anatase)
catalysts were prepared and characterized before and after catalytic tests by XRD,
HRTEM, IR, UV-visible, and laser Raman spectroscopy. Theiractivity was
investigated in oxidative dehydrogenation (ODH) of ethane. In the absence of boron,
the best performances were exhibited by the sample containing 7.6 wt% Co, which
was selected for further investigations. At 550°C, it displayed a stationary state with a
conversion of 22.2% and an ethylene selectivity around 60%. This catalyst also
showed in the first 3 h on stream a 30% decay in activity that was attributed to a
concomitant loss of specific surface area and the formation of CoTiO; and Co2TiO4
phases. The addition of 0.25 wt% boron to this Co(7.6)/TiO, sample improved the
ethane conversion and the ethylene selectivity, which attained 28.4 and 67%,
respectively. Boron concentrations superior to 0.25 wt% negatively affected the
catalysts performances, probably because at high loadings it profoundly modified the
acid—base properties of the surface. XRD and HRTEM analyses showed that at the
same time the size of Co3;04 crystallites decreased. IR investigations confirmed the
increase in acidity upon boron addition and the decrease in strength of the basic sites
which were involved in the dehydrogenation processes.

The catalytic behavior and the acid—base properties of Co(7.6)/TiO, loaded
with different amounts of boron were also studied using butan-2-ol conversion. Boron
addition enhanced the dehydration and the dehydrogenation reactions. However,
above 0.25 wt% it decreased the dehydrogenation activity, confirming the
modifications of the properties of the acid—base centers revealed by the IR studies.
For this optimal concentration of boron, the activity and the selectivity in butan-2-ol
dehydrogenation exhibited a maximum that coincided with the one observed in the
ethane ODH, which suggests that both reactions possibly involved the same type

of active centers.



2.3 The other modified zirconia supported cobalt catalyst

P. Soisuwan et al. (2006) reported Nanocrystalline zirconia and m-modified
zirconia (m = Si and Y) have been prepared by the modified Pechini s method and
employed as supports for cobalt catalysts. Addition of a small amount of Si or Y
during the preparation of nanocrystalline zirconia did not alter the average crystallite
sizes and BET surface areas of the tetragonal zirconia. However, zirconia primary
particles appeared to be more agglomerated when Si/Zr and Y/Zr were greater than
0.005 and 0.01, respectively. The Si- and Y-modified zirconia supported cobalt
catalysts with higher m/Zr showed higher H, chemisorption and CO hydrogenation

activities.



CHAPTER III

THEORY

3.1 Fischer-Tropsch synthesis (FTS)

Fischer-Tropsch synthesis (FTS) or CO hydrogenation reaction, the
production of liquid hydrocarbons from synthesis gases (CO and H») is a promising,
developing route for environmentally sound production of chemicals and fuels from
coal and natural gas. During the past decades, FTS has been developed continuously
by many researchers, although the rise and fall in research intensity on this process
has been highly related to the demands for liquid fuels and relative economics. This
synthesis is basically the reductive polymerization (oligomerization) of carbon
monoxide by hydrogen to form organic products containing mainly hydrocarbons and

some oxygenated products in lesser amounts. The main reactions of FTS are:

CO+3H ,— CHy + H,0 (1)
CO+2H, - (%)(anM )+ H,0 (2)
CO+H,0 - CO, +H, 3)
2C0 — C+CO, )

Equations (1) is the formation of methane, the equation (2) is the synthesis of
hydrocarbons higher than methane, the equation (3) is the water-gas shift reaction,
and the equation (4) is the Boudouard reaction resulting in which results in deposition
of carbon. The reaction mechanism of methanation can be described by the following

set of mechanism:
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CO + * = CO*
CO* + * = C* +O*
H, + 2% = 2H*

C* + H* =  CH* + *
CH* + H* = CHy* + *
CH,* + H* = CHy* + *
CH;* + H* = CHy(g) +2*
O* + H* = OH* +*
OH* + H* = H,O(g) +2*

Normally, catalysts used for FTS are group VIII metals. By nature, the
hydrogenation activity increases in order of Fe < Co < Ni < Ru. Ru is the most active.
Ni forms predominantly methane, while Co yields much higher ratios of paraffins to
olefins and much less oxygenated products such as alcohols and aldehydes than Fe
does.

Commercially, Entrained bed reactors or slurry bubble column reactors are
used in FTS since they can remove heat from this exothermic synthesis, allowing

better temperature control.

The current main goal in FTS is to obtain high molecular weight, straight
chain hydrocarbons. However, methane and other light hydrocarbons are always
present as less desirable products from the synthesis. According to the Anderson-
Schulz-Flory (ASF) product distribution, typically 10 to 20% of products from the
synthesis are usually light hydrocarbon (C;-C4). These light alkanes have low boiling
points and exist in the gas phase at room temperature, which is inconvenient for
transportation. Many attempts have been made to minimize these by-products and
increase the yield of long chain liquid hydrocarbons by improving chain growth
probability. It would be more efficient to be able to convert these less desirable
products into more useful forms, rather than re-reforming them into syngas and
recycling them (R.J. Farrauto and C.H. Bartholomew, 1997). Depending upon the
type of catalyst used, promoters, reaction conditions (pressure, temperature and
H,/CO ratios), and type of reactors, the distribution of the molecular weight of the

hydrocarbon products can be noticeably varied.
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3.2 Cobalt (R.S. Young 1960; K. Othmer, 1991)
3.2.1 General

Cobalt, a transition series metallic element having atomic number 27,
is similar to silver in appearance.

Cobalt and cobalt compounds have expended from use colorants in
glasses and ground coat fits for pottery to drying agents in paints and lacquers, animal
and human nutrients, electroplating materials, high temperature alloys, hard facing
alloys, high speed tools, magnetic alloys, alloys used for prosthetics, and used in
radiology. Cobalt is also as a catalyst for hydrocarbon refining from crude oil for the

synthesis of heating fuel.
3.2.2 Physical Properties

z . At room

The electronic structure of cobalt is [Ar] 3d 74S
temperature the crystalline structure of the a (or €) form, is close-packed hexagonal
(cph) and lattice parameters are a = 0.2501 nm and ¢ = 0.4066 nm. Above
approximately 417°C, a face-centered cubic (fcc) allotrope, the y (or ) form, having a
lattice parameter a = 0.3554 nm, becomes the stable crystalline form

The scale formed on unalloyed cobalt during exposure to air or oxygen
at high temperature is double-layered. In the range of 300 to 900°C, the scale consists
of a thin layer of mixed cobalt oxide, Co3O4, on the outside and cobalt (II) oxide,
CoO0, layer next to metal. Cobalt (III) oxide, Co,03, may be formed at temperatures
below 300°C. Above 900°C, Co304 decomposes and both layers, although of different
appearance, are composed of CoO only. Scales formed below 600°C and above
750°C appear to be stable to cracking on colling, whereas those produced at 600-
750°C crack and flake off the surface.

Cobalt forms numerous compounds and complexes of industrial
importance. Cobalt, atomic weight 58.933, is one of the first transition series of Group
9 (VIIIB). There are thirteen know isotope, but only three are significant: *Co is the
only stable and naturally occurring isotope; “°Co has a half-life of 5.3 years and is a

common source of y-source for MOssbauer spectroscopy.
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Cobalt exists in the +2 or +3 valance states for the major of its
compounds and complexes. A multitude of complexes of the cobalt (III) ion exists,
but few stable simple salt are know. Octahedral stereochemistries are the most
common for cobalt (I) ion as well as for cobalt (III). Cobalt (II) forms numerous
simple compounds and complexes, most of which are octahedral or tetrahedral in
nature; cobalt (II) forms more tetrahedral complex than other transition-metal ions.
Because of the small stability difference between octahedral and tetrahedral
complexes of cobalt (II), both can be found equilibrium for a number of complexes.
Typically, octahedral cobalt (II) salts and complexes are pink to brownish red; most of

the tetrahedral Co (II) species are blue.

Table 3.1 Physical properties of cobalt (K. Othmer, 1991)

Property Value
atomic number 27
atomic weight 58.93
transformation temperature, °C 417
heat of transformation, J/g" 251
melting point, °C 1493
latent heat of fusion, AHg J/g" 395
boiling point, , °C 3100
latent heat of vaporization at bp, AH,4, kJ/g" 6276
specific heat, J/(g°C)*

15-100°C 0.442

molten metal 0.560

coefficient of thermalexpansion, °C”!

cph at room temperature 12.5

fcc at 417°C 14.2
thermal conductivity at 25 °C, W/(m'K) 69.16
thermal neutron absorption, Bohr atom 34.8
resistivity, at 20 °C®, 10®*Q'm 6.24

Curie temperature, °C 1121



Table 3.1 Physical properties of cobalt (cont.)
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Property Value

saturation induction, 4nl,, T¢ 1.870

permeability, p

initial 68
max 245
residual induction, T¢ 0.490
coercive force, A/m 708
Young’s modulus, Gpac 211
Poisson’s ratio 0.32
Hardness', diamond pyramid, of %Co 99.9
At20°C 225
At300°C 141
At 600°C 62
At 900°C 22
strength of 99.99 %cobalt, MPa® as cast  annealed
tensile 237 588
tensile yield 138 193
compressive 841 808
compressive yield 291 387

99.98°
253
145
43
17
sintered
679
302

*To convert J to cal, divided by 4.184.

® conductivity = 27.6 % of International Annealed Copper Standard.

°To convert T to gauss, multiply by 10*.
4To convert GPa to psi , multiply by 145,000.
¢ Zone refined.

f .
Vickers.

£To convert MPa to psi , multiply by 145.
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3.2.3 Cobalt Oxides

Cobalt has three well-know oxides:

Cobalt (IT) oxide, CoO, is an olive green, cubic crystalline material.
Cobalt (IT) oxide is the final product formed when the carbonate or the other oxides
are calcined to a sufficiently high temperature, preferably in a neutral or slightly
reducing atmosphere. Pure cobalt (IT) oxide is a difficult substance to prepare, since it
readily takes up oxygen even at room temperature to re-form a higher oxide. Above
about 850°C, cobalt (II) oxide form is the stable oxide. The product of commerce is
usually dark gray and contains 77-78 wt % cobalt. Cobalt (II) oxide is soluble in
water, ammonia solution, and organic solvents, but dissolves in strong mineral acids.
It is used in glass decorating and coloring and is a precursor for the production of
cobalt chemical.

Cobalt (II) oxide, C0,0s, is form when cobalt compounds are heated at
a low temperature in the presence of an excess of air. Some authorities told that cobalt
(IIT) oxide exists only in the hydrate form. The lower hydrate may be made as a black
power by oxidizing neutral cobalt solutions with substances like sodium hypochlorite.
C0,03 or C0,03.H,0 is completely converted to Co3;O4 at temperatures above 265°C.
Co304 will absorb oxygen in a sufficient quantity to correspond to the higher oxide
Co0,0:;.

Cobalt oxide, Co304, is formed when cobalt compounds, such as the
carbonate or the hydrated sesquioxide, are heated in air at temperatures above

approximately 265°C and not exceeding 800°C.

3.3 Co-based catalysts

Supported cobalt (Co) catalysts are the preferred catalysts for the synthesis of
heavy hydrocarbons from natural gas based syngas (CO and H,) because of their high
Fischer-Tropsch (FT) activity, high selectivity for linear hydrocarbons, and low
activity for the water gas shift reaction. It is known that reduced cobalt metal, rather
than its oxides or carbides, is the most active phase for CO hydrogenation in such
catalysts. Investigations have been done to determine the nature of cobalt species on
various supports such as alumina, silica, titania, magnesia, carbon, and zeolites. The

influence of various types of cobalt precursors used was also investigated. It was
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found that the used of organic precursors such as Co (III) acetyl acetate resulting in an
increase of CO conversion compared to that of cobalt nitrate (M. Kraum and M.

Baerns, 1999).

3.4 Cobalt-Support Compound Formation (Co-SCF)

Compound formation between cobalt metal and the support can occur under
pretreatment and/or reaction conditions, leading to catalyst deactivation. The
compound formation of cobalt metal with support materials, however, is difficult to
predict because of the lack of sufficient thermodynamic data. Co-support compound

formation can be detected evidentially.

3.5 Zirconia

3.5.1 General feature of zirconia

Table 3.2 Physical properties of zirconia

Properties
Systematic Zirconium dioxide
Zirconium(IV)dioxide
Other names Zirconia
Baddeleyite
Molecular formula 710,
Molar mass 123.22 g/mol
Appearance white or colourless solid (when pure)
Density and phase 5.89 g/cm3, solid
Solubility in water insoluble

Melting point 2715 °C



http://en.wikipedia.org/wiki/Baddeleyite
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Zirconia exhibits three polymorphs, the monoclinic, tetragonal, and
cubic phases. Figure 2.1 shows the typical systems: cubic, tetragonal and monoclinic
ones. Crystal structure of cubic, tetragonal and monoclinic zirconia are shown in
Figure 2.2 The monoclinic is stable up to ~1170°C, at which temperature it transforms
into the tetragonal phase, which is stable up to 2370°C (Cormak and Parker, 1990).
The stabilization of the tetragonal phase below 1100°C is important in the use of
zirconia as a catalyst in some reaction. Above 2370°C, the cubic phase is stable and it
exists up to the melting point of 2680°C. Due to the martens tic nature of the
transformations, neither the high temperature tetragonal nor cubic phase can be
quenched in rapid cooling to room temperature. However, at low temperature, a
metastable tetragonal zirconia phase is usually observed when zirconia is prepared by
certain methods, for example by precipitation from aqueous salt solution or by
thermal decomposition of zirconium salts. This is not the expected behavior according
to the phase diagram of zirconia (i.e., monoclinic phase is the stable phase at low
temperatures). The presence of the tetragonal phase at low temperatures can be
attributed to several factors such as chemical effects, (the presence of anionic
impurities) (Srinivasan et al., 1990 and Tani et al., 1982) structural similarities
between the tetragonal phase and the precursor amorphous phase (Osendi et al., 1985;
Tani, 1982 and Livage, 1968) as well as particle size effects based on the lower
surface energy in the tetragonal phase compared to the monoclinic phase (Garvie,
1978; Osendi et al., 1985 and Tani 1982). The transformation of the metastable

tetragonal form into the monoclinic form is generally complete by 650-700 °C.

Table 3.3 Crystal systems of zirconia.

Crystal system Unit cell shape
Cubic a=b=c,a=B=y=90°
Tetragonal a=b#c,a=p=y=90°

Monoclinic azb#c,a=y=90° B =90°
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Figure 3.1 The unit cells of the crystal systems. (West, 1997)
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Figure 3.2 Crystal structure of cubic, tetragonal and monoclinic zirconia. (Heuer,

1987)



CHAPTER 1V

EXPERIMENTAL

This chapter consists of experimental systems and procedures used in this
work which is divided into three parts consisting of catalyst preparation (4.1), catalyst
characterization (4.2) and reaction study in CO hydrogenation (4.3).

The samples were prepared and analyzed by means of N, physisorption, X-ray
diffraction (XRD), scanning electron microscopy (SEM), energy dispersion X-ray
spectroscopy (EDX), transmission electron spectroscopy (TEM), and temperature-
programmed reduction (TPR). The reaction study was performed in order to measure

activity and product selectivity toward CO hydrogenation at 220°C and 1 atm.

4.1 Catalyst preparation

4.1.1 Chemicals

The details of chemicals used in this experiment are shown in Table
4.1

Table 4.1 Chemicals used in the preparation of catalysts.

CAS. Product
Chemical Supplier
Number Number
Cobalt (II) nitrate exahydrate
Aldrich 10026-22-9 239267
(Co(NO3)2'6H,0)
Boric acid (H3;BOs) Aldrich - 339067
Zirconium dioxide(ZrO;), micron
Aldrich 1314-23-4 230693

powder




20

4.1.2 Preparation of the boron modified zirconia

The B-modified ZrO, supports were prepared by the incipient
impregnation method. First, boron was impregnated on the ZrO, support [from
Aldrich(< 5 micron, 99.99%)] using a solution of boric acid (99.99%, Aldrich) to
produce B-modified ZrO, supports having 0.5, 1 and 3 wt% of B. Then , the B-
modified ZrO, supports were calcined at 500°C for 4 h prior to impregnation of

cobalt.

4.1.3 Preparation of the supported Co samples

Cobalt nitrate [Co(NOs),-6H,0] was dissolved in deionized water and
impregnated on the support as derived above to give a final catalyst with 5, 10, 15 and
20 wt% of cobalt. The catalyst precursor was dried at 110°C for 12 h and calcined in
air at 500°C for 4 h.

4.1.4 Sample nomenclature

The nomenclature used for the support and catalyst samples in this
study is as follows:
ZxrB-0 refers to the ZrO, support without B modification.
ZxB-i refers to the B-modified ZrO, having i wt% of B.
a-Co/support refers to supported cobalt catalyst on various supports as

derived above, where a is the weight percents of cobalt.
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4.2. Catalyst characterization

4.2.1 N, physisorption

BET apparatus for the single point method

The reaction apparatus of BET surface area measurement consisted of
two feed lines for helium and nitrogen using a Micrometritics Chemisorb 2750. The
flow rate of the gas was adjusted by means of fine-metering valve on the gas
chromatograph. The sample cell made from pyrex glass. The mixture gases of
helium and nitrogen flowed through the system at the nitrogen relative of 0.3. The
catalyst sample (ca. 0.2 to 0.5 g) was placed in the sample cell, which was then
heated up to 200 °C and held at this temperature for 1 h. After the catalyst sample
was cooled down to room temperature, nitrogen uptakes were measure as follows.

Step (1) Adsorption step: The sample that set in the sample cell was
dipped into liquid nitrogen. Nitrogen gas that flowed through the system was
adsorbed on the surface of the sample until equilibrium was reached.

Step (2) Desorption step: The sample cell with nitrogen gas-adsorption
catalyst sample dipped into the water at room temperature. The adsorbed nitrogen gas
was desorbed from the surface of the sample. This step was completed when the
indicator line was in the position of base line.

Step (3) Calibration step: 1 ml of nitrogen gas at atmospheric pressure
was injected through the calibration port of the gas chromatograph and the area was

measured. The area was the calibration peak.

4.2.2 X-ray diffraction (XRD)

XRD were performed to determine the bulk phase of catalysts by
SIEMENS D 5000 X-ray diffractometer connected with a computer with Diffract ZT
version 3.3 program for fully control of the XRD analyzer. The experiments were
carried out by using CuKa (A = 1.54439 A) radiation with Ni filter in the 20 range of
20-80 degrees resolution 0.04°. The crystallite size was estimated from line

broadening according to the Scherrer equation and a-Al,O3 was used as standard.
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4.2.3 Temperature programmed reduction (TPR)

TPR was used to determine the reducibility of catalysts:

1. The catalyst sample 0.2 g used in the sample cell.

2. Prior to operation, the catalysts were heated up to 200 °C in
flowing nitrogen and held at this temperature for 1 h.

3. After the catalyst sample was cooled down to room
temperature, carrier gas (10 % H; in Ar) were ramping from
35°C to 800°C.

4. During reduction, a cold trap will be placed to before the

detector to remove water produced.

4.2.4 Electron microscopy

Scanning electron microscopy (SEM) and Energy dispersive X-ray
spectroscopy (EDX) was used to determine the morphology and elemental
distribution of the catalyst particles. Model of SEM: JEOL mode JSM-5800LV and
EDX will be performed using Link Isis Series 300 program at the Scienctific and
Technological Research Equipment Center, Chulalongkorn University (STREC).

4.2.5 Transmission Electron Microscopy (TEM)

The dispersion of cobalt oxide supports was determined using JEM-
2100 transmission electron spectroscopy operated at 100 kV with 25 k magnification.

The sample was dispersed in ethanol prior to the TEM measurement.

4.2.6 Hydrogen Chemisorption

Static H, chemisorption at 100 °C on the reduce catalysts was used to
determine the number of reduce surface cobalt metal atoms and overall cobalt
dispersion. The total hydrogen chemisorption was calculated from the number of

injection of a known volume. H, chemisorption was carried out following the
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procedure discribed by CO- pulse chemisorption technique using a Micrometritics
Chemisorb 2750 (pulse chemisorption system). Prior to chemisorption, the catalysts

were reduced at 350 °C for 3 hours after ramping up at a rate of 1 °C/min.

4.3. Reaction study in CO hydrogenation

4.3.1 Material

The reactant gas used for the reaction study was the carbon monoxide
in hydrogen feed stream as supplied by Thai Industrial Gas Limited (TIG). The gas
mixture contained 9.73 vol % CO in H; (22 cc/min). The total flow rate was 30
ml/min with the H,/CO ratio of 10/1. Ultra high purity hydrogen (50 cc/min) and high
purity argon (8 cc/min) manufactured by Thai Industrial Gas Limited (TIG) were used

for reduction and balance flow rate.

4.3.2 Apparatus

Flow diagram of CO hydrogenation system is show in Figure 4.1. The
system consists of a reactor, an automatic temperature controller, an electrical furnace
and a gas controlling system.

4.3.2.1 Reactor

The reactor was made from a stainless steel tube (O.D. 3/8 ).
Two sampling points were provided about and below the catalyst bed. Catalyst was
placed between two quartz wool layers.

4.3.2.2 Automation Temperature Controller

This unit consisted of a magnetic switch connected to a variable
voltage transformer and a solid state relay temperature controller model
n0.5SS2425DZ connected to a thermocouple. Reactor temperature was measured at the
bottom of the catalyst bed in the reactor. The temperature control set point is

adjustable within the rang of 0-800 °C at the maximum voltage output of 220 volt.
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4.3.2.3 Electrical Furnace

The furnace supplied heat to the reactor for CO hydrogenation.
The reactor could be operated from temperature up to 800 °C at the maximum voltage
of 220 volt.

4.3.2.4 Gas Controlling System

Reactant for the system was each equipped with a pressure
regulator and an on-off valve and the gas flow rates were adjusted by using metering
valves.

4.3.2.5 Gas Chromatograph

The composition of hydrocarbons in the product stream was
analyzed by a Shimadzu GC-14B (VZ10) gas chromatograph equipped with a flame
ionization detector. A Shimadzu GC-8A (molecular sieve 5A) gas chromatograph
equipped with a thermal conductivity detector was used to analyze CO and H; in the
feed and product streams. The operating conditions for each instrument are show in

the Table 4.2.

4.3.3 Procedured

1. Using 0.2 g of catalyst packed in the middle of the stainless steel

micro reactor, which is located in the electrical furnace.

2. A flow rate of Ar = 8 cc/min, 9% CO in H, = 22 c¢/min and H, =
50 cc/min in a fixed-bed flow reactor. A relatively high H,/CO ratio was used to

minimize deactivation due to carbon deposition during reaction.

3. The catalyst sample will be re-reduced in situ in flowing H; at 350°C
for 10 h prior to CO hydrogenation.

4. CO hydrogenation will be carried out at 220°C and 1 atm total

pressure in flowing 9% CO in Ho.

5. The effluent was analyzed using gas chromatography technique
[Thermal conductivity detector (TCD) will be used for separation of carbon monoxide

(CO) and methane (CH4) and flame ionization detector (FID) will be used for
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separation of light hydrocarbon such as methane (CH4), ethane (C,Hg), propane

(C;3Hg), etc.] In all cases, steady-state was reached within 5 h.

Table 4.2 Operating condition for gas chromatograph

Gas Chromatograph SHIMADZU GC-8A SHIMADZU GC-14B
Detector TCD FID
Column Molecular sieve SA VZ 10
- Column material SUS -

- Length 2m -

- Outer diameter 4 mm -

- Inner diameter 3 mm -

- Mesh range 60/80 60/80

- Maximum temperature 350°C 80°C
Carrier gas He (99.999%) N2 (99.999%)
Carrier gas flow 20 cc/min -
Column gas He (99.999%) Air , H,
Column gas flow 20 cc/min -
Column temperature

- initial (°C) 60 70

- final (°C) 60 70
Injector temperature (°C) 100 100
Detector temperature (°C) 100 150
Current (mA) 80 -
Analysed gas Ar, CO, H, Hydrocarbon C;-Cy4
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Figure 4.1 Flow diagram of CO hydrogenation system
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CHAPTER V

RESULTS AND DISCUSSION

In this chapter are divided into two sections. Section 5.1 is described
characteristics of 20 wt% cobalt (Co) dispersed on various boron modified supports.
Section 5.2 described characteristics and catalytic activity toward CO hydrogenation

of various Co catalysts dispersed on 1 wt% of boron modified support.

5.1 Various boron loading of 20 wt% cobalt on boron modified zirconia-

supported catalysts.

5.1.1 BET surface area

The BET surface area are listed in Table 5.1. The BET surface areas of
B-modified zirconia supports decreased from 2.6 to 1.1 m*/g upon increasing the
amounts of boron loading. The pore size distributions of the unmodified and B-
modified zirconia support are shown in Figure 5.1. In fact, the slightly bimodal pore
size distribution for the unmodified zirconia support was observed. However, with
the B modification, the unimodal pore size distribution of the B-modified zirconia
supports was evident. It indicated that B was presumably located in the small pore of
zirconia support resulting in the disappearance of the small pore portion as seen in
Figure 5.1. Considering the surface areas of the zirconia-supported cobalt catalysts
with B modification, they apparently increased from 1.8 to 12.6 m?*/g with increasing
the amounts of B loading in the zirconia supports. This was suggested that the B
modification could prevent the agglomeration of Co oxide species resulting in

increased surface areas of the catalyst samples.
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Table 5.1 BET surface area measurement of 20 wt% cobalt on boron modified

supported cobalt catalyst.

Samples BET Surface Area
(m®/g) *
ZrB-0 2.6
ZrB-0.5 1.8
ZrB-1 1.3
ZrB-3 1.1
20-Co/ZrB-0 1.8
20-Co/ZrB-0.5 6.8
20-Co/ZrB-1 12.4
20-Co/ZrB-3 12.6

* Measurement error is 5%

0.012

0.010 ~

0.008 ~

0.006 ~

Pore Volume (cm?®)

0.004 ~

0.002 T T T T
0 200 400 600 800

Pore Diameter (A°)

Figure 5.1 Pore size distribution of supports
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5.1.2 X-ray diffraction (XRD)

The XRD patterns for different zirconia supports consisting of various
amounts of boron loading are shown in Figure 5.2. The unmodified zirconia support
exhibited the strong XRD peaks at 29° and 32° assigning to the ZrO, in the
monoclinic phase, and the strong XRD peak at 50° indicating the ZrO, in the
tetragonal phase. In addition, the strong XRD peak at 29° (overlap with the XRD
peak for the monoclinic phase of ZrO,) was detected for the zirconia supports with B
modification also assigning to the B,O; species. Figure 5.3 shows the XRD patterns
of different zirconia-supported cobalt catalysts consisting of various amounts of B
loading in the zirconia supports. The catalyst samples exhibited XRD peaks at 36°,
45°, 60° and 65° indicating the presence of Co;O4 species.
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Figure 5.2 XRD patterns for different ZrO, supports consisting of various

amounts of  boron loading
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catalysts with various amounts of boron modification on zirconia support

5.1.3 Scanning electron microscopy (SEM) and Energy dispersive

X-ray spectroscopy (EDX)

In order to study the morphologies and elemental distribution of the
catalyst samples, SEM and EDX were performed, respectively. The SEM micrograph
and the elemental distribution for Co, Zr, and O for the unmodified zirconia-supported
Co catalyst are shown in Figure 5.4 whereas the typical SEM micrograph and the
elemental distribution for the B-modified zirconia-supported Co catalysts are shown
in Figure 5.5-5.7. For all figures, it was found that the distribution of Co oxide

species was well distributed all over the catalyst granule.




20-Co/ZrB-0

STREC

Figure 5.4 A typical SEM micrograph and EDX mapping for 20-Co/ZrB-0

sample
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20-Co/ZrB-0.5

Figure 5.5 A typical SEM micrograph and EDX mapping for 20-Co/ZrB-0.5

Sample
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Figure 5.6 A typical SEM micrograph and EDX mapping for 20-Co/ZrB-1

sample



Figure 5.7 A typical SEM micrograph and EDX mapping for 20-Co/ZrB-3

sample
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5.1.4 Transmission Electron Microscopy (TEM)

In order to determine the dispersion and crystallite size of Co oxides
species dispersed on the various supports employed, the high resolution TEM was
used. The TEM micrographs for the unmodified and B-modified zirconia supports are
shown in Figure 5.8. There was no significant change in morphologies of the zirconia
supports upon B modification.  The dispersion of Co oxide species on various
zirconia supports is illustrated in Figure 5.9. It can be observed that the dispersion of
Co oxide species apparently increased with increasing the amounts of B loading in the

zirconia support resulting in the smaller size of the Co oxides present.

ZrB-0 ZrB-3

0.5 pm 0.5 pm
—

Figure 5.8 TEM micrographs for different ZrO, supports consisting of various

amounts of boron loading
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Figure 5.9 TEM micrographs for different Co/ZrO, catalysts with various

amounts of boron modification on zirconia support

5.1.5 Temperature programmed reduction (TPR)

The TPR measurement was performed in order to determine the
reduction behaviors of Co oxides species on various samples. The TPR profiles of
various zirconia-supported Co catalysts with and without B modification on zirconia
supports are shown in Figure 5.10 and the reduction temperatures are listed in Table
5.2. Basically, only two reduction peaks can be observed. The peaks can be assigned
to the two-step reduction of Co3;04 to CoO and then to Co° (Y. Zhang et al., 1999; D.
Schanke et al., 1995). Upon the TPR conditions, the two reduction peaks based on
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two-step reduction may or may not be observed. Here, for the unmodified zirconia-
supported Co catalyst, the broad reduction peak (ca.230-490°C) having a little
shoulder (ca. 300°C) can be observed assigning to the overlap of two-step reduction.
However, with the B modification we found that the reduction peaks were shifted to
the higher reduction temperatures. It was suggested that the B-modification can result
in lower degree of reduction, especially with high amounts (3 wt%) of B loading on
the zirconia supports. The smaller size of Co oxide species, the more difficult of them
to be reduced. So, boron could increase the interaction between CozO4 and ZrO,. In
addition, the effect of boron may result in the formation of a surface cobalt-boron
compound which is more difficult to reduce (J. Li et al., 1999). Thus the reducibility
of Co/ZrO, directly reflects the interaction between Co3;O4 and the B sources.
However, it should be noted that TPR conditions were different from the standard

reduction used prior to reaction.

Table 5.2 Reduction temperature of catalyst samples

Catalyst Reduction Temperature (°C)

Samples Initial Final Maximum
20-Co/ZrB-0 230 490 420
20-Co/ZrB-0.5 330 760 450
20-Co/ZrB-1 350 770 570
20-Co/ZrB-3 560 800 750

5.1.6 H; chemisorption

H, chemisorption was performed in order to measure the number of
reduced cobalt metal surface atoms, which is related to the overall activity during CO
hydrogenation. The resulted H, chemisorption is illustrated in Table 5.3. The amounts
of H, adsorbed on the catalytic phase were in the range of 0.33 to 0.47 pumol/g of
sample. It was found that the number of the reduced cobalt metal surface atoms was
the largest for the cobalt dispersed on the 20 wt% of Co on 1 wt% of boron modified
zirconia support (20-Co/ZrB-1).
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Figure 5.10 TPR profiles for different Co/ZrO; catalysts with various amounts

of boron modification on zirconia support

5.1.7 Reaction study in CO hydrogenation

The reaction study under CO hydrogenation was also investigated in
order to measure the activity and selectivity of catalysts. The reaction study results
are listed in Table 5.3. It was obvious that the catalytic activities of the zirconia-
supported Co catalyst dramatically increased about 6-8 times with B modification on
the zirconia supports. Increased activities upon B modification can be attributed to
increased dispersion of Co oxide species as seen from TEM measurement. This was
suggested that the higher degree dispersion of Co oxide species could facilitate the
reduction of Co oxides giving the higher number of the Co metal surface atoms for
catalyzing the reaction. However, it should be carefully noted that too small
crystallite sizes of Co oxides, which were corresponding to the amounts of B loading
of 0.5 and 3 wt%, respectively essentially decreased the degree of reduction resulting

in a slight decrease in activity. The similar phenomenon was also discussed for the
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dispersion of Co oxide species on titania supports consisting of various ratios of
anatase and rutile phases (B. Jongsomjit et al., 2005). It was reported that highly
dispersed forms of Co oxide species were not only the factor to insure larger number
of reduced Co metal surface atoms. Considering the product selectivity upon
methanation condition as seen in Table 5.3, it was found that the selectivity to C,-Cy4

products slightly decreased with the B modification on the zirconia supports.

Table 5.3 Results of H, chemisorption, steady-state rate and selectivity to products

Catalyst Sample Total H, Steady-state Rate” CH,4 C-Cy
chemisorption  (x10’gCH,/gcat.h)  Selectivity  Selectivity
(nmol/g cat) (%) (%)
20-Co/ZrB-0 0.33 3.0 96.5 3.5
20-Co/ZrB-0.5 0.44 20.2 99.0 1.0
20-Co/ZrB-1 0.47 25.2 99.0 1.0
20-Co/ZrB-3 0.34 22.7 98.9 1.1

* CO hydrogenation was carried out at 220°C, 1 atm and H,/CO/Ar = 20/2/8. The
steady-state was reached after 5 h.

It has been reported that addition of a small amount of second metal
such as silicon and yttrium can improve the properties of nanocrystalline zirconia
supported cobalt catalyst. For example, when used as cobalt catalyst supports the Si-
and Y- modified zirconia supported ones with Si/Zr > 0.005 and Y/Zr > 0.01
exhibited higher H, chemisorption and CO hydrogenation activities. It was found that
the CO hydrogenation rates increased by 1.2-1.6 times with the Si- and Y- modified
zirconia(P. Soisuwan et al., 2006). However, we found that the CO hydrogenation
rates increased by 6-7 times with the B- modified microcrystalline zirconia supported

cobalt catalyst.
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5.2 Various Co loading on the 1 wt% boron modified zirconia supported

catalyst.
5.2.1 BET surface area

The BET surface area are listed in Table 5.4. The BET surface areas of
the zirconia-supported cobalt catalysts with 1 wt% of B modification increased from
4.0 to 12.4 m*/g upon increasing the amounts of cobalt loading. This was suggested
the Co oxide species exhibited well distribution, leading to increased surface areas of

the catalyst samples.

Table 5.4 BET surface area measurement of various cobalt on 1wt% of boron

modified supported cobalt catalyst.

Samples BET Surface Area
(m’/g) *
5-Co/ZrB-1 4.0
10-Co/ZrB-1 10.0
15-Co/ZxrB-1 12.2
20-Co/ZrB-1 12.4

? Measurement error is +5%

5.2.2 X-ray diffraction (XRD)

The XRD patterns for different zirconia supported cobalt catalysts
consisting of various amounts of cobalt loading are shown in Figure 5.11. The
catalyst samples exhibited the strong XRD peaks at 29° and 32° assigning to the ZrO,
in the monoclinic phase, the strong XRD peak at 50° indicating the ZrO, in the
tetragonal phase and the strong XRD peak at 29° (overlap with the XRD peak for the
monoclinic phase of ZrO,) was detected for the zirconia supports with B modification
also assigning to the B,Os species. In addition, the XRD peaks at 36°, 45°, 60° and 65°

indicating the presence of Co3O4 species.
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Figure 5.11 XRD patterns of the 1 wt% of boron-modified zirconia supported Co
catalyst.

5.2.3 Scanning electron microscopy (SEM) and Energy dispersive

X-ray spectroscopy (EDX)

SEM and EDX were also conducted in order to study the morphologies
and elemental distribution of the samples, respectively. The SEM micrograph and the
elemental distribution for Co, Zr, and O for the 1 wt% of boron modified supported
Co catalysts are illustrated in Figure 5.12-5.15. For all figures, it was found that the

distribution of Co oxide species was well distributed all over the catalyst granule.

90



5-Co/ZrB-1

Figure 5.12 A typical SEM micrograph and EDX mapping for 5-Co/ZrB-1

sample
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10-Co/ZrB-1

Figure 5.13 A typical SEM micrograph and EDX mapping for 10-Co/ZrB-1

sample
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Figure 5.14 A typical SEM micrograph and EDX mapping for 15-Co/ZrB-1
Sample
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Figure 5.15 A typical SEM micrograph and EDX mapping for 20-Co/ZrB-1

sample
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5.2.4 Transmission Electron Microscopy (TEM)

In order to determine the dispersion and crystallite size of Co oxides
species dispersed on the various amounts of Co loading in the 1 wt% of boron
modified supported catalysts employed, the high resolution TEM was used. The TEM
micrographs for the catalysts are shown in Figure 5.16. It can be observed that the
dispersion of Co oxide species apparently increased with increasing the amounts of
Co loading in the 1 wt% of boron-modified zirconia supported Co catalysts resulting

in the smaller size of the Co oxides present.

5-Co/ZrB-1 10-Co/ZrB-1

0.5 pm 0.5 uym

ve

15-Co/ZrB-1 20-Co/ZrB-1

Figure 5.16 TEM micrographs for different Co/ZrO, catalysts with various
amounts of Co loading on 1 wt% of boron-modified zirconiasupported Co

catalysts
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5.2.5 Temperature programmed reduction (TPR)

The TPR measurement was performed in order to determine the
reduction behaviors of Co oxides species on various samples. The TPR profiles of
various zirconia-supported Co catalysts with 1 wt% of B modification on zirconia
supports are shown in Figure 5.17 and the reduction temperatures are listed in Table
5.5. Basically, only two reduction peaks can be observed. The peaks can be assigned
to the two-step reduction of Co3;04 to CoO and then to Co’ (Y. Zhang et al., 1999; D.
Schanke et al., 1995). Upon the TPR conditions, the two reduction peaks based on
two-step reduction may or may not be observed. Here, for the 1 wt% of B
modification zirconia-supported Co catalyst decreased in cobalt loading on zirconia
support resulted in deceasing cobalt oxide on supports, then being more difficult for
such the Co oxide species to be reduced with the small amount cobalt loading.
However, with the 1 wt% of B modification, increased Co loading apparently resulted
in the shift to the lower reduction temperatures. It was suggested that the smaller size
of Co oxide species, the less difficult of them to be reduced. However, it should be
noted that TPR conditions were different from the standard reduction used prior to

reaction.

Table 5.5 Reduction temperature of catalyst samples

Catalyst Reduction Temperature (°C)

Samples Initial Final Maximum
5-Co/ZrB-1 406 724 682
10-Co/ZrB-1 500 694 555
15-Co/ZrB-1 370 739 478

20-Co/ZrB-1 350 770 570




49

4
M 20-Co/ZrB-1
3 -
3
N2 15-Co/ZrB-1
[ 2 4
©
o
e
=)
n 1 10-Co/ZrB-1
c
(@]
(&)
N
T
0 - " \__ scozB1
'1 T T T T

0 200 400 600 800 1000

Temperature (°C)

Figure 5.17 TPR profiles for the 1 wt% of boron modified-supported Co catalyst.

5.2.6 H; chemisorption

H, chemisorption was performed in order to measure the number of
reduced cobalt metal surface atoms, which is related to the overall activity during CO
hydrogenation. The resulted H, chemisorption is illustrated in Table 5.6. The amounts
of H, adsorbed on the catalytic phase were in the range of 0.04 to 0.47 pmol/g of
sample. It was found that the number of the reduced cobalt metal surface atoms was
the largest for the cobalt dispersed on the 20 wt% of Co on 1 wt% of boron modified

zirconia support (20-Co/ZrB-1).

5.2.7 Reaction study in CO hydrogenation

The reaction study under CO hydrogenation was also investigated in
order to measure the activity and selectivity of catalysts. The reaction study results
are listed in Table 5.6. Increased activities upon Cobalt loading can be attributed to

increased dispersion of Co oxide species as seen from TEM measurement. This was



50

suggested that the higher degree dispersion of Co oxide species could facilitate the
reduction of Co oxides giving the higher number of the Co metal surface atoms for
catalyzing the reaction.  Thus, 20-Co/ZrB-1 exhibited the highest activity.
Considering the product selectivity upon methanation condition as seen in Table 5.6,
it was found that the selectivity to C,-C4 products dramatically decreased with

increasing the amounts of Co loading on the zirconia supports.

Table 5.6 Results of H, chemisorption, steady-state rate and selectivity to

products
Catalyst Sample Total H, Steady-state Rate” CH,4 C-Cy
chemisorption (XIOZgCHz/gcat.h) Selectivity  Selectivity

(nmol/g cat) (%) (%)

5-Co/ZrB-1 0.04 0.04 89.2 10.8

10-Co/ZrB-1 0.06 0.98 96.0 4.0

15-Co/ZrB-1 0.12 2.19 93.4 6.6

20-Co/ZrB-1 0.47 25.23 99.0 1

* CO hydrogenation was carried out at 220°C, 1 atm and H,/CO/Ar = 20/2/8. The
steady-state was reached after 5 h.



CHAPTER VI

CONCLUSIONS AND RECOMMENDATION

This chapter is focused upon the conclusions of the experimental details of
cobalt (Co) catalysts dispersed on various boron modified zirconia for carbon
monoxide (CO) hydrogenation reaction which were described in section 6.1. In

addition, recommendations for further study are given in section 6.2.

6.1 Conclusions

6.1.1 Various boron loading of 20 wt% cobalt on boron modified

zirconia supported catalyst.

It appeared that B modification on the zirconia supports resulted in
increased activities based on CO hydrogenation without a dramatic change in the
product selectivity. The increased activities can be attributed to higher dispersion of
Co oxide species on the support. It was suggested that the role of B modification
could be drawn based on (i) preventing the agglomeration of Co oxide species and (ii)
increasing the dispersion of the Co oxide species, then facilitating reduction of Co

oxides to Co metal surface atoms for catalyzing the reaction.

6.1.2 Various Co loading of 1 wt% boron modified zirconia

supported catalyst.

Based on the study, the support interaction and particle size, the nature
of supports used was also the key to determine the number of active sites present. For
the zirconia support, higher cobalt dispersed on zirconia was more active. There was
no significant change in morphologies and elemental distributions of samples as seen
from SEM/EDX. The small amount of cobalt in the boron modified zirconia supports
could result in the small amount of active Co metal atoms as detected using H;

chemisorption due to the strong support interaction. This resulted in decreasing
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activity of the sample. Thus, 20-Co/ZrB-1 exhibited the highest activity.The

selectivity to C2-C4 dramatically increased with decreased Co loading.

6.2 Recommendations

1. In order to investigate on different interactions, difference kinds
of zirconia supports should be applied to use for boron

modification.

2. Besides Co metal, other metals such as Ni, Pd, Fe and etc
should be further investigated with the boron-modifed zirconia

supports.
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APPENDIX A

CALCULATION FOR CATALYST PREPARATION

Preparation of 20%Co/S10,-ZrO; catalysts by the incipient wetness

impregnation method are shown as follows.

Reagent:

Cobalt (IT) nitrate hexahydrate [Co(NO3 )2 -6H 20 ]

Molecular weight =291.03 g
- Nano-SiO; support
- Nano-ZrO, support
- Micron-SiO; support
- Micron-ZrO, support

Example calculation for the preparation of 20%Co/Si-0-Zr-100

Based on 100 g for catalyst used, the composition of the catalyst will be as follows:
Cobalt = 20¢g
7r0, = 100-20 = 80 g

For 5 g of catalyst

Cobalt required 1x(20/80) 02¢g

Cobalt 0.2 g was prepared from Co(NO3) ) -6H 20 and molecular weight of
Co is 58.93

MW of Co(NO3)2 -6H20 x cobalt required
O required =

2 MW of Co

Co(NO,), -6H
= (291.03/58.93)x0.2 =0.99 g

Since the pore volume of the pure zirconia support is 0.402 ml/g for ZrO,.
Thus, the total volume of impregnation solution which must be used is 0.803 ml for
ZrO; by the requirement of incipient wetness impregnation method, the de-ionized

water is added until equal pore volume for dissolve Cobalt (II) nitrate hexahydrate.
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APPENDIX B

CALCULATION FOR TOTAL H; CHEMISSORPTION AND DISPERSION

Calcution of the total H, chemisorption and metal dispersion of the catalyst, a

stoichiometry of H/Co = 1, measured by H, chemisorption is as follows:

Let the weight of catalyst used = W g
Integral area of H, peak after adsorption = A unit
Integral area of 45 pl of standard H, peak = B unit
Amounts of H; adsorbed on catalyst = B-A unit
Concentration of Co (by AAS) = C Y%owt
Volume of H, adsorbed on catalyst = 45x[(B— A)/ B] ul
Volume of 1 mole of H, at 100°C = 28.038 ul

Mole of H; adsorbed on catalyst [(B— A)/B]x[45/28.038] umole

Total H, chemisorption =[(B—-A)/ B]x[45/28.038]x[1/ W] umole/g of catalyst

=N  umole/g of catalyst

Molecular weight of cobalt = 58.93
2xH,,, /g of catalyst x100
Metal dispersion (%) = 2018 Of 7
No umole Co,, | g of catalyst
_ 2x N x100
No umole Co,,

2x Nx58.93x100
Cx10°

1.179x N
C
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APPENDIX C

CALIBRATION CURVES

This appendix showed the calibration curves for calculation of composition of
reactant and products in CO hydrogenation reaction. The reactant is CO and the main
product is methane. The other products are linear hydrocarbons of heavier molecular
weight that are C,-C,4 such as ethane, ethylene, propane, propylene and butane.

The thermal conductivity detector, gas chromatography Shimadzu model 8A
was used to analyze the concentration of CO by using Molecular sieve SA column.

The VZ10 column are used with a gas chromatography equipped with a flame
ionization detector, Shimadzu model 14B, to analyze the concentration of products
including of methane, ethane, ethylene, propane, propylene and butane. Conditions
uses in both GC are illustrated in Table C.1.

Mole of reagent in y-axis and area reported by gas chromatography in x-axis
are exhibited in the curves. The calibration curves of CO, methane, ethane, ethylene,

propane, propylene and butane are illustrated in the following figures.

Table C.1 Conditions use in Shimadzu modal GC-8A and GC-14B.

Parameters Condition
Shimadzu GC-8A Shimadzu GC-14B
Width 5 5
Slope 50 50
Drift 0 0
Min. area 10 10
T.DBL 0 0
Stop time 50 60
Atten 0 0
Speed 2 2
Method 41 41
Format 1 1
SPL.WT 100 100

ISWT 1 1
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Figure C.1 The calibration curve of methane.
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Figure C.2 The calibration curve of ethylene.
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Figure C.3 The chromatograms of catalyst sample from thermal conductivity

detector, gas chromatography Shimadzu model 8A (Molecular sieve 5A column).
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Figure C.4 The chromatograms of catalyst sample from flame ionization detector,

gas chromatography Shimadzu model 14B (VZ10 column).
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APPENDIX D

CALCULATION OF CO CONVERSION, REACTION RATE AND
SELECTIVITY

The catalyst performance for the CO hydrogenation was evaluated in terms of
activity for CO conversion rate and selectivity.

Activity of the catalyst performed in term of carbon monoxide conversion and
reaction rate. Carbon monoxide conversion is defined as moles of CO converted with
respect to CO in feed:

100 x[mole of COin feed —moleof COin product]

CO conversion (%) = moleof COin feed (1)

Reaction rate was calculated from CO conversion that is as follows:

Let the weight of catalyst used = w g
Flow rate of CO = 2 cc/min
Reaction time = 60 min
Weight of CH, = 14 g
Volume of 1 mole of gas at 1 atm = 22400 cc

0 .
Reaction rate (¢ CHy/g of catalyst) = [% conversion of CO/100]x 60 x14 x 2 (ii)
W x 22400

Selectivity of product is defined as mole of product (B) formed with respect to mole

of CO converted:

Selectivity of B (%) = 100 x[mole of B formed | mole of total products | (i11)

Where B is product, mole of B can be measured employing the calibration
curve of products such as methane, ethane, ethylene, propane, propylene and butane

mole of CHy = (areaof CH, peak fromintegrator ploton GC —14B)x8x10" (iv)
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