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SYNOPSIS

Previous experience with the preparation and testing of Cofalumina catalysts
for Fischer-Tropsch synthesis has revealed that, while commercial available
aluminas result in materials of significantly different catalytic performance, no
correlation between the physical properties of the aluminas and the resulting
catalytic performance was evident. Consequently, it was proposed that
differences in the chemical (acid/base) nature of the alumina surfaces might
be responsible for the observed differences in catalytic behaviour. In this
study, isopropanol conversion was evaluated as a possible test reaction for
characterisation of the acid/base nature of commercial aluminas — literature
indicates acetone to result from isopropanol reaction on basic sites, and DIPE
and propene products to result from isopropanol conversion over acid sites of
varying strength.

Alumina samples included materials from three commercial manufacturers,
Condea (y-alumina), Procatalyse (y-alumina) and La Roche (boehmite), as
well as samples calcined at temperatures in the range 750-850°C. Physical
characterisation included loss on ignition, surface area, pore volume, pore
size distribution, ammonia temperature programmed desorption, x-ray
diffraction and surface charge (Zeta potential). Other than for the boehmite
starting material, all samples after calcination exhibited similar and stable
physical properties in the calcination range applied, typical for y-aluminas.

Isopropanol conversion tests were conducted in a fixed bed reactor in the
vapour phase. Upon calcination at 750°C, activity decreased as Condea >
Procatalyse > La Roche. Increasing calcination temperatures resulted in
generally increasing activity for isopropanol conversion over the La Roche
materials, while decreasing activity resulted for Procatalyse and Condea
alumina. Although conversion levels varied significantly with increasing
caicination temperatures, product selectivity was essentially unchanged.
Consequently, it is concluded that calcination at increasing temperatures
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resuits in a change in the number of active sites but without any significant
change in the nature of the active sites present. ‘

Experimental difficulties, in particular the presence of small amounts of
acetone in the isopropanol feed, pkecluded any definitive conclusions in
respect of acetone formation and, consequently, the presence of basic sites
on the aluminas considered. It is likely, however, that the alumina samples
included in this study exhibited either no or negligible basic sites, at least in
terms of the ability of the test reaction to reveal such sites. No cormrelation was
evident in respect of the presence of alumina impurities and catalytic

performance.

Should any future study be considered in respect of the application of the
isopropanol test reaction for the purpose of characterising the surface
chemical nature of typical y-aluminas, it is recommended that adequate steps
be taken to prevent feed contamination with acetone.
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CHAPTER 1: INTRODUCTION

Routine catalyst testing experiments revealed that different y-aluminas, used
for the preparation of cobalt-alumina catalysts; resulted in significantly
different Fischer-Tropsch activities. Due to the fact that the specifications for
these aluminas were almost identical and no consistent correlation in respect
of physical properties and activity could be discemed, it was concluded that
other property differences must be responsible for the significant differences
in activity. The aim of this project was to investigate the relative differences in
the acidic/basic properties of different aluminas and to determine whether
these could be the source of the different catalytic performances observed.

Isopropanol conversion is a commonly used test reaction to probe for the
differences in acidic/basic properties of alumina and other surfaces.
Isopropanol undergoes dehydration to propene and diisopropyl ether on acidic
sites and is dehydrogenated to acetone on basic sites and, consequently, it
was considered worthy of investigation to determine whether this reaction
would be sensitive enough to discern differences in the surface acid/base

properties of commercial y-alumina typically employed as catalyst supports.
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CHAPTER 2: LITERATURE REVIEW

2.1 ALUMINA PROPERTIES

Alumina is one of the most widely used catalyst supports in the petroleum
industry due to its robust, porous nature and it being relatively inexpensive.
Of special importance is its capacity for contributing acid-catalysed activity,
which can be adapted to suit the requirements of a variety of catalytic
processes (Benesi and Winquist, 1978).

2.1.1 INDUSTRIAL USES OF ALUMINA
Industrial uses include the following (Kirk-Othmer, 1992):

< Catalytic Applications - Alumina is used commercially in catalytic
processes as catalyst, catalyst substrate, or as a modifying additive. In
the Claus process, activated alumina is used as catalyst to remove sulfur
from H,S that originates from natural gas processing or petroleum refinery
operations. The alumina is used as spheres of 5 mm diameter, which is a
good compromise between high activity and low pressure drop for fixed
bed application.

The largest application for activated alumina is in catalysts for
hydrotreating of petroleum derived streams. The catalysts are usually in
the form of extrudates. Much attention has been given to optimising pore
volume and pore size distribution of the activated aluminas used in
different applications.

Activated aiumiha is used as a modifying additive in the catalyst particles
used in fluid catalytic cracking (FCC). Addition of alumina to the catalyst
particles (typically zeolite, having a clay or alumina-silica binder system)
has been reported to improve various properties.
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Another catalytic application for promoted alumina is in automotive
exhaust catalysts, which enhance oxidation of hydrocarbons and carbon
monoxide, and reduce nitrogen oxide in exhaust gas.

< Chromatographic applications - Alumina is used in the separation of
various organic compounds by normal phase chromatography because of
its natural hydrophilic surface characteristics.

< Membranes - Membranes comprising activated alumina films less than 20
um thick have been manufactured. These films are deposited from
pseudoboehmite’ and calcined to produce controlied pore sizes in the 2 to
10 nm range. Inorganic membrane systems, based on this type of film and
supported on solid porous supports, have been introduced commercially in
various separation processes in the chemical processing industry. These
have better mechanical and thermal stability than organic membranes.

< Adsorbent Applications - One of the earliest uses for alumina was the
removal of water vapour from gases. It is also used to selectively remove
~various species from gas and liquid systems. In refining and
petrochemical operations, activated alumina is used to remove trace HCI
from reformer hydrogen, fluorides from hydrocarbons produced by HF
alkylation, and in a variety of other cleanup applications.

2.1.2 SOURCES OF ALUMINA AND INFLUENCE OF CONTAMINANTS

Aluminium is the most abundant metal in the earth's crust and the third most
abundant element on earth. It comprises approximately 8.3 wt% of the earth's
crust. Combined with oxygen and hydrogen to form AlxOz + n H>0, aluminium
is a major constituent of bauxite, which is the most commonly mined
aluminium-bearing ore. Bauxite is a term used for ores that contain

' pseudoboehmite differs in crystaliite size and hydroxyl content from the alumina typically
referred to as boehmite (Oberlander, 1984).
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economically recoverable quantities of the aluminium hydroxide mineral
gibbsite or the oxy-hydroxide forms boehmite and diaspore (Kirk-Othmer,
1992). Holleman and Wiberg (1964) defined bauxite as boehmite which is
contaminated by iron hydroxide to varying degrees. World reserves of bauxite
are estimated at 30 billion metric tons (Haupin, 1987).

Bauxite is mined by surface methods (open cut mining). In 1888 Karl Bayer
developed a refining process for extracting alumina from bauxite in four
stages: Digestion, Clarification, Precipitation and Calcination. The Bayer
process is still used today (Poisson et al., 1987).

Precipitation of Al{(OH); from aluminium salts can be achieved by adjusting the
pH. Aluminium is amphoteric i.e. it is soluble in both acidic and basic solvents.
In solutions of pH below 2 it is present as solvated Al** and in basic solutions
of pH above 12 it exists in the form of AlO4> (aluminate ions) (Moulijn and van
Leeuwen, 1996).

in the Bayer digestion step, bauxite ore, the mixed hydroxides of iron and
aluminum, reacts with a sodium hydroxide solution to form soluble sodium
aluminate. All the other constituents remain unsolubilised. Cooling after
digestion and clarification enhances supersaturation of dissolved AI{OH)s.
The supersaturated solution is then seeded with fine gibbsite particles to
initiate crystallization of the trihydroxide, called the Bayer hydrate. The
remaining alkali solution is reconcentrated and subsequently reused in the
digestion stage. The process is conducted so as to recover an easily filterable

and calcinable product (Poisson et al., 1987).

In addition to the route above, there are other manufacturing routes. Starting
from an aqueous acidic AI** solution of pH above 3, precipitation is achieved
by increasing the pH via the addition of an alkali.
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The first precipitate from acidic solutions is a gel-like substance containing
minute crystals of boehmite (AIOOH). Filtering this without aging and then
calcining at temperatures up to 600°C, produces an amorphous material. At

temperatures higher than 1100°C, a-Al,Os is formed (figure 2-1).

Precipitation from a basic solution of A0 is initiated via the addition of acid.
At pH below 11 precipitation of bayerite, a crystalline form of Al{OH)3, occurs.
Upon filtering, drying and calcining above 500°C, a phase known as n-Al,Os3,
is formed. At higher temperatures 6-Al,0O3 will form, which converts to a-Al;O3

at temperatures above 1100°C.

if the slurry of bayerite is aged ét temperatures in the region of 80 °C and a
pH of approximately 8, crystailine boehmite is formed. Precipitation of
crystalline boehmite may also be achieved by combining acidic and basic
solutions of alumina saits to reach the required pH range. Upon heating the
précipitate at increasing temperatures, it converts firstly to y-Al;Os3, thgn to

8-Al,03 and finally at temperatures exceeding 1100°C, to a-Al;0a.

If bayerite is aged at high pH, gibbsite forms which, upon subsequent heating
at progressively increasing temperatures, converts firstly to x-Al,O3, then to
k-Al203 and finally to a-Al,O3 by treatment above 1100 °C.

Precipitation of crystalline boehmite may also be achieved by the mixing of
acidic and basic solutions of aluminium salts to obtain a pH in the range of 6
to 8.
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Figure 2-1 Schematic representation of the formation of the different forms of
alumina (adapted from a drawing by Moulijn and van Leeuwen, 1996)

The important forms, in terms of use as catalyst supports, are y-Al,O3 and
n-AlOs, particularly the former. These represent supports with low to high

surface area (15-300 m?g) and high thermal stability for which the surface
acidity can be controlled.

A third important source of aluminum oxyhydroxides is the hydrolysis of
aluminum alcoholates in the Alfol process for the production of detergent
alcohols (Weissermel and Arpe, 1897). This process involves the following
steps:

Al + 2 Al{CoHs)s + 1.5 Ha — 3 AIH(C2Hs):

AiH(Csz}z + HzC-‘-CHz — Al(Csz)s
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A](CgHs)a + 3n C2H4 — AI[(CH2~CHz)n-CzH5]3
(n=1to~11)

Al[(CHz-CHQ)n-Csz]e, +150,— AI[O(CHQ—CHz)n-Csz]g
Al[O(CH2-CHy)n-C2Hs)s + 3 H0 — 3 CH3(CH2-CH2),CH20H + Al(OH)3

The very pure aluminum hydroxide produced as a co-product is used to make

high purity Al,O3 for catalyst supports.

Weissenbacher-et al. (1998) state that the majority of activated aluminas are
produced by the rapid dehydration of aluminium trihydroxide feedstock. The
rapid heating eliminates the formation of hydrothermal boehmite and forms an
amorphous aluminum oxide without any loss of surface area. The process
produces aluminas containing 3-12% water with surface areas of
200-350 m?/g.

Processing of alumina products is tailored to optimize one or more key
product properties, including surface area, purity, pore size distribution and

particle size, shape or strength.

The properties of the different aluminum hydroxide and oxyhydroxide
precursors for the preparation of active aluminas are summarized in table 2.1.
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Table 2-1 Properties of different precursors used for active alumina preparation
(Schiith and Unger, 1996)
Provert Baver process Precipitated Alcoholate
perty yerp hydroxide hydrolysis
Raw material Bauxite Aluminum salt solutions Aluminum
alcoholates
Digestion in NaOH  Neutralisation with acids .
Process and crystallisation or bases Hydrolysis
Pseudoboehmite,
Phase Gibbsite bayerite, nordstrandite,  Pseudoboehmite
gibbsite
Size of primary
particles (nm) 500-15000 10-1000 4-10
. . . . Carbon (very low
Main impurity Na,O Chioride, sulfate, nitrate concentrations)
Weight i0ss on
calcination (wt %) 35 18-40 22-28
Maximum of pore 12-22 1.2-2.2 30-75
radius distribution (nm) - - o
BET surface area 0.5-10 200-400 160-600

(m’g™)

As can be seen from the discussion above, the production process will
determine the type and levels of impurities that are present in the alumina
product. This is substantiated by Narayanan et al. (1992) who state that the
nature of alumina depends considerably on the precursor from which it is
obtained by calcination, the calcination conditions and the amount of
impurities. Lippens and Steggerda (1970) state that washing with dilute or
even concentrated hydrochloric acid does not decrease the sodium content

found in gibbsite produced via the Bayer process.

According to Tanabe (1970) it is well known that the addition of halogen to
alumina enhances the acid strength of the solid, whereas the addition of
potassium or sodium enhances the basic strength.
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It is not uncommon to find that commercially available supports contain
substances which can act as, or can generafe, poisons for catalytically active
metals. The presence of minute amounts of Na,O has been found to
decrease the catalytic effect of alumina for the dehydration of propanol and
butanol (Lippens and Steggerda, 1970). Alumina, if prepared from suifate
solutibns, may incorporate sulfate ions which are exceedingly difficult to
remove by washing or even by calcination. Hydrogen atoms migrating to the
support during catalyst reduction via spillover from a reducible component,
may lead to the formation of hydrogen sulfide and this can produce very

misleading results in activity tests (Richardson, 1989).
2.1.3 Econowmic ASPECTS

In 1990, U.S. production of activated aluminas was about 50 000 t/yr and bulk
prices were mostly between $0.60 and $3.00/kg (Kirk-Othmer, 1992). The
least expensive products are those derived directly from the Bayer-process.
Aluminas of high purity (99.9%) are also available, but at much higher prices.
Products for adsorbent purposes are generally less sophisticated and less
expensive than products for catalytic applications.

The comparably high soda content of Bayer gibbsite (0.2-0.3% Na,O) makes
it unattractive for many catalytic applications. Gel-based products (i.e. those
produced from precipitated hydroxides) are normally used where low soda
levels are required. Gels prepared from inorganic saits or acid aluminate

solutions contain less soda, typically in the region of 300 ppm.

Very pure alumina is obtained from aluminium alcoholate hydrolysis (Alfol

process) (Weissermel and Arpe, 1997).

North American producers of aluminas include Alcoa, La Roche, Discovery
and Alcan. Gel-based activated aluminas are produced by La Roche, Vista,

and several of the major catalyst manufacturers. In Europe, principal

suppliers are Rhone-Poulenc and Condea (Sasol Germany).
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Most markets are mature. Global growth for most applications is expected to
be about 1-3% per year (Kirk-Othmer, 1992).

2.1.4 CRYSTALLINE PHASES AND PHASE TRANSFORMATIONS

v-alumina and m-alumina are also called active or transition aluminas
(Kirk-Othmer, 1992). Transition alumina is probably the more accurate
nomenclature because the various phases identified by x-ray diffraction are
really stages in a continuous transition between the disordered structures
immediately following decomposition of the hydrous precursors and the
stable, most densely packed, crystalline «-alumina product of high
temperature calcination (Kirk-Othmer, 1992). These materials are seldom
phase pure and generally contain other transition aluminas as impurities.
Their properties depend strongly on the type of starting material, the
procedure chosen for thermal treatment and the process conditions such as
temperature and pressure (Schith and Unger, 1996).

Figure 2-2 shows the decomposition sequence for several hydrous alumina
precursors and indicates the approximate temperatures at which the activated
forms occur. This scheme differs from figure 2-1 through the introduction of a
temperature scale in respect of thermal treatment and clearly indicates the
effect of calcination temperature on phase formation. Starting from the
hydrous precursors, heating causes dehydration and rearrangement leading
to a series of transitional aluminas and finally a-AlOs (Schuth and Unger,
1996).

Starting from gibbsite or bayerite respectively, pathway (a), leading to
boehmite and eventually y-alumina, is favoured under ‘severe’ treatment

conditions (see figure 2-2).

Pathway (b) in figure 2-2 is favoured under mild conditions, a route which
circumvents the formation of the intermediate y-alumina phase (Schith and
Unger, 1996).
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Upon heating, boehmite gels exhibit a weight loss throughout the range
50-600°C due to the loss of structural water and gradual transformation to
v-Al,Os. This is a topotactic transformation (i.e. changes are limited to the
internal structure) and is accomplished by internal condensation of protons
and hydroxyls between boehmite layers. This removes haif of the oxygens
from the layers as water, effecting a coilapse and rearrangement of the

structure into the cubic close-packed form of y-alumina.

The y —» & — 6-Al203 transformations do not involve ioss of water and thermal

analysis indicates no weight loss above about 600°C.
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\Figure 2-2 Decomposition sequence of hydrous aluminas (Schith and Unger, 1996)
a) Pathway under severe treatment conditions (pressures exceeding 1 bar, moist
air, heating rates higher than 1°C/min and crystallite sizes higher than 100 pm)
b) Pathway under mild treatment conditions (pressure of 1 bar, dry air, heating
rates below 1°C/min and crystallite sizes below 10 um)
¢) Pathway under high water vapour pressure (142 bar, 275-425°C)
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Figure 2-3 X-ray diffraction patterns of transition aluminas obtained with increasing

calcination temperature startihg from bayerite and boehmite, respectively
(Brinker and Scherer, 1990)
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With increasing temperature, the crystal structure becomes more ordered as
can be seen from the X-ray diffraction patterns of figure 2-3 corresponding to
the scheme given in figure 2-2. The final transformation to a-Al,03 involves a
reorganization of the oxygens into a denser, hexagonal close-packed

configuration.

It has been reported that between 275 and 425°C and a water vapour
pressure above 142 bar, all hydroxides and oxides are converted into
diaspore, when seeding of this form is present. It is the only aluminium
hydroxide that decomposes directly to o-alumina (at the strikingly low
temperature of approximately 450°C) (figure 2-2). However, preparation of
diaspore is so difficult that no viable application has been found (Lippens and
Steggerda, 1970).

The oxygen lattice persists during dehydration and thus cation dispiacement
in the lattice is the most important mechanism for the formation of the different
forms of alumina. In going from the hydroxide stage to the a-alumina stage,
both of which have aluminium atoms only in octahedral positions, intermediate
phases having aluminium in tetrahedral positions are traversed (Lippens and
Steggerda, 1970).

Therefore, during the transformation into a-alumina, the coordination of AP*
changes from approximately 25% tetrahedral and 75% octahedral in
y-alumina to 100% octahedral in the a-phase. The tetrahedrally coordinated
aluminum atoms are believed to be responsible for the catalytic activity of
y-alumina and therefore it is expected that the higher temperature phases will

be less reactive than y-alumina (Narayanan et al., 1992).
2.1.5 THE STRUCTURE OF ALUMINA
According to Knézinger and Ratnasamy (1978), the surface structure of

alumina is of great importance with regard to determining the structure of
supported catalytically active phases. Catalytically interesting aluminas are
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generally poorly crystallized, which limits the use of typical methods used for
structural investigations (Nortier et al., 1990). Moreover, the difficulty of
preparing phase pure samples makes phase studies complex (Narayanan et
al., 1992).

Powder X-ray diffraction has established that y-alumina crystallises with a
spinel-type structure comprising a cubic close-packed oxygen lattice with one-
eighth of the tetrahedral and one-half of the octahedral interstices filled by the
aluminium cations (the unit cell consists of 32 oxide ions with 21 '/z aluminium
ions arranged at random in the 16 octahedral and 8 tetrahedral positions of
the spinel structure with 2 2z vacant cation positions). The ‘sandwiching’ of
aluminium ions between the oxide planes in close packing apparently causes
the characteristic lattice distortion of alumina (Dabrowski et al., 1970). It is the
octahedral sites which are preferentially occupied by AP, but it is the
occupied tetrahedral sites which are believed to be the catalytically active

centres (Knézinger and Ratnasamy, 1978).

The cation distribution is temperature-dependent and the tetrahedral positions
are very irregularly occupied, hence, some influence on activity may be
expected (Kndzinger and Ratnasamy, 1978).

2.1.6 SURFACE MODELS — SURFACE HYDROXYLS

Active alumina adsorbs water, at room temperature, as undissociated
molecules strongly hydrogen bonded to the underlying surface. At higher
water vapour pressures, more water bonds in a multi-layer physical adsorption
process but this may easily be removed by drying at approximately 120°C. It
has been shown that water molecules that are not removed via this drying
process react to form surface hydroxyl groups. This reaction is complete at
about 300°C (Lippens and Steggerda, 1970). The OH-groups on the surface
of alumina behave as Bronsted-acid sites.
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At higher temperatures these hydroxyls are gradually removed as water,
leaving behind an oxygen ion in the form of an oxygen bridge:

[ | — -

Al Al Al Al

This process results in the formation of an exposed Al-atom, which behaves

as a Lewis acid site due to its electron-deficient character.

Peri (1965) studied the surface of y-alumina by using gravimetric and infra-red
data as a guide and control in a computerized simulation of the dehydration
process. On dry y-alumina, as obtained through thermal treatment, the
exposed (100) plane contains only oxide ions (figure 2-4a). At low
temperatures, a filled monolayer of OH-ions can be formed (figure 2-4b).

During dehydration, adjacent OH™-ions combine as shown above. This
combination proceeds at random, but only two-thirds of the OH-groups can
be removed in this manner without disturbing the local order at which point no
adjacent hydroxy pairs remain on the surface. Further dehydration requires
the creation of oxide and/or vacancy disorder.

Random removal of all hydroxy! pairs results in a surface as illustrated in
figure 2-5. The remaining isolated hydroxyl groups cover approximately 10%
of the surface and are found on five types of sites, having from zero to four
oxygen nearest neighbours as illustrated in the figure (Tanabe, 1970) and as
confirmed by infrared studies (Poisson, 1987). These five types of hydroxyl
ion sites should vary in chemical properties, the A-site being the most basic
and the C-site the most acidic (figure 2-5).
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surface enolate, water and an oxygen vacancy. Experimental evidence in
. support of the latter proposal was provided by Chadwick and O’'Malley (1987),
who further suggested that the interpretation of Bowker was affected by the
limited range of conditions investigated. Both proposed mechanisms would
depend on the available surface hydroxyl groups which participate in the
reaction.

Other authors suggest that the OH-bond of the alcohol is cleaved during
adsorption, since ion pairs on the surface of MgO or other basic
heterogeneous catalysts chemisorb alcohols heterolytically, as shown in figure
2-13 (Stone, 1990).

RO H
-0-Mg-O-Mg- + ROH — -0O-Mg-0O-Mg-

Figure 2-13 Heterolytic chemisorption of alcohol on MgO

Jain and Pillai (1967) proposed that during ether formation a second alcohol
molecule interacts with an adsorbed molecule in a nucleophilic displacement
reaction. The chemisorption of the oxygen on the acidic site polarises the
C-0 bond and makes the hydroxyl a better leaving group (figure 2-14).

f v «
R-Q R-Q-H R-Q-R Q-H
H § H '
I Baéic site Aéid site | | Bas:ic site Aéid site |

Figure 2-14 Mechanism for ether formation as proposed by Jain and Pillay, 1967

Knézinger et al. (1968) also suggested that a surface alcoholate group reacts
with an alcohol molecule in the adsorbed phase by electrophilic attack on the
hydroxyl oxygen.
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2.2.2 INFLUENCE OF REACTION CONDITIONS

Dehydrogenation and dehydration of isopropanol over aluminas have been
shown to be strongly affected by the experimental conditions, e.g. reaction
temperature, alcohol partial pressure and other factors (Wang et al., 1999).

2.2.2.1 TEMPERATURE

In theory, the higher the temperature the more the selectivity shifts in favour of
the reaction with the highest activation energy. Wang et al. (1999) reported
that the total conversion of isopropanol over aluminas increased with
increasing reaction temperature. The selectivity towards dehydrogenation
decreased with increasing reaction temperature, while selectivity towards
dehydration increased. Selectivity towards diisopropyl ether formation
reached a maximum at 150°C and diminished at higher temperatures.

Narayanan et al. (1992) reported results from different aluminas tested in the
form of Arrhenius plots for propene formation and total consumption of
isopropanol. Ether formation was found to be a minor product on all the
aluminas tested. It is also reported that the activation energies for propene
formation and total consumption of 2-propanol range from 24-27 kcal/mol for
v-aluminas. As the temperature was increased above 202°C, DIPE formation
showed a pronounced non-Arrhenius behaviour and the reaction rate
decreased with increasing temperature. This was ascribed to the decreasing
surface coverage of reactant alcohol, which affects the bimolecular reaction to
ether formation much more strongly than the unimolecular reaction leading to
propene.

The above explanation may, however, not be conclusive. Activation energies
reported must be regarded as apparent activation energies incorporating
adsorption enthalpies and equilibrium constants of the reactants. Moreover,
the authors did not consider that the formation of DIPE from isopropanol is an
equilibrium reaction, DIPE formation being unfavourable at elevated
temperatures.
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Figure 2-6 The cluster model for C- and D-layers of y-alumina (Xia et al., 1999)
[Large open circle = oxygen anions; medium, shaded circle = octahedral A** ions,
small, black circle = tetrahedral AP* ions, 71 = unit cell]

For energetic reasons, only anion layers will terminate a crystallite and these
surface layers will most favourably consist of hydroxyl groups. It is important
to realise that five different OH-configurations can be expected on the surface
of aluminas (figure 2-7). Their occurrence is different on the different faces of
the alumina crystals such that their relative concentration on the surface of a
crystal depends on the relative contributions of the different crystal faces. The
hydroxyl groups in these various configurations carry slightly differing net
charges and, consequently they should exhibit different properties with the
protonic acidity of the hydroxy‘fl groups decreasing as their net charge
becomes more negative. It follows that the bottom right configuration of figure
2-7 is the most acidic, corresponding to the ranking discussed in relation to
figure 2-5.
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H
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Figure 2-7 The five possible surface OH configurations (Kndzinger and Ratnasamy,
1978) '

The proton acidity and ease of removal of an hydroxyl group are regarded as
important factors which govern the dehydroxylation process of alumina as
previously described. This model assumes that the regular dehydroxylation
process is governed solely by the relative basicities and protonic acidities of
neighboring hydroxyl groups and their mutual orbital orientations in ideal
exposed crystal faces. All in all, this model dramatically illustrates the

heterogeneity of the y-Al,O3 surface.
2.2 AcIb/BASE CATALYSED CONVERSION OF ISOPROPANOL

Isopropanol conversion has often been applied for correlating chemical
reactivity with physicochemical properties of solids (Pepe et al., 1985). Ai and
Suzuki (1973) have reported that the dehydration of isopropanol is a good

measure of acidity of some oxidation catalysts whose surface areas are so |
small that a gas adsorption method is insensitive for the determination of
acidity. In 1797 four Dutch chemists (Bondt, Deiman, Paets van Troostwijk
and Lauwerenburgh) discovered the catalytic dehydration action of alumina
on alcohol. In 1901 Grigorieff's rediscovery of this catalytic dehydration
reaction induced Ipatieff to systematically investigate catalytic dehydration in
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to the dehydrogenation reaction, which he was ailready studying at that time
(De Boer et al., 1967).

it is stated in the literature that alcohol dehydration does not require acid sites
as strong as those necessary to catalyse, for example, skeletal isomerisation
(Narayanan et al., 1992). The alcohol dehydration activity is therefore
expected to be more closely related to the total number of active sites.

The possible routes for the reaction are (figure 2-8):
i) Isopropanol dehydration to propene,
if) Condensation to diisopropyl ether and
iii) Isopropanol dehydrogenation to acetone.

CH,CH=CH
0 3 2
OH / H CH
l g 3C ~CH,3
CH,CHCH, H:0 CH-O-GH
on HC CH,
0
CHa‘&‘CHs

Figure 2-8 Possible reaction routes for isopropanol conversion

Dehydration to propene is said to take place on acid sites, while
dehydrogenation to acetone is mediated by basic sites (El-Jamal et al., 1988).
Both these reactions are parallel first-order reactions according to Pepe et al.
(1989). Tanabe (1981) states that the activity for dehydrogenation of
isopropanol to acetone is proportional to the acidity and basicity of a catalyst,
since the dehydrogenation is considered to proceed by a concerted
mechanism.

It depends on the catalyst system whether the hydrogen, which is abstracted
in the dehydrogenation step is released as molecular hydrogen, H,, or
transferred to other molecules. The former requires a ‘port hole’, which is not
necessarily available on alumina catalysts (Roessner, 2002). The latter
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results in the formation of a saturated product, e.g. propane from propene via

ionic H-transfer.

All steps must be regarded as reversible.

2.2.1 REACTION MECHANISMS PERTAINING TO ISOPROPANOL CONVERSION

Cortez et al. (1992) state that strong acid sites are involved in both the ether
and olefin formation. Parry (1963) states that no Bronsted acidity was found
to be present on alumina surfaces after calcination and that it could be
concluded that the acid sites involved in dehydration are Lewis acid sites. It
must, however, be kept in mind that the reaction produces water at low

temperature and this could cause the (re)-formation of Bronsted acid sites.

Cortez et al. (1992) also state that the ether and olefin products would be
produced via different mechanisms: a concerted one involving an acid-base
pair for the ether (E> mechanism) and a single acid site for the olefin (E;
mechanism). Their results also indicate that DIPE formation takes place
mainly on the stronger acid sites, whereas olefin formation could take place
on any acid site (weak or strong). This is substantiated by Fiedorow et al.
(1980) who found that for alumina doped with 0.3 wt% sodium, no strong acid
sites could be detected, yet the catalyst still produced a substantial olefin
yield.

Acetone formation was found to occur on basic sites (Cortez et al., 1992).

Also, dehydration of a secondary alcohol under acidic conditions proceeds via
the E4 pathway (Fox and Whitesell, 1997). Dehydration is facilitated by acid
via protonation of the hydroxyl group forming water, a good leaving group. A
secondary carbocation is produced and upon abstraction of the B-hydrogen,

propene is formed (figure 2-9).
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H,C  CH, H,C  CH, H,C H,C-H
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Figure 2-9 Dehydration of a secondary alcohol via E; pathway
(Fox and Whitesell, 1997)

Pines and Manassen (1966) suggested that olefins are formed by the
adsorption of alcohol on the acidic site through the oxygen atom of the
alcoholic hydroxyl group, thereby polarizing the C-O bond. Breakage of the
C-0 bond and the abstraction of B-hydrogen by a nucleophile seem to occur

in a concerted manner.

Fikis et al. (1978) suggested that propene formation occurs via an E; type
mechanism on adjacent vacant surface sites (figure 2-10).

H,C H "H,C  H ) CH,CH=CH,
N _ 7 N L/
c . c N
7N V2N —
H,C  O-H HC  O-H
] ' H
H H o H OH
C i ' l
S 2 . S S U S, S,

Figure 2-10 E; type mechanism of propene formation (Fikis et al., 1978)

Knézinger and Scheglilé (1970) proposed an E; type mechanism for the
dehydration of primary, secondary and tertiary alcohols over alumina below
200°C. At higher temperatures, depending on the reactant structure,
dehydration was thought to proceed via an E; type mechanism.
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A two-point adsorption intermediate has also been proposed for acetone
formation (Fikis et al., 1978). One site is a hydroxyl group, which may have
formed as an adsorbed species from a dehydration reaction. The adsorbed
intermediate species will be located at sites offering H or OH and,
consequently, will be related primarily to the presence of ‘acidic’ species in the
solid surface (figure 2-11).

H,C CH; [ H,C CH,)
N v N s CH,-C-CH,
C C 1
VRN - FEENN O
S H o | H e
H i H
C = |
O-H i O-H H
] ' |

Figure 2-11 Mechanism of acetone formation (Youssef et al., 1992)

The mechanism shown in figure 2-11 does not regenerate the initial catalytic
surface, but accumulates hydrogen. The authors do not address the question
of how the surface hydrogen is removed. Bowker et al. (1985) report that
surface dehydrogenation involves dissociation of hydrogen. Griffin and Yates
(1982) have shown that such a reaction is possible below room temperature
on zinc oxide.

Noller et al. (1984) proposed a mechanism for dehydration and
dehydrogenation and specified the kind of surface sites involved in catalysis.

The main features are that all interactions take place between an electron pair
They
proposed that the electron pair acceptor site induces the abstraction of OH™

acceptor (Lewis acid) and an electron-pair donor (Lewis base).

and the electron pair donor site, the abstraction of H* (figure 2-12).
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=P
H OH
}
Electron pair donor - + Electron pair acceptor

Figure 2-12 Mechanism for dehydration and dehydrogenation (Noller et al., 1984)

In the mechanisms proposed by Fikis (1978) and Noller (1984) both acid and
base sites are involved, the difference being the sequence of bond scission.
it is the strongest interaction that- determines the first step and, hence, the
mechanism.

In the case of strong solid acids, the interaction of the surface electron pair
acceptor with the OH group of the alcohol is strong and leads to the OH group
being abstracted in the first step. The carbocation is formed immediately. For
basic catalysts, the strong interaction between the surface electron pair donor
and the B-H of the alcohol, leads to the B-H being abstracted in the first step

with intermediate carbanion formation.

TPD studies by Noller (1984) showed that the products arising from
dehydration and dehydrogenation, i.e. propene and acetone, respectively,
exhibit desorption maxima at the same temperature. Therefore, they
concluded that these are evolved from the same adsorption sites.

Two other mechanisms have also been proposed. Bowker et al. (1985)
proposed that dehydrogenation reaction proceeded via elimination of the
a-hydrogen from an adsorbed isopropoxy species, whereas dehydration
occurs via a reaction between an adsorbed isopropanol and a surface
hydroxyl group leading to an adsorbed isopropoxy species, water and an
oxygen vacancy. Mazanec (1986) and Koga et al. (1980) propose the
dehydrogenation reaction to proceed via B-hydrogen elimination leading to a
surface enoclate, while the dehydration proceeds via a reaction between an
adsorbed isopropoxy species and a surface hydroxyl group leading to a
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surface enolate, water and an oxygen vacancy. Experimental evidence in
support of the latter proposal was provided by Chadwick and O’Malley (1987),
who further suggested that the interpretation of Bowker was affected by the
limited range of conditions investigated. Both proposed mechanisms would
depend on the available surface hydroxyl groups which participate in the

reaction.

Other authors suggest that the OH-bond of the alcohol is cleaved during
adsorption, since ion pairs on the surface of MgO or other basic
heterogeneous catalysts chemisorb alcohols heterolitically, as shown in figure
2-13 (Stone, 1990).

RO H
-0-Mg-O-Mg- + ROH — -O-Mg-O-Mg-

Figure 2-13 Heterolytic chemisorption of alcohol on MgO

Jain and Pillai (1967) proposed that during ether formation a second alcohol
molecule interacts with an adsorbed molecule in a nucleophilic displacement
reaction. The chemisorption of the oxygen on the acidic site polarises the

C-O bond and makes the hydroxyl a better leaving group (figure 2-14).

3
R-O R-O-H R-O-R  O-H
H © H |
Basicsite Acidsite | [ Basicsite Acid site |

Figure 2-14 Mechanism for ether formation as proposed by Jain and Pillay, 1967

Knézinger et al. (1968) also suggested that a surface alcoholate group reacts
with an alcohol molecule in the adsorbed phase by electrophilic attack on the

hydroxyl oxygen.
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2.2.2 INFLUENCE OF REACTION CONDITIONS

Dehydrogenation and dehydration of isopropanol over aluminas have been
shown to be strongly affected by the experimental conditions, e.g. reaction
temperature, alcohol partial pressure and other factors (Wang et al., 1999).

2.2.2.1 TEMPERATURE

In theory, the higher the temperature the more the selectivity shifts in favour of
the reaction with the highest activation energy. Wang et al. (1999) reported
that the total conversion of isopropanol over aluminas increased with
increasing reaction temperature. The selectivity towards dehydrogenation
decreased with increasing reaction temperature, while selectivity towards
dehydration increased. Selectivity towards diisopropyl ether formation
reached a maximum at 150°C and diminished at higher temperatures.

Narayanan et al. (1992) reported results from different aluminas tested in the
form of Arrhenius plots for propene formation and total consumption of
isopropanol. Ether formation was found to be a minor product on all the
aluminas tested. It is also reported that the activation energies for propene
formation and total consumption of 2-propanol range from 24-27 kcal/mol for
y-aluminas. As the temperature was increased above 202°C, DIPE formation
showed a pronounced non-Arrhenius behaviour and the reaction rate
decreased with increasing temperature. This was ascribed to the decreasing
surface coverage of reactant alcohol, which affects the bimolecular reaction to
ether formation much more strongly than the unimolecular reaction leading to
propene.

The above explanation may, however, not be conclusive. Activation energies
reported must bé regarded as apparent activation energies incorporating
adsorption enthalpies and equilibrium constants of the reactants. Moreover,
the authors did not consider that the formation of DIPE from isopropanol is an
equilibrium reaction, DIPE being unfavourable at elevated temperatures.
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De Boer et al. (1967) state that the intermolecular dehydration of two
molecules of ethanol to diethyl ether on alumina exhibits a lower activation
energy than the intramolecular dehydration to the olefin. At temperatures
below 260°C, the ether is practically the only product, while at temperatures
above 300°C the products are almost entirely ethylene and water, consistent

with the general statement given above.
2.2.2.2 PARTIAL PRESSURE OF THE ALCOHOL

Narayanan et al. (1992) determined the reaction order of propene formation
by studying the variation in reactivity with increasing partial pressure of
isopropanol. A figure was produced showing propene formed as a function of
isopropanol partial pressure at three different temperatures. While there was
a negligible change in reactivity with pressure at 150°C and 180°C, the
reactivity was more sensitive to partial pressures at 200°C, with a sharp fall off
as partial pressure is lowered below 13 mbar. In the normal operating regime
of 60-67 mbar partial pressure, it is shown that the reaction is essentially zero

order with respect to isopropanol concentration.

De Boer et al. (1967) showed, for the conversion of ethanol, that olefin
formation tends to exhibit zero order behaviour at alcohol partial pressures
higher than about 40 mbar (figure 2-15). They concluded that a saturation of
the surface with chemisorbed ethanol molecules is reached under these
conditions, leading to a zero order dependency for the direct production of
olefin from alcohol. Simultaneously, diethyl ether is produced. This reaction
involves two alcohol molecules and leads to the steadily increasing curve in
figure 2-15.
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Figure 2-15 Experimental results from conversion of ethanol over y-alumina
(De Boer &t al., 1967)

Two reaction mechanisms may be considered. [f the reaction follows the
Langmuir-Hinshelwood scheme, where both reactant species are adsorbed,
the order of the ether production reaction should also tend to zero at the same
partial pressure as does the ethylene production reaction (curve B in figure
2-16).

If however, the reaction proceeds according to a Eley-Rideal scheme, where
one reactant is adsorbed and the second resides in the gas phase, an initially
second order response, changing into first order when the alcohol adsorption
becomes saturated would be expected (curve A in figure 2-16). The
extrapolation of the linear part of this curve to zero pressure, should cut the
vertical axis below zero, as for curve A. Curve C was the combination of
these.
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Rate

Figure 2-16 Schematical explanation of the curve obtained for ether production
(De Boer et al., 1967)

The observed response for the production of ether (curve C in figure 2-16),
indeed, has the character of a second order reaction at low alcohol partial
pressure changing to a linear response at roughly the same pressure as
where the ethylene production becomes zero order.

Extrapolation of the experimental response to zero pressure, intersects the
vertical axis above zero (corresponding to curve C). By considenng the
intercept of the extrapolated lines, the authors came to the conclusion that
both Langmuir-Hinshelwood and Eley-Rideal mechanisms proceed

simultaneously.

2.2.3 INFLUENCE OF ALUMINA CHARACTERISTICS

2.2.3.1 STRUCTURE

Pines and Haag (1960) studied the effect of alumina structure on catalytic
activity. Samples of increasing crystallinity were produced via pretreatment at
temperatures varying from 400 to 1000°C. They found that cyclohexene
isomerisation activity per unit surface area reached a maximum for calcination
temperatures around 600°C (found to be primarily n-alumina) and the activity
declined over twenty-fold when the calcination temperature exceeded 800°C.
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They also reported that the hydroxyl content of these samples did not differ

significantly.

Maclver et al. (1964) studied the activity of y- and n-alumina for different acid-
catalysed reactions. Their results indicated that the two aluminas had
different catalytic properties and, since they were structurally different, the
authors suggested that the difference in structure is a significant factor
governing the catalytic behaviour of alumina. In keeping with this conclusion,
Pepe et al. (1988) state that alumina catalysed isopropanol conversion is

structure dependent.

Narayanan et al. (1992) tested the effect of alumina structure on alcohol
dehydration. They found that dehydration was the favoured reaction over all
the aluminas tested except a §-phase alumina prepared by arc-evaporation,
which favoured the dehydrogenation reaction to acetone and considered to be
due to high levels of tetrahedral aluminium in this material. The results also
showed that y-alumina was three to five times more reactive than the other

aluminas tested.
2.2.3.2 ALKAU IMPURITIES

The poisoning effect of alkali metal addition to alumina has been studied by
several authors, who have different interpretations of the origin of the
phenomenon. Chuang and Dalla Lana (1972) state that the catalytic
behaviour of NaOH-impregnated alumina can be ascribed to an ion exchange
between Na ions and the acidic OH groups of the alumina surface. The role
of alumina can be altered from that of a dehydrating catalyst to one of a
dehydrogenating catalyst by impregnating with NaOH (Deo et al., 1971).

Pines and Haag (1960) reported that the activity of active aluminas for alcohol
dehydration as well as double-bond and skeletal isomerisation is poisoned by
impregnation with sodium hydroxide or sodium chloride. Approximately
1.5 wt% sodium was required to render the impregnated catalysts inactive for
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isomerisation and dehydration. However, sodium impregnation was not found
to affect product selectivity.

The method of sodium incorporation was found to be important. When
incorporating sodium during precipitation, the sites responsible for skeletal
isomerisation were selectively poisoned. The authors indicated that the alkali
metal ions added to the alumina surface poison the Lewis acid sites and gave
rise to an acid/base surface complex (Pines and Haag, 1960):

/ |
~Al +NaOH —  [—Al-OHJ N&*
\ |

Jiratova and Beranek (1982) found that the strong acid sites of alumina are
selectively poisoned by sodium addition.

Fiedorow and Dalla Lana (1980) report that the poisoning effect of Li and Na

ions upon the Lewis acid sites increases with an increase in the ionic radii (i.e.

basicity) of the alkali metal ion.

Alkali-metal doping has been shown also to modify the selectivity of other
alcohol conversion reactions. The main reaction of propanol on y-alumina is
that of dehydration, which involves the least acidic of the surface hydroxyl
groups. Added alkali-metal was found to suppress olefin production in the
reaction of propanol over alumina catalysts (Deo and Dalla Lana, 1969).
Once these sites have been suppressed by doping with sodium hydroxide, the
dehydrogenation reaction involving the aluminum ions becomes dominant.

Narayanan et al. (1992) also reports that for y-aluminas, sodium poisoning
appears to play a major role in the declining dehydration activity with
isopropanol conversion.

2.2.3.3 CALCINATION CONDITIONS

Maclver et al. (1964) found that the activity of y- and n-alumina towards

double bond isomerisation of 1-pentene, increased with increasing
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pretreatment temperature. A slight decrease was reported at the highest
temperature (900°C). The activities for skeletal isomerisation of 1-pentene

passed through a maximum at a pretreatment temperature of 600-700°C.

Pines and Haag (1960) investigated the effect of calcination temperature on
the activity of alumina towards skeletal isomerisation of cyclohexene. They
found that maximum catalytic activity occurs at a calcination temperature of
600-700°C.

Wang et al. (1999) reported that isopropanol conversion levels reached a
maximum for samples calcined at 600°C and decreased with higher
pretreatment temperatures. Temperature pretreatment effects phase
transformation (section 2.1.4). The prevalent phase, after treatment at 600°C,
would be y-alumina and is reported by Narayanan et al. (1992) to be most
active (section 2.2.3.1). Pretreatment at higher temperature would give rise to
less active phases and, consequently, lower conversion levels as reported by
Wang et al. (1999).
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CHAPTER 3: OBJECTIVES OF THIS STUDY

Literature describes the surface of alumina as highly heterogeneous and does
not give a clear description of what are typically the properties that can be
expected from these surfaces.

The objective of this study was to investigate the use of isopropanol
conversion as a probe reaction to determine the presence of differences in
surface properties, in particular acidic/basic properties. Given the influence of
production route and subsequent calcination conditions on the nature of the
resulting structural and surface properties of alumina, the foliowing key

question was posed:

Is the isopropanol conversion reaction sensitive to changes in surface
properties across the range of materials and pre-treatment temperatures of
industrial interest?
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CHAPTER 4: EXPERIMENTAL DETAIL

The aluminas used during the experiments originated from three different
manufacturers namely: Sasol Germany (formerly Condea), Axens (formerly

Procatalyse) and La Roche. The details of the brands are given in table 4-1.

Table 4-1 Alumina information

Supplier Grade

Condea Puralox SCCa
Procatalyse SPH 538 MP

La Roche V900

4.1 ALUMINA CALCINATION

4.1.1 BULK CALCINATION AT CONSTANT TEMPERATURE

Each brand was calcined at five temperatures in the range 750°C to 950°C.
Calcinations were carried out in a quartz calcination tube with a central
thermocouple (see appendix A-1 for more detail of the design). The
calcination procedure is detailed in table 4-2. Airflow was maintained

throughout the procedure, inclusive of the cooling down period.

Table 4-2 Calcination conditions

Mass of alumina (g) 40-50
Airflow (I/min) 1.7
Heating rate (°C/min) 16
Time at final temperature (hr) 16

The mass of the calcination tube, containing the alumina sample, was
determined before and after the calcination procedure. The change in mass
could therefore be calculated. All calcined samples were stored in a

desiccator to avoid the re-adsorption of water.
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4.1.2 THERMOGRAVIMETRIC ANALYSIS

Thermogravimetric analysis (TGA) was conducted on a Mettler
TGA/SDTA851e balance. A sample of approximately 50 mg was weighed into
a 70 pl platinum pan and the procedure followed, as set out in table 4-3.

Table 4-3 TGA conditions

Mass of alumina (g) 0.05
Nitrogen flow (ml/min}) 106
Starting temperature (°C) ambient
Heating rate (*C/min) 15
Final temperature (°C} 1200

4.1 ALUMINA CHARACTERISATION
4.21 IMPURITIES

4.21.1 SODIUM AND SILICON DETERMINATION

The sodium and silicon content was determined by Atomic Emission
Spectroscopy (AES). A sample was digested in a mixture of 6 ml HCI, 2 ml
HNOs and 1 ml HBF4, in an Ethos Plus microwave oven at a temperature of
© 180°C (15 min to completion). An analytical sample was prepared by diluting
the digested mixture to sufficient volume. Analysis was conducted on a Vista
AX CCD Simultaneous ICP-AES.

4.2.1.2 SULPHUR DETERMINATION
The sulphur content was determined as SO, evolved when combusting the

sample at 1350°C in a pure oxygen atmosphere using a Leco SC-432 sulphur
analyser.
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4.2.2 SURFACE AREA AND PORE VOLUME

The surface area and total pore volume were measured by nitrogen
adsorption via the BET method using a Micromeretics Tristar 3000 instrument.
Approximately 0.25 g of sample was de-gassed by heating it to 200°C in a

nitrogen flow, overnight, prior to analysis.

4.2.3 Acipity

Ammonia-Temperature Programmed Desorption was performed using a
Micromeritics Autochem 2910 with a sample size of approximately 0.15 g and
desorbed ammonia detection by a thermal conductivity detector. Table 4-4

describes the procedure followed.

Table 4-4 NH;-TPD procedure

Step Atmosphere Flowrate Heating rate Temperature Time at tempera-

{ml/min) {°Clmin) {°C) ture {min)
Degassing He 50 5 ambient - 120 10
He 50 10 120 - 250 30
NH; adsorption 4-5% NH; in He 50 - 100 60
Flushing He 50 - 100 30
Desorption He 50 10 100 - 750 -

4,24 ZeTA POTENTIAL

Zeta potential (a measure of the overall charge present on the surface of an
oxide as a function of the pH) was determined using a Maivern Zetasizer 4.
Approximately 0.1 g of ground sample was added to 50 ml of 0.05 M KCI
solution and shaken well, followed by pH adjustment in the acid and alkaline
ranges using 0.1 N HCI and KOH respectively. Sufficient time was allowed for
pH stabilization prior to analysis.

Data workup involved averaging the results of 3 measurements.
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4.2.5 CRYSTAL PHASE (XRD})

Samples were analysed via x-ray diffraction with a Phillips Automatic X-ray

powder diffractometer. The conditions used during analyses were as follows:

Table 4-5 XRD conditions

Source Copper tube
Start angle (°) 5

End angle (°) 75
Step size (°) 0.05
Scan speed (°/sec) 0.03

4.3 CATALYTIC ACTIVITY

431 THE CONVERSION OF ISOPROPANOL

The conversion of isopropanol was used to compare the alumina samples and
to determine the influence of the calcination temperature on catalytic activity
and selectivity. These tests were carried out in the gas phase in a fixed bed

reactor.

4.3.2 REACTOR SYSTEM

A schematic diagram of the experimental set-up is shown in figure 4-1. The
reactor system consists of a fixed bed reactor, preceded by a
preheater/vaporiser filled with 4 mm glass beads. The feed was introduced
via an isocratic pump (Rheos 4000 HPLC pump). Argon and hydrogen were

supplied to the reactor via Brooks mass flow controllers. Liquid and gas feed

lines combined immediately before the preheater/vapouriser.
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Figure 4-1 Process flow diagram for the test reaction (---- = heated)

4.3.2.1 FEED STORAGE FLASK

The isopropanol feed was stored in a 500 ml glass container and placed on a
balance (Mettler Toledo PB1853). As a result of initial findings suggesting

some degree of feed oxidation (appendix A-6), a small flow of argon gas was |
bubbled through the isopropanol feed so as to strip oxygen from the liquid.
The balance reading was taken before and after ealzch run, so that the feed

rate could be calculated.
4.3.2.2 Feebp Pump CALIBRATION

The isocratic pump was calibrated by making use of the balance to confirm

the amount of liquid feed introduced into the system (appendix A-2).
4.3.2.3 GAs FLow METER CALIBRATION

The mass flow controllers were calibrated by using a Ritter drum-type gas
meter (TG1-14571-pvc) and a stopwatch. The temperature and atmospheric
pressure were noted and the flows were normalised to standard temperature

and pressure. Calibration data are provided in appendix A-3.
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4.3.2.4 PREHEATER/VAPORISER

The preheater/vaporiser consisted of a 150 mi stainless steel sample bomb,

filled with 4 mm glass beads to increase the surface area for vaporisation.

4.3.2.5 REACTOR AND REACTOR LOADING

The experiments were conducted in a stainless-steel double-wall fixed bed
plug-flow reactor (figure 4-2). The reactor insert tube (14 mm diameter and
200 mm in length) contained the catalyst bed and was located in the slightly
larger external reactor body so as to ensure the whole bed was located in the
isothermal region (figure 4-2 and section 4.3.2.7). The temperature was
controlled by a heating mantie and a thermocouple was used to monitor the

internal temperature just below the catalyst bed.

The special design of the reactor allowed the reactor insert tube to be
removed, unioaded and reloaded with new catalyst, while the external reactor
body was kept in place and the temperature of the heating mantle and

external tube was kept at the reaction temperature.
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Figure 4-2 Schematic configuration of reactor

The reactor insert tube was loaded with catalyst in an upside-down position so
as to eventually achieve a packed bed configuration as per figure 4-3.
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Figure 4-3 Schematic configuration of catalyst packing

4.3.2.6 CATALYST PREPARATION

All the catalysts were supplied in powder form (60 to 80 um) and were used

as such. No diluent was applied in the catalyst bed.

4.3.2.7 REACTOR ISOTHERMAL ZONE

The temperature profile of the reactor was determined under typical reaction
conditions of temperature and gas flow. For this purpose the reactor was
loaded as described above, but carborundum was loaded instead of catalyst.
The thermocouple was pushed down to its lowest point and then pulled out
0.5 cm at a time, recording the steady-state temperature as shown in figure
44,
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Figure 4-4 Temperature profile in reactor

The catalyst bed was positioned in the area identified as isothermal.

4.3.2.8 EXPERIMENTAL PROCEDURE

All runs were conducted according to the same procedure. After loading the
reactor and establishing carrier gas flow, enough time was allowed for the
temperature to reach the setpoint and stabilise. The isocratic pump was
started and the balance tarred. During most runs a single sample of the
product was taken after 50 min (see sections 4.3.4.1 and 4.3.4.2 for details on
sampling). Thereafter, the pump was stopped and the reactor was flushed
with carrier gas for 30 min, before the reactor insert tube was removed from
the reactor and the next catalyst loaded (see section 4.3.2.5).

Multiple sampling during a long term (19 hrs) run proved that steady-state
performance was achieved after 50 min time-on-stream and that a 50 min
sample was representative (see section 5.3.1.2 and appendix A-12).
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4.3.3 EXPERIMENTAL CONDITIONS

The conditions used during all runs are provided in table 4-6.

Table 4-6 Experimental conditions

Mass of catalyst 3g

Temperature 200°C

Pressure Atmospheric (0.85 bar)
Feed isopropanol’

Pump rate 0.0037 L.h™!

LHSV 1h?

Carrier gas Argon or Hydrogen
Carrier gas flow rate 151t (STP)
Isopropanol:Carrier gas 1:13.3 molar ratio

4.3.4 PRODUCT SAMPLING AND ANALYSIS

A special sampling point was installed downstream of the reactor. The
essence of this device was a soft septum, which allowed the extraction of
gaseousfvaporous samples from the reactor effluent using evacuated
ampoules or gas syringes. Details of this sampling technique are provided in
appendix A-4.

4.3.4.1 AMPOULE SAMPLING

Initially, samples of the product were collected with ampoules (appendix A-4).
Sampling through this method introduced inconsistencies, which were
ascribed to compounds introduced from outside, because of an unfortunate
combination of external factors (appendix A-6). Ampoule sampling was,
hence, abandoned and unless indicated, all analyses presented in this study
were obtained via syringe sampling.

" Manufactured by Rochelle Chemicals, Batch no 2078, 99.7% Purity, 0.05% ketones. Note that GC
analyses of the isopropanol used in fact revealed about 2 wi% acetone, see appendix A-6.
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4.3.4.2 SYRINGE SAMPLING

Due to the problems experienced with the ampoule method, later samples
were taken by using a gas syringe (100 pl VICI Pressure-lok® Precision
Analytical gas syringe). The needle of the syringe was inserted through the
septum of the sampling point and a sample was withdrawn. To eliminate
contamination, the syringe was filled and emptied six times with the fully

vaporised effluent stream before the final sample was taken.

The feed mixture contained about 9 vol% isopropanol vapour in argon or
hydrogen carrier gas. Isopropanol was still the major and also the least
volatiie constituent of the product mixture. Vapour pressure values (appendix
A-5) predicted a dew point of the reactor effluent below 35°C. Therefore the
gas syringe was heated in an oven (set at 50°C) in order to avoid any product

condensation.

4.3.4.3 GAs CHROMATOGRAPHIC ANALYSIS

A Chrompack CP9000 Gas Chromatograph fitted with a Petrocol column was
used to analyse the content of the ampoules and syringes. Gas

chromatography conditions are summarised in table 4-7.

Table 4-7 Gas chromatography conditions

Gas Chromatograph Chrompack CP9000

Column Petrocol D8-150

Carrier gas Hydrogen

Head pressure 200 kPa

Split : 1:100

Initial oven temperature  -60°C

Heating rate 50°C/min to -20°C
2°C/min to 220°C

Final temperature 220°C

Hold time 80 min
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A typical GC trace is shown in figure 4-5 and peak identification is listed in
table 4-7. Note that the acetone peak is quite small with significant tailing.
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Figure 4-5 Typical GC trace of isopropanol containing product

Table 4-8 Identity of GC peaks

Product I.D. Retention time (min)
Propene 24395
Acetone : 44.183
Isopropanol 46.977
Diisopropyl ether 62.028

4.3.5 DATAWORK-UP

4.3.5.1 Probuct COMPOSITION

The GC analysis of the product was reported as peak area. These values
were divided by the individual mass specific response factors for the different
molecules, to report them in a form proportional to mass.

M; ~ Area; / i
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The relative response towards carbon atoms has been found to be as follows
(Callanan, 2000):

All C in hydrocarbons 1.0

R-C-R 0 (C=0 double bond)
R2-CH-OH 0.55 (C-O single bond)
R>-CH-O-R  0.55 (C-0 single bond)

The response factors for the compounds were caiculated relative to propene,
which was considered to have a response factor of 1. The mass specific

response factor, f, for a compound i was therefore calculated as follows:

(Cresponse,i ¢ MC:) / (Ct * MM;)

' (Cresponse propens * MCpropene) / (Cpropene * MMprapene)
Where f; = response factor for molecule i

G = number of carbon atoms in molecule i

Cresponcei = number of carbon atoms responded to by FID
propene = 3
isopropanol = 255
diisopropyl ether = 5.1
acetone = 2

MM; = molecular mass of molecule i

MC; = mass of carbon in molecule i

The values of the mass specific response factors, f;, as derived from the

above, are as follows:

Propene 1.00
Isopropanol 0.60
Diisopropyl ether 0.70
Acetone 0.48

Others 1.00
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A small amount of other components were also found in the product and
lumped together under the caption ‘others’. These were treated as olefins and

therefore a response factor of 1, as for propene, was used.
4.3.5.2 CONVERSION, SELECTIVITY AND YIELD

in order to express conversion, selectivity and yield in mole % the mass
percent product compositions were converted on the basis of equivalent
moles of isopropanol feed, i.e. a factor of 2 was incorporated in the expression
for diisopropyl ether, since two moles of alcohol are consumed to make one
mole of ether. Moles of ‘others’ were expressed in terms of moles alcohol

consumed as well.

Isopropanol conversion results are presented in two forms throughout this
study. In the case where acetone is not considered a product of the reaction,
but rather as an inert component of the feed, acetone is discounted from the
feed and effluent stream analyses, with the remaining components normaiised
to 100% and the conversion, selectivity and yield are defined on a molar basis

as follows:
Conversion = 1 — moles isopropanolqy / moles isopropanolin
Selectivit moles of isopropanol consumed in product
electivi = - -
y moles isopropanolin - moles isopropanolout
Yield = Selectivity « Conversion

in the case where all components other than isopropanol are considered to be
products of the reaction, calculations are conducted according to the above
definitions, but the nomenclature employed are pseudo-conversion, pseudo-

selectivity and pseudo-yield, respectively.
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4.3.5.3 NORMALISING TO CATALYST SURFACE AREA

Conversion values were normalised in order to eliminate any effects caused
by differences in the surface area. The cormrect method would require
calculating the rates and relating these to the surface area or eventually
calculating turn-over-numbers. However, since conversions obtained ranged
from 5 to 35%, the initial rate method would not be valid and calculating rate
constants would require detailed knowledge of the kinetics of the reactions.
Although, assuming the kinetics to be of 1% order might be reasonable for the
formation of acetone and propene, this assumption is incorrect for diisopropyl
ether formation (Heese, 1998). Conversions are therefore normalised to a

reference area as follows:

Xnorm = Xmeasured * Aréays / Area;

Where Xnom = normalised conversion
Xmeasured = coONversion without surface area considerations
Area; = surface area of the alumina used

Area,s = surface area of a hypothetical reference sample
(averaged surface area of all alumina samples studied)

It should be noted that the above procedure of normalisation did not change
the conversion values significantly (section 6.3.3.2).

4.3.6 EXPERIMENTS CONDUCTED
Table 4-9 lists the set of experiments included in this study. These

experiments were conducted using a syringe as sampling device as described
in section 4.3.4.2.
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Table 4-9 List of the experiments carried out using H, carrier gas and a syringe as

sampling device

Run number. Alumina Calcination
temperature (°C)

CO C19 C21 C36 Blank

C1 C38 Condea As received
C4 C37 Condea 750
C14 C26 Condea 800
C8 C30 Condea 850
c8 C3 Condea 900
C3 C25 Condea . 950
Cc11 Procatalyse As received
Cé (33 Procatalyse 750
C5 C34 Procatalyse 800
C16 C24 C41 Procatalyse 850
C13 C27 Procatalyse 900
C10 C29 Procatalyse 950
Ci5 La Roche As received
C12 C28 C39 L.a Roche 750
C7 C32 La Roche 800
Cc2 C35 La Roche 850
C17 C23 . La Roche 900
C18 C20 C22 C40 La Roche 950
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CHAPTER 5: RESULTS

5.1 ALUMINA CALCINATION

5.1.1 BuLK CALCINATION AT CONSTANT TEMPERATURE

All samples displayed a loss of mass upon calcination. The results are
depicted in figure 5-1 (see appendix A-7 for the tabulated results).
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Figure 5-1 Percentage mass change as a function of calcination temperature

Both the Condea and Procatalyse varieties of alumina display no or very
minor mass loss upon calcination in the range 750°C to 950°C. Moreover, the

mass loss is roughly constant in this range.

The La Roche alumina exhibits a comparably high mass loss of approximately
20% when calcined in the range 750°C to 950°C. Here too the effect of
calcination temperature is small.
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5.1.2 THERMOGRAVIMETRIC ANALYSIS

The results obtained from TGA are presented in figure 5-2a to c.
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Figure 5-2a TGA results for Condea sample
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Figure 5-2b TGA results for Procatalyse sample
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Figure 5-2c¢ TGA results for La Roche sample

Comparison of the mass lost during bulk sample calcination and TGA (table
5-1) indicates that the observed mass loss is significantly higher for the TGA
measurements. Samples were taken directly from the desiccator to be
calcined, while those employed for TGA were stored in containers which did
not exclude atmospheric air. It is therefore quite possible that the additional
mass loss may be due to moisture which adsorbed prior to analysis.

Table 5-1 Comparison of mass loss upon bulk sample calcination and TGA

. Average loss Loss
Alumina . .
amole during during
samp calcination (%) TGA (%)
Condea 0.8 6.4
Procatalise 3.7 76

La Roche 20.7 28.4




CHAPTER 5: RESULTS 53

5.2 ALUMINA CHARACTERISATION

5.2.1  IMPURITIES

As discussed in sections 2.1.2 and 2.2.3.2, the presence of impurities may
change the characteristics of a support. Levels of sodium, silicon and sulfur

are reported in table 5-1.

Table 5-1 Impurities present in the alumina types

Na as Na,O (ppm) | Sias SiO, (ppm) | S as sulfate (ppm)
Alumina By manu- AES By manu- AES By manu- By com-

facturer Analysis| facturer Analysis facturer bustion
Condea 50 - 200 350 14700 ~ <100
Procatalyse 90 500 1100 3700 2800 1000
La Roche 500 700 700 3700 ~ 300

~ Information not available

The impurity levels reported by the manufacturers are much different to those
obtained from the various analyses. The reason for these discrepancies are
unknown and, consequently, any evaluation of catalytic performance in

respect of impurity levels needs to consider both sets of data.

Chemical analyses showed the presence of 700 ppm NayO in the uncalcined
sample of La Roche alumina. On calcination 20% weight loss takes place,
which means the NayO content increases to 880 ppm. Similarly, for Condea

the content increases to 202 ppm and for Procatalyse to 520 ppm.
5.2.2 SURFACE AREAS AND PORE VOLUMES

The BET surface area and pore volumes of the untreated and calcined
samples are reported in figures 5-3 and 5-4. The tabulated results are

reported in appendix A-8.
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Viewing the experiments conducted in a chronological order, indicates an
increasing acetone level with passage of time, emphasized by the trendline

fitted. The large degree of scatter is again very prominent. Results from the
blank runs clearly lie in the same range.
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The variation of the pretreatment temperature produced trends in the activity
of the alumina studied, while the selectivity remained essentially constant
throughout the range. It can therefore be concluded that the changes
occurring were only due to a change in the number of acid sites and not the
nature of the acid sites. Moreover, performance differences between samples
of different origin also appear to be restricted to differences in the number

rather than the type of sites present on the samples.

No correlations were found between the catalytic activity of the aluminas

studied and other physico-chemical properties investigated.

Sampling using evacuated glass ampoules produced a significant amount of
other compounds present in the GC traces, which were not present when a
syringe was used as sampling device. There are indications that these
compounds originate from the flue gas of the flame used to seal the
ampoules. This requires a refinement of this technique as it was applied

during this work.
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the heated ampoule breaker and after the temperature has stabilised and
possible condensates have evaporated, the rod is pushed down and breaks
the ampoule. This action releases the contents into the sample holder, from
where it is flushed out by the carrier gas to the GC.
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Isopropanol was fed in a diluted state. A 1:10.3 molar ratio of isopropanol in
hydrogen was used. This corresponds to 9.8 vol%, i.e. a maximum partial
pressure in the reactor outlet of 84 mbar at 850 mbar ambient pressure (see
figure A-5). Therefore, a minimum temperature of 34°C is required for the
samples to stay in a vaporous phase. The product stream did not contain

higher boiling compounds.

Keeping the syringe at a temperature of 50°C would therefore prevent any

condensation processes.
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Table A-6b A list of the second set of experiments using hydrogen carrier gas and a

Ni catalyst in the preheater

Calcination

Run number Alumina
temperature (°C)

B1 B20 Blank

B18 Condea As received
B2 Condea 750
B5 Condea 800
B8 Condea 850
B11 Condea 900
B14 Condea 950
B15 Procatalyse As received
B17 Procatalyse 750
B3 Procatalyse 800
B6 Procatalyse 850
B9 Procatalyse 200
B12 Procatalyse 950
B13 La Roche As received
B16 L.a Roche 750
B26 L.a Roche 800
B4 L.a Roche 850
B7 La Roche 800
B1G La Roche 950

Unfortunately results were made worse since the Ni catalyst produced many
additional compounds. The Ni catalyst was removed from the preheater and
replaced with glass beads, as before. In addition to the acetone problem,
results from these runs were still quite erratic. Even without the Ni catalyst a
multitude of peaks appeared in addition to what was expected. These peaks
corresponded to up to 30% of the product, also showing a very large degree

of scatter.

It was therefore decided to investigate what effect the sampling method had
on the results. Instead of evacuated glass ampouies (for details of the
method see appendix A-4) a preheated gas-tight syringe (100 ul) was used
(for details see section 4.3.4.2). Using this method, the percentage of
additional peaks besides those of the major products, dropped drastically to
approximately 1-2%. Therefore, the final experiments (table 4-9) were carried

out applying syringe sampling.
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APPENDIX A-7 CALCINATION DATA

Table A-7 Mass loss during calcinations

Alumina Calcination Mass Mass Mass Aver-
sample temperature before after loss age
(°C) (9) (g (%) (%)
Condea 750 48.7 48.6 0.3
800 48.0 48.0 0.0
850 40.9 40.3 1.5 0.8
800 442 43.9 0.6
950 413 314 939+
Procatalise 750 500 48.8 2.3
800 489 534  go*
850 466 451 3.2 37
900 38.7 37.2 3.7
950 46.1 435 56
La Roche 750 50.2 38.8 207
800 451 327 97 5w
850 4985 39.6 19.9 20.7
900 46.3 36.3 216

*Qutliers exciuded for average

**Loss due to failure of calcination equipment
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Figure A-9¢c Condea pore size distribution {calcined at 850°C)
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APPENDIX A-10 RESULTS

Run number Co c1e c21 C1 38 C4 C37 C14 C26 Cco C30 c8 C31
Alumina Condea Condea Condea Condea Condea Condea Condea Condea Condea Condea
Calc. Temp. Std Std 750 750 800 800 850 850 900 900
Corversion

2.69 510 253 27.48 28.27 30.86 33.80 32.99 28.31 24,34 27.70 24.70 17.14
Selectivity
Propene 7.43 4,87 15.74 71.63 89.80 75.03 63.58 74.08 69.35 74.63 74,27 75.32 67.34
Acetone 81.40 84 67 73.81 599 9.21 1.95 12.62 4,18 Q.08 4.65 7.06 2.31 12.16
HPE 0.00 0.00 0.00 18.06 18.49 21.71 21.84 2079 20.71 18.46 17.52 21.62 18.27
Others 31.18 30.48 10.45 4.27 2.40 1.31 1.85 0.94 0.85 1.26 1.15 0.75 2.23
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Yield
Propene 0.20 0.25 0.40 18.70 19.76 23.15 21.56 24.44 19.63 18.18 2057 18.60 11.54
Acetone 1.65 3.30 1.87 1.65 2.80 0.60 4,28 1.38 2.57 1.13 1.98 057 2.08
DIPE 0.00 0.00 .00 4.86 523 6.70 7.41 6.85 586 4.74 4.85 534 3.13
Others 0.84 1.55 0.26 117 0.68 0.40 0.66 0.31 0.24 0.31 0.32 0.18 0.38
Total 2.69 510 2.53 27.48 28.27 30.86 33.80 32.99 28,31 24.34 27.70 24.70 17.14
Run number C3 C25 c1 c8 C33 C5 C34 C16 C24 C41 C13 C27 10
Alumina Condea Condea  Procatalyse Procatalyse Procatalyse Procatalyse Procatalyse Procatalyse Procatalyse Procatalyse Procatalyse Procatalyse Procatalyse
Cale, Temp. 850 950 Std 750 750 800 800 850 850 850 00 900 950
Conversion

21.23 17.20 2205 29,53 20.24 24.62 21.32 9.90 14.51 8.02 20.80 22.73 9.82
Selectivity
Propene 73.80 7017 72.66 73.11 67.94 76.98 72.53 68.45 60.47 63.28 683,69 6945 69.40
Acetone 2.96 852 4.38 6.48 9.82 235 6.81 13.76 22.73 18.05 8.08 10.12 8.65
DIPE 20.85 20.02 21.76 18.35 20.75 18.09 19.48 14.53 12.26 14.15 19.88 18.58 15.89
Others 2.39 1.28 1.19 2.05 1.49 1.58 1.18 2.26 454 3.53 2.55 1.84 5.08
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Yield
Propene 15.67 12,07 16.02 21.59 13.75 18.95 15.46 6.88 8.77 508 14.50 15.79 6.82
Acetone 0.63 147 087 1.91 1.8 0.58 1.45 1.36 3.30 1.53 1.68 2.30 0.95
DIPE 4,43 3.44 4.80 5.42 4.20 4.70 415 1.44 1.78 1.13 4.08 4.22 1.56
Others 0.51 0.22 0.26 0.81 0.30 0.39 025 0.22 0.66 0.28 0.53 0.42 0.50
Total 21.23 17.20 22.05 29.53 20.24 24.62 21.32 9,90 14.51 8.02 20.80 22.73 9.82
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Run number Cc28 C15 c12 C28 C39 c7 Ccaz Cc2 C35 C17 C23 c18 C20 c22
Alumina Procatalyse LaRoche LaRoche LaRoche LaRoche LaRoche LaRoche LaRoche LaRoche LaRoche LaRoche LaRoche LaRoche La Roche
Calc. Temp. 950 Std 750 750 750 800 800 850 850 900 900 950 950 850
Ceonversion

9.16 5.14 21.25 3294 12.58 17.72 16.52 18.08 18.25 18.25 18.61 24.00 17.53 33.03
Selectivity
Propene 58.43 23.08 65.65 70.48 61.61 7319 6552 7013 57.98 70.38 57.12 71.75 64.38 73.35
Acetone 27.21 80.74 12.55 8.03 16,62 5.18 10.73 9.52 12.06 6.95 21.28 6.63 14.81 5.76
DIPE 12.26 334 18.74 18.41 19.75 20.46 19.86 17.77 18.89 21.18 19.68 20.74 18.07 18.64
Others 4.09 12.86 2.06 2.08 203 1.17 3.89 258 11.07 1.48 1.92 0.88 1.74 225
Total 100.00 100.00 100.00 100,00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Yield
Propene 5.17 1.18 13.85 2322 7.76 12.97 10.82 13.38 10.58 12.84 11.20 17.22 11.28 24.23
Acetone 2.49 312 267 2.97 2.09 0.892 1.77 1.82 2.20 1.27 447 1.58 2.60 1.80
DIPE 1.12 017 419 6.08 249 3.62 328 339 345 3.87 3.86 498 3.34 6.16
Cthers 0.38 0.68 0.44 069 0.26 0.21 0.64 0.48 202 0.27 0.38 0.21 0.30 0.74
Total 9.18 514 21.25 32.94 12.59 17.72 16.52 19.08 18.25 18.25 19.61 24.00 17.53 33.03

Note that the above results represent the pseudo-conversion, pseudo-selectivity and pseudo-yield (i.e. acetone is considered a product of the

reaction).
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APPENDIX A-13 THERMODYNAMICS

The combination of possible reactions which were used for a simultaneous

equilibrium calculation' are given in figure A-13.

DIPE + H20

Isopropanol Propene + HyO

ARENY

Acetone + Hy

Figure A-13 Simultaneous equilibrium reactions

Results, indicating the mole fractions present at equilibrium are reported in
table A-13a.

Table A-13a Equilibrium composition from isopropanol conversion at 200°C and

0.85 bar

Mole fraction using Mole fraction using

Components
inert carrier gas reactive carrier gas

Isopropanol 4 59E-05 5.58E-05
Propene 0.0738 0.0812
DIPE 1.22E-08 1.64E-08
Acetone 0.0077 8.57E-05
H,0 0.0736 0.0812
Argon 0.8374 0.0000
Hydrogen 0.0077 0.8375

From these values, it is clear that if the reactions proceed to equilibrium, the
major products will be propene and water. DIPE formation would only occur
to a minor extent at equilibrium. Kinetically DIPE formation is possible, but it
is of temporary nature only and will revert back to isopropanol and eventually

convert to propene according to the reaction scheme (figure A-13).

! Performed by Noko Phala (Catalysis Research Unit, Department of Chemical Engineering,
UCT) on HYSYS 1.2 HYPROTECH software








