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Cobalt catalysts prepared by electroless plating showed activity towards the partial
oxidation of methane to carbon monoxide and water, with conversions of about 60%

under the conditions employed.
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ABSTRACT

The preparation of supported cobalt and gold catalysts by the technique of electroless
plating, and the establishment of the influence of synthesis variables on the physical
properties of the supported catalyst, forms the basis of this dissertation. In both the
cases of cobalt and gold supported on extruded cylindrical alumina pellets, the
penetration profile of the metal into the support showed dependence on the pH of the
activation solution, while the metal loading onto the same support showed no

dependence on pH of the activation solution at all,

Tlie variables involved in the plating process of the activated pellets, namely: i) the
concentration of the activation solution, ii) pH and temperature of the plating bath, iif)
plating time, and iv) variation of the cunce.ntrations of components of the plating bath
all jnfluenced the mass of metal loaded onto the support, but not the penetration
characteristics, It is therefore possible to prepare a supported ?atalyst with very specific

properties using the above information.

Under similar conditions, with extruded alumina pellets as support and with the specific
plating formulations used, gold showed higher metal loadings at Jower gold

concentrations than cobalt,
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1.4 Cobalt in catalysis,

1.4.1 Introductlon

Cobalt is a metallic element, and, with iron and nickel, it is one of the first-row transitions
meta} members of group 9 of the periodic table. Cobalt has an atomic aumber of 27, aud
a relative atomic mass of 58,9332. It has only one stable isofope that oceurs naturnily, with

12 radio-active Isotopes with mass numbers between 54 and 64 (1),

Cobalt is the thirtieth most abundant element on sarth and comprises approximately
0,0025% of the earth's erust (2).

Very little cobalt matal was used until the 20th century, but evidence exists that its ores
have been used as leng ago as 2600 B,C. as colouring ngents for glass and pottery (1,2). In
the sixiconth century, this property of cobalt was rediscovered, Metallie cobalt, isolated in
1733 by G. Brandt, a Swedish scientist, was in 1780 shown by T. O, Bergman to be an
element, The use of cobalt as a metal dates froni 1907, when a series of cobalt-chromium
alloys were patented, These wera the forestunners of modern superalioys. It was shown in
1930 that cobalt added to certain alloys of iron, nickel and aluminjum enhance their

properties as permunent magnets (1,2).
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hypophosphits, jormaldebyde, hydrazine, borohydride, amine boranes and certain
derivates of these.

2) A buffering resgent fo maintain the bath pH. Bulfering is important since the
plating rate .and the stability of the hath may be very sensitive to pEl,

3)  Acomplexing agent for the metal ion, Many electroless baths operats under alkalins
copditions, making the presence of a cor-.:ﬁlexing agent for the metal ion essential,

4)  Stubilizers, to preveut spontaneous decompasition of the bath. Many electroless
plating baths are thermodynamically unstable,

5)  "Exaltants", which may be used to accelerate the deposition rate of the metal.

1.3 Metak support lnprognatlon.

The metal loading profile of a supported catalyst is an important factor in determining
kinatic parnmeters and product distributione (23,24), Impregnation and drying steps involve
mass and/dr heat transfer processes which often do not reach equilibrium, resulting in non-
uniform concentration profiles of impreghation along the radius of the support peliet (25).

Examples of these impregnation profiles, along with activity profiles, are shown In figure 1.1,

The Type I profile is sometimes reforred to as "uniform”, although the motal concentration
may not be constant with respeet to pellet radius, as shown schematieally in figure L1, Type
11 15 often referred to as "pelliculn® or "egg-shell’, Type I1T as "egg-yolk”, and type IV as
"ogz-white". Types III and 1V, in which bands devold of catalytic material oveur on the
exterior of the support pellet, are also termed “subsurface Impregnation” types (26,27). It
is of considerable industrial as wall as academic Intercst to predict and control these

impregnation profile&
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The reducir , action ocours only on a catalytic surfuce. Once deposition is inltiated on a
surface, the mets! being deposited must itself be catalytic in order for deposition to
continue. Electroless plating will sccur dizectly on some metals (e.g, gold and the platinum
group metals) and on other metallic and non-metallic surfaces which have previously been

made catalytic by a suitable activation teeatment (7).

Useful electroless deposits have been produced of nickel, cobalt, palladium, platinum,

copper, gold, silver and as n variety of alloys involving one or more of these metals (8),

Since electroplating is generally cherper than elestroless platiag, any advantages of the
Intter normally relate to specific properties of the metal film itself, Electroless depasition
is nsually appli.e:l beeause it provides one or more of the following advantages over
electrodeposition:

1} More uniform deposits are produced.

2)  Deposits are often less porous.

3)  No external eleetrical current is needed.

4)  Deposits can be produced directly upon sonw-onductors,

5)  Deposits have unique chemical, mechanfcal or magnetie properties {9).

Electroless plating baths are {nvariably aqueous solutions. The bath componenfs include
some or all of the following:
1) A reducing agent, which is the ~murce of slectrons for converting metal fons to metal

atoms, Chemieal reducing agents successfully utilized for electroless plating inelude
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125 Other methods of catalyst preparntion

Most of the catalysts prepared in indvstry and in the laboratory are prepared by the three
metliods described above. Some catalysts with special applications are prepared sy other
methods, These methods include:

1)  decomposition of metal clusters,

2)' chiemical depasition from metal colloids,

3)  {on implantation,

4y metal vanour deposition,

5}y thermal E‘usioﬁ,

6)  chemical reaction and

7T)  eleetroless plating,

Sice the method of electroless plating has been used extenswely in this thesis, the

procedure is discussed in more detail below,

L2.6 ZEleetroless plating,

The process of clectraless plating was first reported in 1946 by Brenner and Riddell (8).
It involves the autovatalytic reduction of disselved metal ions ta produce a eoherent film of
metal, This process provides a continuoua build<up of metal conting on a substrate by simple
immersion in a suitable aqueous solution, without the passage of an external elestrieal
current. For converting metal {ons to the elemental form, a chemieal reducing agent has to

be present in sojution,
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123 Impregustion |

This is one of the most widely used preparation methods. In impregnation by immersion,
the support is usually dried, evacuated to remove air in the pores, and brought into contact
witli an excess of an impregnating solution containing metal salts, The solld is then dried
and cajeined, Because of strong adsorption of fons on high surface-area supports, the
adsorption equilibrium between support and solutions at various concentrations must be
determined before impregnation to obtain the desired concentration of metal on the
support. Impregnated catalysts have several advantages over precipitated catalysts, They are
more economical because they require smaller amounts of the usually expensive active
components than do precipitated catalysts, Because supports are commerclally available in
almost every dosired range of physical and chemicnl property, the impregnation methods
permit production of supported catalysts appropriate for the reaction conditions prevailing

in o given reactor,

124 Ton exchange

This involves the exchange of support jons with lons, often of higher valency, in solution,
Ton exchange can also be used to remove catalytie poisons or to add promoters. For
example, ammonium jons in solution will replace impurities such as sodium fons in a

catalyst, Catalysts can also be londed or modified by ion exchange mechanisms.
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properties that determine its activity, The whole bistory of catalysis revea’; that preparation
plays an important role in catalyst behaviour. Quite often, the specific methods used in the
preparation of catalysts are only found in the patent literature, or are regarded as trade
seerets, This has hindered the development of catalysis as a quantitative sclence. There is
a need for strict quality control of the raw materials used in the preparation of a catalyst

because even trace impurities in the catalyst can often modify catalytic performance.

The most important methods used for the preparation of supportad catalysts are discussed

on the following pages.

122 Co-precipitation

This method involves the following steps:

1y  preparation of chemical solutions with desired components,

2)  complete mixing of the solutions, and formation o a precipitate,

3)  removal of the precipitate by a suitable method, like filtration or centrifugntion, and
4)  washing, drying, caleination and pretreatment to activate the catalyst,

A solid solution of variable components is obtained, in which the matal is uniformly

distributed on the surface as well as in the bulk,
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surface area. The preparation of supports witlx. contralled surface area, pore volume and
pore siza distribution has been the subject of much research over the past years. In the
preparation of a supported metal catalyst, it is impor'tanf to maximize metal dispersion and
to maintain such dispersion during reaction in order to assure maximum catalytic activity
and activity maintenance (5). Some methods commonly used for the preparation of

supported catalysts are discussed below.

12 Catalyst preparation

11 Introduction

From a chemicnl perspective catalytic processes differ from ordinary chemical reactions
because of the parﬁcipnn‘on of an additional reactant, the catalyst, which does not appear
in the stoichiometric equation. However, the nature of a catalyst often determines the

praduets of a chemiea] reaction.

In many catalysts, the active materiul is the minor component, The active ingredient is
generally supported on a mere or less inert carrier, This support serves to disperse the
aetive component over o large surfage area, and to supply mechanical form and strength to

the catalyst.

Despite the widespread use of catalysts in industry, the preparation of catalysts is more
often an "art' than a "scierce", Catalysts with the same chemical und physical propertics

may often differ in behaviour, indicating that these properties are not necessarfly the only
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A catalyst can only accelerate a thermodypamically feasible reaction, but canaot alter the
position of the thermodynamic equilibrium of reversible reactions. A given catalyst will not
necessarily catalyse equally all or several of the possible reactions in a reaction mixture, By
selective choice of catalyst, only the desired reaction need be accelerated, This ability of a
catalyst to enhance only a specific reacticn, has led to the widespread use of catalysts in the

chemical industry.

In heterogeneous catalysls, the catalyst is usually in the solid phase, while the reactants are
gases or liquids, Separation of reaction products from the catalyst is easy, but only suxfaca
species of the catalyst can participate in the reaction, Reprodueibility in heterogencous
catalysis is poor, because of variations in the structure of catalytic sites. Selectivity is also
poor, because several types of active sites can be present, for example in the form of surface

defects,

Homogeneous catalysts are usually well-defined chemical compounds or co-ordination
complexes that can be dispersed molecularly in a reaction medium together with one or
ntore of the reactants, Separation of products from reactants can be costly and difficult,
However, good reproducibility due to definite structure and stoichiometry of catalytie

centres {s possible.

Supported metal catalysts are one of the most common forms of heterogeneous catalysts in

use today. They consist of a catalytically active metal dispersed on a porous support of high
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work laid the foundation for chemical kinetics as we know it today (1).

At the turn of the century, Ostwald recognized the true significance of 1 1e functioning of
a catalyst. He defined a catalyst as & substance which alters the velocity of a chemical
reaction without appearing in the end products, Ostwald's concept served to put catalysis
on a measurable basis for the first time, and marked the beginning of the science and

technology of modern catalysis.

In the following years, just as the principles of chemizal equilibrium and kinetles were
becoming known, the field of catalysis became more quantitative and developed rapidly, In
1909, I, Haber demonstrated the syntliesis of ammonia from its eletents on an osmium
catalyst at high pressure. Haber and co-workers worked out methods of catalyst testing and
process development that are essentinlly the methods of cholue today (4). In about 1920,
Franz Fischer and Hans Tropsch converted mixtures of carbon monoxide and hydrogen to
oxygenatad compounds on alkalized {ron catalysts, and on improved Fe, Co and Ni catalysts
to hydrocarbons suitabls for motor fuels (1), Between 1936 and 1945, Rulirchemie AG
licensed 12 Fischer-Tropsch (FT) plants with a total capucity of about 1 million tons per
year of FT products, mainly gascline and diesel fuel, In 1954, the FT process was licensed
to the South African Coal, Oil and Gas corporation Limited (SASOL). FT plants in France,
in the United States and in Germany after World War II had to capitulate in the mid-fifties
in the face of cheap mineral ofl and its ready processing, Consequently, SASQL has been

the predominant producer of FT products for over 25 years (1),
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of cobalt and gold, the metals that have been studied in this thesis. The survey is not meant
to be comprehensive but is included to put the thesis work in perspective. The two catalytic
reactions used to test the new electrolessly plated catalysts are described, These are the
hydrochlorination of acetylene to give vinyl chloride in the case of gold, and the partial

oxidation of methane to give synthesis gas in the case of cobalt.

1.1 Catalysis « A Review

The term "catalysis’ was first used in ca. 1835 by Berzelius, who was one of the preat
organizers of chemical knowledge of his time (1), He was the first to note that the
phenomenon of reaction enhancement observed by his cu-workers, was generally related,
and that chemical reactivity could be induced by outside agents, without the agesnts

apparently taking any part in the reactions. He cailed this general phenomenon "catalysis",

The earliest applications of catalysts were in the production of wine, vinegar and soap,
which have been produced since ancient times, The first industrial application of catalysis
mentioned in the literaturs was the preparation of ether by distillation of "spirits" in the

presence of sulphuric acid (2),

In 1831, P, Philips reported the use of platinum as catalyst for the oxidation of sulphur
dioxide, C.F. Xuhlman reported in 1838 the oxidation of ammonia to nitric acid in the
presence of platinum (3). During the next 60 years, the work of Wilhelmy and Bertholet

stands out. Tx . ; swdied the hydrolysis of cane sugar and of esters respectively, Thelr later



CHAPTER 1
INTRODUCTION

This thesis describes the use of a novel method of catalyst synthesis, namely electroless
plating. This procedure is commonly used in the micro-electronics industry, but has been

little explored in catalyst synthesis, -

Indeed preliminary studies on the synthesis of electrolessly plated cobalt catalysts on
alumina were investigated in the laboratories of the University of the Witwatetsrand during
1991 by a graduate student, Dr, Saul Colley. At the time, a preliminary review of the
literature revealed that there was little awareness. of this technique by catalyst scientists,

Since then, some earlier work on this technique has been cited, and some recent reports by

other catalytic sroups have appeared in the open literature,

This thesis continues on from the work of Dr. Colley. Prior to the discussion of the
experimental work performed in this th ess, this chapter will highlight some of the important

issues which provide background to the experimental data collected and analysed,

Thus, this thesis contains a brief discussion of the general methods used in the synthesis of

supported catalysts. This is then followed by a discussion of some of the catalytic properties



CHAPTER 2
EXPERIMENTAL

2.1 Bath preparation: clectroless cobalt plating,

Severa] formulations for preparing cobalt plating baths were deseribed by Pearlstein (9). The
formulations mentioned were mostly evaluated for ﬁllyaical characteristics, like magnetic
properties, cosreive foree, film thickness, preferred direction of magnetism and deposition
rate. The use of electroless plating as o method for the preparation of supported metal

catalysts was never mentioned in his formulntions.

Pearlstzin was not concerned about the chemical analysis of the metal deposits obtained,
According to him, the production of electroless cobalt plating baths were found to be more
effoctively controlled by observation of the magnatic properties of deposits than by chemical

tests,

Electroless cobalt plating baths evaluated by Pearlstein sre shown in Tabls 2.1,
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In this thesis the following issues have thus been explored:

1)

3)

»

Electroless plating baths are almost without exception aqueous solutions, containing
some ot all of the following: 8 metal salt, a reducing agent, zi complexing agent for
the metal jon, stabilizers, exaltants and buffering agents. The Influence of varying thé.
eancentrations of the above as they relate to penetration anﬂ metal loadings of
cobalt and gold has been investipated.

Conditions under which a plating bath is operated, can determine the extent of
plating obinined, The effects of variation in tamperature and pH of the plating bath
on metal loadings and penetration profiles have been {nvestigated.

The use of supported eobalt catalysts, prepared by the process of electroless plating,
in the partial oxidation of methane has been investigated,

The use of gold catalysts, prepared by electroless plating, in the hydrochlorination

of acetylene, has been investigated.
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volatile eompounds, This was not experienced with gold as a catalyst (22).

16  Abms of this thesis.

Electroless plating as a method for the preparation of supperted catalysts has to date not
received much coverage in the literature, The process is used extensively in industry where
exact plating bath formulations have often been concealed as they liave been regarded as
trade secrets, It has further been reportad that plating baths are unstable, very sensitive fo
impuzities at concenfrations of 1 ppm or loss, that the behaviour of plating baths can be

unpredictable, and that published formulations may aot work in everyone's hands (7).

Proliminary work in the Chemistry Department at the University of the Witwaterstnnd has
revenled that electroless plating can snable the preparation of supported catalysts with
unique propertics, while maintaining control over the exact metal content and the
penetration profile of the support (28). In this enrly work, it has been shown that
electroless plating can oceur directly on the surface of catalytic motals, (Feor non-catalytic
matals, a prestreatment with a catalytic material is needed to give a surface on which
autocatalytic reduction ean commence.) Although not described in the literature, the
- preliminary studies carried out in our group have shown that specific bath sqution
properties used in the pretreatment process, have a profound elfect on the penetration
profile of the metal on the suppert. Indeed the preliminary data suggested that the
penetration profile, and therefore the thickness of the metsl layer, can be carefully

controlled,
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Vinyl chloride was first prepared from the reaction of dichloroethane with aleoholic potash,
Cn prolonged exposure to sunligh.t in a senled tube, white flakes from the vinyl chloride
started to form. This white solid was first studied in 1872 and was described as having an

empitical foretula (CoHCl, (21).

A patent was obtained in 1912 for the use of mercuric chloride as a catalyst for the reaction
between hydrogen chloride and acetylene, and an effective industrial routs to vinyl chloride
was established, Vinyl chioride monomer was first produced commercially in the 1930's via
this route, with acetylene derived from caleium carbide. As demand for vinyl chiloride
increased, more economical feedstocks were sought. After ethylene became plentiful in the
1950s, commercial processes were developed to produce vinyl chloride from ethylene and

chlorine (21),

Currently, about 6% of world production of vinyl chloride monomer takes place by
hydrochlorination of acetylene. The industrial cutalyst for this process is currently based on
mercuric chloride supported on activated carbon (22), A range of metals were studied as
catalysts for uie acetylene hydrochlorination renction, ‘This study dictated that catalytic
activity correlated with tlie standard electrode potential for the metal, and on that basis it
was predicted that chlorides of metals with o standnrd electrode potential greater than that
of mercury(Il) or palladium(Il) wonld be more active hydrochlorination catalysts. As
predicted, Nkosi and co-workars found that on a mole basis gold was about ono order of
magnitude more active than mercury. The authors also showed that the mercury eatalyst

reactivated in site with hydrogen chloride at 180 °C, showed a 25% loss of mercury ag
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Bimetallis catalysts can show variations in catalyst morphology, and to arrive at meaningful
interpretations in trends of activity, it is important to identify which kind of particles make
the largest contribution to the metal surface area, and thus carry the miain burden of
catalytic action, With bimetallic catalysts, consisting of gold added to an active group 8410
metal, interesting results were obfained. Addition of gold to palladium in a gold-palladium
bimetallic catalyst for the hydrogenation of unsaturated compounds, resulted in a decreass
in catalytic activity relative to that of pulladium itself, In some cases, this loss in activity was

partidlly counterbalanced by .impr.nvements in selectivity,

A significant enhancement of the rate of water formatiza from interactlon between
hydrogen and oxygen was reported for silica-supported gold-palladium catalysts, with a

maximuin at intermedinte gold content (20).

153 Hydrochlorination of acetylenie,

Vinyl ehloride, CHﬁmCHCI. by virtue of the wide range of applications for its polymers,
-5 one of the largest commodity chemicals in the United States and is an inportant item of

international commerce. Growth in production of viny! chloride is directly related to

demand for its polymers and, on an energy-equivalent basis, rigid polyvinyl chloride (PVC)

is one of the most energy-efficlent construction materinls available (21). It was not until

after ¥, orld War IT that vinyl ehloride production grew ropidly as a result of the increased

volume of PVC products for the consumer market,
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~ temperatures, provided a good ligand is present to lower the redox potential to below that

of water, Gold is thus not attacked by most acids under erdinary conditions and is stable
In basic media. Gold does, however, dissalve readily in 3:1 hydrochloric-nitric acld (aqua
regia) to form HAuC, and in alkaline cyanide solutions in the presence of ait or kydrogen
peroxide to form [Au(CN)4T". These reactions are important for the extraction and refining

of the motal, Gold readily amalgamates with mercury (19).

132 Gold as a catalyst,

Activities of gold-cantaining catalysts are g-nerally far lower than those of the Group 8-10
| metals, or of the other transition metals in Group 1, This lack of activity has been ascribed
to the lack of d-band vacancies in gold, but it is by no means clear that this restriction
necessarily ap’plieé to surface atoms, since high activities for CO oxidation over highly
dispersed gold catalysts has been reported, Gold-containing catalysts frequently uisplay

improved selectivities (19).

Some work has been done on bimetellic catalysts aimed at correlating the catalytic
behaviour and the electranic structure of the catalyst with alloy composition, Alloys of
palladium, a group 10 matal, having In excite. slates o partially unoccupied d-band, and
gold with a completely filled d-band were studion and attempts were made to interpret the
results on the basis of the rigid band theory, It turned out that the observed catalytic
activities could not unambiguously be correlated with inereasing oceupancy of d-bands in

the alloys a¢+ . function of gold content (20).
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activity, and has not been observed to form coke (15}, According to Schmidt's abservations

(18) cobalt deactivates due to phase changes and volatilisation,

1.5 Gold In catalysis,

151 Introduction

Gold is presumably the first metal known and used by humans. It ocours in nature as a pure
metal, and 3% treasured because of jts colour, ductility and corrosion resistance. In the
middle ages, the demand for gold led to the intense and unsuccessful attempts of alchemists
to convert base metals to gold. It has been suggested that these pursuits provided the basis

for the chemical science as we know them today.

Gold has an atomic number of 79, and occurs naturally ns a single isotape of mass 197, At
least 26 unstable isotopes have been made, the most frequently used is gold 198, with a half

life of 2,7 days. Common oxidation states of goid are 0, 1 and 3 (19),

Gald is widely distributed and the average content In the earth’s crust 1$ estimated to be 3.5
ppb, The gold content of ocean water varies considerably with location; investigations
{ndicnte that the average value is of the order of 10 parts per trillion, which is well below

the concentration (3 ppm) required for economic recovery (19).

Gold is indeed a noble metal, Other than in the atomie state, it does not react with axygen,
sulphur or selenium at any temperature, Gold rencts with the halogens, particularly in the

presence of moisture, Gold also reacts with varjous oxidising agents at ambient
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suitable,

For the produdtion of synthesis gas the partial oxidation reaction is thermodynamically mors
favourable than the steam reforming route., The steam reforming reaction is highly
endothermic and is only favourable at high temperatures, The partjal oxidation reaction is

mildly exothermic and favourable even at low temperatures,

The use of catalysts for the partinl oxidation reaction of methane has been reported.
Supported nickel catalysts have been studied in detail, and it was claimed by Choudary and
co-workers (14) that the use of mixtures of lanthanides and nicksi gave conversions of
87,262 and a selectivity to CO of 98%, Mixed oxide catalysts containing chiromium, iron,
cobalt and nickel were prepared by Hayakawa (15, and both nickel and cobalt wers

reported to show high activity and selectivity to synthesis gas.

Green and co-workers (16) showed that Ni, Ru, Rh, Pd, Pt and Ir catalysed the partial
oxidation of methane, Several other references can be found {n vhe literature of catalytic
propertics being exhibited by a varicty of metals in the methane partial oxidation reaction.
The best among them describa the use of noble metals, in particular rhodlum and Iridium,
but it is doubtful if the current world-wide production of these metals can be sustnined on

4 cost-effective basis to provide for their use in large quantities.

The use of nicke! for the catalysed partial axidation reaction results in high activities, but

the catalyst shows slow denctivation and results in coke formation (17), Cobalt shows high
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Methane i$ used in a number of industrinl applications, It can be used to produce
halocarbons int the presence of FICl or HF, or hydrocyanic acid in the presence of ammonia.

It is, however, mors likely to be used in the direct conversion to synthesis gas (12).

Synthesis gas, or syngay, cousists of mixtures of hydrogen, carbon monoxide and carbon
dioxide in various preportions, The mdustrial importance of syr ;us is twofold: it is & cheap
source of hydrogen for processes such as ammonia synthests, and it can be used as a

feedstock for the synthesis of many organic chenicals (13),

Partial oxidation is an option for generating syngas from natural gas, The production of

syngrs (equation 1.1} can be achieved by steam reforming of methane:
CHy + Ho0 « CO + 3Hy (i¥°9gg = 206 ki/motl) L1

This process produces a hydrogen to carbon monoxitle ratio of thres as opposed to two

obtained for the partial oxidation process shown in equation 1.2t
CHy + %0y « CO + 2H, (MHagp = -36 kI/mol) 1.2

Production of synthesis gas vin the steam raforming process (equation 1.1) is important
in the manufacture of ammonia, which is a large user of synthesis gus worldwide, The higher
hydrogen content, howaver, does not favour other chemical processes, for which the carboxn

monoxide to hydrogen ratio produced fn the partial oxidation reaction may be mere
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A brief description of the use of cobalt in a specific catalytic reaction, methane partial
oxidation, is given below. This reaction was used as a test reaction to test catalysts

synthesised in this project,

143 Partial oxidation ¢f methane.

As the world population increases, the demand for energy will follow, Through the ages, and
with increasing technology, the source of energy of man has changed. Wood was replaced
by coal during the industrial revolution, and in the latter half of the twentietl century the
consumption of oil overtook that of coal. Natural gas, as a source of energy, has never to
date been well utilised as a source of energy. Technology and economy have limited its use,
mainly because of the problems experienced with its transportation and storage. Even in
modern times, the natural ges produced ag the by-product of petrolsum ofl, is often flared

(2). The purification of natural gas to methane is relatively simple,

Natural gas is still a usable source of energy,' and ean be located in most areas of the world,
The price advantage of natural gas is diminished by the cost of transportation. It can be
transported as the liquid, after being cooled to 162 °C at 8MPa, but cooling consumes
energy and will add to the price of transport. Natural gas is often cheaper than alternative
carbonacegus raw materials, and therefore attractive for producing synthetic petroleum

products (11).
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homogeneous catalysts used in the high pressure oxo process for the production of

aldehydes and alcohols (2).

The following types of reactions have been catalysed at some stage by cobalt~containing

materials: hydrogenation, dehydrogenation, hydrogenolysis including hydrodenitrification

and hydrodesulfurization, ammonoxidation, oxidaticn, hydroformylation, polymerization,

selective decomposition and ammonia synthesfs. ¢y

Cobalt {s particularly successful as a catalyst, and it stems from one or more of the following

properties:

(L)

()

&)

)

(5)

(6)

The facile redox properties of the element, the ability to form stable species in
multiple oxidation states, and the sase of electron transfer between the oxidation
states via unstable {ntermediates or free radicals.

The ability tc form complexes with sultable donor groups and the relative stabllity
of these complexes.

The ability to form. complexes of varying co-ordination number and to exist in
equilibtivm in more than one stereochemical form,

The ability to undergo equilibrium decomposition reactions in polymerization '
systems. Decompogition products may take part in the catalysss.

Cobalt complexes are able to undergo ligand exchange reactions which can be
important in assisting catalysis,

Cobalt oxides and sulphates, because of lattice vacancies, bond energizs or electron

effects, are active heterogeneous catalysts. (2)
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The worlds largest cobalt reserves are in Zaire, Zambia, Moroceo, Canada and Australia,
Together the ores of these countries contain over one-half of the world cobalt supply, the
- richest deposits being found in Zaire and Zambia, Supply is dependeut on the political
stability of these countries, and therefore cobalt is regarded as a strateg{c metal and is

stockpiled in some countries,

Chemically, cobalt resembles iron and nickel. It shares many common propertios with iton
and nickel, .8, 8 valence of +2 or +3 In most of its compounds. Cobalt has a valence of

+1 only in a few nitrosyl and carbonyl complexes.

Cobalt and its compounds have expanded from use as colouring agents in glass and potiery
to drylng dgents in paints, to their use in animal and human nutrienis, electroplating
materials, bigh-temperature alloys, radiology, thermistors and explosives, Cobalt is also a -
very effective catalyst or catalyst component in many homogeneous and heterogenzous

processes,

142 Cobalt as a catalyst,

Over 40% of the cobalt employeil in nonmetallic applications is used {n catalysis. About

80% of the use in catalytic areas takes place in three areas:

(1) heterogeneous catalysts used in hydrotreating/desulphurization in the ol and gas
industry,

(2) homogeneous oatalysts used in the production of terephthalic acid or

dimsthylterphthalate, and
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242 Atomle absorption speetroscopy.
The concentrations of the refevant motals were determined by atomic absorption
spectroscory (AAS). Samples were prepared for analysis by erushing and grinding the
pellets to a fine conslstency in a mortar and pestle. A pre-determined mass of sample (o
0,2 g) was accurately weighed on an analytical balanee, sonked for 30 minutes in 10 ml. of

aqua regla, and then heated for 2 minutes at the boiling point of the lcuid.

Thess wera then diluted to an appropriate volume with distilled water, and again diluted
to contain 4 final concentration of cobalt of not more than 10 mg Co/l in the final dilution.
A set of standard solutions were prepared from a standard 1000mg Co!l ARsgrade solutivn,
to contain concentrations of 2, 4, 6, 8 and 10 my A of cabalt respectively. The absorbances

off all of these solutions were datermined by AAS.,

2.5 Catalytie renctor studies.

251  Partlal oxidation of methane.

2511 Installntion.

The installation used for condueting the reactor studies is shown in figure 2.2.

The reactor used allowed temperature measurement above the catalyst be ‘.. and {5 shown
in figure 2.3, A wixture of methane and air was fed via a system of vitlves toused in the
TCD aven, A, to the reactor R. By switching valve Vy, the reaction mixture conld bypass
the reactor for analysis. The flow-rates of the twa gases In the mixture were controlle:} with

flow controllers, On/olf valves allowed each gas line to be preferentially seleeted,
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Pigurs 2.1 patsrmination of Vp and Ve {ponateation profilae) by
optical microscepy (28],
Yo o fotal volume of the, catalyst pellet = w'h
whara r;, = radius of pallat
h = longth of paila’c.
Vs = voluma of gupport not plated = 7o,k
whoxo z, = rodivg of avoa not plated (i.a. innoy core)
Yp = volume of peal contalning plated Co o Yo - Ua

= ﬂhtr;‘ - l'-'ga)
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23 Apparatus used.

During the plating pracess, the plating solution was stirred continuously to ensure proper
 muixing of the solution while the plating process was In progress. Measurement and
adjustment of pH und temperature had to take place simultaneously, For this purpose, a
mapgietic stirrer with heating ability was used, while the pH elecirode a3 well as the
eloctronie thermometer was placed well below the surface of the plating solution. The
following apperatus was used;
1)  pH meter and cloctvoda:
Knick modet 761 Callmatic, with pH combination electrode No, N 6280 with built-in
temperaturs compensation.
3)  Hot plnte stfrrer:
Corning mode! PC 351,
3)  Electronic thormometers

Minitherm HI 8053; Hanna Instruments, «10 °C « 100 °C,

24 Characterization of supported cxialysts.

241 Opiical mleroscopy. |

Optical microscopy was used for the determination of the degree of penetration of ihe
cotalyst into the support, and thus the Vp/Ve ratios, A NIKON Phase Contrast microscope
at & magnification setting of 100x, fitted with a calibrated vernier seale, was used to measure
the respoctive dimensions of the plated and non-plated sections of the support pellets, as

fllustrated in figure 2.1, From these, the Vp/Ve ratlos were caleulated.



3

22,1 Support used.

The same support was used as for the electroless plating of cobalt (2.1.2), ie. product

designation AL-0104 T Lot no, FI328,

222  Actlvation treatment of support,

The same procedure was followed as for the electroless plating of cobalt (2.1.2)

2,23 Plating procedure,

The plating conditions were varied nerording to the variable being studied. After numerous

1)
2)
3)
4)
5)

D)
8

9)

trial runs, it was decided to adopt the following basic procedurat

The plating bath used would be as {n table 24 (Formulation 1),

The plating time would be 10 minutes,

The tem,  wre of the plating bath would be 60 °C,

A volume of 2 ml, of plating solution would be used for every pellet being plated.
After plating, pellets wonld be removed and washed in distilled water until all visible
traces of plating solution were remaver,

Pellets would then be washed with distilled water four times, at ten minute intervals,
and left overnight in the lnst volume of distilled water,

After 24 liours, all pellets would again be rinsed in distilled water four times.
Pellets would then be left on filter paper to air dry for 24 hours, bekore being dried
In a forced circulation oven at 90 °C for another 24 hours,

Pellets were then stored in air-tight glass contniners until needed.



Table 2.4 Bath formulations for eléctroless gold plating, from

patent literature (8),

30

B Bath ennstltﬁents. H 2 T
| Potnﬁs{um gold cyan{de, KAu(CN), 0,005 moL’I 0,005 mol/l
Dimethyl amine boraze, C,H BN T005mot | 0,05 mol
Potmsum hydroxide, KO 0,8 ol 0,8 moll
futas#ium cyahide. I{CN | 0,035 mcﬂﬂ 0,035 malﬂ
I’otassi.um carbonate, K;Cd, B 1,f) m.élfl. 0.45':116.1!1
I Cead acetate. .191:(c:z»z,r':cm)z 15 mg/ 15 mgA
| Hydrhzine hydéntc. | e 0,25 moin

It was mentioned by Pearlstein that dense gold deposits were produced on gold, silver,

pafladivim, platinum and copper with the formulation mentioned in table 2.3.

It was decided to use formulation ne, 1 from the patent liternture (Table 2.4),.a8 a basic
formulation for the evaluation of electroless plating on alumiaa. The formulation given by
Pearlstein in table 2.3 was nover evaluated, because of the unavailability of potassium

horohydride at the time.
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2.2,  Bath preparation: electroless gold plating,
A number of electroless gold plating baths have been described in the technicnl and patent
literature (8,9), According to Pearlstein, there is reason to believe that the baths functioned
predominantly by electrochemieal displacement, rather than by autocat~.gtic mechanism, or

that they had impractically low deposition rates,
A fypic.al tath contposition given by Pearlstein is shown in table 2.3,

Table 2.3 A typical bath composition for electroless gold plating, given by Pearistein (8).

~ Bath cbnstltu:;;s - _ o _ C‘oncentmtiou
Potassium gold cyanide. KAu(GN), | 53 g/l
Potassinm cyanide, KCN | _ | 13,0 git
Potassium hydroxide, KOH o 112 g
Potassium borohydride. XBH, | L8 ¢/l
|| Tempemtufe o _ 4;75 “C:‘_:mr e

Two more formulations obiained from the patent literature ate lsted in table 2.4, Excellent
stability as well as high plating rates for these formulations were claimed, apparently.
beeause of the addition of a carbonate compound witick aceslerated the oxidation kinetics
of the reducing agent on gold substrates without affecting the agents present to maintain
bath stability, Tt was also claimed that gold could be plated from these baths for ai least six
days without apparent bath deterioration (8), |
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213 Plating procedure,

The plating conditions were varied according to the variable studied, After numerous trial

runs, it was decided to adopt the following basic procedure:

1)
2
8)
)
3)
6)

7)
8)

)
10)

11)

The plating bath used would be as in table 2.2,

The plating time would be 10 minutes,

The temperatire of the plating bath would be 60 °C.

The pH of the plating bath would b . maintained at 8,00..

A volume of 2 ml. of plating solution would be used for every pellet being plated.

After plating took place, pellets would be removed and washed in distilled water

until all visible traces of plating solutlon were removed,

Pellets would then be washed with distilled water four times, at ten minute intervals.
Pellets would be left overnight in a volume of distilled water, as described in 7)
above,

After 24 hours, all pellats would again be rinsed in distilled water four times,
Pellets would then be left on filter paper to air dry for 24 hours, before being dried
in a foreed circulation oven at 90 *C for another 24 hours, |

Pellets would then be stored in airtight glass containers until needed,
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2,11 Support used,

Alumina was used as support throughout, supplied by Engelhard de Meern D. V., Chemical

~ Catalyst Division, The Netherlands,

The support was in the form of cylindrical pellets, with a length of 3,4 mm, a diameter of

3,2 mm and a surface arca of 170 m#/g, Product designation was Al0104 T, Lot no. H328

%12 Activation treatment of support.

The ¢lectroless plating technique permits metal plating on non-condueting materials such
a$ alumina, once tite surface has been made catalytic by a suitable activation treaiment. To
achieve this, the pellets were soaked in a solution containing palladium nitrate. The

procedure way as follows:

1)  The required number c. pollets were soaked for 30 minutes in a soluion of
pallndium nitrate, using 1 mb of a 1 g/l palladium nitrate solution per pollet.

2)  The pellets were rinsed four times with distilled water.

3)  Pellets were washed in ethanol, at a volums of 1 ml. of ethanol per pellet. Pellets
were loft to soak for § minutes.

4)  After souking in ethanol, pellets were again rinsed four times in distilled water,

‘These were then ready for immerslon in the plating solution.
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Table 2.2. Basic plating bath formulation as used for all experimental work.

Bath constituents | Concentration, g/l
Cobalt nitrﬁte. Co(NO,),.6H,0 | 60
Sodium hypopimsphite. NaI-IzPC.Jz. 20
Sodium cltrate, NayCyH,0,2E,0 | a5
| Ammonium nitrate, NFH;NO, 50

Since electroless cobalt plating with hynephosphite as reducing agent will not oceur in acid
medium, the pH of the bath had to be adjusted to a basic pI{ in this work, Since Pearistein
(9) reported that lower deposition rates were ob ained when sodium hydroxids was used to
adjust the pH. it was decided ic use ammonium hydroxide, The plating bath contained a
complexing agent to stabilize the solu- n, which also inhibited the formation of cobalt
phosphite precipitates. Because of the sensitivity of this | ath to pIi, ammonium nitrate was

used ns a buffering agent to maintain the pH at the desired value,
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Table 2.1 Typical compasitions for electroless cabalt deposition baths (9).

Bath constituents, g/l | L 2 3 |4 5 | 6
Cobalt chloride. 30 30 7,5 1271 " -
CoCl,6H,0 _

Cabalt sulphate , - . - - 24 |25
CoSO,TH,O _ i

Sodium hypophosphite, 20 20 3,5 v 20 | e
NaH,P0O,.H,0 _
- Dimethylamine borane. - “ = - - 4
(CHy),NHBH, | | _

Sodium citrate, 84,5 (206 (274 {90 70 |-
NRJCQH;:O'}-ZH;() . .
Ammonjum chloride, 30 50 125 |45 e
NH,Cl _ :

Ammonium sulphate, s = e - 40 |-
(NH,),50, _ ] _ .
Sodium lanry! sulphate - - 015 | - R
C;HsO5Na

Sodiura sucecinate, - - - - - 25
C,H.Na,0, 0H:0 . .
Sedium sulphate, Na,S0, | -~ - | - -~ 15
pH _ 9,5 9.5 82 |84 83 |50
Temperature, °C 92 o2 1 & 75 92 170

In this work it was decided to use a formulation similar to formulation no. 2 is tavle 2.1,
but to use nitrate salts threughout, instead of chloride salts, as described by Pearlstein, This
was done with a view to the possible use of the prepared crtalyst in the FT-synthesis,
Nitrate ions are preferred to chioride ions in the precursor salts used in the synthesis of F-T
catalysts, becavse it {s known that chioride ions can poison the I~T catalyst. The bath

formuaation decided on is shovm in table 2.2,
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3.13 Deterraination of impregnation of cobalt and penetration profile from a solution
contalning cobalt nitrate mid sodjum citrate, in the nbsence of activation. trentment.
Support pellets were not subjected to a surface activation treatment, but submerged in
s solution containing 60 g/t of cobalt nitrate and 35 g/l sodium citrate at 60 °C, Exposure
time was varied between 5 and 120 minutes, In order to compare the results with those
obtained in section 3.1.1 and 3,12, the pH was adjusted to 6,28 at 60 °C, The data

obtained are listed in tatle 3.3 and shown in figures 3.3(a) and (b).

Table 3.3 The effect of varintion in exposure time from a solution containing cobalt

nitrate and sodium citrate, in the absence of a surface activation freatment,

EXPOSURE TYIME, COBALT
minuies, YiniVe 0 LOADED, %
3 0,40 040
10 0.52 0,73
30 0,65 1,24
A - 60 0,81 1,62
L. 120 0,99 _ 217 N

In this case, it was possible to measure the extent of penetration of the metal by optical

microscopy, because of the much higher metal loadings obtained,
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3.1.2 Determination of impregnation of cobalt from a solution containing only cobalt
nitrate, in the presence of a surface activation treatment.

Support pellets were subjected to.a surface activation treatment which involved adding
the pellets to  solution containing ! g/l palladium nitrate at a pH of 2,00 for 30 minutes,
The support pellets were then submerged into 4 solution containing only 60 g/l of cobalt
nitrate, at §0 °C, and the exposure time was varied between 5 and 120 minutes. The pH
of the cobalt nitrate solution was 7,04 at 20 °C, and 6,28 at 60 °C, The pH of the
plating sclution was not adjusted, The data obtained are listed in table 3.2 and shown

in figure 3.2,

Table 3.2  The effect of variation in exposure time from a solution containing only

cobalt nitrate, in the presence of a rurface activation trestment.

EXPOSURE TINIE, OBAL
miputes, LOADED, %

5 0,12

10 | 0,12

| 30 | 0,13

60 | 0,16

3 120 0,17

emlses e

As in 3.1.1, it was not possible to measure the extent of penetration of the metal by

optical mictoscopy, becsuse of the very low meta] loadings obtaii.ad,
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3.1 Determination of iinpregnation of cobalt from a solution containing only cobalt
uitrate, in the absence of a surface activation trentment.

Support pellets were submerged into a solution containing only 60 g/ of cobalt nitrate,
at 60 I°C. No surface activation treatment was used. The pH ot the cobalt nitrate
solution was 7,04 at 20 °C, and 4,28 at 60 °C, No adjustment was made to the pH of
the plating solution, because of the formation of a pi‘ecipitate of possibly the hydroxide,
under alkaline conditions, The time of exposure was varied between 5 and 120 mimutes,
The procedure deseribed in section 2.3.3, was followed, The dat« obtained are listed in

- table 3.1, and shown in figure 3.1,

Table 3.1 The etfect of variation in exposure time from a solutjon containing only cobalt

nitrafe, in the absence of a surface aci'vation treatment,

EXPOSURE TIME, COBALT
minutes, LOADED.%
5 023
10 0
30 1 028
60 038
120 | 0,32

It was not possible to caleulate the Vp/Ve ratio of the above samples. The layer of metal
renderod onto the support, as a result of the low cobalt loadings, could not be

distinguished from the background coleur of the peller by optical microszopy,
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 RESULTS: ELECTROLESS PLATING OF COBALT ON ALUMINA,

The eleciroless plating technique entails the use of numercus reagents and a range of

reaction variables (temperature, concentration etc.) to bring about ‘he deposition of the

required metal on a support.

In order to establish the influence of the reagents und each variable, a range of

experiments were performed, These were carried out in the following sequence:

1) A reference for the evaluation of the metal loadings was obtained for the
electroless plating procedure by determining the metal loadings obtained by
impregnating the support with a solution containing the same concentration of
cobalt metal as was used in the plating baths, This was done at the same
temperature as used for the actual plating baths, namely 60 °C. The impregnation
wﬁs done in the absence as well as in the presence of the activation trentment
required in the electroless pla ing process,

2)  The influence of the {nitiating surface treatment with palladium nitrate was -
determined, The data were compared with results obtained witﬁout any surface
treatment. The effect of pl of the surface treatment was also investigated.

3)  The effect of the reducing agent used in the plating bath, both in the absence as
well as in the presence of the above surfuce activation treatment, was determined,

4} The effect of the stabilizer, sodium citrate, on the plating process was determiued,

5} The effects of variation in pH, temperature, metal concentration of the plating

bath, and plating time, on the percentage cobalt loaded, were determined,



i

HCi

L vENT

|

Pigure 2.4 TLaboratory micro-reactor used for catalyst tasting:

1, dyving solomn; 2, rotametar; 2, flash arrestor; 4, mixer; 5,

prehaater) 8, reactor; 7, sodlum hydroxide traps; 8, flowmater

(22) .



40

The experimental procedure was relatively simple, due to the programmable integrator and

multi-tamping temperaturs controllers.

During this time the reactor was programmed, The integrator was programmed to switch
the sampling valves to the sampling position at time zero, At the same time, the signals
from both the FID) and TCD were recorded, The FID signal was plotted. Ten minutes were
allowed to.completely flush the sampling valves, which wexe then switched to the collecting
position. After 28 minutes the integrator stopped collecting data and reported the integrated
peak ‘areas and retention times. The reactor was then reset to zero and the feed gas was
manually switched to bypasa the reactor. The reactor was removed once it had cooled and

was cleaned,

2.52  Hydrochlorination of acetylens,

The installation used for condusting the catalytic studies is shown in figure 2.4.

Experiments were conducted at atmospheric pressure using a pyrex reactor, Acetylene was
passed through 13X molecular sieve to remove traces of acetone and mofsture, Hydrogen
chloride gas was similarly dried using 3A. molecular sieve. Gas flow-rates were controlled
using calibrated rotameters. The dried gases were then mixed, prelieated to 180 °C and

passed over the catalyst, Product gases were then analysed by gas chromatography.
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Jdetected because of hydrogen being the carrier gas, a thermal conductivity detector was
used, In order to be able to detect nitrogen, argon was used as carrier gas for the TCD

instead of nifrogen. At 35°C, separation of hydrogen and nitrogen was achieved.

Plated pellets were ground with 4 mortar and pestle to a fine consistency, then pressed in
a die by ax industrial press into a solid pellet at a pressure of 5 ton. This solid pellet was
then again ground, and sieved to maintain the fraction Uetween 300 and 500 microns. This

fraction was used in the reactor study,

After weighing out 0,1000 g of catalyst, it was poured into the reactor and tapped down to
uniformly cover the quartz bead support bed. The reactor was then secured inside the

heating jacket.

Hydrogen gas was directed through the reactor using the three-way valve, while the oxygen
flow was switched off, The heating jacket temperature controller was programmed to heat
the reactor to 200°C and to maintain this for 5 minutes, then to heat the reactor to 600°C
and to maintain this for 30 minutes to allow the reaction system to equilibrate, The sample
valves were positioned such that the product stream was routed through the sample lcaps,
When the sanple valves were switched to the "sample” position, the gas in the sample loops

represented the steady stats product gas of the reactor at 600°C,
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The reactor jucket temperature was controlled by a multi-rampiug temperature controiler,
and measured by a thermocouple placed inside the jacket, but outside the reactor, It was
assumed that the hottest zone of the jacket would be at the ceatre, and the reactor was
placed so that thé position of the catalyst bed coincided with the middle of the heating
jacket. Every effort was made to ensure that the thermocouple was replaced in exactly the
same position for consecutive experiments, although it was not possible to be sure of its

exact repositioning after removal,

High gas flow~rates were desirable to minimize gas phase reactions, which meant small
contact times. This was achieved by setting the mass flow controllers on the air and methane
lines to give flow-rates of 428 em®/min and 180 em*/min respectively. It was assumed that

alr contains 21% oxygen, therefore the ratio of methane:oxygen was 2:1

2.5.1.2 Analysis.

Two different detectors were used fof the analysis of the product, A thermal conductivity
detector (TCD), whicl detects differences between the thermal conductivity of the product
gas and a reference stream of the carrier gas, and 4 flame ionisation .detector, which

measures the heat of combustion of the products in air,

The presence of a NiOy/ALO, catalyst in this installation converted all carbon-containing
compounds in the presence of excess hydrogen to methane, which was the only carbon-

containing compound ever detected, To detect ths hydrogen produced., which could not be
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The product gases, after being routed via two pneumatically operated sampling valves S, and

S, were vented to the atmosphere. The sampling valves were connected to the same

actuator to allow simultaneous sampling.

A 30ml/min stream of hydrogen, controlled with a flow controller, was used as the carrier
gas for the FID, During sample collection, the product gas stream was routed throvgh the
sample loop, and the carrier wes bypassed. By switching the valve, the carﬁer gas was
rerouted through the sample loop, and the product gases in the saraple loop at the time of
switching were added to the carrier stream, The sample of product gases were then
separated in a 3,0 m Porapak QS column at 63°C, B. The product gases then passed
through a 0,8 m column packed with a NiO,/ALO, catalyst, heated to 350°C, C. The FID,

fuelled by the hydrogen carrier, was operated at 250°C.

The inert feed was split and both streams were ronted via pressure controllers. The
reference stream flow-rate of 30 mi/min was controlled with a needle valve, The sample
stream passed through the sampling valve and the Carbosieve SIT column, prior to detection
in the TCD. Both the sampling valves, Carbesieve SII column and the TCD were operated

at an oven temperature of 35°C,

‘The output signals from the two detectors were collected and integrated on a Varian 4290

integrator, The integrator also controlied the actuator used to control the sampling valves,
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3.19 Determinaiion of the impregnation of cobalt and the penetration profile in the
nhsence of a reducing apent.

A surface activation treatment, consisting of 1 g/l palladium nitrate solution of pH 2,00,
was used. The plating bath formulation deseribed in table 2.2, was used, but no reducing
agent (sodfum hypophosphite) was added to the plating bath. Exposure time was varied
between 1 and 120 minutes, The procedure described in section 2.3.3. was followed, and

the data obtained are listed in table 3.9 and shown in figures 3.9(a) and (b),

Table 3.9 The effect of varintion in support expasure time on the impregnation of

cobalt end the penctration profile, in the nbsence of a reducing ageat.

EXPOSURF TIME, ) CORALT
nyintitey, Vo/Ve RATIO LOADED. 20
i 0,23 032
2 0,34 0,41
K Ot | 071

10 0,53 0,94
20 0,61 120
30 0,65 1,45
48 0,68 172
60 075 1,98
120 0,36 2,68
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From these results, it can be seen that there Is no advantage in using a 2,0 g/l palladium
solution instead of a 1,0 g/l solution, since the concentration of palladium in the

activation bath has little effect on the subsequent cobalt loading on alumina,

3.1.8 Determination of the imprognation of cobalt nnd the penetration prefile in the
ahseace of both a support activation treatment and a reducing agent.
The support pellets were not subjected to any activation treatment, and the plating bath
did not contain the reducing agent, sodium hypophesphite, The pH of the plating bath
was adjusted to 8,00, The plating bath formulation deseribed in section 2.2, was used,
with the exception of sodium hypophosphite. The procedure described in section 2.3.3,
was followed, and the data obtained are listed in table 2.8 and shown in figures 3.8(a)

and (b).

Table 3.8 The effect of varjation in support exposure time on the impregnation of
cabalt and the penetration profile in the absence of both activation treatment and

reducing agent.

EXPOSURE TIME, COBALT
minutes, Yo/Ve RATIO LOADED, &
s . 0,44 174
10 0,53 231
30 0,68 3,76
0 0,75 533
20 03 716
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The pH of the plating bath was varied between pH 6,00 and pH 9,00 for palladium

nitrate concentrations of 1,0 and 2,0 g/l, The plating bath formulation described in table

2.2. was used, except for the pH of the plating bath and palladium concentration of the

activation treatment. Plating time was kept constant at 10 minutes, The procedure listed

in section 2.3.3 was followed. The data obtained are listed in table 3.7(a) and (b), and

ghown in figures 3.7(a) and (b).

Table 3.7(a) Penetration profile and impregnation of cobalt at 2 palladium nitrate

concentration of 1,0 g/l.

L0 ¢/t PA(NO,), soluilon
pH OF PLATING SOLUTION ¥Yp/Ve RATIO LOADED, %
6,00 0,19 0,81
7,00 0,19 0,90
8,00 0,23 1,01
9,00 0.2 0.73
10,00 0,23 0,64

Table 3.7(b) Penetration profile and impregnation of cobalt at a palladium nitrate

concentration of 2,0 g/,

| 20,51 PANO,), solution ]

. COBALT
pH OF PLATING SOLUTION Vp/Ve RATIO L LD
| 6,00 0,28 079

7,00 0,22 0,84

8,00 0,27 1,01

5,00 0,23 0,72

10,00 0,27 0,57

!
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Table 3.6 The effect of variation of pH of the palladium activation treatment of

support pellets,
SOAKING SOLUTION ~ ¥p/Ve RATIO LOAIE:P, %
0,80 0,91 0,85
L0 0,84 095
200 034 | 0,96
3,00 | 0,23 0,95
4,00 012 | 0,98

3.1.7 Determination of the effect of varlation of the palladium concentration of the
surface activatioa trentment and plating bath pIi on the impregnation of cobalt and the
penetration prolile,

An attempt was made to assess the effect of the palladium coﬁcentration used for the
activation treatment under constsnt reaction conditions on the pénetmtion profile and
the % cobalt loaded onto the support.

Variation of the pH of the activation treatment solutjon between pH 1 and pH 4 (section
3,1.5.) revenled that the metal loading (ea, 1 %) hardly varied with variation in pH of
the activation solution, However to observe a Vp/Ve ratio of about 0,5 a soaking solution
with a pH of about 1,5 would be needed, Since the electrade used for measuring pH was
designed to be used above pH 2,00 it was decided to use a palladivm soaking solution
of pH 2,80 for this study which would give a Vp/Ve ratio of about 0,2. At this p, no

visible palladium precipitate was present,
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Tabl~ 3.5 The effect of variation in support plating time in the presence of a surface

activation treatment consisting of dilute nitric acid of pH 2,00.

EXPOSURE TIME. | COBALT
ninutes, Vp/Ve RATIO LOADED, %
5 0,22 | 0,56
10 043 0,76
30 0,63 1,22
60 | 0,80 1,74
120 0,90 B 2,33

3.1.6 Determination of tie influence of the pH of the activation treatment of support
pellets on the impregnation of tobalt aad the penctration profile.

The plating bath formulation described in table 2.2, was used, but with the pH of the
palladium soaking solution as a varlable. The pH after dissolution of palladium nitrate
it a small volume of water containing 10 ml. of nitric acid, was between 0,7 and 0,8. The
pH of this solution was increased from 0,8 in increments of 1 pH-unit.

~ Above a pH of about 4,00 it was observed that palladium precipitated from the solution,
possibly as an hydroxide, and it was therefore decided to study the influence of the pH
of the soaking solution only between pH 0,8 and 4,00 although a slight precipitate was
already present at pH 4,00, Plating time was kept constant at 10 minutes, The procedure
listed in section 2.3.3 was followed. The data ebtained are listed in table 3.6 and shown

in figures 3.6(a) and (b).
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3.14 Determination of impregnation of cobalt and penetration profile in the absence
of a surface activation treatment, after exposure to all plating reagents.

No pre-activation of the support was attempted, The plating bath formulation described
in table 2.2 was used. The procedure described in seotion 2.3.3. was followed.

The bath temperature was 60 °C, pH of the plating bath was 8,00, and the exposure
time was varied between 5 and 120 minutes, The data obtained are listed in table 3.4 and

shown in figures 3.4(a) and (b).

Table 3.4 The effect of variation in support exposure time, in the absence of an

activation treatment, after exposure to all plating reagents.

EXPOSURE TIME, ” METAL
minutes, Vp/Ve RATIO LOADED, %
5 0,43 | 1,63
10 0,55 B 2,29
30 068 3,63
60 0,81 | 5,16
120 | 0,90 6,97

3.15 Determination of impregnation of cobalt (all plating reagents) after surface
activation treatment of thie support at pH 2,00 in the absernice of palladium nitrate.

After support pre-treatment with a uitric acld solution of pH 2,00 instead of palladium
nitrate, the plating bath formulation described in table 2.2, was used, and the procedure
described in section 2.3.3, was followed. The pH of the plating solution was maintained
-at pH 8,00 and the temperature of the plating bath at 60 °C. Support plating time was
varied between 5 and 120 minutes, The data obtained are listed in table 3.5 and shown

in figures 3.5(a) and (b).
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that, when the pil of the plating bath was maintained at 8,00 a precipitate started to
form when the cobaltous nitrate concentration exceeded 80 g/l It is also shown that the

penetration profile is not influenced by the varlation in cobalt concentration.

3.115 Determination of the effect oi varfation in support exposure time on the
Impregnation of cobalt and the penetration profile.

A palladium nitrate solution with pH of 0,80 was used in the activation treatment for 30
minutes. Support exposure thme was vatied between 1 and 120 minutes, Flating bath
temperature was maintained at 60 °C, and the pI of the plating bath at 8,00, The
plating bath formulation deseribad in table 2.2, was used. and the procedure listed in
2.3.3 was followed, The data obtained are lsted in table 518 and shown in figures

3,15(a) and (b).

“unle 3,18 The effect of varintion in support exposure time on the impregnation of

cobalt and the penetration profile.

EXPOSURE TIMF, o COBALT
minutes. __ YyVe RATIO LOADED, %
1 0,54 1 o

3 | 0,99 019
E 098 0,55
10 09 0,75
20 008 101
0 0,99 126
45 0,07 1,41
60 0,97 LM
om0 096 a0
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3,114 Determization of the effect of variation in cobalt concentration of the plating
bath on the impregnation of eobalt and the penetration profile.

A surface activation solution, consisting of 1 g/l palladium nitrate ¢ pH 0,80 was used.
The plating bath formulation deseribed in table 2.2, was used, and the procedure listed
in section 2.3.3, was followed, The cobalt concentratica of the plating bath was varied
between 10 and 100 g/l of cobaltous nitrate hexahydrate, Exposure time was kept
constant at 10 minutes, The data obtained are listed in table 3.14 and shown in figures

3,14(n) and (b).

Table 3,14 The effect of variation in cobaltous nitrate concentration of the plating bath

on the impregnation of cobalt and the penetration profile.

——— * = =

COBALTOUS NITRATE COBALT

CONCINTRATION. #/1 Vp/Ve RATIO LOADED, %
10 ) 0,99 0,07
200 0,96 0,11
30 | 0.98 | 0,18
40 0,96 0.33
50 098 0.60
0 096 0,81
70 096 0,91
80 | 096 ] 0,54
90 B 0,08 | 0,08
w0 0,05 1,05
TR ST A i : =S = . ]

Figura 3.14(a) reveals that the percentage metal loaded incieased with an inerese in
the cobatt content of the plating bath, At concentrations higher than 60 g/l of cobalt

nitrate, the rate of increase in %6 cobalt loaded deereased considerably. It was observed
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Table 3.13 The effect of variation in pH and temperature of the plating bath on the

impregnation of cobalt and the penetration profile.

CO Au‘[f
E e LOADED, %
ol 6,00 |
20 022 0,50
40 0,18 057
60 0,23 0,89
80 022 1,13
pH 7,00
2 0,20 0,61
40 0,18 0,75
60 0,25 102
80 20 12
pH.8,00 |
2 0,19 0,68
40 0,18 0,90
60 0,18 1,08
80 0,35 1,40
pl.9.00
20 20 0,61
40 22 0,77
60 0,24 0,79
80 0,19 0,90

From this datn, it is clear that the % cobalt loaded onto the support reached a maximum
at a pH of 8,00, and that thera was a lnear response with an increase in temperature
from 20 °C to 80 °C at this pil. The penetration profile stayed constant with variation

in both temperature and pIT of the plating bath,
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'The exposure time was kept constant at 10 minutes. and the temperature of the plating
bath at 60 °C, The pH of the plating bath was noted before the support pellets were
added and after the plating temperature (60 °C) was reached, The procedure described
in section 2,3,3. was followed, and the data obtained are listed in table 3.12 and shown

in figures 3.12(a) and (b).

Table 3.12 The effect of variation in sedium citrate concentration on the impregnation

of cobalt the penstration profile.

SODIUM CITRATE Ve COBALT pHLOF
CONCENTRATION, o1 ATIO LOADED. % | PLATING BATH
0 030 055 436
Y 0,29 s 4,36
10 - 0,27 0,53 438
20 031 08 4,51
5.0 | 0,34 0,55 4,63
10,0 0,18 0,57 4,67
150 N 068 4,65
25,0 0,30 o 4,61
350 029 0,31 45 |

3,113 Determination of the efleet of varintion in tompernture and pIl of the plating
bath on the hnpregnnation of cobalt and the penctration profile.

The surface activation solution consisted of a palladium nitrate solution with a pil of
2,80, The exposure time was kept constant at 10 minutes. The plating bath formulation
described in table 2.2, was used, and the procedure as listed in section 2.3.3 was
followed, Both temperature of tl.ne plating bath (from 20 °C to 80 °C), and pH of the
plating bath (from piI 6,00 to pI 9,00) were varied, The data obtained are listed in
table 3,13 and shown in flgures 3.13(a) and (b).
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3.1.11 Determination of the effect of variation in support exposure time from a plating
bath containing no sodinm clirate, on the impregnation of cobalt and the penetration
profile,

A surfage activation treatment, consisting of 1 g/l palladium nitrate at a pH of 2,00 was
used, The plating bath formulation described in table 2.2, was used, but contained no
sodium ciirate. '

The pH of the plating solution was adjusted to 8,00 and the temperature of the plating
bath was maigtained at 60 °C. E.:v:posuré time was varied between 5 and 120 minutes,

The data obtained are listed in table 3.11 and shown in figure 3.11,

Table 3.11 The effect of variation in support exposure time from a plating bath

containing no sodium citrate, on the impregnation of cobalt and the penetration profile.

[ ExPOSURE TIME, 'COBALT
npinuies, LOADED, %

3 _ _ _ba

10 . 0.24

30 0,29

60 | 0,33

120 0.36

As a result of the low cobalt Ioadings obtained, it was not possible to measure the extent

of penetration achieved by the method of optical mieroscopy.

312 Determination of the effect of variation in sodlum citrate concentration of the
plating bath on the impregnation of cobalt and the penetration profile.

A surface activation treatment, consisting of 1 g/l palladivm nitrate at a pH of 2,00 was
used. The plating bath formulation described in table 2.2, was used, but the

concentration of sodium cltrate in the plating bath was varied between 0 and 35 g/,
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3.1.10 Determination of the offect of sodium hypophosphite in the plating bath on the

intpregnstion of cobalt and the penetration profile.

The pH of the palladium nitrate soaking solution was adjusted to 0,80, This was 1on»
because the influence of the pH of the surface activation solution has already been
established, and it was known not to idflucnce the % metal loaded onto the support, The
pH-electrode used for this determination could be used at this pH. The plating bath
formulation described in table 2.2, was used, but the sodium hypophosphite

concantration was varied between 0 and 40 g/l.

The procedure listed in section 2.3.3 was followed, The plating time was maintained at
10 minutes, the pH of the plating bath at 8,00 and the bath temperature at 60 °C. The

data obtained are listed in table 3.10 and shown in figures 3,10 (a) and (b).

Table 3.10 The effect of variation in sodium hypopliosphite concentration on the

impregnation of cabalt and the penetration profile.

SODIUM HYPOPHOSPHITE CORALT
CONCENTRATION, g/l Yn/Ve 10 LOADED, %
o 0,28 103
1,0 0,38 1,00
2,5 0,87 0,97
50 0,90 0,02
10,0 091 0,90
15,0 0,94 094
20,0 094 0,85
00 0,97 | 0,88
40,0 0,89 0,88
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3.3.2 Dotermination of the effect of variation In temperature of the plating bath on the
fmpregnation of gold and the penetrntidn profile,

The plating bath formulation deseribed In table 2.4 was used, and the procedure
described in section 2.4.3, was followed.

The temperature of the plating bath was varied from 25 °C (room temperature) to 80
*C, The pH of the palladium nitrats activation so'ution was maintained st 2,00, Plating
fime was 30 minutes, "The data obtained are listed In table 3,18 and shown fin figures

3.20(a) and (h).

Table 3,18 The woffect of variation in temperat'ura' of the plating bath on the

impregnation of gold and the penetration profile.

| TEMPERATURE OF - T GOLD
PLATING BATIL, °C Vp/Ve RATIO LOADED. %
25° 023 | 0,23
40°C 0,18 1,04
60°C__ N M
80°C 0.3 1y N

= = e

3,33  Determination of the offect of varintlon Iu support expossre time on the
Impregnation of gold and the penvteatlon profils,

The plating bath formulation deseribed in table 2.4 was used, and the procedure
described in seetion 2.43. was followed. The temperature of the plating bath was
maintained at 60 °C, and the pII of the activation soluen at 2,00, Exposure time was
varied between 5 minutes and 120 minutes, The duta obtained are listed in table 3,19

and shown in figuies 3.21(a) and (b).
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33,1 Dotermination of the effect of variation in the pH of the activation treatment
solution on the imprognation of gold and the penetration profilc.

The plating bath formulation described in table 2.4, was used, and the procedure listed
in section 2,4.3. was foliowed. Since it was observed that a palladium precipitate started
to form at a pI of about 4,00, it was decided to vary the pH of the activation solution
between 1,00 and 3,00, Support exposure time was kept constant at 30 minutes, The data
obtained are listed in table 3.17 and shown in figures 3.19(a) and (b).

Table 3,17 The cffect of variation in pIi of the palladium activation solution on the

impreguation of gold and the penetration profile.

| pH_OF PALLADIUM " " GOLD
SOAKING SOLUTION Vp/Ve RATIO  LOADED. %

1,00 - 0,91 1,69

1,50 0,40 1,90

2,00 0.21 2,54

2,50 oM 272

300 0,11 Y

It is shown in table 3.17 that variation in pId of the palladium nitrate solution used in
the activation treatment of the support pellets, influenced Loth the oxtent of penetration

of the catalytic materinl into the support and the amount of gold loaded.
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It can be concluded that it is possible to prepare a supported cobalt catalyst using
alutina as support, with any penctration depth desired, and with cobalt loadings of up

to 7,50%, using permutations of reaction conditions explored in these sections.

33 RESULTS: ELECTROLESS PLATING OF GOLD ON ALUMINA.

The study on cobalt electroless plating provided a basis for understanding and controlling

the factors that influence the penetration and loading of a metal. This information

provided the basis for o study of gold clectroless plating on aluming, Sitce the key
porameters to control the Vp/Ve ratios and metal loadings ilave been established

{section 3.L), it was only considered necessary to do the following experiments in 6rder

to establish precise parameters for the deposition of gold onto alumina.

1)  Determination of the optimum pH of the palladium nitrate solution used for the
activation treatment of the support pellets,

2)  The determination of the optimum temperature, support plating time and
potassium hydroxide concentration of the plating bath,

3)  The plating bath formulation as mentioned in the literature, contained potassium
hydroxide. It was therefore not possible to adjust the pH of the plating bath to
the same extent as was possible in the case of the ¢lectroless plating bath for
cobait. The presence of potassium cyanide in the bath formulation meant that
under acidic conditlons, hydrogen eyanide would have been evolved, which would

result in the loss of cyanide jons from solution,
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3.24 The effect of variation in sodivm citrate concentration on the imprognation of

cobalt,

From the data shown in section 3,13, it is clear that in the presence of sodium citrate
when no surface activation were employed, niuch higher metal loadings were obtained,
This is significant, since it proved that citrate is indeed critical for an enhanced cobalt

uptake by the support in the absence of surface activation.

Tt was shown in section 3.1.11. that the metal loading obtained in the absence of sodium
citrate, varied betweeu 0,24% and 0,36%. At these ioadings, the % metal loaded was tao
low to permit measurement of the penatration profile by optical mieroscopy. From
section 3.1.12, it is clear that the metal loading increased from 0,53 % at 0,5 g/ of
sodium citrate, to 0.81% at 35 g/l sodium citrate. It was also observed that the
penetration profile was not influenced by variation in sodinm citrate concentration, as
In the case of variation In sodium hypophosphite concentration. Both sets of
experiments were performed ofter a Pd pre-treatment of the support. Thus the pre-

treatment overrides any significant influence of the citrate,

3.2.5 Deteriminnton of optintum pH, temiperature, cobalt nitrate cancentration and
plating time,

It was shown in sections 3.1,12 to 3.115 that optimum conditions exist for selecting
certain metol loadings and penetration depths when preparing supported e4.ulysts. When
different palladium concentrations were compared in section 3.1.7, it was shown that in
both cases, the Vp/Ve ratio hardly varied, Clearly, the pH of the support activation

procedure has the dramatic effect on Vp/Ve ratlos.
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It was shown in section 3.1.8 that the penetration profile varied with variation in plating
time, in the absence of reducing agent. The same occurrence was observed in section
3.1.9, in spite of the presence of palladium nitrate as surface activation treatment. It is
therefore only possible to modify the penetration profile by using palladium nitrate as

sutface activation treatment when a reducing agent is absent from the plating bath.

~ The major finding is that a reducing agent actua_liy plays little part in the so-called
"plating” process. Thus the whole concept of electroless plating, will need to be
considered again in the synthesis of Co/AlQy catalysts. Indeed it may be that the pre-
activation required for the synthesis of éoh "« unt plastic, for instance, which eatails use

of $nCl,, may be eriticl for the plating procass,

This is at odds with the preliminary data obtained by Colley earlier in these laboratories
(28) and will need to be explored in later studies, What has emerged from these studies
is that loading and Vp/Ve ratios can be fincly tuned by use of the solution rengents used

in the exporiments.

Indeed an analysis of the data reveals that neilther the pre-activation step with Pd nor
the reduecing reagent are important variables for obtaining large amounts of Co on the
A0, If anything they inhiblt the loading process. The do however influence the Vp/Ve

ratios,
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It can be seen in figure 3.17 that the highest metal loading obtained was for the case
where no surface activation treatment was used, It is significant to note that, from the
data given above, no advautage is gained from using a surface activation treatment
consisting of palladium nitrate when compared to a surface activation treament with

nittic ac'J (same pH), as far as the % metal loaded is concarned,

It was shown in section 3,16, that the depth of penstration is controlled by the pH of
the palladium nitrate solution.

This data is consistent with all other experiments carried vut in this study. In other
words evaluation of all other variables in which the surface activation treatment
consisted of use of a solution of palladium nitrate of known pH, provided that the

plating bath formulation in table 2.2 was used, always gave the same result,

323 The effect of the reducing ageiit on the Intpregnation of cobalt and the penetration
profile,
A comparison of the results obtained in sections 3.1.8, 3.1.9 and 3.1.15 is shown in

figure 3,18, In these experinients the role of the hypophosphite reducing agent was explored.

It is shown in figure 3.18 that the highest metal loadings were again obtained from a
plating bath where no surface activation treatment was present, In the absence of sodium
hypophosphite as reducing agent, it can be seen that the % metal loaded was higher than
in the case whore reducing agent was present. However the difference was small and
invariant with exposure time, aithough the % difference did vary with time (27% at 5

minutes; 1095 at 30 minutes).
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3.2.2 Electroless plating of cobalt withi different surface activation treatment processes.
A comparison of the results obtained in sections 3.14, 3.1.5 and 3.1.15 is shown ip
figure 3.17. In this series of experiments different surface activation treatments were
used (no treatment, nitric acid treatment, Pd activation treatment) followed by use of the
same plating bath formulation. Data at a plating time of 10 minutes are compared below

in table 3.10,

Table 3.16. Data obtained in sections 3.14, 3.1.5 and 3,1.15. Plating time was 10 minutes.

SECTIO COBALT Va/Ve SURFACE | pHOF

OADED.% | RATIO | ACTIVATION | SURFACE

ACTIVATI
3.14 2,29 0,55 - -
35 | 076 0,43 HNO, 2,00
s | 0 0,99 PA(NO, ), 0,80

The data supgest that the reagents added to the cobalt nitrate solution have a dramatic
effect nn cobalt penetration and uptake. Significant, and of concern with respect to the
oleciroless plating technique, is the recognition that palladium pre-trsatment in not

necessary to assist the cobalt deposition reaction.

The experiment in whiclt the support was pre-treated with nitric acid was undertaken to
assess whether nitric acid modified the absorption characteristic of the alumina support.
The data, when compared with data in Table 3,1, indicate that a drastic effect on the

Vp/Ve ratio is obtained after the acid treatment,
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3.2 DISCUSSION: ELECTROLESS PLATING OF COBALT ON ALUMINA

3.2.1 Impregnation of cobali from a cobalt nitrate solution with and without surface
activation.

A camparison of the data obtained in sections 3,1.1 and 3,12 are shown in figuré 3.16.
Surface activation treatment in section 3.1.2 consisted of 1 g/l palladium nitrate at pH

2,00,

Ii can be clearly seen that, in the absence of a surface activation treatment, that a near
equilibrium amount of cobalt loaded is rapidly established and thereafter only a very

small amount of extra cobalt is added to the support as a function of time.

In the presence of a surface activation treatment, it is to be noted that i) the pre~
treatment with palladium resulted In a decrease in cobalf uptake, and i) a near
equilibrium uptake of cobalt was rapidly achieved followed by a slow increase in cobalt

uptake with time,

It can be seen from the data shown in figure 3.16 that the percentage metal loaded ortn
the support pellets in the case of no surface activation treatment was almost twice as
high as in the case where the support pellets did undergo surface activation treatment,
This supgests blockage of cobalt uptake in the presence of palladium surfgee activation,
The uptake of cobalt was however low in both cases Due to the low metal loadings
obtained, the penetration profile could not be measured by optical mictoscopy, and no

comment can be made on the Vp/Ve ratios for this data,
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After a long and protracted investigation it became apparent that the phenomenon being
observed did not appear to be electroless plating. In early experiments, both the
enhanced loadings using vhe bath mixtures, when compared to the simple addition of
eobalt to alumina, as well as the grey cobalt uxide appearance of the new catalyst were
suggestive of electroless plating (see Chaptor 3). However it was eventually noted that
neither a reducing agent nor a palladium pre-treatment process wers needed to of “ain

high cobult loadings on alumina.

What ltas been noted is the importance of citrate 02,5 to achieve these results and the

role of pH of the pre-treatment In influencing the Vp/Ve ratios,

Thus the experiments have indeed revealed how numerous varfubles associated with
pliysienl properties {e.g. tempemturej and chemical reagents can control loadings and

Vp/Ve ratios, In this sense the projest has been a success,

However the thesis results have now opened up a range of new directions for the

synthesis of supported catalysts,

1)  From the literature it {3 clear that electroless plating can be used to synthesize
catalysts, Work published since our initial investigations have shown that copper
can be plated on inert supports, Qur own work in this area on copper vonfirms
this, Thus & more careful consideratinn of the support pre-treatment experiments
need to be carried out, This will initially involve the use of SnCl, to .act as an
Initiator. In later sturlies the removal of the SnCl, and replacement by other non-

ehloride fon initiators will need to be determined.
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CHAPTER 5
CONCLUSION

The results obtained in this study were totally unexpecied. As a
consequenca some re-thinking of the strategy on the use of the

electroless plating procedurs to synthesize catalysts is required.

In -the original motivation for the wse of the electroless  plating
teclinique, it was proposed as @ prouédure for the synthesis of
catalysts with high metal loadings and variable Vp/Ve ratios.
Numerous  ‘baths® to synthesize catalysts on inert supports have bean
reported in  the Jiterature, but the procedures appeared inappropriate
for the synthesis of catalysts, This nrose imee  most baths included
the wuse of CI' jons in their composition. Further, sinee ipert supports
required “roughening” to ensure the metal would stick to the support,
use of supports such as ALO; would allevinte this process. Indecd

preliminary studies by Colloy cenfirmed this proposal,

A range of oxperimenis were thus carried out to assess the role of the
varjables in  obtaining catalysts with different cobalt loadings and

Vp/Ve ratios, Gold baths wers similarly optimized,
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Table 4.2 Gold loadings and penctraticn profiles of AwALO, catalysts evaluated for

the hydrochlornation of acetylene.

% QOL D _ _ CONVERSION CONVERSIO
ESE Yo/¥e RATIO BEFORE AFTER
| _REDUCTION by
0,29 023 0 0
0,3 0,11 0 0
0,97 o 0 0
1,04 0,18 0 0
1,10 Y 0 0
1,32 0,12 0 0
1,83 0,17 0 0
1,87 0,33 0 0
2,12 o 0m 0 0
20 0,23 0 0

Romarkably none of the ¢atalysts showed any setivity, This is a surprising result. In
previous work Auw/C catalysts showed high activity for the reaction, Prolitainary data
gbtained by Nkosi revealed that Au/AL O, save poor activity, but activity which increased
with gold loading, Typical gold loadings used were 0,5 - 1%,

In order to confirm that the reactor and gas chromatograph combination used functioned
ot ectly, some Au/C catalysts were prepared under conditions estr"lished to produce
relative high gold londings, These Au/C catalysts were subjected to the same procedure
a8 the AwALQO; catalysts, and high activities were obtained, These were anly used ns
confrol samples, and the exact conversions obtained were not noted, It wa. however

establishied that the reactor assembly performed satisfactory,

At this stage ne evplanution can be given for the lack of catalytic activily of the new

catalysts.
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Clearly the Vp/Ve ratio then plays an effect in Co/ALQ, catalysed POX reactions. It

must be emphasizod that the effect of Vp/Ve ratio must not be related directly to a
diffusional argument. Sinca the catalyst has been ground up, the portions of support with
and without catalyst have been intensively mixed together, on average it can be expected
that the catalyst with Vp/Ve ratio of ~ 1 will have a more average cobalt loadmg
throughout the pressed and siaved powder. The explanation for this effect will have to

be sought in later experiments.

The influence of possible ‘“impurity {ons® which arise from the unusuanl syntbesis
procedure used will have to be carefully considered in evaluating the resulis, What is
olear however is that the way in which the catalyst is synthiesized has a dramatio effect

on the catalytic activity,
4.2 Hydrochlorination of acetylene over alumina-supported gold catalysts.

The catalysed hydrochlorination of acetylene provided a test for the catalytle nctivity of
the gold catalysts prepared in this work. In previous studies (30) procedures for

evaluating gold eatalysts were devclo;:éd.

A series of pold catalysts for testing were prepared as described in the experimental
sectian, A range of the catalysts with varying gold concentrations and Vp/Ve ratios were

propared, The results obinined are shown in table 4.2,



93

Table 4.1 Conversions obtained with various Co/ALO, catalysts.

%CORALT | Yo/ve RATIO %CH, | %CONVERSION
073 622 62,6 | 374
081 0,19 592 40,8
0,90 0,19 50,5 49,5
1,01 028 361 63,9
1,74 09T R 31,5
2,50 0,96 | 72,0 28,0

Two trends are apparent from the data obtained:

1)  If the % ccbalt loading is inereased {0,64 to 1,01%) at a near constant Vp/Ve
ratio then the % conversion inerenses (37,4 to 63,9%). Iuterestingly at higher
loadings (1,47 and 2,509) and a different constant Vp/Ve ratio the % conversion
{s near constant (slight drop from 31,5 to 28,09%), It is thus apparent that no
advantage is to be secn using cobalt loadings exceeding 196, This has been noted
previously for conventionally prepm'éd Co/ALCy catalysts (14).

2)  Incrensing the Vp/Ve ratio (0,22 to 0,96) decreased the conversion rate, It i3 to
be noted thai the % cobalt loading has been varied in these experiments, but
other data on conventionally prepared Co/Al,O, catalysts have indieated constant

activity with londings above 1% cobalt (14),
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CHAPTER 4
AN EVALUATION OF THE NEW SUPPORTED COBALT AND GOLD CATALYSTS.

4.1 Purtial oxidation of meshane over aluntina-supported cobalt cainlysts,

The part:‘allmtidation (POX) of methane is a reaction of great industrial importance. In
our laboratories, Co/AL,O; have been intensiveiy tested for the rsaction, The POX
reaction thus provides a very simple probe reaction for the evaluation of the new
Co/ALO, catalysts, In this way the effect of both loading and Vp/Ve ratios on the POX
reaction can be tested, It i3 to be noted that the Vp/Ve ratios relates to the pellets used
in the loading procedure, Howevet, the pellets were ground up after cobalt loading,

Jressed, then reground and sieved,

A serfes of catalysts with different cobalt loadings and Vp/Ve ratios where then tested
for the POX reaction:

CH, + A0, -~ CO + 2H,
The catalysts tested were obtained during the evalustion of the effect of the pE{ of the
plating bath on the impregnation of cobalt and the penetration of cobalt {section
3.1.7(a)); os well as during the evaluation of the effect of exposurs time on the above

(section 3.15).

The renction conditions used were deseribed in the experimental section and sonform
to conditions usad in other studies (J.C. Jeannot, M.Se. Thesis), Data obtained in the

experiments are shown in Table 4.1,
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From table 3,18, it was 5. wwn that the % metal loaded maximized at a temperatura of
60 °C and decreased towards 80 °C. Cobalt plating showed a continuous increase in %

metal loaded up to 80 °C.

When the optimum support plating time was determined, as shown in table 3,19, it was
found that the % gold loaded was again a function of plating time, Relatively high metal

loadings in the case of gold were obtained, when compared with cobalt.

When the effect of different potassium bydroxide concentrations on the metal loading
and the penctration profile was dstermined as shown in table 3,20, it was found that an

optimum gold londing was obtained at a potassium hydroxide concentration of 35 g/l

It was shown In sections 3.3.1 to 3.3.4 that a gold loading of up to 4,68% can be obtained
by varying the parameters studied, and that optimum conditions exist for selecting
desired meta) loadings and penctration profiles when preparing gold eatnlysts supported

on aluntina,

Finally it must be stressed that while the ability to control Vp/Ve ratlos and gold
loadings have been estnblislicd. it has not conclusively been shown that the plienomenon
rolates to electroless plating. This was the assumiption made in devising the project.
Clearly the work on cobalt has shovn that the mechanism does . *t appear to relate to
a redox process. More wotk, outside the scope of this thesis, will be needed to further

probe the concept of slectroless plating of gold for eatalytic purposes.
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Table 3.20 The effect of variation in potassium hydroxide concentration of the plating

bath on the impregnation of gold and the penetration profile.

POTASSIUM GOLD
HYDROXIDE, /]  ¥p/Ve RATIO . LOADED, %
S5g1 | 0,28 | 049
151 o T 132
25 g/l _ 023 . 1,32
35 g/l 0,20 | 2,19
45 g/l 0,23 196 |

It is shown in table 3.20. that the penetration profile is independent of variation in
potassium hydroxide concentration. The % gold loaded onto the support showed a

maximum at a potassium hydroxide concentration of 35 g/

3.4 DISCUSSION: ELECTROLESS PLATING OF GOLD ON ALUMINA.
Completely different plating bath formulations were used for the electroless plating of
cobalt and gold. However, comparisons are still possible between the two systems and

these are discussed below,

It is shown in table 3.17 that the penetration profile of the gold into the support as well
as the % metal loaded was determined by the pH of the activation solution. Both
penetration and mass of metal loaded is therefore a function of the pH o the activaiion
treatment. The cobalt plating results showed however that only penetration profile, and

not the % metal loaded, was a function of pH of the activation treatment.
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Table 3.19 The effect of variation in support exposure time on the impregnation of gold

and the pepetration profile.

minutes YoVeRATIO |  LOADER.%
5 01l 053
10 | 0,17 097
20 0,17 18
30 | 0,23 | 2,70
60 018 3,65
120 | o 4,68

3.3.4 Determination of the effect of varintivn in potassium hydroxide concentration of
the plating bath on the impregnation of gold and the penetratlon profile.

The plating bath formulation de. vibed in table 2.4. was used, but the potassium
hydroxide concentration was varied between 5 g/l a.d 45 g/l. The procedure described
in section 2.4.3, was followed, The temperature of the plating bath was maintained at 60
*C, and the pXI of the activation solution at 2,00, Exposure time was kopt constant at

30 minutes. The data obtnined are listed in table 3.20. and shown in figures 3.22(a) and

().
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_ APPENDIX 1

1. Publication arising f£rem this th: ais.

coville, N.J., Colley, S8.E., Beatge, J.A., and Orchard, S.W.
*pProceadings of tha 10th International Congiess on Catalysis, 19-
24 July, 1992, Budapest, Hungary = The Synthesls of Cobalt
Supported Catalysts by Electroless Plating Technigues - Elsevier

Secisnce Publishers? 1993, 1743 = 1746.

2. Conference presentation arising from this thesis.

Pogter Prasentation - Catalysis Conference 1991 = Highlands
National Park, Golden Gata.

The Synthasls of Catalysts vla Electroless Plating.

Data were presanted on the synthesis of supported cobalt on Al,Q,

via the tachniqua of electroless plating.
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If citrate ions play such an important role in the loading, then clearly a study of
citrate analogues is necessary. Is there anything special about the citrate ion?
There are reports in the literature of the use of citrate jons in loading studies
(31) and this effect needs more substantial investigation. Also of note is the
known ability of the citrate ion itself to act as a reducing agent (32).

Clearly Vp, Ve ratios can now be varied with the approach described in this thesis,
The ability to vary Vp/Vc ratios in the Fischer-Tropsch r2action have recently
been described by Iglesia and co-workers (33) for some cobalt catalysts, and this
paper provides an important overview on recent work on catalyst support studies.
More testing reactions need to be perforined to assess the relationship between
loading, Vp/Vc ratio and catalyst activity. In this thesis the objective was to do
preliminary testing work, aad the data on both the cobalt and gold catalysts have
revealed poor activity for the new catalysts. Much time was spent in performing
the experiments listed (and many others not listed). However many more studies

will have to be performed to confirm the data observed here,
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