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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.

The 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, iii)

plating time, and Iv) variation of the concentrations of components of the plating bath

all influenced the mass of metal loaded onto the support, but not the penetration

characteristics. It is therefore possible to prepare a supported catalyst 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 lower gold

concentrations than cobalt.
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1.4 Cobalt In catalysts,

1.4.1 Introductlon

Cobalt is a metallic element, and, with iron and nickel, it is one of the first-row transition-

metal members of group 9 of the periodic table. Cobalt bas an atomic number of 27, and

a relative atomic mass of 58,9332. It has only one stable isotope that occurs naturally, with

12 radio-active isotopes with mass numbers between S4 and 04 (1).

Cobalt is the thirtieth most abundant element on earth and comprises approximately

0,0025% of the earth's crust (2).

Vel), little cobalt metal was used until the 20th century, but evidence exists that its ores

have been used as lcng ago as 2600 B.C. as colouring agents for glass and pottery (I,:!), In

the sixteenth century, this property of cobalt was rediscovered. Metallic cobalt, isolated ill

1735 by G. Brandt, a Swedish scientist, was in 1780 shown by T. 0. Bergman to be an

element. The use of cobalt as a metal dates from 1907, when tl series of ccbnlt-chromlum

alloys were eatentcd, These were the fore-runners of modern superulloys, It was shown in

1930 that cobalt added to certain alloys of iron, nickel and aluminium enhance their

properties as permanent magnets (1,2).
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hypophosphite, ~'Ol'maldehyde,hydrazine, berohydride, amine boranes and certain

derivates of these.

2) A buffering reagent to maintain the bath pH. Buffering is important since the

plating rate and the stability of the bath may be very sensitive to pH.

3) A complexing agent far the metal ion. Mnny electroless baths operate under alkaline

conditions, making the presence of (\ co.·',:plexing agent for the metal ion essential.

4) Stabilizers, to prevent spontaneous decomposition of the bath. Many electroless

plating baths are tliermodynamlcally unstable,

S) "Bxaltants", which may be used to accelerate the deposition rate of the metal.

1.3 Metnl SUppOl·t lmpreguatlon.

The metal loading profile of a supported catalyst is an important factor in determining

kinetic parameters and product disll'ibutio1l8 (23,24). Imprcgnatior; and drying steps involve

mass und/or heat transfer processes which often do not reach equilibrium, resulting in non-

uniform ceneentrntlon profiles of impregnation along the radius of the support pellet (25).

Examples of these impregnation profiles, along with activit.yprofiles, nrc shown ill figure 1.1.

'TIle Type I profile is sometimes referred to as "unlform", although the metal ccncentrnticu

may not be constant with respect to rellet radius, as shown schematically ill figUl'C 1.1. Type

II is of ton referred to as "pellicular" or "egg-shell", Type III as "egg-yolk", nnd type IV as

"egg-white", Types III and IV, ill which bands devoid of catclytic materinl occur all the

exterior of the support pellet, are also termed "subsurface impregnation" types (2<5,27), It

is of ccusidcrable industrial as Wt;}11 as academic interest to pr(!dk~t and control these

imprQgnntion profiles.
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The reducir " action occurs only 011 a catalytic surface. Once deposition is initiated on a

surface, the metal being deposited must itself be catalytic in order for deposition to

continue. Blectroless plating will :)CCU1' directly 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 treatment (7).

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

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

Since electroplating is generally cheaper than eleetroless plating, any advantages of the

latter normally relate to specific properties of the metal film itself. Elecrrclesa deposition

Is usually applied because it provides one or 1110re of the following advantages over

electrodeposltion:

1) Marc uniferm deposits are produced.

2) Deposit's nre often less porous.

3) No external electrical current is needed.

4) Deposits can be produced directly upon non-conductors.

5) Deposits have unique chcnilcal, mechanlcal or magnetic properties (9).

Blectrcless plating baths arc invariably nqueous solutions. 11H~bath components include

some or uU of the following:

1) A reducing agent, which is the P"ltll'Ce of electrons for converting metal lens to metal

atoms, Chemical reducing agents successfully utilized for elcctroless plating include
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1.2.5 Other methods of catalyst preparatlon

Most of the catalysts prepared in industry and in the laboratory are prepared by the three

methods described above. Some catalysts with special applications are prepared jY other

methods. These methods include:

1) decomposition of metal clusters,

2) chemical deposition from metal colloids,

3) ion implantation,

4) metal vapour deposition,

5) thermal fusion,

6) chemical reaction and

7) electroless plating.

Since the method of eleotroless plating has been used extensively in this thesis, the

procedure is discussed in more detail below.

1.2.6 Elcctt'olcss plating.

The process of clcetrcless plating was first reported in HMo by Brenner and Riddell (5).

It involves the autocatalytic reduction of dissolved metal ions to produce a coherent film of

metal. This process provides a continuoua build-up oimetal \::."l\ting011 a substrate by simple

immersion in a suitable aqueous solution, without the passage of an external electrical

current, 1101' converting metal ions to the elemental form. a chemical reduclng agent has to

be present ill solution.
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1.2.3 Impregnation

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

with an excess of all impregnating solution containing metal salts, The solid is then dried

and calcined. Because of strong adsorption of ions 011 high surface-urea 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

suppott, Impregnated catalysts have several advantages over precipitated catalysts, They are

mere economical because they require smaller amounts of the usually expensive active

ccmponents than do precipltated catalysts. Because supports are commercially available ill

almost every desired range of physical and chemical property. the impregnation methods

permit production of supported catalysts appropriate for the reaction conditions prevailing

in a given reactor,

1,2.4 IO!~exchange

This involves the exchange of support ions with ions. often of hfgher valeney, in solution,

1011 exchange can also be used to remove catalytic poisons 01' to add Pl'Ol11CltCl'S. For

example. ammonium ions in solutton will replace impurities such as sodium ions in a

catalyst. Catalysts can also be loaded 01' modified by ion exchange mechanisms.
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properties that determine its activity, The whole history of catalysis reven 1
j 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

secrets. This has hindered the development of catalysis as a quantitative science. 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.

TIle most important methods used for the preparation of supported catalysts are discussed

011 the following pages,

1.2.2 Co-prcclpltatlou

This method involves the following steps:

1) preparation of chemical solutions with desired components,

2) complete mixing of the solutions. and formation 01 ,\ precipitate,

3) removal of the precipitate by a suitable method. like filtration 01' centrifugation. and

4) washing, drying, calcination and pretrentment to activate the catalyst.

A solid solution of variable components is obtained. in which tho metal is uniformly

distributed on the surface as well as in the bulk,
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surface area. The preparation of supports with controlled surface area, pore volume and

pore size distribution has been the subject of much research over the past years. In the

preparation of a supported metal catalyst, it is important to maximize metal dispersion and

to maintain such dispersion during reaction ill order to assure maximum catalytic activity

and activity maintenance (5). Some methods commonly used for the preparation of

supported catalysts arc discussed below.

1.2 Catalyst preparation

1.2.1 Introduction

From a r1lemicnl perspective catnlytic processes differ from ordinary chemical reactions

because of the pnrtiolpntion of an addltional reactnnt, the catalyst, which does 110t appear

in the stoichiometric equation, However, the nature of a catalyst often determines the

products of a chemical reaction.

In l11anycatalysts. the active material is the minor component. The active ingredient is

generally supported on u 1110re 01' less inert carrier, This support serves to disperse the

active component over It large surface area, and to supply mechanlcal form and strength to

tho catalyst,

Despite the widespread use of catalysts in industry, the preparation of catalysts is more

often an "art" than a "science", Catalysts with the same chemical and physical properties

may often diffcr in behaviour, indicating that these properties are not necessarfly the only



"A catalyst can only accelerate a thermodynamically feasible reaction, but cannot 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 reactica, has led to the widespread use of catalysts in the

chemical industry.

In heterogeneous catalysis, 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 surface

species of the catalyst can participate in the reaction. Reproducibility in heterogeneous

catalysis is poor, because of variations ill 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 mclcculnrly ill a reaction medium together with one or

more of the reactants. Separnticn of products from reactants call be costly and difficult.

However, good reproducibility due to definite structure and stoichiometry of catalytic

centres is possible.

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

use today. TIley 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 l te functioning of

a catalyst. He defined a catalyst as a 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 chemical equilibrium and kinetics were

becoming known, the field of catalysis became more quantitative and developed rapidly. In

1909, F. Huber demonstrnted the synthesis of ammonia from its elements on an osmium

catalyst at high pressure. Haber and co-workers worked out methods of catalyst testing and

process development that are essentially the methods of <.;1101cetoday (4). In about 1920.

Franz Fischer and Hans Tropsch converted mixtures of carbon monoxide and hydrogen to

oxygenated compounds all alkalized iron catalysts, and all improved Fe, Co and Ni catalysts

to hydrocarbons suitable for 1110tOl' fuels (1). Between 1936 and 1945, Ruhrohemie AG

licensed 12 Fischer-Tropsch (FT) plants with a t?tal capacity of about l million tons per

year of FT products, mainly gasoline and diesel fuel, III 1954, the Ff process was licensed

to the South African Coal, Oil and Gas corporation Limited (SASOL). FT plants ill France,

in the United States and ill Germany after World War II had to capitulate ill the mid-fifties

in the face of cheap mineral oil and its ready processing. Consequently, SASOL has been

the predominant producer of Fl' products for over 2.5 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 Berzellus, who was one of the great

organizers of chemical knowledge of his time (1). He was the first to note that the

phenomenon of reaction enhancement observed by his co-workers, was generally related,

and that chemical reactivity could be induced by outside agents, without the agents

apparently taking any part in the reactions. He called 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 llteraturc 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. Kuhlman reported ill 1838 the oxidation of ammonia to nitric acid in the

presence of platinum (3). During the next 60 years, the work of Wilhelmy and Berthelet

stands out. T. J surdled the hydrolysis 01 cane sugar and of esters respectively. Their later
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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 Witwatersrand 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 groups 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 thesis, 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



CHAn'lm 2

EXPERIMENTAL

2.1 Bath prcparatton: clectroless cobalt plutlng,

Several formulations for preparing cobalt plating baths were described by Pearlstein (9). TIle

formulations mentioned wore mostly evaluated for physical characteristics. like magnetic

properties, coercive force, film thickness. preferred direction of magnetism and deposition

rate. The, use of electroless plating as a method for the preparation of supported metal

catalysts was never mentioned in his formulations.

Pearlsteiu was not concerned about the chemical analysis of the metal deposits obtained.

According to him, the production ()f electrcless cobalt plating baths wore found to be more

effoctively controlled by observation of the magnetic properties of deposits than by chemical

tests.

Electrolcss cobalt plating baths evaluated by Pearlstein pre shown in Table 2.1.
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III this thesis the following issues have thus been explored:

1) Blectroless plating baths are almost without exception aqueous solutions, containing

some or all of the following: a metal salt, a reducing agent, a complexing agent for

the metal ion, stabilizers, exaltants and buffering agents. The influence ofvnrying the

concentrations of the above as they relate to penetration and metal loadings of

cobalt and gold has been investigated.

2) Conditions under which a plating bath is operated, can determine the extent of

plating obtained. The effects of variation ill temperature and pH of the plating bath

011 metal loudings nnd penetration profiles have been investigated.

3) The use of supported cobalt catalysts, prepared by tho process of electrolcss plating,

in the partial oxidation tlf methane has been investigated .

.~) The usc of gold catalysts, prepared by electroless plating, in the hydrochlorination

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

1.6 Aims or this thesis.

Electrcless plating as a method for the preparation of supported catalysts has to date not

received much coverage in the literature. 1'110 process is used extensively in industry where

exact plating bath formulations have ofton been concealed as they have been regarded as

trade secrets. It has further been reported that plating baths are unstable, very sensitive to

impurities at concentrations of 1ppm or less, that the behaviour of plating baths can be

unpredictable, and that publlshcd formulations may not war], in everyone's bands (7).

PrcUmillnlj' work in the Chemistry Department at the 'University of the Witwutersrnnd has

revealed that electreless plating can enable the preparaticn of supported catalysts with

unique PI'I,)PC1'tics, while maintaining control over the exact metal content and the

penetmticr. profile of the support (~8). In this early work, it has been shown that

electrcless plating CUll occur directly 011 the surface of catalytic metals. (For non-catalytic

metals. a pre-treatment with a catnl>tic material is needed to give a surface on which

autocatalytic reductiou can conunence.) Although not described in the lltcrature, the

1'1'cIill'linal'Ystudies curried out ill 'JUt' group have shown thnt specific bath solutton

PI'OPCl'tillS used in the pretreanncnt precess, have a profound effect all the penetration

pl'ofile of the metal on the. support. Indeed the preliminary data suggested that the

pcnetraticn profile, and therefore tho thickness of the metal layer, call be cnrefully

controlled,
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Vinyl chloride was first prepared from the reaction oE dlchlcroethaue with alcoholic potash.

011 prolonged exposure to sunlight ill a sealed tube, white flakes from the vinyl chloride

started to form. This white solid was first studied in 1872 and was described as having an

empirical formula (C2H3C1)n (21).

A patent was obtained ill 1912 for the use of mercuric chloride as a catalyst for the reaction

between hydrogen chloride and acetylene, and an effective industrial route to vinyl chloride

was established. Vinyl chloride monomer was first produced comrnerclally in the 1930's via

this route, with acetylene derived from calcium carbide. As demand for vinyl chloride

increased, marc economical feedstocks were sought. After ethylene became plentiful ill the

19505. commercial processes were developed to produce vinyl chloride from ethylene and

chlorine (21).

Currently, about 6% of world production of vinyl chloride 1110nOme1' takes place by

hydrochlorinntlon of acetylene, The industrial catalyst fOl' this process is currently based on

mercuric chloride supported on activated carbon (22). A range of metals were studied as

catalysts fa l' ~hc acetylene hydrochlctinatlon reaction. This study dictated that catalytic

activity correlated with the standard electrode potential for the meta}, and 01\ that basis it

Wl\S predicted that chlorides of metals with n standnrd electrode potential greater than that

of mercurytll) or palladiumt ll) would be marc active hydrcchlorinnticn catalysts. As

predicted, Nkosi and co-workers found that 011 a mole basis gold was about one order of

magnitude 11101'e nctlve than mercury. The authors also showed that the mercury catalyst

reactivated ill situ with hydrogen chloride at 180 ClC't showed a 25(.11 loss of mercury as
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Bimetallic 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 main burden of

catalytic action. With bimetallic catalysts, consisting of gold added to an active group 8·10

metal, Interesting results wore obtained. Addition of gold to palladium in a gold-palladium

bimetallic catalyst for the hydrogenation of unsaturated compounds, resulted in a decrease

in catalytic activity relative to that of palladium itself, III some cases, this loss in activity was

partially counterbalanced by improvements ill selectivity.

A significant enhnucement of the rate of water fOl'matir:l1 from interaction between

hydrogen and oxygen was reported for silfca-eupporred gold-palladium catalysts, with a

maximum at intermediate gold content (20).

1.5.3 Hydrochlodnnrlon or acetylene.
Vinyl chloride. CH2=CHCI. by virtue of the wide range of applications for its polymers,

is one of the largest commodity chemicals ill the United States and is an important item of

intcl'm~tiolllll commerce. Growth in prcducticn of vinyl chloride is directly related to

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

is one of the most I.lllcl'gy·cfficic:mtconsnucticu materials available (21). It was not until

aftcr V,orld War II that vinyl chloride production grow rapidly 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 ordinary conditions and is stable

in basic media. Gold does, however, dissolve readily in 3:1 hydrochloric-nitric acid (aqua

regia) to form B:AuC14, and in alkaline cyanide solutions in the presence of air or hydrogen

peroxide to form [Au(CN)tr. These reactions are important for the extraction and refining

of the metal. Gold readily amalgamates with mercury (19).

1.5.2 Gold as a catalyst.

Activities of gold-containing catalysts are g"uerally 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 ill gold, but it is by no 111eanS clear that this restriction

necessarily applies to surface atoms, since high activities £()1' CO oxidation over hil:jhly

dispersed gold catalysts has been reported. Gold-containing catalysts frequently display

improved selectivities (19).

S0111ework has been done 011 bimetallic catalysts aimed at correlating the catalytic

behaviour and the electronic structure of the catalyst with alloy composition. Alloys of

palladium, a group 10 metal, having in excite. ')tat~~,~ partially unoccupied d-band, and

gold with a completely filled d-band were studleu and attempts were made to interpret the

results on the basis of the rigid band theory. It turned out that the observed catalytic

nctivittes could not unambiguously be correlated with increasing occupancy of d-bands in

the alloys w function of gold content (20).
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activity, and has not been observed to form coke (15). According to Schmidt's observations

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

1.5 Gold ill catalysis.

1.5.1 Introductlon

Gold is presumably the fil'st metal known and used by humans. It occurs in nature as a pure

metal, and is treasured because of its 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 as a single isotope of mass 197. At

least 26 unstable isotopes have been made, the most frequently used is gold 198. with a hulf-

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

Gold is widely distributed and the average content in the earth's crust IS estimated to be H.S

ppb, The gold content of ocean water varies considernbly with location; investigations

lndlcnte that the average value is of the order of 10 parts pel' trillion, which is well below

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

Gold is indeed a noble metal. Other than in the atomic state, it does not react with oxygen.

sulphur or selenium at any temperature. Gold reacts with the halogens, particularly in the

presence of moisture. Gold also reacts with various QxidisinB agents at ambient
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suitable.

For the production of synthesis gas the partial oxidation reaction is thermodynamically more

favourable than the steam reforming route. The steam reforming reaction is highly

endothermic and is only favourable at high temperatures. The partial oxidation reaction is

mildly exothennlc and favourable even at low temperatures.

The use of catalysts for the partial oxidation reaction of methane has been reported.

Supported nickel catalysts have been studied in detail, and it was claimed by Choudary and

co-workers (H) that the use of mixtures of lanthanides and nickel gave conversions of

87,3% and a selectivity to CO of 98%. Mixed oxide catalysts containing chromium, iron,

cobalt and nickel were prepared by Hayakawa (1!>~I and both nickel and cobalt were

reported to show high activity and selectivity to synthesis gas.

Green and co-workers (16) showed that Ni, Ru, Rh, Pdf Pt and 11'catalysed the partial

oxidation of methane. Several other references can be found in the literature of catalytic

properties being exhibited by a vnl'i~ty of metals in the methane partial oxidation reaction.

The best among them describe the usc of noble metals, in particular rhodium and iridium,

but it is doubtf ul if the current world-wide production of these metals Can be sustained on

a cost-effective basis to provide for their use in hll'gc quantities.

The use of nickel for the catalysed partial oxidation reaction results in high activities, but

the catalyst shows slow deactivaticn and results in coke fcrrnution (17). Cobalt shows high
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Methane is used in a number of industrial applications, It can be used to produce

halocarbons in the presence of He) or HP, or hydrocyanic acid in the presence of ammonia,

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

Synthesis gas, or syngas, consists of mixtures of hydrogen, carbon monoxide and carbon

dioxide in various prcportions. The rndustrlal importance of syr .idS is twofold: it is a cheap

source of hydrogen for processes such as ammonia synthesis, and it can be used as a

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

Pnrtlal oxidation is all option for generating syngns from natural gas. The production of

syngas (equation 1.1) can be achieved by steam reforming of methane:

(JI'IQ298 =: 206 kJ/mol) 1.1

This process produces a hydrogen to carbon monoxide ratio of three as opposed to two

obtained for the partial oxidation process shown ill equation 1.2:

1.2

Production of sYl1tho::is gas via the steam reforming process (equation 1.1) is Important

ill the manufacture of ammonia, which is a large user of synthesis gus worldwide. The higher

hydrogen content, however, docs not favour other chemical processes, for which the carbon

monoxide to hydrogen ratio produced in the partial oxidation reaction may be more
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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.

1.4.3 Partial oxidation of 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 twentieth 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

modem times, the natural gas produced ss the by-product of petroleum oil, is often flared

(2). The purlfication of natural gas to methane is relatively Simple.

Natural gas is still a usable source of energy, and can be located in most areas ofthe 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 8MPu, but cooling consumes

energy and will add to the price of transport, Naturnl gas is often cheaper than alternative

carbonaceous raw materials, and therefore attractive for producing synthetic petroleum

products (11).
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(3) 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 hydro denitrification

and hydrodesulfurizatlon, ammonoxidation, oxidation, hydroformylation, polymerization,

selective decomposition and ammonia synthesis. (1)

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

properties:

(1) The facile redox properties of the element, the ability to form stable species in

multiple oxidation states, and the ease of electron transfer between the oxidation

states via unstable intermediates or free radicals.

(2) 111e ability to form complexes with suitable donor groups and the relative stability

of these complexes.

(3) The abIlity to form complexes of varying co-ordination number and to exist in

equilibrium in more than one sterecchcmlcal form,

(4) The ability to undergo equilibrium decomposition reactions in polymerization '

systems. Decomposition products may take part in the catalysis.

(5) Cobalt complexes are able to undergo ligand exchange reactions which can be

Important in assisting catalysis,

(6) Cobalt oxides and sulphates, because of lattice vacancies, bond energies or electron

effects, arc active heterogeneous catalysts, (2)
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The worlds largest cobalt reserves are in Zaire, Zambia, Morocco, 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 dependent on the political

stability of these countries, and therefore cobalt is regarded as a strategic metal and is

stockpiled in some countries.

Chemically, cobalt resembles iron and nickel. It shares many common properties with iron

and nickel, e.g, a 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 pottery

to drying agents in paints, to their use in animal and human nutrients, electroplating

materials, high-temperature alloys, radiology, thermistors and explosives. Cobalt is also a

very effective catalyst or catalyst component in many homogeneous and heterogeneous

processes.

1.4.2 Cobalt as a catalyst.

Over 40% of the cobalt employed in nonmetallic applications is used in catalysis. About

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

(1) heterogeneous catalysts used in hydrotrearing/desulphurization in the oil and gas

industry,

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

dimethylterphthalate, and
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2.4.2 Atomic nbsorptlon Sl)cctl·oscopy.

The ccncentrntious of th~ relevant metals were determined by atomic absorption

spectroseop, (AAS). Samples wore prepared for analysis by crushing nnd grinding the

pellets to a fine consistency in a mortar and pestle. A prc-determlned muss of sample (±

0,2 g) was accurately weighed all all analytical balance, soaked for 30 minutes in 10 ml, of

aqua l'egia, and then heated for 2 minutes at the boiling point of the liquid.

These were then diluted to an appropriate volume with distilled water, and aguin diluted

to contain a final concentration of cobalt of not mere than 10 mg CoIl ill the final dilution.

A set of standard scluticns were prepared from a stnndard 1000mg Co/l AR.grodc sclution,

to contain ecncentrutiens elf 2, 4, 0, 8 and 10 mg /1 of cobalt respectively. 1110. absorbnnces

off all of these solutions ware determined by MS.

2.5 Catalytic reaetor studies.

2.5.1 PUl·tlnt oxidation of methane.

2.5.1.1 Installation.

The installation used lor conducting the reactor studies is shown in figure 2.2.

The reactor used allowed temperature measurement above the catalyst be " and is shown

in figure 2.3. A mlxture I"f methane and ail' was fed via u system of valves housed in the

TeD oven, A, to the reactor R. By switching valve VItI the reaction mixture c(mld bypass

tho reactor lor analysis, 1'1\0 flow-rates af the two gases in the mixture were controllc-) with

flow ccnnnllers. On/off valves allowed each gus line to be prefercntlally selected.
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~igur3 2.1 D~tormination of Vp an~ Vo (ponat~ation profile) by

optical microscopy (28).
'Vc d total volume. of t!h4t, ea;t:;alyst pe:!.let Q 1Z'J:'1.1h

whore r. a ra~iuo of pallet
h ::::r lonqtll of pollot

Va 0 volume. of support not plated c:I ll'r==h

whore r~ c radius Qf aroa not plated (i.c, ~nnor oore)
~'p e:1 volume Of pool eont3.irdnq plated Co 1';;\ Vc rt Vel

c ll'h(r~! - r~:l)
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2.3 Appnratus used.

During the plating process, the plating solution was stirred continuously to ensure proper

ntixillg of the solution while the plating process was in progress. Measurement and

adjustment of pH and temperature had to take place simultaneously. For this purpose, a

magnetic stirrer with heating ability was used, while the pH electrode as well as the

electronic thermorneter was placed well below the surface of the plating solution. The

following apparatus was used:

1) pH mcter and clcott'ode:

Knick model 761 Culimntic, with pH combination electrode No. N 6280 with built-in

temperature compensation.

2) not plate stlrrcn

Corning model PC 351.

3) Electronic thermometer:

Minltherm HI 8053: Hanna Instruments, ·10 °C • 100 (le.

2.4 Chl\l'nctul'i'l.ntion of suppol·tcd catalysts.

2.4.1 Optical mlcroscopy,

Opticnl microscopy wns used for the determination of the degree of penetration of \:be

catalyst into the support, and thus the VpNc ratios. A NIKON Phase Contrast microscope

at a magnification setting of 100;(,fitted with a cnllbrated vernier scale, was used to measure

the respective dimensions of the plated and non-plated sections of the support pellets, as

illustrated ill figure 2.1. 1:]'0111 these, the VpNc ratios were calculated.
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2.2.1 Support used.

The same support was used as fOl' the electroless plating of cobalt (2.1.1). Le. product

designation AL·0104 T Lot no, H328.

2.2.2 Activation tl'entment of support.

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

2.2.3 Plating procedure,

The plating conditions were varied acccrdlng to the variable being studied. Alter numerous

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

1) The plating bath used would be as ill table 2.4 (Formulation 1).

2) The pluting time would be 10 minutes.

3) The tem, ~ul'Cof the plating bath would be 60°C.

4) A volume of 2 ml, of plating solution would be used fol' every pellet being plated.

5) After plating. pellets would be removed and washed in distilled water until all visible

traces of plating solution were removed.

'ti) Pellets would then be washed with distilled water four times, at ten minute lntervats,

and left overnight in the last volume of distilled water.

7) After ~.j. hOU1'S, all pellets would again be rinsed ill distilled water four times.

8) Pellets would then be left on filter paper to ail' dry for 24 hours, before being dried

in a forced circulatlon oven at 90°C for another 24 hams.

9) Pellets were then stored in air·tight glass containers until needed.
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Table 2.4 Bath formulntions for electroless gold plating, from

patent literature (8).

= == .. --
Bnth constituents. ~ 2,L

-
Potassium gold cyanide. I<Au(CN);', 0,005 molll 0,005 moIIl

-Dimethyl amine borane, CZHIOBN 0,05 mol/l 0,050101/1

Potassium hydroxide, l{OH 0,8 mol/1 0,8 molll
,

Potassium cyanide. l{CN 0,035 mol/l 0,035 mol/l
.~.

Potassium curb cnute, K:CO, 1.0 molil O,4S mol/l

-1.
Lead acetate. Pb(CH3COOh 15 1l1g!1 15 mg,t1

jHydrazirrc hydrate. ·.tIII. 0.25 molll
_._= ~- - - - -

It was mentioned by Pearlsteln thnt dense gold deposits wore produced on geld, silver.

palladium, platinum and copper with the fcrmufution mentioned in table 2.3.

It was decided to lISC formulation no. 1 £J'OI11 the patent literature (Table 2A),. as a basic

formulatton for the evaluation of electrelcss plating on nlnminn, The forrnulation given by

Penrlsteln in table 2.3 was never evaluated. because (,f the unavailabmt; of potassium

borohydride at the time.
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2.2. Bath preparatlont electroless gold plating.

A number of electroless gold plating baths have been described in the technical and patent

literature (8,9), According to Pearlstein, there is reason to believe that the baths functioned

predominantly by electrochemical displacement, rather than by autocar- .ytic mechanlsm, or

that they had impractically low deposition rates.

A typic,'!l hath composition given by Pearlstein is shown in table 2,3.

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

..
Bath constituents Concentratlcn ,,-

Potassium gold cyanide, KAu(CN)z 5,8 gil
Potassium cyanide, KeN l~'Ogil
Pctassium hydroxide. KOH 11.2 gil

~

Potassium bcrohydride. KDH4 ~3~~Lrempel'n!Ul'c = .-..... :.::

Two more fortnulntlous obtained from the patent llterature are listed in table 2.4. Excellent

stability as well as high plating rates for th~se formulations were claimed, apparently

because of the addition of a carbonnte compound which accelerated the oxidation kinetics

of the reducing agent on gold substrates without aff(!cting the agents present to maintain

bath stability. 1t was also claimed that gold could be plnted from these baths fol' at least six
days without npparent bath deteriorntion (8).
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2.1.3 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) The plating bath usee! would be as in table 2.2.

2) 111eplating time would be 10minutes.

3) The temperature of the plating bath would be 60 (le.
4) The pH of the plating bath would b . maintained at 8,00.

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

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

until all visible traces of plating solution were removed.

7) Pellets would then be washed with distilled water foul' times, at tell minute intervals,

8) Pellets would be left overnight in a volume of distilled water, as described in 7)

above.

9) After 24 hom's, all pellets would again be rinsed in distilled water foul' times.

10) Pellets would then be left on filter paper to air dry for 24 hours, before being dried

in a forced circulation oven at 90°C for another 24 hours.

11) Pellets would then be stored in air- tight glass containers uutfl needcd,
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2.1.1 Support used.

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

Catalyst Division, The Netherlands.

TIle support was in the form of cylindrical pellets, with a length of 3,4 moo, a diameter of

3,2 mm and a surface area of 170 mZ/g. Product designation was Al·Ol04 T, Lot no. H32~.

2.1.2 Activntion treatment ot.' SUPPOl't.

The electroless plating technique permits metal plating on non-conducting materials such

as alumina. once the surface has been made catalytic by a suitable activation treatment, To

achieve this, the pellets were soaked in a solution containing palladium nitrate, The

procedure war;as follows:

1) The required number c, pellets were soaked for 30 minutes In a soludon of

palladium nitrate, using 1 ml, of a 1 gJI palladium nitrate solution per Filet.

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

3) Pellets wore washed in ethanol, at a volume of 1 1111. of ethanol PCI' pellet. Pellets

were left to soak fol' 5 minutes.

4) After soaking in ethanol, pellets were again rinsed foul' times in distilled water.

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

-= ]Bath constituents Concentration, gil

-
Cobalt nitrate. CO(NOJ)1·6H;p 60

Sodium hypophosphite, NaHzPOz 20

Sodium citrate. Na3C6Hs07.2HzO 3S
---

Ammonium nitrate. NH4N03 SO
L "

Since electroless cobalt plating with hyccphosphlte as reducing agent will not occur in acid

medium, the pH of the bath had to be adjusted to a basic pH in this work, Since Pearlstein

(9) reported that lower deposition rates were ob.ained when sodium hydroxide was used to

adjust the pH, it was decided to 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 lath to pH, ammonium nitrate was

used as a buffering agent to maintain the pH at the desired value.
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Table 2.1 Typical compositions for electroless cobalt deposition baths (9).

Bath constituents, gil 1 2 3 4 5 6

Cobalt chloride. 30 30 7,5 271 ..... ..
CoClz·6HzO

Cobalt sulphate . _. _. .- -- 24 25
CoS04·7Hp
Sodium hypophosphite, 20 20 3,5 9 20 ......

N aH2POz.1"lzO
Dimethylamine borane, •_. ... .. -- .. If

(CH3)zNHBH3

Sodium citrate. 84,5 29,6 27,4- 90 70 ..
Na3C6HsO,.2HzO
Ammonium chloride. SO 50 12,5 4S .,~ I··NH"Cl
Ammonium sulphate. .. .. .. .. 40 ...
(NH.1hSO.\
Sodium lauryl sulphate -- .. ,015 .. 0.1 ..
C12HzsO.1SNa

Sodium succinate. _. .. ~. .. .. 2S
C4H"Naz04·6H:P
Sodium sulphate. Na:SO.1 .. .. .. .. .. 15
pH 9,5 9,$ 8,2 8,4 8,5 5,0--
Temperature, °C 92 92 80 75 92 70- _.

In this work it was decided to use a formulation similar to formulation no. 2 in taole 2.1,

but to use nitrate salts thrcughout, instead ()f chloride salts, as described by Pearlstein. This

was done with a view to the possible use of the prepared catalyst in the Fl'-synthesis,

Nitrate ions are preferred to chloride ions in the precursor salts used in the synthesis ofFwT

catalysts, because it is known that chloride ions can poison the FwT catalyst, TIle bath

fornnuation decided on is 5ho\,11 ill table 2.2.
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3.1.3 Determination of lmpregnatlon ol' cobalt and penetration profile from a solution

containing cobalt nitrate and sodlum citrate, in the absence of activation treatment.

Support pellets were not subjected to a surface activation treatment, but submerged in

a solution containing 60 gil of cobalt nitrate and 35 gil sodium citrate at 60 °e. Exposure
time.was varied between 5 and 120 minutes, In order to compare the results with those

obtained in section 3.1.1 and 3.1.2, the pH \',US 'adjusted to 6,28 at 60 °e. The data

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

Tuble 3.3 TIle effect of variation ill exposure time from a solution containing cobalt

nitrate and sodium citrate, ill the absence of a surface activation treatment.

,EXPOSURE T!ME$ COBALT
minlltc,S\ Y.r4Y.c RAT1.n .L()AnEQ~(!!2---it

5 OAO 0.40I~----------------~------------------~----------------~I10 0,.52 0,73I~-----------------+--------------------I--------------------'~I30 D,oS 1,24-F·------------------r--------------------~·------,-----------~lGO 0,81 1..62------jJ
'120 0.99 2,17~_=._==.====o~~~=.~~~==~====~~====~~~~~===_=====~~~==

III 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 a solution containing 1 gil palladium nitrate at a pH of 2,00 for 30minutes.

The support pellets were then submerged into rl. solution containing only 60 gil of cobalt

nitrate, at 60 °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 solution was not adjusted. The data obtained are listed in table 3.2 and shown

ill figure 3.2.

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

cobalt nitrate, ill the presence of a uirface activation treatment,

r ---="' - -= --
,EXPOSURE TJ:yJEt COBALT

minutes. tOADED, (~

5 0,12
10 0,12

I 30 0,13-
60 0,16

L120 0.17
'l::::_':'::'

As in 3.1.11 it was not possible to measure the extent of penetration of the metal by

optical microscopy, because of the very law metal loadings obtained.
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3.1.1 Determination of impregnation of cobalt from a solution containing only cobalt

nltrnte, in the absence of a surface activation treatment,

Support pellets were submerged into a solution containing only 60 gil of cobalt nitrate,

at 60 "C. No surface activation treatment was used, The pH or the cobalt nitrate

solution was 7)04 at 20 "C, and \),:!8 at 60 "C, No adjustment was made to the pH l'lt

the plating solution, because of the formation of a precipitate of possibly the hydroxide,

under alkaline conditions. TIle time of exposure was varied between 5 and 120 minutes,

TIle procedure described in section 2.3.3. was followed. The data obtained are listed in

table :;.1. and shown in figure 3.1.

Table 3.1 The effect of variation in exposure time from a solution containing only cobalt

nitrate, in the absence of a surface accvatlon treatment.

-
EXPOSURE TIME,1 COBAI.J:

minutes. LOADED,%

5 0,23

10 0,24

30 0,25-
60 0,28-
120 0,32

",,"=-_ =
Itwas not possible to calculate the VpNc ratio of the above sumpies. TIle layer of metal

rendered onto the SUPP0l't. us a result of the low cobalt loadings, could not be

distinguisht.1 from the background colour of the pelle, by optical microscopy.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 RESULTS; ELECTRO LESS PLA'l'ING OF COBALT ON ALUMINA

The electroless plating technique entails the use of numerous reagents and a range of

reaction variables (temperature, concentration etc.) to bring about 'be deposition of the

required metal on a support.

In order to establish the influence of the reagents and 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

electroiess 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. 111is was done at the same

temperature as used for the actual plating baths. namely 60 °e. 111e impregnation

was done in the absence as well as in the presence of the activation treatment

required in the electro less pla ing process.

2) The influence of the initiating surface treatment with palladium nitrate was

determined. 111e data were compared with results obtained without any surface

treatment. The effect of pH of the surface treatment was also investigated.

3) 111e effect of the reducing agent used ill the plating bath, both in the absence as

well as in the presence of the above surface activation treatment, was determined.

4) 111e effect of the stabilizer, sodium citrate, on the plating process was determined.

5) TIle effects of variation in pH, temperature, metal concentration of the plating

bath, and plating time, on the percentage cobalt loaded, were determined,
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1igure 2.4 Laboratory mic~o-reac~or us~d for catalyst testing:
1, drying oeloron; 2, rotameter; 3, flash arrestor; 4, mixer; 5/
preh~aterf' 6, reaotor; 7, sodium hydroxide traps; 8, flowmeter
(22) •
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The experimental procedure was relatively simple, due to the programmable integrator and

multi-ramping temperature 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 FIll and TCD were recorded. The FID signal was plotted. Ten minutes were

allowed to completely flush the sampling valves, which were then switched to the collecting

position. After 28 minutes the integrator stopped collecting data and reported the integrated

peak areas and reten tion times. 111e reactor was then reset to zero and the feed gas was

manually switched to bypass the reactor. The reactor was removed once it had cooled and

was cleaned.

2.5.2 Hydrochlorlnatlon of acetylene.

The installation used ~(JI' conducting the catalytic studies is shown ill 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 mOLsture, Hydrogen

chloride gas was similarly dried using 3A molecular sieve. Gas flow-rates were controlled

using calibrated rotameters, The dried gases were then mixed, preheated to 180°C and

passed over the catalyst. Product gases were then analysed by gas chromatography.
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detected 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 TeD

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

Plated pellets were ground with a mortar and pestle to a fine consistency, then pressed in

a die by an 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 I-etween 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 6000e

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 k.ops.

When the sample valves were switched to the "sample" position, the gas in the sample loops

represented the steady state product gas of the reactor at 600°C.
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The reactor jacket temperature was controlled by a multi-ramping temperature controller,

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 centre, and the reactor was

placed so that the 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 cm3Jmin and 180 cm3/min respectively. It was assumed that

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

2.5.1.2 Analysis.

Two different detectors were used for the analysis of the product. A thermal conductivity

detector (TeD), which detects differences between the thermal conductivity of the product

gas and a reference stream of the carrier gas, and a flame ionisation detector, which

measures the heat of combustion of the products in air.

The presence of a NiOJAlzOJ catalyst in this installation converted all carbon-contalning

compounds in the presence of excess hydrogen to methane, which was the only carbon-

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

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

actuator to allow simultaneous sampling.

A 30mI/min stream of hydrogen, controlled with a flow controller, was used as the carrier

gat: for the FID. During sample collection, the product gas stream was routed through the

sample loop, and the carrier W1:;S bypassed. By switching the valve, the carrier gas was

rerouted through the sample loop, and the product gases in the sample 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 60°C, B. The product gases then passed

through a 0,8 m column packed with a NiOJAIP3 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 routed via pressure controllers. The

reference stream flow-rate of 30 ml/min was controlled with a needle valve. The sample

stream passed through the sampling valve and the Carbosievc SIr column, prior to detection

in the TCD. Both the sampling valves. Carbesieve SIr column and the TCD were operated

at an oven temperature of 35QC.

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

integrator. The integrator also controlled the actuator used to control the sampling valves.
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3.1.9 Determlnatlou of the impregnation oC cobalt and the penetration profile in the

absence of a reducing agent.

A surface activation treatment, consisting of 1 gil palladium nitrate solution of pH 2,00,

was used.The plating bath formulation described in table 2.2. was used, but no reducing

agent (sodium hypophosphlte) 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 ill figures 3.9(a) and (b).

Table 3,9 TIle effect of variation in support exposure time on the impregnation ot

cobalt and the penetration profile, in the absence of a reducing agent.

rm;=- - "7'" :=:

PqSURF.~TI;\r~1 COBALT
.!!Iinuteg, YpL\!c RATIO l.,()ADEDj %- ---
I 0,23 0,32- - --
"J O,3·~ 0,41...-
S OA4 0,71

10 0,.53 0,94- ~-
20 0,61 1.20... --~-30 0,65 1,45

, -
45 0,68 1,72- --
60 0,75 1,98--.
120 0,86 2.68- == - -- .......,..,.,.. .. .-
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From these results, it can be seen that there is no advantage in using a 2.0 gil palladium

solution instead of a 1,0 gil solution, since the concentration of palladium in the

activation bath has little effect all the subsequent cobalt loading on alumina.

3.1..8 Determlnatlon of the impregnation of cobalt and the penetration profile in the

absence 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 hypophosphite. The pH of the plating bath

was adjusted to 8,00. The plating bath formulation described in section 2.2. was used,

with the exception of sodium hypophosphitc, The procedure described in section 2.3.3.

was followed. and the data obtained are listed in table 3.8 and shown in figures 3.8(a)

and (b).

fable 3.3 TIle effect of variatiou in support exposure time on the impregnation of

cobalt and the penetration l'l'ofile ill the absence of both activation treatment and

reducing agent,
,..,...".,,.. . - -- "

EXPOSURE TIME.\ COnALT
IllJllutcs •. VpJYc RATIO LOt\DED, % -_

5 0,44 1,74
10 0,53 2,31

30 0,68 3,76----._-
60 0,75 5,33,--
120 0,86 7,16--- -- -- ,_ - . • -.1:::=- ._-- .__ ._
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TIle 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 gil. 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

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

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

concentration of 1,0 gil.

-
l..Q_g/! Pd(NOJlz solution --

COBAl/X:
nTI OF PLATI~G sor.trrrox Vp!y'c RATIQ. LOAr}~D,.l.~

6,00 0,19 0,81

7,00 0,19 0.90-
8,00 0,23 1,01

9,00 0,22 0.73

10,00 0,23 0.64-

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

concentration of 210 gil.

=- - =or::: --
lJ) Jtil p(!iliQ..,l: solution,

COlk\Ll
12HOF PLt)'rD~G SOLU~ YJ)jj~cRATl.Q LQADED..J.~

6,00 0,28 0,79

7,00 0,22 0,84

8,00 0,27 1,01

9,00 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.

nH OF PALLADIUM CQBALT
§OAKING SOLUTIPN Yn!Y.c RATIO LOADED, %

0,80 0,91 0,85

1,00 0,84 0,95

2,00 0,34 0,96-.
3,00 0,23 0,95

4,00 0,12 0,98

3.1. 7 Determlnatlcn of the effect of variation of the palladium concentration of the

surface actlvatlo.i treatment and plating bath pH on the impregnation of cobalt and the

penetration profile.

An attempt was made to assess the effect of the palladium concentration used for the

activation treatment under constant reaction conditions on the penetration profile and

the % cobalt loaded onto the support

Variation of the pH of the activation treatment solution between pH. 1 and pH ~ (section

3.,1.5.) revealed that the metal loading (ca. 1 %) hardly varied with variation in pH of

the activation solution. However to observe a VpNc ratio ().(about 0,5 a soaking solution

with a pH of about 1,S would be needed. Since the electrode used for measuring pH was

designed to be used above pH 2,00 it was decided to use a palladium soaking solution

of pEl 2,80 for this study which would give a Vp/Vc ratio of about 0,2. At this pH, no

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

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

II :0.,- -
,EXPOSURE TIMEI COBA~1'

minutes. V'O/V c RATIO LOADEJ)I%

5 0,22 0,56

10 0,43 0,76

30 0,63 1122

60 0,80 1,74

120 0,90 2,33

3.1.6 Determination of the influence of the pH of the activation treatment of support

pellets on the Impregnation of cobalt and the penetration profile.

The plating bath formulation described ill table 2.2. was used. but with the pH of the

palladium soaking solution as a variable. The pH after dissolution of palladium nitrate

in a small volume of water containing 10ml. of nitric acid, was between 0,7 and 0,8. The

pH of this solution was increased from 0,8 in increments of 1 pfl-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 ,~,OO.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 3.6 and shown

in figures 3.6(a) and (b).
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3.1.4 Determination of impregnation of cobalt and penetration proflle 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. TIle procedure described in section 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 120minutes. The data obtained are listed in table 3.4 and

~hovvnin 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 TIMEs METAL
minutes. Vn'/Vc RATIO LOADED, %

5 0.43 1,63
r--'"

10 0,55 2,29

30 0,68 3,63

60 0,81 5,16

120 0,90 6,97
- ~=

3.1.5 Determlnatlon of impregnation of cobalt (all plating reagents) after surface

activation treannent of the SUppOL't at pH 2,00 In the absence of palladium nitrate.

After support pre-treatment with a nitric acid 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. TIle pH of the plating solution was maintained

at pH 8,00 and the temperature of the plating bath at 60 ClC. 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 pH of the plating bath was maintained at 8,00 a precipitate started to

form when the cobaltous nitrate concentration exceeded 60 gil. It is also shown that the

penetration profile is 110t influenced by the variation in cobalt concentration.

3.1.15 Determination of the eil'oct Oh variation in support exposure time on the

Impregnation of cobalt and the penetration Pl·ot1lC.

A palladium nitrate solution with pH of 0,80 was used in the activation treatment for 30

minutes. SUPP0l't exposure time was varied between 1 and 120 minutes. Plating bath

temperature was maintained at 60°C, and the pH of the plating bath at 8,00. The

plating bath formulation described ill table 2.2. was used and the procedure listed in

2.3.3 was followed. The data obtained are listed ill tabJ~! ~.15 and shown in flgures

3.1.1(a) and (b).

"·,.;I)ic 3.15 The effect of variation in support exposure time 011 the impregnation of

cobalt and the penetration profile.
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3.1.14 Detennl-uitlon of the crr~ct of varlatlon in cobalt coucenrratlon of the plating

bath on the impregnation of cobalt and the penetratlon proflle,

A surface activation solution, consisting of 1 gil palladium nitrat« .~ pH 0,80 was used.

The plating bath formulation described ill table 2.2. was used, and the procedure listed

in section 2.3.3. was followed. The cobalt concentration of the plating bath was varied

between 10 and 100 gil of cobaltcus 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(a) and (b).

Table 3.14 The. effect of variation ill cobultous nitrate concentration cf the plating bath

on the impregnation of cobalt and the penetration profile,

-- -- - -
1~OBALTOUS NITRATI~ COBAL12

CONCENTR~TION. gil ypfVc ~,ll1Q !.O/\JlEl11-~
10 0.99 0,07

20 0.96 0,11

30 0.98 0,18 I
.~ - . -I·W 0.96 0.33--~- .

I50 0.98 0,60_I" - IGO 0.% 0,81-
70 0,% 0,91
80 0.96 0,94- --90 0,98 0,98

100 O,!)S 1,05
- :::l ._-

Figure 3.14«(\) reveals tlint the percentage metal loaded increased with an incl'p':~e in

the cobalt content of the platin~ bath. At concentmtfons higher than 60 gil of cobalt

nitrate, the rate of increase in cobalt loaded decreased considerably. Itwas observed
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Table 3.13 The effect of variation ill pH and temperature of the plating bath on the

impregnation of cobalt and the penetration profile.

-- .
conALT

'I'EMPERATtJRIb IlC Vp/Yc RATIO LOAD ED,_ o/i!-
nIl (',00

20 0,22 0,50

40 0,18 0,57

60 0,23 0,89

80 0,22 1,13
En 1100

20 0,::'0 0,61
40 0,18 0.75--60 0.:25 1.02-
80 0.20 !~27

pl!.1L!l!l...-
20 0.19 0,68

=7_

40 0.18 0,90
1-- ..._-----

60 0,18 1.08

80 0.:;5 lAO
1'--'

nJ12.&!l ---
20 0.20 0,01. --·m 0.22 0,77

60 0.24 0,79

80 1 0.19 0,90

Frolll this data, it is clear that the % cobalt loaded unto the support reached a maximum

at a pH of 8,00, and that there was a llnenr response with an increase in temperature

from 20 (Ie to 80°C at this pH. The penetration profile stayed constant with variation

in both temperature and pII of the plating bath.



66

')1, Cobalt londocJ

,I
Io.sl
!
!

0.6)
~. __ "~"_'~' __ •.• w

I
OAI.__ ._~,-,~~,-- ,,,.,, .",."m_m_, __ ."""., ,,=,",

o S 10 15 20
gIl scctum citrate

'.,

3\) 35

The ~ff()ct of variation f.n sodium citrate

{%) •

concentration of the platinq bath on the impregnation of cobalt

'J.13

a/I Sodium eltrato

ri9''ll:O 3 .12 (b) • The effoct of variation in sodium citro:to
conoentration of the platinq bath on the penetration profile.



65

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 datu obtained are listed in table 3.12 and shown

in figures 3.12(a) and (b),

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

of cobalt the penetration profile.

-
SObIUM C1,I.RATE VpLY£ COBALT pIlOF

CONCENT1~.\ TI<l~ R\TIO .L.9Anlm~ pr.!~l1t-
0 0.30 0.53 ·t,36
0':; 0,':'9 O.S3 4,36.-
1.0 0,:?7 0,53 4,38

2.0 0.31 0,53 4.51

5.0 0,34 0,55 4.63-
10,0 0,28 0•.57 4.67

[ 15.0 0.31 0.65 4,05-
25,0 0,30 0,71 4,61

35,0 0.29 0.81 4.65 J--- , ~ -

3.1.13 Determination of the ell'cct of varlatlon In temperature and pH of the plating

bnth on the impregnation of cobalt and the penctrntlon profile.

The surface activntion solution consisted of a pnlladlum nitrate solution with a pH 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 the platillg bath (from 20 °C to 80 OC), and pH of the

plating bath (from pH 0.00 to pH 9.00) were varied, The data obtained arc listed in

table 3.13 and shown ill figurl.'s 3.13(<\) 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 sodium citrate, 011 the impregnation or cobalt and the penetration

profile.

A surface activation treatment, consisting of 1 gil 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 citrate.

The pH of the plating solution was adjusted to 8,00 and the temperature of the plating

bath was maintained at 60°C. Exposure 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 TIMEI COBALT
minutes. LOADEDj%

ro-
5 O.2'~-
10 0.24

30 0.29

60 0.33

120 0,36

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

of penetration achieved by the method of optical microscopy.

3.1.12 Determination of the effect of variation in sodium citrate concentration of the

plntlng bsth on the impregnation of cobalt and the penctratlon profile.

A surface actlvatlon treatment, consisting of 1 gil palladium nitrate at a pH of 2,00 was

used, 11l(~ plating bath formulation described in table 2.2. was used, but the

concentration of sodium citrate in the plating bath was varied between 0 and 35 gil.
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3.1.10 Determination of the effect of sodium hypophosphite in the plating bath on the

impregnation of cobalt and the penetration profile.

The pH of the palladium nitrate soaking solution was adjusted to 0,80. This wac. 1011"

because the influence of the pH of the surface activation solution has already been

established, and it was known not to influence the % metal loaded onto the support. The

pH-electrode used fOi this determination could be used at this pH. The plating bath

formulation described in table 2.2. was used, but the sodium hypophosphite

concentration was varied between 0 and 40 gil.

The procedure listed in section ::U.3 was followed. The plating time was maintained at

10 minutes, the pH of the plating both 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 hypophosphite concentration on the

impregnation of cobalt and the penetration profile.

- ---,

SODlUM HYPOPHOSPHIT~ COBALT
CONCENTI!ATfONl ,gL1 VIl!Vc.EATJO LOADEDl s,--a 0,28 1,03_.

1,0 0,38 1,00- -
2,5 0,87 0,97

5,0 0,90 0,92

10,0 0,91 0,90.
15,0 0,94 0,94

20,0 0,94 0,85 .-
30,0 0,97 0,88

40,0 0,89 0,88 J
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3,3,2 Determination ot' the effect of varlatlon ln temperature of the plating bath on the

Impregnatlon of gold and the penetratlon profile,

The plating bath formulation described ill 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 nltrute activation solution was maintained at 2,00. Plating

time was 30 minutes. T11edata obtained are listed in table 3,18 and shown in figures

3,20(a) and (h),

Table 3.18 The effect of variation in temperature of the plating bath on the

impregnation of gold and the penetmticn profile,

0,~3 2.70i-=--------!i-----------t---""-------ll
1.870.23

3.3,3 Detcnnlnnuon of' the effect of variation ln SUPP01't exposure time on tho

lmproguatlen ot' gold and the penetrarlon prollle,

The plating bath Icnnulatiou described in table 2,4 was used, and the procedure

described in section 2.4.3. was f<~llowed.The temperature of the plating bath was

maintained at 60°C, nnd the pH of the activation solmlon at 2,00, Exposure time was

varied between 5 minutes and 120 minutes. The data obtained are listed in table, 3,19

find shown in figul es 3.:11(a) and (b).
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3.3.1 Determination or the effect of varlatlon in the pH of the activation treatment

solution 011 the impregnation of gold and the penetration profile.

The plating bath formulation described in table 2.4. was used, and the procedure listed

in section 2.4.3. was followed. Since it was observed that a palladium precipitate started

to fo1'01at a pH 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 nrc listed in table 3.17 and shown in figures 3.19(a) and (b).

Table 3.17 The effect of variaticn in pH of the palladium activation solution on the

impregnation of gold and the penetration profile.

I
- '--I .~ ~

J)H OF l)ALLADJUM GOliD.
SPAKJNG @LU..I!ill':l: Vp!Yc Rt\.UQ ,I.OADEDl %-

1,00 0,91 1,G9
1,50 0,40 1,90

I'.... - -
2,00 o.ai 2,54

t~ 2,50 0,14- 2,72-
3,00 0,11 2,47

- .-.~ - .., ..

It is shown In table 3.17 that variation in pH of the palladlum nltrate solution used in

the activation treatment of the support pellets, illflu(mced both the extent of penetration

of the catt\lytic material 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

alumina as support; with any penetration depth desired, and with cobalt loadings of up

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

3.3 RESULTS: ELECTRO LESS 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 meta). This information

provided the basis for a study of gold electroless plating on alumina. Since the key

parameters to control the Vp/Vc ratios and metal loadings have been established

(section 3.1.), it was only considered necessary to do thl.}following experiments in order

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) TIle determination of the optimum temperature, support plating time and

potassium hydroxide concentration of the plating bath.

1) The plating bath fcrmulaticr; as mentioned in the literature, contained potassium

hydroxide. It was therelore not possible to adjust the pH of the plating bath to

the same extent as was pcasfble in the case of the elect! oless plating bath for

cobalt. TIle presence of potassium cyanide in the bath formulation meant that

under acid.ic conditions, hydrogen cyanide would have been evolved, which would

result in the loss of cyanide ions [1'0111 solution.
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3.2,4 The effect of varlatlon in sodium citrate ccncentratlon on the impregnatlon of

cobalt.

From the data shown in section 3.1.3, it is clear that in the presence of sodium citrate

when no surface activation were employed, much higher metal loadlngs were obtained.

1111sis signifiCal1t, since it proved that citrate is indeed critical for an enhanced cobalt

uptake by the support in the absence of surface activation,

It was shown in section 3.1.11. that the metal loading obtained in the absence of sodium

citrate, varied between 0,24% and 0,36%. At these loadings, the % metal loaded was too

low to permit measurement of the penetration profile by optical microscopy. From

section 3.1.12. it is clear that the metal loading increased from 0,53 % at 0,5 gJ1 of

sodium citrate, to 0,81% at 35 gil sodium citrate, It was also observed that the

penetration profile was not influenced by variation in sodium citrate concentration, as

in the case of variation in sodium hypophosphite concentration. Both sets of

experiments were performed ufter a Pd pre-treatment of the support. 'I1lUs the pre-

treatment overrides any significant influence of the citrate.

3.2.5 Determinntion of optimum pH, temperature, cobalt nltl'atc ccncentraelon and

plating time,

It was shown ill sections 3.1.12 to 3.1.15 that optimum conditions exist for selecting

certain metal loadings and penetration depths when preparing supported (:I\.:\}ysts,When

different palladium concentrations were compared in section 3.1.7. it was shewn that in

hath cases. the VpNc rntio hardly varied, Clearly, the pH of the support activation

procedure has the dramatic effect OIl VpNc ratios.
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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

surface activation treatment when a reducing agent is absent front the plating bath.

The major finding is 'that a reducing agent actually 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/Alz03 catalysts. Indeed it may be that the pre-

activation required for the synth~sis of cob on plastic, for instance, which entails use

of SnC141 may be critical for the plating process.

This is at odds with the preliminary data obtained by Colley earlier ill these laboratories

(38) and will need t() be explored ill later studies, What has emerged £1'0111 these studies

is that loading and Vp!Vc ratios can be fincly tuned by usc ,)f the solution reagents used

ill the experiments.

Indeed an analysis of the data reveals that neither the pro-activation step with Pd 110r

the reducing reagent are irnportant varinbles for obtaining large amounts of Co 01\ the

A1Z03• If anything they inhibit the k1uding P1'OCOSS. The do however influence the Vp!Vc

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 advantage is gained from using a surface activation treatment

consisting of palladium nitrate when compared to a surface activation treatment with

nitric acJ (same pH), as far as the % metal loaded is concerned.

It was shown in section 3.1.6. that the depth of penetration is controlled by the pH of

the palladium nitrate solution.

This data is consistent with all other experiments carried out 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 ill table 2.2 was used, always gave the same result,

3.2.3 The effect of the reducing agent Oil the impregnation of cobalt and the penetratlon

profile.

A COIl1Pnl'lSOIl of the results obtained in sections 3.1.3, 3.1.9 and 3.1.15 is shown ill

figure ;3,18. In these experiments 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 treatmentwns present. In the absence of sodium

hypophosphite as reducing agent, it can be seen that the % metal loaded was higher than

in the case where reducing agent was present. However the difference was small and

invariant with exposure time, although the % difference did vary with time (2'.7% at 5

minutes: 10% at 30 minutes).
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:~.2.2 Electroless plating of cobalt with different surface activation treatment processes.

A comparison of the results obtained in sections 3.1.4, 3.1.5 and 3.1.15 is shown in

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 3.16.

Table 3.16. Data obtained in sections 3.1.4,3.1.5 and 3.1.15. Plating time was 10 minutes .

.
SECTION COBALT Y.tuYs SURFAC~ PlI.OF

LOADEDj% RATIO ACTIVATION ,$UFtFACE
ACTlVATION. -

t: 3.1.4 2~Z9 0,55 "- .....-
3.1.5 0.76 0,43 HNO) 2,(;0-
3.1.15 0.75 0,99 Pd(N03h 0,80- -

The data suggest that the reagents added to the cobalt nitrate solution have a dramatic

effect I'm cobalt penetration and uptake. Significant, and of concern with respect to the

electroless plating technique, is the recognition that palladium pre-treatment in not

necessary to assist the cobalt deposition reaction.

The experiment in which 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!Vc ratio is obtained after the acid treatment,
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Figura 3.16. The effect of Cilurfaoeaoti vation treatment on the
impregnation of oobalt (%).

1) No surfaoe activation.
2) Surface activation with palladium nitrate (pH 2,00).
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3.2 DISCUSSION: ELECTROLESS PLATING OF COBALT ON ALUMINA

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

activation.

A comparison of the data obtained in sections 3.1.1 and 3.1.2 are shown in figure 3.16.

Surface activation treatment in section 3.1.2 consisted of 1 gil palladium nitrate at pH

2,00.

It 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

smnll 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 cobalt uptake, and li) a Ileal'

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 3.10 that the percentage metal loaded or-to

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 suggests blockage of cobalt uptake in the presence of palladium surface 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 oprical microscopy, and no

comment can be made on the VpNc 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 eleotroless plating. In early experiments, both the

enhanced loadings using rhe bath mixtures, when compared to the simple addition of

cobalt to alumina, as well as the grey cobalt oxide appearance of the new catalyst were

suggestive of electroless plating (see Chapter 3). However it was eventually noted that

neither a reducing agent nor a palladium pre-treatment process were needed to ot "lin

high cobalt loadings on alumina.

What has been noted is the importance of citrate iOL':' to achieve these results and the

role of pH of the pre-treatment in influencing the Vp!Vc ratios.

Thus the experiments have indeed revealed how numerous variables associated with

physical properties (e.g. temperature) and chemical reagents can control loadings UI'U

VpNc ratios. In this sense the pl'ojer:t 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 is clear that electroless plating can be used to synthesize

catalysts. Work published since our initial investigations have shown that copper

call be plated on inert supports. Our own work ill thi'il urea all copper ccnfirms

this. Thus n more careful consideration ot the support pre-treatment experiments

need to be carried out. This will initially involve the use oE sue}.1 to act as an

initiator. 1111ute1'stur!ies the removal of the SnCl4 and replacement by other non-

chloride i..>o initiators will need to be determined.



CHAPTER 5

CONCLUSION

11u~ results obtained in this study were totally unexpected. As a

consequence some re-thinking of the strategy on the use of the

electroless plating procedure to synthesize catalysts is required.

In the

technique,

en tulyats

Numerous

original motivation for the use of the cleetroless plating

it was proposed as a procedure for the synthesis of

with high metal loadings and variable Vp/Vc rntios,

to synthesize catalyst:; on inert supports have berm

reported ill the literature, but the procedures appeared inappropriate

for the syuthesis of catalysts, This nrose Ince most bnths included

the use of Cl' ions in their ecmpcaitiou. Further, since inert supports

required "roughening" to ensul'O thp, metal would stil.-k to the support,

use of supports such us AlzOJ would alleviate. this process. Indeed

prellmlnary studies by Colley confirmed this proposal.

A range of experiments WQTe thus cnl'l'ied out to assess the role of the

varlnblea in obtaining catalysts with different cobalt loadlngs and!

VpNc ratios, Gold baths were similarly optimized.
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Table 4.2 Gold loadings and penetration profiles of Au/Al2,03 catalysts evaluated for

the hydrochlornation of acetylene,

-- .._ - -
Z,_GOLQ C9~VERSroN CONVERSION
f_RESENt Yl2LY£. RA "(IQ. hEFORE AFTER

REDUCTlQN ,B.EDtJCTIPIS:
0,23 0,23 0 0

0,.'53 0,11 0 0.
0,97 0,17 0 0-
1,04 0,18 0 0

1,10 0,42 0 0
1,3:?, 0,12 0 '0- .---'-

1,83 0,1.7 0 0-
1,87 0,23 0 0

n~ _-
2,42 0,23 0 0

L 2.70 0,23 ° 0- - -- ..

Remarkably none of the catalysts showed any activity. This is a surprising result. In

previous work Aule catalysts showed high activity for the reaction. Preliminary data

obtained by Nkos! revealed that Au/A]zOJ gave poor activity, but activity which increased

with gold loading. Typical gold loadings used were 0.$ • 1%.

In order to conflnn that the reactor and gas chrommograph combination used functioned

cc ectly, some Au/e catalysts were prepared under conditions cstr'tllshed to produce

relative high gold londings, 111CSO Au/e catalysts were subjected to the same procedure

as the AlI,'A},03 catalysts, and high activities were obtained. These were f'I}!lly used as

control samples, and the exact conversions obtained WG1'O not noted. It Will., however

established thnt the reactor assembly performed satisfactcry,

At this stage no explanution CUll be given for the lucie olf catalytic activity of the new

catalysts.
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Clearly the Vp/Vc ratio then plays an effect in Co/AlP3 catalysed POX reactions. It

must be emphasized that the effect of VpNc ratio must not be related directly to a

diffusional argument. Since the catalyst hall 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 VpNc ratio of - 1 will have a 1110re average cobalt loading

throughout the pressed and sieved powder. The explanation for this effect will have to

be sought in later experiments.

The influence of possible "impurity ions" which arise from the unusual synthesis

procedure used will have to be cnreful1y considered ill evaluating the results. What is

clear however is that the way in which the catalyst is synthesized has a dramatic effect

on the catalytic activity.

4.2 Hydrochlorinati<w ot' acetylen» over alumina-supported gold catalysts.

The catalysed hydrochlorinntion of acetylene provided ;\ test for the catalytic activity of

the gold catalysts prepared in this work. In previous studies (30) procedures for

evaluating gold catalysts were developed.

A series of gold catalysts for testing were prepared as described ill the experimental

section, A range of the catalysts with vtllying gold concentrations and Vp/Vc ratios were

prepared. The results obtained <11'e shown in table 4.2.
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Table 4.1 Conversions obtained with various CO/A1~03 catalysts,

_ ........... _. - -
% COBALT Vp'/Y..c RATIQ ~.CH., % CONYER-StaN
£RESEbi't

0,73 C,22 62,6 37,4

0,81 0,19 59,2 40,8

0,90 0,1.9 50,5 49,S-
1,01 0,23 36,1 63,9

1,74 0,97 68,5 31,S...
2,50 0,96 72,0 28,0- - -

Two trends are apparent from the data obtained:

1) If the % cobalt loading is increased (0,64 to 1,01%) at u near constant VpNc

ratio then the % conversion increases (37,4 to 63,9(~,),Interestingly at higher

loadings (1,47 and 2,50%) and a different constant VpNc ratio the % conversion

is neal' constant (slight drop from 31,5 to 28,0%), It is thus apparent that no

advantage is to be seen using cobalt loadings exceeding 1%, This has been noted

previously for conventionally prepared CoIA.1:0:l catalysts (14),

2) Increusing the VpNc ratio (0,22 to 0,96) decreased the conversion rate, It is to

be noted that the % cobalt loading has been varied in these experiments, but

ether data on conventionally prepared C<l/Al103 catalysts have indicated constant

activity with landings above 1% cobalt (14).



CHAPTER 4

AN EVALUATION OF THE NEW SUPPORTED COBALT AND GOLD CATALYSTS.

4.1 Plll'tial oxidation of niethane over alumina-supported cobalt catalysts.

The partial oxidation (POX) of methane is a reaction of great industrial importance. In

our laboratories, Co/AlP3 have been intensively tested for the reaction. The POX

reaction thus provides a very simple probe reaction for the evaluation of the new

Co/A1203 catalysts. In this way the effect of both loading and VpNc ratios on the rJox
reaction can be tested, It is to be noted that the VpNo ratios relates to the pellets used

in the loading procedure. However, the pellets were ground up after cobalt loading,

)lressed, then reground and sieved.

A series ot catalysts with different cobalt loadings and VpNc ratios where then tested

for the POX reaction:

CH,I + %O~ -""" CO + 2Hl

The cntalysts tested were obtained during the evaluation of the effect of the pH of the

plating bath on the Irnpregnaticn of cobalt and the penetration of cobalt [section

3.1.7(a)], as well as during the evaluation of the effect of exposure time on the above

(section 3.1S).

TIle reaction conditions used were described in the experimental section and conform

to condi~ions used in other studies (J.e. Jeannet, M.Sc. Thesis). Data obtained in the

experiments nrc shown ill Table 4.1.
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From table 3.18, it was s, nwn 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 <le.

When the optimum support plating time was determined, as shown in table 3.19, it was

found that the % gold lauded 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 hydroxide concentrnticns on the metal loading

and the penetration profile was determined as shown in table 3.20, it was found that an

optimum gold loading was obtained at a potassium hydroxide concentration of 3S gil.

Itwas 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 metal loadings and penetration profiles when preparing gold catalysts supported

on alumina.

Finally it must be stressed that while the ability to control VpNc ratios and gold

loadings have been eatabllshed, it has not conclusively been shown that the phenomenon

relates to electroless plating. This was the assumption made in devising the project.

Cleady the work on cobalt has ShOV.11 that the mechauism docs 1 ,t nppear to relate to

a redox process. MOl'(': work, outside the scope of this thesis, will be needed to further

probe the concept of olcctroless plating of gold for catalytic purposes.
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Figura 3.22(a). The effect of variation in potassium hydroxide
concentration of the plating bath on the impregnation of gold
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Figura 3.22(b). Tho affoct of variation in potassium hydroxide
concentration of the plating bath on the penetration profile.
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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

HYDROXIDEj ~l Y.J?lf.c RA1'10 I·OADEDl %

5 gil 0,28 0,49

15 gil 0,21 1,52

25 gil 0,23 1,82

35 gil 0,20 2,19

45 gil 0,23 1,96
= - - . =

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 gil.

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 Ot the activation

treatment. 111e 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 TIle effect of variation in support exposure time on the impregnation of gold

and the penetration profile.

EXPOSURE TIME! I GOLD
minutes Vg!Yc RATIO LOADED! %

5 0,11 0,53

10 0,17 0,97

20 0,17 1,83

30 0,23 2,70

60 0,18 3,65.,......~
120 0,21 4,68.~.'_-

3.3.4 Determination of the cll'ect of' vul'inti,:11 in potassium hydroxide concentratlon of

the plating bath on the Impregnation of gold and the penetration profile.

The plating bath formulation de.'. ribed in table 2.4. Was used, but the potassium

hydroxide concentration Was varied between 5 gil a.id 45 gil. The procedure described

in section 2.4.3. was followed. The temperature of the plating bath was maintained at 60

(lC, and the pH of the activation solution at 2,00. Exposure time was kept constant at

30 minutes. The data obtained are listed ill table 3.:W. and shown in figures 3.22(n) and

(b).
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APPENDIX 1

1. Publication arising from this th!sis~

Coville, N.J., colley, S.E., Belltge, J.A. and Orchard, S.W.
"proceedings of the 10th International Congress on catalysis" 19-

24 July, 1992, Budapest, Hungary ....The synthesis of cobalt

supported Catalysts by Electroless Plating Techniques - Elsevier

Science Publishers" 1993, 1743 - 1746.

2. Conference presentation arising from this thesis.

Poster Presentation - Catalysis Confel;'ence 1991 ~ Highlands
National Park, Golden Gate.
The synthesis ot catalysts via Electroless Plating.

Data were presented on the synthesis of supported cobalt on A1203

via the technique of electroless plating.
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2) If citrate ions play such an important role in the loading, then clearly a study of

cit.rate analogues is necessary. Is there anything special about the citrate ion?

There are reports in the literature of the use of citrate ions 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).

3) Clearly Vp, Vc ratios can now be varied with the approach described in this thesis.

The ability to vary VpNc ratios in the Fischer-Tropsch rsaction 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 performed to assess the relationship between

loading, VpNc ratio and catalyst activity. In this thesis the objective was to do

preliminary testing work, and 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.



Author: 8eetge Johannes Albertus.
Name of thesis: Electroless plating- a technique for the preparation of supported cobalt and gold catalysts.

PUBLISHER:
University of the Witwatersrand, Johannesburg
©2015

LEGALNOTICES:

Copyright Notice: All materials on the Un ive rs ity of th e Witwa te rs ra nd, J0 han nesb u rg Li b ra ry website
are protected by South African copyright law and may not be distributed, transmitted, displayed or otherwise published
in any format, without the prior written permission of the copyright owner.

Disclaimer and Terms of Use: Provided that you maintain all copyright and other notices contained therein, you
may download material (one machine readable copy and one print copy per page)for your personal and/or
educational non-commercial use only.

The University of the Witwatersrand, Johannesburg, is not responsible for any errors or omissions and excludes any
and all liability for any errors in or omissions from the information on the Library website.


