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ABSTRACT 

This study entailed the design and optimization of the the supported liquid phase V,O, catalyst 

system for SO, oxidation. 

The active melt consisted of V20, dissolved in alkali metal pyrosulphates. The activity 

increased with increasing ionic radii of the alkaline metal cation. Replacement of K by Na 

decreases activity. There is an optimum vanadium to alkaline promoter ratio. An optimum 

active constituent loading exists at 0,3cm3 melt /cm3 pore and this is determined by product 

of the gas- and liquid phase effectiveness factors. 

Studies on pellet size and geometry on reaction rate, pressure drop and mechanical strength 

indicated that a high activity can be maintained by the use of exotic shapes with a substantial 

reduction in bed pressure drop. The effect of geometry, amount of carrier matrix sintering and 

liquid loading on mechanical strength was quantified at room- and operating temperature. 
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CHAPTER 1 

INTRODUCTION 

Catalyst development in South Africa is in its infancy. Most of the catalystsused in our chemical 

industries are imported or finished products, and in remote cases they are locally 

manufactured under licence. This is the case with one of the only local manufacturers Provon 

Chemicals. 

Provon Chemical currently manufacture vanadium based sulphur dioxide oxidation catalysts 

in joint venture, and under license with ISC of Bristol, UK. 

Because of the lack of catalyst development in South Africa very little local expertise exists 

in the field of catalyst design and development. 

When the thought arises that local South African raw materials, such as: Vanadium, platinum, 

Nickel and many other noble metal and, noble metal combinations, are technologically 

exploited beyond the local manufacturing infrastructure, and in particular, in catalytic 

processes, then it may be significant to appreciate the value of revenue lost by a lack of local 

industrial competition on international markets. 

With the advent of local V,O,-catalysed SO, oxidation catalyst production, a new era in 

catalysis within South Africa has been entered. Bearing in mind the quantities of local raw 

materials and exothermic energy involved, one can imagine that small improvements in 

catalyst design and composition could imply sigficant value to the local infrastructure. 

Voluminous literature exits on experime~itally based studies on SO, oxidation. but, most of the 

work has been based on measurement!; where diffusional mass transfer dominated. The 

conventional kinetic data and mechanisms presented therefore are questionable. It has 

recently, been proved that a molten catalyst stale exists under operating conditions which 

places doubt on the validity of former literature. 

Since the catalytic system involves a metal oxide one of the ( V,O,), alkali- metal oxides and 

sulphates, supported on an acid resistant silicious carrier, that supports the liquid phase melt 

under operating conditions, the reaction becomes a multi-phase, multi-component system. It 

is in fact a three phase system; the solid silica carrier, the catalytically active liquid melt and 

the reactive gas in the pores. Throughout this network, the reactant molecules and products 

migrate and reach reaction equilibrium. 
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To model this system, reaction kinetics has to take into account the simultaneous diffusion 

effects in both the llquid and gas phases. 

Factors such as phase compositions of the melt, and in particular melt viscosities and the 

concomitant effects on diffusion in the liquid phase are affected by reactant conditions such 

as S02/02/S0, ratios. 

This thesis is an attempt to optimise those factors that apply to the design and engineering 

of this catalytic system. It considers only a specific support with a specific pore size 

distribution. 

The results of this investigation follow. 
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CHAPTER 2 

LITERATURE SURVEY AND AN OVERVIEW 

2.1 INTRODUCTION 

The first few sections in this chapter are devoted to the physical interactions between the 

catalyst melt and the support material. Thereafter the chemical nature of the active liquid 

constituents, thermodynamics, reaction mechanism and the intrinsic kinetic equations are 

discussed. Next the important section dealing with the transport restrictions that decreases 

the reaction rate in industrial SO, oxidation catalysts are dealt with. In the last few sections a 

number of isolated topics like catalyst shape and pressure drop, catalyst manufacturing and 

catalyst deactivation are covered. 

2.2 SUPPORT MATERIAL AND LIQUID DISPERSION 

Investigation of the SO; catalyst has shown unequivocally that the oxidation takes place as a 

homogeneous reaction i n  the liquid phase, but due to liquid diffusion resistance only a thin 

surface layer is effective during reaction. Thus the SO, oxidation catalyst falls info a unique 

group of catalysts, i.e. supported liquid phase catalysts (SLP system). 

2.2.1 Distribution of the llquid phase in the pores 

According to Livbjerg, Sorensen & Villadsen (1974: 293) SLP systems are gasJliquid contact 

systems where the liquid phase is dispersed in a porous support material. Because the pore 

system used in SLP systems is finely dispersed, the forces governing the liquid distribution in 

the pore system will be surface forces acting at the solid-liquid and gas-liquid interfaces - i.e.. 

capillary-, surface tension- and adsorption forces. The influence of gravity on the geometry of 

the liquid is negligible. The liquid will be distributed under the influence of surface forces so 

that the thermodynamic free energy of the system attains a minimum. For liquids with a con- 

tact angle < 90" (i.e., with a positive affinity to the solid surface), which implies a tendency to  

minimize the area of high energy gadliquid surface and at the same time maximize the area 

of low energy liquidlsolid surface. Thus! the liquid is drawn into the smaller pores, and if the 
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liquid loading in the SLP system is increased, larger and larger pores will be filled with liquid. 

This phenomenon is extensively used to analyze pore structures by measuring capillary 

condensation of vapors. Topsoe and Nielsen. (1948: 1) proved the mobility of the nonvolatile 

liquid phase in an SLP catalyst, which is necessary for redistributing the liquid in the pores. 

They showed that a catalyst melt initially non-uniformly distributed in a support pellet, would 

be uniformly distributed afler some time at reaction conditions. The resulting liquid distribution 

is shown schematically in figure (1). 

RPS; gass fllled pores 

LFR; pores fllled wlth 
the octlve melt 

Support material 

Figure 1. : Liquid contained in smaller pores of support pore system. 

The SLP system is divided into two regions: 

One is the pore system of larger gas-filled pores which is called the residual pore system 

(R PS). 

The other is a two phase area consisting of a solid phase permeated by a pore system . 
of liquid-filled smaller pores - i.e., liquid-filled region (LFR). 

The geometry of the residual pore system (RPS) - i.e., pore size distribution and porosity - is 

important for the rate at which reaction components diffuse through it. The geometry of the 

LFR is important in determining the Imgths of the liquid phase diffusion paths from the 

residual pores into the liquid-filled pores. These geometric characteristics can be derived from 

the pore volume distribution of the support material. 
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In principle it is possible to design an optimal SLP support pore structure and liquid loading 

by proper balancing of the mass transfer resistances in the liquid phase and in the residual 

pore system. Theoretical work on this is reported by Rony (1969: 142) and Livbjerg et al. (1976: 

216). 

Very little is known about the physical interaction between the catalyst melt and the support 

that disperses the liquid phase. Kakinoki et al. (1962: 113) observed that the melt migrated 

from particle to particle In a mixture of Impregnated and non-impregnated particles. By 

porosimeter measurements on impregnated and activated SO, oxidation catalysts Tarasova 

et al. (1968: 1111) found that the reduction in pore volume is much larger for the small pores 

in a given support than for the large ones, especially for bidisperse pore structures where the 

macropore volume is almost unchanged. 

These observations give little insight into the actual dispersion of the liquid phase, but verify 

the liquid nature of the catalyst and also suggest that surface forces are active in determining 

the final degree of liquid dispersion. 

The degree of liquid dispersion can be characterized by a single length parameter, 6, which 

denotes the average maximum distance that the reactants must penetrate into the liquid from 

the gaslliquid surface in order to utilize the whole liquid volume for the chemical reaction. 

According to Livbjerg et al. (1976: 218) the liquid dispersion (or ii ) is strongly influenced by the 

average support pore radius r, and by the fraction a of the pore volume which is filled with 

liquid. This fraction n is known as the liquid loading factor and can be calculated by the 

method of Neth et al. (1980: 45). The directly measured V20, content, G,, gV,O,/g support is 
first transformed to fractional liquid loading a, the parameter which appears in most liquid 

distribution models: 

where C, is the mass concentration of vanadium (as equivalent amount of V20, ) in the melt. 

C, could in principle be derived from the molar composition of the melt, but this can lead to 

uncertain values since the melt may for example absorb largely unknown amounts of gaseous 

reactants at different temperatures. On the assumption that 1 mole SO, is consumed per mole 

K2S0, and an estimated melt density of 2 g/cm3 a value for C, can be estimated (this value 

however is very uncertain). In order to calculate the V20, content in the melt, the value of 

C, = 0.28 g V20,/cm3 melt, according to Livbjerg et al. (1976: 225), was used as a reference 

value at a promotor/vanadium ratio, MIV = 3.5:1, and the following expression 
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can thus be employed to calculate other C, values corresponding to the actual M/V ratios. 

Livbjerg et al. (1976: 218) discussed various possible patterns of liquid distribution. It is 

expedient to arrange such patterns in accordance with their degree of segregation of the 

liquid phase. In figure (2) the different types of liquid distribution are shown schematically. 

a. Uniform film 5. Dispersed plugs c. CIusters 

Figure 2. : Schematic representation of different types of liquid distribution in a porous solid. 

The hatched areas are the solid phase. Circles represent pore cores sections. 

a. Uniform liquid film 

Assuming long cylindrical pores and taking 6 to be the equivalent slab thickness of the 

liquid phase (i.e., liquid volume divided by gaslliquid surface area) 5 is obtained from: 

b. Dispersed llquid plugs 

As discussed by Livbjerg et ai. (1974: 243) the surface forces tend to reduce the gadl iquid 

surface area by forming plugs in the pores so that the cross section of some pores is 

completely filled with liquid while other pores are empty. If the plugs are evenly distributed 

throughout the solid one can visualize the combined solid and liquid phases as one porous 

structure. This liquid-filled region is accessible from the gas phase anywhere along the 

interior surface of the residual pore system. Diffusion in the liquid-filled region is assumed 

to be equivalent to the liquid phase diffusion in a completely liquid-tilled porous body. 

Hence 6 can be estimated as the equivalent slab thickness of the liquid-tilled region (i.e., 

the combined solid and liquid volumes divided by the residual pore surface area): 
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c. Cluster models 

The liquid can reduce the gaslliquid surface area further by coalescence to clusters which 

form continuous liquid regions that are larger than the pore dimensions. Rony (1969: 142), 

by measurements of hydroformylation rate, produced evidence in support of cluster 

formation and this was incorporated in his model of liquid distribution. There is no 

available knowledge of the mechanisms leading to cluster formation o r  of the stability of 

cluster distributions. Hence a 5 value for clusters can at present only be found from 

experiments. 

d. Simplified model 

In a more simplified form of the correlation equation, obtained by the authors, the mean 

thickness of the melt. 6, is directly proportional to the liquid leading factor a: 

with the constant s being of the order of and slightly dependent on the mean pore ra- 

dius. This simplified method of Livbjerg et ai. (1974: 242) was used to calculate the liquid 

effectiveness factor. 

2.2.2 Support material characteristics 

A number of factors need consideration when choosing a support; the most important of which 

a re: 

Inertness, 
. 

Influence on the properties of the catalytic material and promoters, 

Surface area, which can be in macropores or  micropores or both, 

Porosity (the amount of open volume in the pellet), which is related to surface area 

(average pore size and pore-size distribution are important variables), 

Adsorptive properties related to the catalytic material, reactants and products, poisons 

etc., 

Thermal resistance to pore collapse, sintering and other structural degradation, 

Chemical stability, 
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Catalyst pellet size and configuration, 

Compressive strength, hardness and resistance to attrition, 

Stability under anticipated operating conditions, 

Cost. 

A wide range of supports have been used including zeolites, carborundum. pumice, titanium 

dioxide, aluminium oxide, aluminium silicates, silica gel, marshalite and several other forms 

of silica. lnvestigatlons on the properties of the abovementioned support materials by Urbanek 

8 Trela (1980: 77) have shown that the highest catalytic activities are obtained with the 

supports prepared from suitably pretreated kieselguhr or diatomaceous earth. These supports 

exhibit bimodal pore distribution, but the relationship between the properties of their surface 

and catalytic activity is difficult to describe because of the coinciding effects of pore structure 

and degree of development of the active liquid surface. Boreskov et al. (1973: 626) 

demonstrated that SiO, supports are inert to oxidative catalytic processes. 

Catalytic activity appears to depend on the degree of liquid phase dispersion and also on the 

accessibility of reactants to the liquid phase within the porous pellet matrix. Any chemical or  

thermal deactivation involving the support should be assumed to consist of a modification of 

the active surface, which changes the degree of liquid dispersion, the shape of the liquid 

droplets in capillaries, pore size distribution and interstitial volume. 

2.2.3 Diatomite (Kleselguhr) 

Silica in the form of diatomaceous earth is a widely used support material. Geologically, 

diatomite is a sedimentary rock of marine or  lacustrine deposition. It consists mainly of 

accumulated shells or frustules of hydrous silica secreted by diatoms, which are microscopic, 

one-celled, flowerless plants of the class Bacillarieae. 

Chemically, diatomite primarily consists of silicon dioxide, and is catalytically inert. It is 

reactive to strong alkalies and hydrofluoric acid, but i s iner t  to other acids. Because of the 

variable structures of the diatom skeletons the silicon dioxide has variable physical and 

chemical properties; some of these are: 
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High porosity 

Up to 85% of the volume of diatomite is made up of tiny interconnected pores or  voids. 

This porosity lends itself to  catalyst carrier material. 

High Absorption 

Diatomite can generally absorb up to  1 '/2 times their own weight of liquid and still exhibit 

the properties of a dry powder. The absorption characteristics are important physical 

characterlstlc and are affected by: 

a. Partlcle slze: This is an obvious relationship and can to a large extent be controlled 

by air classification techniques used by the producers to separate the various grades. 

b. Internal structure of the particles: This depends on the types of diatom skeletons 

present and varies throughout the deposits. 

Unique Partlcle StructureIHlgh Surface Area 

Diatomite particles are characterized by their highly irregular shapes, generally spiny 

structures and pitted surfaces on an average only 5 to 50 microns in diameter, with a 

surface area of + 20m2/g. 

Great Bulk per Uhit Weight 

Because of their structure, diatomite particles do not readily pack together and they resist 

compression because contact is limited to the outer points of individual particles. 

Weight loss on ignition varies between 2 and 10 percent. Impurities are other aquatic fossils 

such as sponge residues, sand, clay, volcanic ash, calcium carbonate, magnesium carbonate, 

soluble salts and organic matter. 

The types and amounts of impurities are highly variable and variations exist among deposits 

as well as among parts of the same deposit. A typical chemical analysis of diatomite is given 

in table (1). 

. 
The true specific gravity of diatomite is 2.1 - 2.2, the same as for opaline silica or  opal. Thermal 

conductivity is fairly low and the fusion point depends on the purity but averages about 

1590°C for pure material (slightly less than pure silica). The addition of certain chemical 

agents can reduce the fusion point. 
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Table 1: Chemical analysis of typical diatomite. 

Grade % Chemical Analysis 1 

2.3 CHEMICAL NATURE OF THE MELT AND ITS PHYSICAL PROPERTIES 

Uncalcined (Natural) 

Calcined 

Flux Calcined 

Commercial SO, oxidation catalysts usually contain 6 - 8 wt O/o vanadiun~ (based on V,O, ) ,  

and are promoted by alkali-metal sulphates (usually K,SO, with K/V mole ratio of 2 - 4. ). As 

far back as 1940 Frazer and Kirkpatrick (1940: 1659) reported that the promoting action of the 

alkali metals in vanadium catalyst formulations was due to the formation of higher sulphates. 

These materials, pyrosulphates, have lower melting points than the corresponding sulphates 

and may also form eutectic mixtures with sulphates. Furthermore, it has been shown that the 

pyrosulphates have the ability to dissolve appreciable quantities of vanadium oxides. 

2.3.1 Effect of the type of alkaline promoter 

Tandy (1956: 68) examined systems of alkali-metal sulphates in equilibrium with SO,/SO,/air 

mixtures. His experiments covered a temperature range of 380 - 600°C with V,O, and metal 

sulphates (Na, K, Rb, Cs). In the range between 440 and 600°C a liquid is produced that is a . 
vanadium compound dissolved in alkali pyrosulphate-sulphate melt, with the melting point of 

the mixture increasing with increasing atomic weight of the alkali metal. 

J 

Na,O 

+K,O 

1.1 

1.1 

3.3 

According to Gay et ai. (1983: 114) the melting point of the alkali metal sulphates (no 

pyrosulphate present) reached a maximum melting point with Rb,SO,. See table (2). 

P,03 

0.2 

0.2 

0.2 

Fe,03 

1.2 

1.3 

1.5 

Ignition 

Loss % 

3.6 

0.5 

0.2 

TiO, 

0.2 

0.2 

0.2 

SiO, 

85.8 

91.1 

89.6 

AI,O, 

3.8 

4.0 

4.0 

CaO 

0.5 

0.5 

0.5 

MgO 

0.6 

0.6 

0.6 



Table 2: Melting temperatures and thermal stabilities for some metal sulphates 

I Sulphate I Melting temperature ( 

The higher atomic weight alkali elements, i.e. potassium, rubidium, or  cesium are preferred. 

Tandy (1956: 68) found with a metallvanadia mole ratio of 2.5, that the normal pyrosulphate, 

M2S20,, and probably vanadyl sulphate, VOSO,, are formed ( M  = alkali metal). With Rb,S04 

and Cs2S04 there was evidence of partial formation of higher sulphates, M,S,O,,. The extent 

of reduction of vanadium pentoxide was less with the alkali-metal sulphates of higher atomic 

weight. Thus the ability to stabilize vanadium in the pentavalent state is greatest with 

rubidium, and decreases in the order Rb > Cs > K > Na. The technical advantages of rubidium 

and cesium are apparently insufficient to provide commercial justification for their use. 

2.3.2 Mixtures of Alkallhe promoters 

Mixtures of alkaline promoters generally enhance the activity of vanadium catalysis at low 

temperatures (low bite characteristics) due to the formation of eutectic mixtures with lower 

melting points. 

The composition and melting points for some eutectic mixtures are given in table (3) (Gay et 

al., 1983: 115). 

. 
The substitution of 30-50% potassium promoter by sodium in vanadium catalysts for SO, 

oxidation is shown to increase their activity at low temperatures (Simonova, 1982: 59). ESR 

studies indicate that the presence of sodium inhibits the evolution of inactive V4+ conipounds. 

Jiru (1960: 2113) agreed with earlier work by Topsoe and Nielsen (1948: 1) that increased 

activity can be obtained by exchanging 10% of K,S04 for Cs,S04. It has been questioned by 

Simicek (1970: 83) whether this is correct, although it is likely that the ignition temperature 

may be lowered. Simicek also reported that small additions of sodium to a potassium-based 

catalyst increase activity at low temperatures. 
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Table 3: The composition and melting temperatures of some sulphate eutectic mixtures 

Melting temperature 

(K) 

808 

785 

1023 

1140 

745 

System 

More recently, studies on the effects of changing the ratio of different alkali-metal sulphates 

as well as the M/V ratio (M/V ratio of  1.4 to 1.7) have been made. Mokhlenov (1976: 226) has 

shown that the conversion of  SO, increased with increasing atomic weight of  the alkali metal 

added to the K,SO,. The optimum reaction temperature increased with decreasing promoter 

atomic weight. Also the viscosity of the melt decreased as the atomic weight of  the added 

metal was increased and greater wetting of the pore walls was observed. 

Composition 

(mot O h )  

2.3.3 Degree of vanadium oxidation and compositlon colour relationships 

Oxides corresponding to different vanadium valences have different colours. To test the 

possibility that the change in catalyst activity might be attributable to the valence of  vanadium 

in the catalyst, the colour of the catalyst was observed under different reaction conditions 

(Tamura, 1975: 122). 

The widespread use of potassium oxide promoted vanadium catalysts has resulted in 

extensive investigation of the (V,O,),(K,SO,),(SO,), system. 
% 

Most commercial catalysts are obtained from the manufacturers as greenish yellow pellets. 

On crushing, the greenish yellow colour is retained. Tamura (1975: 124) made the following 

observations: 

The colour persists when a typical commercial catalyst is brought to a temperature of  

400°C in a stream of  pure nitrogen. 

When a SO,-air mixture is introduced the colour changes to a yellowish green within 

minutes and no further change in colour is observed in the first 10 hr. 



When the sample treated with SO,-air at 400°C for 10 hr. is cooled to ambient temperature 

in a stream of nitrogen, the colour becomes greyish green. 

For a sample brought to 400°C in a stream of air the colour changes to brown. 

Tables (4) and (5) summarise the colour and melting point observations in the literature. 

Table 4: Composition-color relationships 

System 

v2°5 

K2S0,. V,O, 

2.5K,S20,. V20, 

Alkali promoted vanadia catalysts 

v 2 0 4  

K,O - V,O, - SO, melt 

Alkali promoted vanadia catalysts on 

silica support 

Alkali promoted vanadia catalysts on 

silica support in presence of SO, 

v20, 

- -  - 

Color 

Reddish-yellow 

Brown-olive 

Dark brown 

Brown 

Bright blue 

Green 

Bluish green 

Yellow 

Black 

Vanadium valence 

Between +4  and -4- 5 

Between +4 and + 5 

+ 3  

The brown color observed when the catalysts are exposed to air at high temperatures 

corresponds to VSC. The greenish yellow color found when commercial catalysts are exposed 

to SO, is more difficult to interpret. The greenish yellow color appears to correspond to 

mixtures of V4+ and VSC compounds. 

The free energy change for the reduction of V,O, to V204 by SO, i s  +58.4 kJ/mole of pentoxide 

at 400°C. Potasssium and sulphate will influence this increase in free energy; however . 
thermodynamic data to calculate the actual change are simply not available. 

Reduction of V,04 to V,O, by SO, is even less favorable; the free energy change at 400°C is 

positive and +I25  kJ/mole. Mars & Maessen (1964: 266) also suggest V3+ is not formed in the 

S02/02/V,0s systems. 

Topsoe & Nielsen (1948: 2) associated the green color in potassium-promoted vanadia 

catalysts with a vanadium valence between +4 and +5, but claim a yellow color appears in 

the presence of high SO,, levels, that is, when the potassium pyrosulphate would be found. 
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Table 5: Melting point-composition relationships 

I System 

2.5KZS2O7.V2O5 

K2S04.V205 (equimolar) 

KzS04 - Vz05 

KZSZO, - V20, 
Alkali promoted vanadia 

KzO - V20S - SO, 

KZS207 - V 2 ° ~  

Melting point ("C) 

ca. 400 

478 

mp-composition diagram determined a 

mp-composition diagram determined 

ca. 450 

440 

mp-composition diagram determined 

"utectic mp at 430°C at ca. 70% K,S04; mp of K2S04 is 585°C. 

bEutectic mp at 230°C at ca. 55% K,S,O,. 

CCompounds corresponding to 1.25K,S,07.V,0, detected melting at 380°C and to 6 K2S,07 

Vz05 melting at 330°C; K2S,07 melts at 415°C. 

Commercial catalysts (greenish yellow) are therefore supplied as a slllphate compound 

containing both V4+ and V5+, and potassium as a mixture of KzSz07 and KzSO,. On exposure to 

the reaction mixture some reduction occurs. The change of color to greyish green when the 

catalyst is purged with nitrogen and cooled suggests that SO, may be stripped from the 

catalyst. It probably comes from decomposition of KzSz07. 

Tamura (1975: 129) suggests that the catalyst may be more active as V4+ than as Vni.  There 

is some evidence (Mars & Maessen, 1964: 266) that the overall rate of oxidation of SO, may 

be controlled by a step involving either the adsorption of oxygen on a V4+ site or a complex 

group of surface steps resulting in the oxidation of the +4 site. The reduced form of the 

catalyst might then provide a greater number of reduced-sites and therefore a higher intrinsic 

activity. 

Alternatively, increased activity may also be associated with the increase in sulphur in the 

catalyst as will be discussed in the next section. 
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2.3.4 Thennochemical nature of pyrosuiphate formation 

The solubility of SO3 in molten sulphates is dominated by the chemical equilibrium for the 

formation of the pyrosulphate ion described by the equation 

with the equilibrium constant 

a function of temperature and the partial pressure of SO, (Gale, 1983: 123). The equilibrium 

constants for the reaction are summarised in table (6). 

Table 6: Equilibrium constants for the reaction 

S,O: -~SO:-  + SO, 

The formation of SO, shifts the potassium sulphate in the catalyst towards the pyrosulphate 

S,O:-. There is evidence that the mixed vanadium potassium salts of the pyrosulphate have 

melting points well below those of the sulphates. Increasing SO, content therefore lowers the 

melting point of the catalyst phase. The pyrosulphate serves as a flux lowering the melting 

point o r  at least causes a vitreous rather than a crystalline catalyst phase. 

Sulphate 

L@04 

Na2S04 

K2SO, 

a b 
- 

8.42 6.76 . 
8.09 7.93 

7.07 8.56 

Range 

(K) 

644-700 

828-928 

926-1000 
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If, as Topsoe & Nlelsen (1948: 2) and Holroyd (1971: 1964) suggest, the rate of reaction is 

associated with the viscosity of the catalyst phase, the increasing K,S207 should raise the rate 

by reducing the catalyst phase viscosity. Most authors suggest that a transport step in the 

catalyst phase Is rate controlling in SO, oxidation. Lower viscosity could increase this rate 

by raising mobility of species in the liquid phase. 

Table (5) indicates the existence of potassium vanadium sulphates and pyrosulphates melting 

between 230 and 500°C. Holroyd's (1971: 1964) data suggest that a pyrosulphate (S,O,)Z- may 

be formed as a compound K,V(S,O,), with a melting point of 230°C. 

According to Tamura (1976: 129) fresh commercial catalyst has the nominal composition 

2K20.V20,.3S0,. In view of its colour, its actual composition is K,S04.K,S207.V,04 assuming 

vanadium is primarily present as V4-+. A sulfovanadla compound VOSO, is a possible form 

according to Glueck & Kenny (1968: 1257) and Boreskov et al. (1973: 626). Tamura suggested 

an approximate composition of + 0.7K,S0,.1.4K2S,O,.V,O, for commercial catalysts. 

Bazarova et al. (1968: 1132) noted that the pyrosulphate is unstable in air above 420°C. 

Boreskov et al. (1973: 626) and Holroyd (1971: 1964) also reported K,S,O, decomposition in the 

absence of SO, at temperatures above 300°C. Tamura (1976: 129) noted that heating the 

catalyst at 400°C for 10 hr in air appears to decompose some of the pyrosulphate K,S207 to 

K,SO,. According to him adsorbed SO, and SO, on vanadium catalysts between 400 and 

500°C are rapidly desorbed in a nitrogen purge, thus it is unlikely that the increase in total 

sulphur in a catalyst at operating conditions arises from adsorption of SO, and SO, alone. 

The ability of the catalyst to change its activity dependlng upon its exposure to different 

reactant (SO,, 0,) concentratlons as discussed above suggests a potentially valuable means 

of exploitation of thls catalyst through cycling of feed concentrations (Tamura et al., 1975: 130). 

The question of whether the running-in or proper activation of a catalyst to enhance 

pyrosuiphates formation could provide higher permanent catalyst activity must be negative 

according to Tamura. The strike temperature of fresh new catalyst might however be 

temporarily lowered to ease startup of plants (low stGke temperature). Careful shutdown 

procedures by cooling the catalyst under high SO, partial pressures could lead to a much 

easier startup due to the low strike temperature characteristics endowed to the catalyst 

during the shutdown. 

These abovementioned possibilities might be of vital importance not only for the catalyst 

manufacturer, but also for the plant design companies and plant operators. 
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2.4 THERMODYNAMICS 

The reaction of sulphur dioxide with oxygen to form sulphur trioxide is a highly exothermic, 

reversible reaction, associated with a reduction in volume. 

SO, + '/r 0 , 2 SO, AH0 = -99kJlmole. (8)  

The sulphur trioxide is absorbed in sulphuric acid and reacts with added water to form more 

sulphuric acid. 

S03(9) + H20(0 2 H2S0,M AH" = -132.5kJ/mole. (9)  

The position of the equilibrium in the exothermic oxidation of sulphur trioxide in the gas phase 

depends on the prevailing temperature, total pressure and concentrations (partial pressures) 

of the reactants. The thermodynamic equilibrium is determined by the equilibrium constant 

Kp according to the Law of Mass Action: 

Due to the negative reaction enthalpy of sulphur dioxide oxidation, both Kp and the SO, 

equilibrium conversion decrease with rising temperature. The classical relation between 

Kp (in atm ) and temperature was correlated by numerous authors: 

log Kp = ------- 5186'5 + 0.611 log 
T 

( T = absolute temperature in K ) 

An increase in the overall pressure will increase the equilibrium conversion, as the reaction 

involves a reduction of volume as shown in figure (3). 
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TEMPERATURE, (OC) 

Figure 3. : Theoretical conversion equilibrium in the oxidation of SO, to SO, as a function of 

temperature and pressure (feed gas composition 10% vol SO,. 10,9?.& vol 0,. ) 

The possible equilibrium sulphur dioxide conversion at a defined temperature, T, and a 

defined total pressure, Pt, is dependent on the SO, and 0, concentrations of the reactant 

gases (figure 4). 

If the sulphur dioxide concentration is 2a vol - % and the oxygen concentration b  vol - O/h, the 

fraction, x,  of the sulphur dioxide oxidized to sulphur triokide at equilibrium can be calculated 

from the following equation according to the Law of Mass Action: 

1 X K p = -  - 100 - ax 
~t I - x  b - a x  
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TEMPERATURE, 1°Cl 

Figure 4. : Effect of the initial SO, on the SO, conversion degree as a function of temperature. 

Urbanek 8 Trela (1980: 75). 

The appropriate value of K p  is determined from the equation of Sander et al. (1981: 281). In 

accordance with the Law of  Mass Action, increasing the oxygen partial pressure will also 

increase the degree of conversion. However, when air alone is used as the source of oxygen, 

as is the usual practice in sulphur dioxide oxidatioz, the oxygen and sulphur dioxide 

concentrations are in inverse proportion, as the greater the oxygen concentration in the 

combustion gases, the lower the sulphur dioxide content will be. The essential factor 

determining the attainable SO, conversion is thus the volumetric O,/SO, ratio in the feed 

gases. Whereas sulphur dioxide oxidation requires a stoichiometric O,/SO, ratio of only 

0.5:1, it is normal practice to use a ratio of  at least 1 1 1  in industry. The presence of the surplus 

oxygen not only raises the SO, equilibrium conversion but is also an essential prerequisite for 

maintaining the activity of the vanadium contact catalyst. There are, however, practical limits 

on the amount of extra air that can be added, as the nitrogen present in the air dilutes the 
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sulphur dioxide to the point where the economics of the process is impaired. Although it 

would be technically possible to avoid nitrogen dilution by using oxygen instead of air, as is 

sometimes done In pyrometallurgical processes which produce high-strength by-product 

sulphur dioxide gas streams, it is usually difficult to justify in a sulphur burning installation. 

The actual sulphur dioxide conversion does not attain the theoretical equilibrium value in an 

industrial plant. Gas-phase oxidation of sulphur dioxide is kinetically inhibited and virtually 

impossible without a catalyst at any temperature. The reaction is so slow at ordinary 

temperatures that, in practical terms, it does not occur at all. Increasing the temperature 

increases the rate of reaction, but simultaneously the position of the equilibrium shifts 

unfavourably; away from sulphur trioxide and towards sulphur dioxide and oxygen. 

The actual sulphur dioxide conversion is lower than the theoretical (equilibrium) conversion 

as shown in the following figure: 

80 

i 
p 60 
V) 
a I 
k' actual conversion 

I 
: 40 
I I I \ - 

0 1 I I I 
400 500 600 700 

TEMPERATURE, ( O C I  

Figure 5. : Comparison of theoretical equilibrium SO, conversion (10 SO,. 10.9 0,) with actual 
SO, conversion attained over a specific catalyst. 

The actual conversion characteristics are substantially influenced by the specific catalyst 

activity, which has to be determined for each individual catalyst by measurement. 

Thus it would be thermodynamically ravourable for high conversions of SO, to develop a 

process that: 
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Operates under elevated pressures (figure 3) because of the volume decrease 

accompanying the reaction. The main problem is to design a suitable tail gas expansion 

turbine for power recovery, since sulphuric acid mist in the tail gas is very corrosive. 

Improves the conversion of sulphur dioxide to sulphur trioxide by removing, at an 

intermediate stage in the process, the sulphur trioxide already formed. In the double- 

absorption type of sulphuric acid plant, this is done by routing the reaction gasses after 

two or three stages of catalytic conversion through an intermediate absorption stage and 

then through one or two subsequent catalytic conversion stages. Because of the large 

(100%) stoichiometric oxygen excess in the original feed gas and the diminished sulphur 

dioxide concentration, the O,/SO, ratio at this point is about six times more 

thermodynamically favourable than at the start (figure 6). 

- - 

EaudibrlG converslon after 

first absorption 99.85% 

[sinqie \ 
absorptlonl 

I Feed: 10% S& / I 

TEMPERATURE, I°Cl 

Figure 6. : Improvement in equilibrium conversion through interstage absortion after the third . 
catalyst bed. 

Incorporates a catalyst that is very active at substantially lower temperatures, permitting, 

for example, an ignition temperature of 340°C instead of 420°C. Then it would be possible 

to achieve high conversions without intermediate adsorption, even at high SO, 

concentrations in the feed gas (figure 5). 
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2.5 REACTION MECHANISM 

Details of the SO,/SO, reaction mechanism and the overall kinetics are not fully understood 

or  quantified. There is little agreement on this subject and a generally accepted model or  

equation cannot be found in the literature. Reviews by Kenney (1975: 197-224) and by Urbanek 

& Trela (1980: 73-133) discuss this topic in detail. 

The fact that the catalytically active constituents occur in the liquid state under reaction 

conditions was oflen disregarded, and numerous studies, especially those on reaction 

mechanism, are of disputable value. Only those proposed mechanisms in which the active 

phase was treated as a liquid under reaction conditions will be mentioned here. 

From the majority of kinetic measurements it is concluded that the reaction: 

is of first order with respect to oxygen. However, there are different interpretations of the roles 

that SO, and SO, play in the reaction mechanism. 

Mars and Maessen (1964: 266) proposed the following scheme 

where (14a) is the reaction at equilibrium, and the re-oxidation of V4+ represented by (14b) is 

the rate determining step. This particular mechanism has been used most frequently. . 
Regner and Slmecek (1968: 2540) suggested that gaseous oxygen reacts with V4+ ions in three 

steps: 



Confldentlal 

Using finely divided catalyst, for which the effectiveness factor is unity, it was concluded that 

the rate equation based on (15c) was the rate controlling step. With conversions above 3O0I0, 

the equilibrium reactions (ISa), (15b) and (15d) fit the data best. 

Glueck and Kenney (1968: 1257) studied the overall kinetics of SO, oxidation at temperatures 

between 277°C and 377°C. It was concluded that unsupported V,O,/K,S,O, melts may be used 

for kinetic measurements, thereby eliminating problems of heat and mass transfer to a porous 

catalyst pellet. A three-step mechanism involving no rate-controlling step was proposed: 

First V5+ reacts with sulfur dioxide and next V4+ is oxidized by the oxygen dissolved in the 

liquid or  chemisorbed at the gas-liquid interface. 

Grydgaard et al. (1978: 582-595) imposed restrictions with respect to the V4+ concentration in 

the Mars and Maessen (1964: 266) model. According b him a part of V4' can exist in an 

inactive state. Grydgaard et al. (1978: 582) have taken this uncertainty in the Mars and 

Maessen mechanism into consideration by introducing a maximum solubility of V4-' as a factor 

into the vanadium balance. The following scheme was proposed: 
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where (17a) is the rate determining step. 

Hansen (1979) studied the chemistry of the molten salt by electrochemical and other 

techniques. He studied the K,S20,/K2S04/V20, system and suggested the following equilibrium: 

where only V02(S04)I- is catalytically active. Whether the Lux (l939: 303) and Flood (1947: 592) 

acid-base concepts advocated by Hansen are useful or  not In this system, the proposed active 

species seems chemically more reasonable than the ones in Equations ( lea, b, c). 

Other useful reviews of various reaction mechanisms are given by Neth (1980: 44), Boreskov 

(1967: 126). Weychert (1969: 396) and Livbjerg (1972: 21). 

2.6 INTRINSIC KINETIC EQUATIONS 

With specified initial SO, and 0, concentrations, the dependence of the oxidation rate on the 

degree of SO, conversion and temperature follows a course imposed by the exothermicity and 

reversibility of the reaction (figure 7). . 
Most of the rate expressions found in the literature can be put in the form: 

where t is defined by: 
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Figure 7. : Typical dependence of the oxidation rate on the degree of SO, conversion and tem- 

perature (Urbanek, 1980: 81). 

and f,, is the forward reaction rate. The majority of forward reaction rate expressions r',, 

found in the literature are of the form: 
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where equations (22) and (23) are the power law and the Langmuir-Hinshelwood form, 

respectively. 

There is no agreement on the parameters in equations (22) and (23) except that in the majority 

of studies t' and m are between 0.5 and 1.0 and n is usually 0 to -1. In equation (23) d ,  e, and 

f a r e  usually 1.0 and the parameters A, B and C may o r  may not be temperature dependent. 

The parameters A. B and C are functions of temperature rather than sorption equilibrium 

constants o f  suitable reactants. Any interpretation of the parameters in terms of adsorption 

constants is wholly unjustified since the catalyst is a liquid state at the reaction conditions. 

The temperature dependence of the rate constant k is very complicated, and in commercial 

catalysts the apparent activation energy can vary from as much as 67 k,J/rnol to 272 kJ/mol 

in the range 416 - 484°C. Breaks in Arrhenius plots of reaction rate logarithm versus 1/T are 

found in most studies if the experiment covers a large temperature range. 

Most of the earlier equations and even some of the more recent kinetic equations beyond any 

doubt reflects the results of the experiments carried out in the diffusional region. According 

to Urbanek & Trela (1980: 93) who evaluated the different equations found in the literature 

critically, the differences revealed are considered to be so great as to render any o f  these 

equations inapplicable as a general rate expression. Urbanek evaluated these exprese' J I O ~ S  

by comparing the forms of the concentration-dependent function in the various equations. At 

the lower temperatures the average error involved in the rate constant ranges from 8 to 80% 

and, at the higher temperatures, from 3 to 3O0jo. 

The Mars & Maessen (1964: 266) equation deviates the least from the mean value while the 

Boreskov (1970: 181) is fairly close to the Mars & Maessen equation but it results in slightly 

lower reaction rates at lower temperatures. Only the Mars & Maessen and the Boreskov . 
equations will be discussed in more detail because they are the most widely used equations. 

Mars 23 Maessen (1964: 226) were the first to relate the reaction rate to the composition of the 

active liquid by assuming the reaction GO, + 2V4& -+ 2V5+ + O2 as the rate-determining 

step, and the V4' concentration is given by the established equilibrium according to equation 

(14a), expressed by: 
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Equation (24) contains the vanadium balance 

C, = Cv4+ + C 54  v 

The equilibrium constant K,  related to equation (14a) was found to be: 

-8 13700/T K c =  2.3 x 10 e (26) 

from the equilibrium measurements in which the V4+/V5+ ratio was determined in the cooled 

solidified melt. The PsoZ/Pso, ratio is denoted by q. 

In accordance with most empirical results, the reaction can be regarded as first order with 

respect to oxygen, the rate equation being given by: 

where 

and 

Equation (27) is frequently employed for the chemical reaction in the melt, but it is clear from 

the results of numerous investigations that restrictions have to be imposed with respect to the 

V4+ concentration achieved with equation (24). According to Holroyd and Kenney (1971: 1963)- 

part of V4+ can exist in an inactive state. It is assumed that V4' is only partly soluble in the 

melt and that at lower temperatures some V4+ precipitates out. The existence of two different 

V4+ species has been confirmed by Boreskov et al. (1973: 626) using ESR methods. This has 

not been taken into account by the vanadium balance contained in equation (24), so that in . 
this case the total V4+ yield is calculated. 

Grydgaard (1978: 582) modified the Mars & Maessen model equation by introducing a maxi- 

mum solubility of V4+ as a factor into the vanadium balance. The solubility function is a 

function of temperature and the melt composition was determined by regression analysis 

using experimental data from kinetic measurements. This procedure did not appear 

practicable in the present work where the measured reaction rates are assumed to be 

significantly affected by mass transfer limitations, and as a result, if additional solubility pa- 

rameters are taken into account, they would become too uncertain. 
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Consequently, another rate equation was tested as an alternative to equation (27), which 

though formally similar to equation (27). results in lower reaction rates at lower temperatures. 

The following equation has been found empirically by Boreskov et al. (1970: 181) 

from kinetic measurement, and consequently no attention need be paid to inactive V4+. 

Equations (28) and (30) differ only with regard to the forms defined by: 

and 

where 

o,, practically coincides with w2 at about 535°C but depending on K,(7).  the ~ , / o , ,  ratio 

increases with decreasing temperature. Hence, w, can be corisidered as an approximated 

expression of W, which reflects the influence of inactive V4+ by employing a specific value for 

Kc instead of using Kc(T) ,  whereby the specific value can be regarded as a quasi temperature 

independent equilibrium constant for a modified equation (14a) (that is equation (17)) which 

includes only the active V4+ species. 

The effect of the total V 2 0 ,  concentration on the reaction rate is incorporated into the rate 

constant as equation (27) of: 

whereas no corresponding relation was quoted by Boreskov (1970: 181). However, in view of 

the fact that the two equations are assumed to be analogous, the same correlation should 

apply to both of them. 

In the study that follows, both these equations will be tested and the final rate equation can 

be expressed in a general form as: 
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Under certain conditions a physical interpretation may be given to the parameter l /S  in 

equation (33). If one single elementary reaction mechanism step is rate determining for the 
overall reaction, l / S  will be the stoichiometric number for this step assuming that the rate of 
the forward reaction, k,P,,w,, is described correctly even close to equilibrium. It is plausible 

that a rate determining step may involve one of the following: 

a) One oxygen molecule 

b) one oxygen atom 
c) one sulphur dioxide molecule or 

d) one sulphur trioxide molecule. 

In the first case S = 'A while S = 1 for (b) - (4. These two values are consistent with the S- 

values proposed by the different kinetic models. There is no agreement on the correct value 
of S and it is doubtful that one value is best for all cases. 

2.7 TRANSPORT PHENOMENA 

Livbjerg & Villadsen (1971: 21) and numerous other investigations indicate that transport 
restrictions may considerably decrease the reaction rate in industrial SO, oxidation reactors. 

The first step in the engineering of a catalyst is to quantify the phenomena that govern its 

performance. These fall into two broad categories: 

1. Transport Phenomena (i.e. mass and heat transport) 

2. Reaction kinetics. 

According to Kovenklioglu el al. (1978: 841) the transport phenomena, especially mass trans- 
port inside the pellet, plays a far more important role than the form of the intrinsic kinetic 
equations in the case of commercial SO, oxidation catalysts. The behavior of a gas-phase 

supported liquid phase heterogeneous catalyst in an operating reactor is influenced by three 
transport phenomena depicted in figure (8). 
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'Liquid filled region 

Figure 8. : Mass and heat transfer take place in a reactor as a result of intrarextor, interphase . 
and intrapellet transport. 

As the gas passes through the interstices of the catalyst bed, it flows around the exterior of 

the catalyst pellet. If a reaction ensues. a concentration gradient (and, possibly, a tempera- 

ture gradient) will develop between the inlet and outlet of the reactor. These are called axial 

gradients. Also, concentration and temperature gradients can arise between the center of the 

reactor and its wall. These are known as radial gradients. These gradients wili, in turn, ge- 
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nerate conductive and diffusive heat and mass transfer, which phenomena are referred to as 

intrareactor transport. 

Because the flowrate at the surface of the catalyst pellet is zero, a thin stagnant film 

surrounds the pellet. If a chemical reaction takes place within the pellet, there are 

concentration and possibly temperature gradients between the pellet and the flowing gas. 

These gradients cross the boundary layer between the pellet and the gas bulk. Heat and mass 

transfer across this boundary layer is called interphase transport. 

When chemical reactions occur, heat and mass transfer take place inside the porous pellet. 

This is known as intrapellet transport. This intrapellet transport can be divided into two 

regions i.e. transport in the residual pore system (RPS) and transport in the liquid filled region 

(LFR). 

The experimental evidence presented by Urbanek (1980: 100) allows one to rank diffusional 

effects in the descending order : intrapellet mass transport > interphase mass and heat 

transport > intrapellet heat transport. However current tendencies to prepare increasingly 

active catalysts will give rise to transport processes becoming more and more frequently the 

rate-controlling step in the oxidation of SO,, and the above ranking may well undergo 

modification. Therefore, a search for new potent catalysts should be run parallel to transport 

process studies, especially as improvement of e.g. intrapellet diffusion condition (expanded 

or ring-shaped pellets) can result in a greatly enhanced process rate. 

2.7.1 Effedlveness factors 

Effectiveness factor concepts are basic to catalyst design and are used as a basis to describe 

the performance of the V,O, SLP system. 

The effectiveness factor is the amount by which the intrinsic reaction rate has been reduced 

due to diffusional mass transfer restrictions. Signified by q ,  it can be defined as the actual 

reaction rate divided by the reaction rate that would occur if all the active constituents 

throughout the inside of the pellet were exposed to a reactant of the same concentration and 

temperature as that on the outside of the pellet. Multiplying the intrinsic reaction rate by this 

factor yields the actual reaction rate 

actual reaction rate with diffusion 
Y =  ' intrlnslc reaction rate without diffusion 

where 
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f = lntrinsic reaction rate, r = effective reaction rate 

The progressive drop in concentration on moving into a catalyst pore is shown in figure 9 and 

this is seen to be dependent on the dimensionless quantity 4 ,  called the Thiele modulus 

(Levenspiel, 1972: 460). 

DISTANCE INTO PORE 

Flgure 9. : Progressive drop in reactant concentration within a catalyst pore as a function of 4 

The Thiele modulus is a function of: 

1. Diffusional path length, which is typically the thickness and dispersion of the melt in the 

case of the liquid effectiveness factor (LFR), or it can be the particle size in the case of 

the gas effectiveness factor (RPS). 

2. Intrinsic reaction kinetic constant, k. . 
3. The effective diffusion coefficient in the pores (RPS) or in the melt (LFR). 

4. The reaction order in the case of higher n-th order reactions. 

5. The Thiele modulus also depends on the shape of the pellet. 

For a first order reaction for example 
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the Thiele modulus is given by 

The q vs 4 relationship for various shapes, orders and volume changes during reaction is 

graphically represented in figure (10). 

For a flat plate the relationship between the effectiveness factor and Thiele modulus is given 

by 

tanh 4 
'1'- 
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Figure 10. : The Thiele modulus versus effectiveness factor relationship for an isothermal pellet. 
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This flat plate expression is a good approximation for all particle shapes as seen in figure (10). 

From figure (10) it can be concluded that: 

- of particles the I 
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1 There is negligible diffusion resistance to reaction when 

2. We have strong diffusion effects when 



Confidential 

The resistance due to diffusion does not act in series with the intrinsic reaction resistance and 

hence cannot be treated independently of it. The pore diffusion resistance can therefore only 

be accounted for by a separate, multiplicative correction term, q ,  to the kinetic equations. This 

is true; however q involves not only a diffusion term but also a surface reaction term in the 

form of the rate constant. Thus pore diffusion can never become controlling in the sense that 

it alone will determine the overall rate of reaction mechanism. 

Numerous reports are available on this topic, see for example Aris (1975: vol I & 2). 

2.7.2 Interphase transport 

Urbanek 8 Trela (1980: 93) pointed out that although both the investigations on vanadium 

catalysts and the commercial process involve linear velocities varying over a broad range 

(0.05 to 1.5 m/s STP), little attention has been devoted to the effect of interphase mass and 

heat transport upon the catalyzed reaction. By virtue of the general laws at a given degree 

of conversion, this effect should be highest at a temperature closely approaching optimum, 

i.e., when the process rate attains a maximum. 

This supposition was confirmed by the calculations, first performed by Boreskov (1970: 181). 

for commercial catalyst pellets and a linear velocity of 1.5 mls (Re = 150). The interphase 

transport has been shown to reduce the process rate by 1 to 2O0I0 depending on the point in 

the conversion degree versus temperature diagram (figure 7). The difference between the 

turbulent stream temperature and the particle temperature (the particle was assumed to have 

an identical temperature at all points) did not exceed l I o C (  T = 500 to 600°C). 

Eklund (1956: 201) reported temperature differences between the turbulent stream and the . 
exterior particle surface lower than 0.06"C at a temperature of 437°C (linear velocity of 0.27 

m/s, STP, Re = 6.0). This agrees with the majority of workers who agree that interphase heat 

transport has no significant effect upon process rate. Experimental data obtained in mass and 

heat transport studies appear to be more reliable than calculated data. 

Goldman et al. (1957: 274) were the first to point out that interphase mass transport has an 

effect upon the SO, oxidation rate in integral flow measurements. The more accurate data due 

to Schytil and Schwalb (1961: 367) show that, at a degree of conversion x = 85%, an increase 

in linear velocity from 0.3 to 0.6 m/s (STP) has no effect upon the process rate ( 
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r = 5 x 10-~moleS03/cm2 sec .). However, at x = 74% and r = I x 10-smoleS0,/cm2 . sec , a 

similar increase in linear velocity has resulted in a change in r of about 10%. Urbanek (1980: 

95) has found that, at r = 0.5 x lo-@ mole S03/cmz . sec and x = 8O0/0, the effect of interphase 

transport becomes eliminated at a linear velocity as low as 0.05 mls  (STP.). At lower 

conversions, x = 20% to x = 50% (0.5 x lo-@< r < 4 x 10-BmoleS03/cmz . sec), and at 

temperatures usually applied in commercial catalyst reactors, the limiting linear velocity has 

been found to be 0.15 mls  (STP). 

The experimental data of Schytil and Schwalb (1961: 367) are consistent with those of 

Urbanek. It is evident from their results that with more active catalysts (higher reaction rates 

per unit exterior particle surface area), the linear velocities required to eliminate the effect 

of interphase diffusion will be higher than the hitherto reported values established 

experimentally. 

According to Urbanek & Trela (1980: 95) preliminary studies on local transport conditions 

outside the vanadlum catalyst particle have shown that particle shape and particle arrange- 

ment in the bed have a significant effect upon process rate, primarily on account of the varying 

transport conditions outside the particle. This factor is of consequence for processes 

occurring within the particle and for the methodology of experimental determination of 

reaction rates in differential reactors. 

2.7.3 Intrapellet transport 

The ratio of internal to external surface area for commercial catalysts is typically lo4. 
Therefore, the overwhelming portion of the active liquid phase is distributed within catalyst 

particles, and the reactants and the heat released are transported through the porous particle. 

The existence of an optimal liquid loading for a given pore structure has been verified by Rony 

(1969: 142) and is explained by the gradual disappearance of the residual pore system (RPS) 

at high liquid loading. The existence of an optimal porebsize is an important consequence of 

his liquid distribution model. Poor liquid dispersion (large 5 1 and therefore low catalyst 

activity result from large mean pore sizes. Below a given pore size, however, any further 

reduction of pore size to increase the local liquid effectiveness factor is overcompensated by 

an increasing Knudsen pore diffusion restriction in the RPS. Activity should be lower for very 

large and very small pore sizes. Livbjerg et al. (1974: 255) noted from experiments with three 

mean pore sizes that a shift from pore diffusion controlled reaction to liquid phase diffusion 

reaction is possible. For optimal liquid loading and pore size the diffusion resistance is almost 

evenly divided between liquid phase diffusion and pore diffusion. Hence the necessity of 
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including both factors in the SLP model is accentuated: The intrapellet effectiveness factor is 

divided into the liquid phase effectiveness factor and the residual gas filled pore effectiveness 

factor. These two intrapellet transport resistance are treated in the next two sections. 

The mathematical model of Neth et al. (1980: 44) will be used to describe the transport 

restrictions in the LFR and RPS. 

Unlike mass transport, heat transport within the particle has been consistently regarded as 

having a minor effect due to the relatively high effective thermal conductivity of the catalyst 

pellet. 

Fulton (1986: 118) also confirmed that there is no significant temperature gradient inside the 

sulphuric acid catalyst, even for reactor inlet conditions at which the gradient would be the 

largest. 

2.7.4 Liquid phase effectiveness factor 

The "cluster model" of Livbjerg et al. (1976: 216) appears to be the most suitable distribution 

model for the melt in the porous solid for the system under consideration. However any one 

of the liquid distribution models may be used in the effectiveness factor model presented by 

Neth (1980: 46). Thus 5 may be calculated from equations (3). (4) and (5). 

The reaction in the melt is assumed to be pseudo first order with respect to oxygen; the 

assumption being based on the relatively low solubility of oxygen compared to that of SO, and 

SO, in the melt. Provided the temperature gradient in the melt exerts no significant influence 

on the reaction rate, the Thiele modulus for a first order reaction can be applied, resulting in: 

and the liquid effectiveness factor 7, can be calculated from: 

According to Neth (1980: 46) the effective diffusivity of oxygen in the melt is: 
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where Do, is the diffusivity of oxygen in the unsupported melt and rL is the tortuosity factor. 

Using 6 calculated from equations (3) or (4) or (5) and equations (38) and (40),'the Thieie 

modulus can be written as: 

where K,, can be expressed in an Arrhenius-type equation as: 

AEL and BE, being defined by: 

if the simplified liquid distribution model, equation (4) is used. The ratio 1x10 depends on the 

catalyst properties. The effective reaction rate per unit volume of melt is determined by: 

and the reaction rate per unit volume of catalyst particles can be obtained by multiplying rL 

by the density of the support p,,, the pore volume V, and the liquid loading factor a: 

2.7.5 Gas phase effectiveness factor 

The model of Neth et al. (1980: 47) will be presented. It is known from experimental results that 

in the range of particle sizes used in industry, a considerable pore diffusion resistance has 

to be taken into account. To allow for this effect in a gas phase effectiveness factor y,, the 

reaction rate according to equation (45) was considered to be the intrinsic rate occurring on . 
the surface of the solid, comparable to the intrinsic rate in other heterogeneous gas-solid 

reaction systems. 

This is in contrast to the model presented by Rony (1969: 142) who regarded the diffusion 

resistance in the gas phase as part of the total diffusion resistance in the gas and liquid 

phases, with respect to the reaction rate in the liquid phase. However, in the present work it 

has been assumed that the diffusion resistances in the liquid and gas phases can be 

calculated independently of each other. Whereas in the liquid phase the oxygen gradient is 

largest on account of the lower solubility of oxygen in the melt, the oxygen gradient in the gas 



Confidential 

ase is assumed to be negligible, since in most practical cases, there is an excess of oxygen 

in  the gas phase. 

~ a s e d  on this assumption, the rate equation, Equation (45) can be regarded as applying to  a 

(pseudo n-th order reaction with respect to SO2 when the following assumptions are made: 

a)  w,qL and wZqL can be approximated by power functions of PSo2, and 

b) The reversible nature o f  the reaction can be taken into account by replacing the actual 

partial pressure PSO2 by the driving concentration difference: 

This is possible when 

which is nearly satisfied by 

"so2, en -- - 0.9 (Civbjerg et al.), 
D s o ~ ,  en 

When it is further assumed that: 

c) The temperature gradient inside the catalyst pellet does not significantly affect tlie reaction 

rate, a general Thiele modulus can be employed for an n-th order reaction: 

and the effectiveness factor q, can be calculated from: 

. 
tanh C#JG 

V G  = a G 

Finding approximate power functions of PSo2 for C U ~ ~ L ,  two limiting cases were considered 

n case a), the following function for (I),  was found: 

38 
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which agrees fairly with the original function sufficiently, as seen in figure (11). A good 

approximation for W, was: 

"2 ' (I - u)0.9 

Figure I f .  : Comparison between a), (drawn out curves. Equation (31a) and the approximation 

according to Equation (48a) (points). 

When 1 - U is assumed to be approximately equal to 

u), and o, can be expressed by: . 
(07 z ~ . ~ ( K ~ ~ ~ ~ ( P S O J P ~ O , )  

(1 + 2s 
= ~ ~ ( P S O , ) ~ ~ ?  

or in a general form by: 



At 53S°C, n, = n, = 0.9, and q ( U )  is close to w,(U)/a,, as shown in figure (12) and mentioned 

in section 2.6. 

Figure 12. : Comparison between ru, (continuous line) and ro2/al (broken line) corresponding to 

Eqs.(Bla) and (31b) at 535°C. where a, is defined by Eq.(48a). The points were 

calculated by Eq.(49a). 

On substitution of Pso2 by 

it follows from: 

~s"O,(l  - U)  - P;o,(~ - ueq) 
A P ~ ~ 2  = 1 - 0 . 5 ~ ; ~ ~ ~  

1 - o.sxs"ozueq ' 

using the approximation: 
. 

0 1 - 0 . 5 ~ s " ~ ~ ~  2. 1 - o.5xsO2Ueq~, 

that APSO2 can be written as: 

since APSOZ deviates significantly from PSO2 only in the vicinity of equilibrium. 
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By defining U ,  as: 

APSop can ultimately be expressed by: 

Taking into account Equation (48c), introduction of AP,,, into Equation (45) gives the intrinsic 

rate equation in the following form: 

when q, 2 1 

In Equation (SO), the product 

is assumed to be constant inside the catalyst pellet and hence can be regarded as the rate 

constant of the pseudo n-th order reaction with respect to SO,, the expression being 

comparable to k, in the Thiele modulus (Equation (46)). Thus, when q ,  - 1, the Thiele modulus 

can be calculated by means of the following equation: 

where instead of k,(Ac)"-I the term rnRT/APso2 is used. Moreover, in Equation (Sl), aiP:b2 is 

again expressed by mi, since in this case only the exponents ni have to be taken from the 

approximations Equations (18a) and (lab), while the original equations (Equations (31a) and 

(31b)) can be employed for mi. 

. 
The effective diffusivity Dso,, eff can be calculated from: 

where DSo2 is computed from the binary gas diffusivity DS07,9,  and the Knudsen diffusivity 

D ~ 0 2 ,  K : 
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as well as from the tortuosity factor rG of the gas phase. D,,,,, was obtained from: 

and DS02.g from the equation which correlates the results of Livbjerg et ai. (1976: 216) : 

In accordance with the equation for the liquid phase Thiele modulus (Equation (41)), Equation 

(51)  can be rearranged as follows: 

VK 
--- 

where the coefficient A, = 6 and a parameter -- ? - .  depending on the catalyst 
F M  \ (1 - ff) 

properties, occur separately. The square root term h \he chtalyst parameter has been 

simplified by substituting 

For the limiting case qL - - . the procedure employed to obtain Equation (51) results in: 
dl, 

Here, the reaction order becomes ni/2 since qL is a function of ,,&. 

1 For the intermediate regime (1  < qL < -), aG was determined in the form of the weighted 
41 

mean of &, and i b G ,  as a function of qL. This method has no theoretical foundation and in fact, 

can only be checked, together with the other assr~mptions made previously, by numerical 

calculation, applying the method o f  orttiogonal collocatiqn. 

The mean Thiele modulus was obtained from: 

~ P G  = ( b ~ , b  + ( 4 ~ , a  -- ~G.PEG' 

where 

which nearly satisfies the conditions: 
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The gas phase effectiveness factor q, can be obtained using Equation (47). (51). (53) and (55) 

and the effective reaction rate in the catalyst pellet is given by: 

The rate equation for the overall reaction, i.e. Equation (56), and the functions which are 

involved in the rate equation can be represented as shown in Table (8), where the parameters 

constitliting the catalyst data are designated by z, to z,. Table (7) lists these parameters which 

could almost completely characterize each type of catalyst. 

Neth et al. (1980: 49), checked this model against experimental results obtained from three 

different catalysts. The following observations and ranges of coefficients can be extracted 

from his results: 

When the Mars & Maessen equation was used ( r o i  = ( I ) ,  and ni - n,  ) , a coniparison 

between the calculated and the measured r = f(U)-profiles revealed the occurrence of a 

systematic error, whereas no such error was observed when the Boreskov equation ( 

ru; = a,, and ni = n, ) was employed and, in addition, the mean error for the three catalysts 

tested by Neth et al. was found to be considerably smaller. 

A K,,(470nC) = 111 and T, = 5.6 were found to be suitable for all three catalysts tested by 

Neth et al. (1980: 49) provided that the different catalysts were chatacterized with enough 

accuracy by the parameters 2;. 

When adopting the same values for 7, and Do2/Ho2 as used by Livbjerg et al. (1976: 216), 

i.e. T, = 2 and Do2/Hoz = 2 x 10-13, the coefficie,nt s of Equation (5) resulted in 

s = 3.51 x cm when K,,(470nC) = 111 and the mean thickness (5 was 13501\ when 

a = 0.385. 

Compared to the mean pore radius of about ~ ~ o o A ,  of the catalyst tested the obtained 

mean thickness of the melt can be seen to agree with the cluster model rather than 

characterising thin layers of melt covering the pore walls. 

Due to the fact that the coefficient, s, in Equation (5) is affected by the nature of the rate 

equation applied to the reaction in the melt, the absolute value of s is still uncertain and 
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the difference in values compared to the results in Livbjerg et al. (1976: 216) can be 

explained by the use of different rate equations. 

Table 7: Catalyst parameters 

The difference obtained in K,,(47OQC) for different types of catalysts tested by Neth et al. 

(1980: 50) can be explained by the dependence of the mean melt thickness 6 on the mean 

pore radius, as has also been found by Livbjerg. The melt is utilized to a greater extent 

in the case of larger catalyst pores for a certain liquid loading. 

Type of Catalyst 

The different values of r, remain within a narrow range and also appear tc be slightly 

dependent on the pore radius (4.0 < T, < 6.0).  

Type 1 

0.385 

0.288 

0.206 

0.0829 

0.850 

7.12 x 

0.31 7 

The evaluated apparent activation energy of about 105 kJlmol is seen to be still in 

agreement with the value of about 84 kJImol given by Livbjerg et al. (1976: 216). 

Type 2 

0.380 

0.354 

0.208 

0.125 

0.833 

7.05 x 10- 

0.457 

The dependence of the rate constant 

C2A e-B~IT k ~ =  v L 

on C,2 was confirmed by Neth; comparing several r h s  in which C,  was changed. This is 

in line with the view that the Boreskov equation can be regarded as a modified Mars and 

Maessen equation, as discussed in section 2.8. 
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Table 8: Rate equations 

tanh 4G 
' f ~  = 

dc 

For practical purposes the rate r,, based on catalyst bed volume, is more informative than 

the rate r,, based on the pellet volume; r, can be obtained from r, on multiplication by 
P I  - 
Pk ' 

In industrial catalysts n is in the range of about 0.3 to  0.4. At temperatures from just under 

500°C, the above range can be regarded as practically optimal, while a t  lower 
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temperatures an increased liquid loading can improve the catalyst activity. This is 

confirmed by practical experience in as far as, during the past few years, the application 

of higher liquid loadings has allowed the ignition temperature to be lowered and the 

catalyst activity to be improved at lower temperatures (Neth et at.. 1980: 52). 

The different types of catalyst could be almost completely characterized in the rate 

equation by means of the parameters zi consisting of the catalyst data. 

Finally it can be concluded from the results of Neth et al. that this rate equation is suitable for 

the interpretation of measured reaction rates obtained with industrial catalysts. 

2.8 CATALYST DEACTIVATION 

Relative to other catalytic materials, vanadia catalysts exhibit remarkably long lifetimes. 

Some installations have operated on the same catalyst toad for a decade. Catalyst activity 

changes little over periods of years and it appears that it is mechanical deterioration of the 

catalyst that eventually leads to its replacement (Tamura et al., 1975: 122). 

2.8.1 General consideratlons 

Donovan et al. (1983: 271) reported that the catalyst life can be shortened significantly 

whenever the catalyst is misused either during storage or in use. Water vapour is the biggest 

problem during storage. The free SO, absorbed in the melt may be hydrated to sulfuric acid 

in the presence of moisture. This in turn forms brown or reddish crystals at the pellet surface 

that can cause local decrepitation and material losses during handelling (Donovan, 1983: 271). 

In addition, water will also be absorbed by the hygroscopic active constituents, and this will 

impair the mechanical strength of the pellets (Sander, 1981: 286). 

. 
The average service life usually quoted by catalyst producers is about ten years, but the 

catalyst's performance gradually deteriorates in high temperature or  dusty operating 

locations. Catalyst life is generally considered long when compared with other catalysts, 

although there are significant differences in aging behaviour and life between different 

commercial catalysts. 

The dust accumulating on the catalyst eventually increases the gas pressure drop through the 

catalyst bed and will consequently reduce the gas throughput as well as decrease the SO, 

conversion emciency. The general practice is to screen the catalyst annr~ally (the first pass is 



Confidential 

always screened plus, occasionally, one of the other passes on a rotating basis) to remove 

most of the dust and scale on the catalyst. The volume of material lost during screening is 

replaced with fresh catalyst which is always placed at the top layer because its ignition tem- 

perature is lowest when new. 

Donovan (1983: 272) classified the deactivation process of the catalyst in three mechanisms 

that acted simultaneously: 

1. Thermal deactivation, 

2. Mechanical deactivation, 

3. Chemical deactivation. 

2.8.2 Thermal deactivation 

The upper operating temperature limit is usually determined by the therrnal stability of the 

catalyst. Above 600 - 650°C, catalyst activity may be lost irreversibly because of darnage to 

the structure of the carrier and reduction of its internal surface area. 

Donovan (1983: 272) observed that at high temperatures, fine globules of silica appear to be 

dissolved in the melt. As a result, the thickness of the melt film increases and possibly blocks 

part of the pore structure. The role of silicon dioxide is not fully understood because it can 

reportedly react with vanadium species to form vanadium silicate (V,Si,O,). which in turn can 

react with the active constituents in the melt (Glueck. 1968: 1257). Thermal deactivation is also 

dependant on the expertise of the catalyst manufacturer and the choice of the support 

material. Poor quality support material may sinter at operating temperatures, closes the 

smallest pores first, resulting in a reduction of the total surface area. The reduction in surface 

area is correlated with a reduction in catalyst activity (Donovan et al., 1983: 272). 

According to Donovan, high temperatures can also cause phase transitions of the silica 

support. These transitions may cause softening of the catalyst matrix via expansion or con- 

traction. Most workers who studied the ageing process reported a gradual transformation of 

SiO, to a -cristobalite. The increase in crystallinity was found to be proportional to the time 

of industrial use. Because cristobalite forms at a lower temperature in the presence of 

vanadium compared with SiO, alone, suggests that a chemical interaction of SiO, occurs with 

the molten salt (Donovan et al., 1983: 273). It was reported that the crystalline transition is 

accelerated by higher temperature, but is reduced with increasing K / V ratio and increasing 

concentration of SO, in the gas. Donovan noted that because some samples contained 
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a-cristobalite and still had high thermal stability, it can be concluded that the role of phase 

conversion in the support may not be critical in the ageing process. 

Catalysts activated by sodium are apparently thermally less stable than catalysts activated 

by potassium. Donovan also concluded that the main cause of thermal deactivation in 

catalysts promoted by potassium is a combination of potassium and V,O, with SiO, and as a 

result, formation of an inert vanadium phase. 

Thermal deactivation generally proceeds rather slowly, and it has been found by plant 

experience that good quality catalysts can be exposed to abnormally high temperatures 

(700 - 800°C) for short periods of time without causing drastic deactivation (Donovan et at., 

1983: 273). 

2.8.3 Mechanical deactlvatlon 

The most common source of mechanical deactivation is attrition losses in the catalyst bed due 

to vibration between the layers of catalyst. Attrition losses and crushing of pellets during the 

regular screening intervals can also be responsible For as much as $ 5% screening losses 

for hand screening methods and $ looh losses using pneumatic screening equipment. 

Dust accumulation also mechanically deactivate the pellet by plugging the voids between 

catalyst pellets to differing degrees and thus partially isolates the pellets From the reactants. 

The molten salts in the catalyst can also migrate into the dust (depending mainly on the dust 

particle size distribution), which causes an overall loss of vanadium salts from the catalyst 

(Donovan et al., 1983: 274). 

. 
2.8.4 Chemlcai deactlvatlon 

A number of substances react chemically with the catalyst either to reduce activity. cause 

gradual losses of vanadium, or alter pellet physical strength. Even the major reactant SO,, 

causes some loss of activity when present in high concentrations at low temperatures ( 

Donovan et at., 1983: 274). However. this decrease in activity is limited in extent and is 

reversible; full activity is restored by exposing the catalyst to relatively high oxygen (or 

SO, + 0, ) concentrations and/or raising its temperature. 
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Most of the information to quantify the effects of various poisons has been obtained from plant 

experience and for this reason the available information in many cases is only 

semiquantitative. 

Arsenic is probably the most feared catalyst poison in sulphuric acid plants. Other 

undesirable contaminants include carbon monoxide, fluorides, lead, mercury and selenium, 

however small amounts can be tolerated. 

Table (9), derived from Donovan et al. (1983: 275) outlines the effects of contaminants in feed 

gases on the catalyst. 

Table 9 Effect of contaminants in feed gases on the catalyst 

Contaminant 

C,H, (hydrocarbons) 

Effect on vanadium catalysts 

Does not have an effect at temperatures above typical dew points 

for sulfuric acid (150 - 200°C). At lower temperatures, there may be 

degradation of the catalyst with loss of activity and mechanical 

strength, depending on the extent of condensation. Catalyst can 

usually be regenerated by careful heating. 

At temperatures significantly below 600"C, the catalyst is saturated 

with arsenic and a reduced plateau of catalytic activity is reached, 

which apparently does not change appreciably with further 

exposure. The decrease of activity appears to be connected with 

blocking of the catalyst surface by arsenic trioxide (As,O,). At 

temperatures near 600°C the volatile compound V,O,.As,O, can be 

formed. and some long-term loss of activity may be noted because 

of vanadium losses. 

Because of its easy oxidizability it has the same effect as As,O,. 

Harmful effect only at temperatures below 400°C; initial activity is 

restored after heating. 

Harmless in small concentrations. In individual cases there has 

been catalyst activity loss as a result of surface deposition of carbon 

formed by incomplete oxidation of hydrocarbons. The amount of 

carbon produced is dependent on properties and concentration of 

the hydrocarbon, the concentration of oxygen. and temperature. In 

large amounts, heat release from oxidation can be a serious 

problem. 

Sharply reduces activity, but extremely low levels act relatively 

slowly. HF reacts with silica supports forming volatile SiF,, and 
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deposition of silica gel on the catalyst surface has also been noted. 

Mechanically covers the surface of the catalyst and causes a loss 

of activity and pressure drop increase. When catalyst beds 

contaminated with iron are observed in a cold condition. hard crusts 

between pellets are noted. The crusts contain appreciable 

potassium plus vanadium and it is evident that substantial migration 

of molten-salt actives occurs. 

Are not objectionable in small amounts if there is sufficient oxygen 

to permit oxidation. Large amounts can produce harmful heat 

release or block the catalyst surface with sulfur deposits. 

May cause loss of catalyst activity by reducing vanadium pentoxide 

to a lower oxidation state. Heat release may be a problem. 

Harmless in reasonable quantities. Can be oxidized with 

objectionable heat release when present in large amounts. 

Are not objectionable at reasonably low concentrations. (Note that 

NO may be troublesome in acid plants because it can contaminate 

product acids and/or cause formation of submicrometer acidic 

mists.) 

According to most workers, does not harm catalyst, but in the 

presence of large quantities of CO it is theoretically possible for the 

reaction to be inhibited owing to reduction of 

SO,. SO, + COZSO,+ CO,. Heat release from oxidation can be 

troublesome and there is some evidence of vanadium reduction at 

low temperatures (below approximately 450 to 475°C ) . 

Do not cause significant problems in low concentrations. If there is 

extended exposure, losses of vanadium from the catalyst occur as 
a result of volatile VOCI, formation. 

Information is limited, but analyses of spent catalysts from a 

number of acid plants indicate that compounds of these elements 

are readily deposited from very low concentrations in gases. Sig- 

nificant catalyst activity loss then occurs. Where elemental mercury 

is present in small concentrations, its volatility is apparently 

sufficient to prevent deposition on catalyst at operating 

temperatures. 
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2.9 CATALYST SHAPE AND PRESSURE DROP 

Pressure drop in sulphuric acid plants is becoming an increasingly important consideration, 

not only because efforts are being made to save energy, but also because it affects the sizing 

of equipment items in the plant. The pressure drop occurs mostly in the catalyst beds of the 

converter, and it increases during operation as dust from the feed gas accumulates in the first 

bed. Catalyst manufacturers are therefore faced with the problem of designing a catalyst 

shape or form which not only presents a low resistance to gas flow, but can also absorb the 

largest possible amount of dust for the minimum pressure drop without compromising on any 

of the other attributes - activity, abrasion resistance, crush strength and fabrication cost. 

2.9.1 Economic implications 

Gas pressure drop across the multiple catalyst beds in a sulphuric acid plant represents 

between one-quarter and one-third of the total resistance to gas flow under clean plant 

conditions (Donovan et al., 1977: 46). 

The power consumed in circulating the gas is dependent on the resistance to flow. Based on 

empirical information of Donovan, a typical acid plant centrifugal compressor consumes 1.08 

kw of electricity per 10 000 m3/h gas circulated for each 25 mm H,O pressure drop across the 

bed. For a 1000 t.p.d. sulphuric acid plant operating on 7.5% sulphur dioxide pyrite rooster 

gas with a 98% conversion efficiency, each 25mm H20 increase in pressure drop consumes 

335 kWh/day. Assuming an electricity price of R0,064/kWh and a plant on-stream factor of 

90%, the extra cost is about R7830/year/25mm H20 .  Therefore, it is important to lower the 

pressure drop to reduce costs and conserve energy. 

Dust accumulation on the catalyst causes a gradual increase in pressure drop and the 

additional costs and limitations on blower capacity makes it necessary to clean the catalyst 

from time to time. Plant downtime and handling cost for the cleaning operation and the 

make-up of about 10% to compensate for screening costs also contribute to the running costs 

of the plant. 
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2.9.2 Effects of size and shape 

A catalyst pellet shape and dimensions should promote catalytic activity, strengthen the 

pellet's resistance to crushing and abrasion, minimize bed pressure drop, lessen fabrication 

cost, and distribute dust buildup uniformly. Unfortunately, these objectives are not easily 

achieved. Indeed, several are mutually exclusive. For example, a smaller size will enhance 

activity but also increase bed pressure drop (Fulton, 1986: 97). 

The greater activity found with smaller particle sizes is due to the more favourable ratio of the 

geometric surface to the volume, which, by allowing better access, makes more efficient use 

of the active mass. In principle, this advantage can be maintained at a lower pressure drop 

when some more exotic shapes or profiles for the catalyst particles are chosen. But the need 

for high mechanical strength to withstand the repeated unloading, screening and reloading 

operations does not favour this approach. Carefully planned shapes can alter the nature of 

fines deposition in the reactive bed and the voids can influence dust distribution and the 

eventual screening frequency. Shapes can also influence heat transfer characteristics 

(Donovan, 1977: 46). 

The hollow cylinder requires the least amount of material, affords the maximum strength and 

abrasion resistance and is easily extruded. Therefore an obvious choice of pellet shape is the 

hollow cylinder (Fulton, 1986: 98). Hollow cylinder catalysts are widely employed; as well as 

improving pressure drop characteristics, such catalysts offer improved tolerance to dust. 

Although some shapes appear attractive from the point of view of initial pressure drop or dirt 

holding, there are some potential long-term problems which must be investigated in depth 

before any can be recommended (Donovan, 1978: 39). 

Will interior orifices or pockets become coated or plugged with dust which cannot be 

removed by normal catalyst screening procedures? This is a critical question for ring or 

dimpled pellet shapes. 

Will reduced physical strength, in comparison with solid cylinders of the same 

composition, result in increased attrition or crushing losses? Here again, hollow rings or 

ribbed shapes face a major test. 

Will increased surface and reduced solids volume result in accelerated depletion of the 

active molten salt through migration into surface dust and thus reduce the catalyst life? 
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At what point will dust cease to be collected in the first catalyst pass and start to foul the 

second catalyst pass, requirlng two passes to be screened instead of one and thus 

extending shutdowns and making them more expensive? 

2.9.3 Origln and effect of dust 

The alkali-promoted catalyst acts as a very effective dust filter owing to the "fly paper" effect 

of the vanadium pyrosulphate melt. The chemical composition of each catalyst affects its 

"stickiness" and may be almost as important a variable as pellet shape and size (Donovan, 

1978: 40). The general trend appears to be that catalytic activity and "stickiness" for dust vary 

together; more active catalysts have a greater tendency to pick up dust. This raises the 

question: What is the optimum economic balance between catalyst activity, pressure drop and 

dirt holding capacity? 

Chemical analysis of the dust usually reveals Fe, Zn. Cu and Si and may give an indication 

of the origin of the dust. Donovan observed that iron compounds appear to promote catalyst 

crusting or  caking. 

The active molten salt can migrate from the support material to the dust layer by capillary 

action. This migration depends on surface tension, as well as on the relative sizes of particles 

and pores in the pelleted catalyst support and in adjacent dust. This migration action will drain 

the support from active material and will deactivate the catalyst (Donovan, 1978: 40). 

The sensitivity to plugging and pressure drop build-up in a catalyst bed by dust-loaded gas 

depends on the bed void fraction, E ,  and how the dust is distributed (Schoubye, 1978: 34). 

Pressure buildup rates can be greatly reduced by larger pellets with more uniform dust 

distribution (figure 13). 

When using a 6mm diameter pellet, a large fraction of the dirt in the gas is deposited in the 

first few inches at the top of the bed. Donovan (1977: 49) reported that the top 20% of a bed 

containing 6mm diameter catalyst collected 62% of the dirt; this forms a barrier which rapidly 

causes an increase in pressure drop. In a bed withb8mm diameter catalyst, the dirt is 

distributed more uniformly and the top 20% of this bed collected only 28% of the dirt, 

consequently the pressure drop increased at a proportionately lower rate, which means that 

the amount of dirt that can be deposited in the bed before the pressrlre drop becomes 

intolerable, is greater. With the larger pellet it is important that a good balance between dirt 

holding and filtering ability is achieved; in other words the dirt must move farther into the bed 

without passing through it to any great extent (Donovan, 1977: 49). 
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Figure 13. : Comparison of dust distribution in 6 and 8mm diameter catalyst located in first-pass 

after 12 months service. 

Based on the initial results of Donovan, it is estimated that a bed of 8mm catalyst would be 

in service 50O/0 longer than a bed of 6mm catalyst before screening is required, which would 

reduce the annual screening costs proportionately. Alternatively, if the catalyst is screened 

each year, the pressure drop will be reduced significantly (figure 14), thus reducing energy 

consumption or  allowing a greater production rate. 

. 
2.9.4 Pressure drop correlations 

Before the Ergun correlation for pressure drop through fixed beds of uniformly sized solids 

wil l be presented a few shape and size related parameters must first be defined. 

For non-spherical particles, the effective diameter, 4, may be defined as: 



Confidential 

5 900- 
2 

W 5 600- 
V) 
V) 
W 

reduced 
screening 
frequency 

1 I I 
0 6 12 

TIME IMONTHS) SINCE CATALYST SCREENING 

Figure 14. : Relation of rate of increase in pressure drop to catalyst particle and screening 

frequency. 

diameter of sphere 

dp  = ( having the volume 
of the particle 

A variety of measures of non-sphericity can be used for non-spherical particles; however, for 

our purpose the following is most useful (Kunii, 1977: 64). We define sphericity d,  as: 

surface of sphere 
surface of particle 

With this definition, d, = 1 for spheres, and 0 < 4 ,  < 1 for all other particle shapes. 

According to Kunii the fraction voids, c, in a packed bed are related to the sphericity of the 

particles, as shown in figure (15). 
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Figure 15. : Voidage in uniformly sized, randomly packed beds. 

The pressure drop through a packed bed of pellets can be correlated by the Ergun equation. 

For a randomly packed beds this expression is expected to represent the data within + 25% 

however it may not be expected to extend to beds of solids of abnormal void content. 

The pressure drop in Equation (59) represents two factors, the viscous and the kinetic energy 

losses. The viscous losses predominate at low Reynolds numbers and Equation (59) 

simplifies to: . 

Only the kinetic energy losses need be considered at high Reynolds numbers; thus Equation 

(59) simplifies to: 



Confidentlal 

Both terms must be used in the intermediate region. 

Figure (16), extracted from Schoubye (1978: 35) shows calculated pressure drops across a 

typical first bed of a sulphuric acid converter operating on dust-loaded feed gas at a linear 

velocity of 1600 m3 feed gas per hour per m2 bed cross section. 

Figure 16. : Calculated pressure drop across the first bed according to dust loading. 

The bed height is taken as 0.5m; the inlet and outlet temperatures are 410°C and 600°C 

respectively. 

The curves are based on the assumption that the total amount of dust accumr~lated in kg/m2 

of bed cross section, w ,  is evenly distributed over a certain height. H, measured from the top 

of the bed. The bulk density of the dust is taken as 800kg/m3, so that (1, kg dustlm2 distributed 

evenly in a layer of H meters thickness will reduce the void fraction from 6, in the clean 

catalyst to (Schoubye, 1978: 35) 

8, is 0.35 - 0.4 in beds of cylinders or spheres. For the 6 x 6mm cylinders E ,  = 0.36, for 

1014 x 7mm rings e, 5 0.46 and for the 20mm rings e, = 0.50. 
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The decrease in void fraction in the top layer of the catalyst bed can be calculated by substi- 

tuting e in the Ergun correlation (Equation (3)). 

These calculations of Schoubye (1978: 35) reproduce typical accelerating pressure drop 

curves found in practice and may be used to evaluate catalyst shapes relative to each other. 

2.10 MAKING THE CATALYST 

SO, oxidation catalysts are chiefly produced by one of three general techniques: 

mixing 

impregnation 

precipitation (not common) 

All three processes are similar, the major differences being in the order in which the manu- 

facturing steps are conducted. The unit operations involved include solution mixing, solids 

blending, precipitation, impregnation, washing, filtration, drying, calcination, tableting, 

extrusion and sizing. 

2.10.1 The mixing process 

The components are mixed either in liquid or solid state (or a combination) to form a "paste- 

like" mass. When the active ingredients are added to the mix it becomes a complex physical 

system whose behaviour depends on composition, handling and time. Controlling this to give 

a consistent product is important. 

Sodium or potassium silicate or colloidal silica is frequently added as a binder to increase the 

mechanical strength of the pellets. Raw materials generally include V,O, or another vanadium 

salt (NH,VO, or VOSO,) and potassium (and sodium) as hydroxides, carbonates, or sulphates 

(Donovan, 1983: 259). 

When the catalyst salts are in solution, capillary forces of several hundred bar (depending on 

the pore sizes) will draw the solution into the pores of the support particles. At this point, the 

catalyst salts may be precipitated (Fulton, 1986: 59). 

Pellets of desired sizes and shapes are then formed by extrusion at ambient temperature. 

Gum Arabic is oflen added to the mix as an extrusion lubricant and to increase the void 
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fraction affer activation. Other methods of compacting powders or pastes such as disk 

granulators or  tablet machines have been used. 

Figure (17) (Fulton, 198659) shows how the pressure applied to form the pellet affects pore- 

size distribution 

Figure 17. : The pressure applied in forming the catalyst pellet will affect i ts pore-size 

distribution. 

Due to their high production costs the other processes such as the impregnation and 

precipitation processes are not frequently used. . 

2.1 0.2 Drying operations 

The method of drying pellets during manufacture can strongly influence the performance of 

a catalyst in the plant reactor (Fulton. 1986: 60). In general, drying at lower temperatures and 

higher humidities produces the best catalyst. These conditions, however, require excessively 

long drying times and large, expensive dryers. Some strategy, therefore, must be sought to 
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attain the best catalyst at reasonable cost - i.e., to  optimize the dryer design and operating 

conditions of a new dryer, o r  to redesign and modify the operating conditions of an existing 

dryer. 

The phenomena involved in drying can be characterized by figure (18). 

Stags I Stags2 Stage3 Stage4 

Evaporation Vapor flow 

condmsotion 

Figure 18. : The removal of moisture within a pellet pore during drying operation occurs in four 

primary stages. 

Initially, the porous material is saturated with liquid so that a thin film covers the external 

surface. Drying first evaporates the surface liquid (Stage A ) ,  then the liquid in the pores. Vapor 

generated in the pores forces the evaporating liquid out (Stage 2). If the drying rate is 

excessive vapor will be generated faster within the pellets than moisture can be forced out 

of the pores, and the catalyst pellets will break, or in more moderate conditions damage 

internally. Internally damaged pellets will crush easily in service. As drying continues, the 

free liquid in the pores will vaporize, and only adsorbed and bound water will remain in the 

pores (Stage 3). This water will ultimately be removed by drying to the desired final moisture 

level (Stage 4). . 

2.1 0.3 Activation 

After drying the catalyst is activated (calcined) in a SO, or  SO, air mixture to convert the alkali 

materials into pyrosulfates while simultaneously increasing the mechanical strength 

substantially by the process of sintering. The following reaction is the most important reaction 

during activation: 
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This reaction releases a lot 'of heat and good temperature control is necessary (Fulton, 1986: 

63). The catalyst's chemical and physical properties are affected by the activation conditions. 

Not only the pore size but also pore-size distribution can be changed by the calcination andlor 

activation temperature. In figure (19), the mean pore diameter of the macro pores was not 

changed, but the diameter of the micropores was altered by an order of magnitude after 

activation (Fulton, 1986: 63). This, in turn, reduced the total pore volume and surface area for 

reaction by an order of magnitude. 

Activation needs to  be carefully defined and controlled, and it influences the catalyst in the 

following ways: 

It removes the lubricants, binding agents and other materials not wanted in the finished 

catalyst. 

It results in a small amount of sintering, which increases the strength of the catalyst (too 

much sintering would degrade the pore volume). 

It converts the alkali metal oxides and sulfates to pyrosulfates, and thus lowers the initial 

activation temperature while increasing the activity. 

In conclusion, the final properties are sensitive to the preparative procedure 
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T 

Figure 19. : A catalyst pellet's pore size and pore size distribution can be changed by the tem- 

perature of activation. 
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CHAPTER 3 

EXPERIMENTAL APPARATUS, PROCEDURE AND STRATEGY 

3.1 EXPERIMENTAL DESIGN AND STRATEGY 

In the design of  sulphur dioxide oxidation catalysts, the primary objectives are catalytic 

activity, stability and pressure drop during plant operating conditions. Pivotal to laboratory 

scale investigations that are aimed at achieving the necessary catalyst design are: intrinsic 

reaction limitations, mass transfer effects as affected by interparticle- and intraparticle 

diffusion, pressure drop and both chemical and mechanical stability. The physical and 

chemical factors are interrelated as given in the following diagram (figure 20). 

To ensure statistical validity of experimental data, the design of experiments was based on 

two-level, full factorial matrices, with two compositional and/or configurational variables. the 

rest being kept constant. The compositional, configuration and operating ranges were 

selected in such a way that the overlapping matrices containing the variables could be 

optimised. To analyse the results of  these experiments multiple regression procedures were 

used to quantify the relationships between variables. 

3.1.1 Subdivision of Experiments 

The experimental outlay is given in figure (21). The objectives were to 

Optimise the experimental conditions to extract intrrnsic rates from the data; 

Quantify the effect of catalyst composition on reaction rates; 

Determine the effect of mass transfer on kinetics: 

Evaluate particle geometry effects on global reaction rates and 

Define the physical parameters that influence pressure drop, mechanical strength, 

porosity and surface area. 
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Figure 21. : Physical and chemical factors that influence the catalyst design. 
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3.2 EXPERIMENTAL REACTOR SYSTEM 

3.2.1 Descrlptlon of the reactor system 

Figure (22) is a schematic flow sheet of the reactor system used in this investigation. 

@ Thermocouple 

@ Pressure gauge 

reactor on :z;;~; reactor 

Figure 22. : Flow sheet of reactor  system. 

A single pass differential reactor was used. This enable the extraction of intrinsic catalytic 

data from the compositions of matter studied. . 
Three precalibrated capillary flowmeters with streams of dried N,, SO, and 0, produced a 

mixture of 82% N,, 8% SO, and 10% 0,. These compositions were typically that of the first 

bed of an industrial reactor. 

The reactor tube was constructed from a 316 stainless steel tube and consisted of  two sepa- 

rate sections. The bottom section within the reactor tube was packed with ceramic saddles 

and served as a preheater. The differential reactor section, removable with an internal dia- 

meter of 32mm, large enough to eliminate excessive wall effects, was located in the top 
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controlled preheater and was heated within 20h of the reactor temperature. The reactor 

section was finally controlled to an accuracy of + 0.2"C of the setpoint using a fast response 

thermocouple within the catalyst bed. A datalogger was used to record all temperature 

readings to obtain a history of each run. 

The effluent was cooled and vented through a pressure control valve that controlled the re- 

actor pressure at 10 kPag. The effluent gas was analysed via a three-way valve to the analysis 

section. The analytical equipment consisted of an autotitrator, pH meter, pH controller and a 

recorder. The bypass loop was used to calibrate the equilibrium pH-setpoint of the 

autotitrator. 

From a precision point of view the standard starch method of SO, analysis was found to be 

unsatisfactory. This is primarily due to high SO, concentrations from the differential reactor. 

Improved accuracy was obtained by directly measuring SO,. 

In the novel method developed here, the effluent was bubbled through distilled water 

containing a few drops of glycerol to inhibit the oxidation of dissolved sulphur dioxide. Both 

sulphur dioxide and - trioxide dissolve in the water forming HSO,  and H,SO, respectively. The 

following reactions occur: 

Further ionization of HSO, occurs at high pH values (pKa z 7.26 @ 25 "C ) and can therefore 

be ignored. The second ionization step for HSO; occurs at lower pH values (pKa - 1.92 @ 25 

"C. ) 

If a gas stream containing only SO,@, is bubbled through distilled water containing a few drops 

of glycerol, an equilibrium pH value of 1.77 is reached. 

Equilibrium is not affected by the presence of dissolved 0, and N, and was found to be only 

slightly dependent on the SO, partial pressure. This equilibrium pH value was determined 
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regularly by means of the bypass circuit. The values varied between pH = 1.76 and 1.78. 

When SO, is present, the pH drops to zero since the first proton in H,SO, is fully dissociated 

in water. 

The second ionization of HSO, occurs at pKa - 1.92 which is above the equilibrium value. 

The pH controller connected to the autotitrator was used to maintain a constant pH value at 

the SO, equilibrium level (pH = 1.77). Standardized NaOH was automatically titrated the mo- 

ment SO, (H,SO,(nq,) was present and the pH dropped below 1.77. The amount of standardized 

NaOH titrated is directly proportional to the SO, content and thus the catalytic conversion. 

The slope of this constant pH titration curve on the recorder is the SO, converted to SO, per 

time. The cell construction is shown in figure (23). 

Precautions were taken to eliminate the escape and/or condensation of any SO,. The product 

gas stream entering the cell was dispersed by means of a sintered Pyrex bubbler and 

swing-out magnetic stirrer. Any sulphuric acid mist that might have formed during absorption 

was trapped by a sintered Pyrex filter. Care was taken to ensure that SO, remained in the 

vapour phase from the reactor system until it was neutralized by the caustic. 

This analytical method was checked for validity on a sulphur trioxide-free basis. Sulphuric 

acid of known strength was added to the analysis cell while it was at equilibrium conditions 

with a SO,/N,/O, gas mixture bubbling through it. The analysis system responded rapidly and 

the amount of NaOH ( I N  solution) added to keep the pH at 1.77 corresponded to the 

stoichiometric quantities of NaOH necessary to neutralise the sulphuric acid added. A small 

correction factor was necessary to account for effects of the second ionization stop of HSOb 

and possible mass transfer limitations. Those effects were found to be insignificant and con- 

stant over a wide range of SO, concentrations. The maximum error associated with the pro- 

duct analysis was estimated to be less than 5% of high conversions. 
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Figure 23. : Schematic of the analytic system. 

3.2.4 Experimental conditions 

3.2.4.1 Temperature range 

The experiments were carried out in the temperature range of 400'C to 600°C with 50°C 

increments. These experiments were conducted with increasing temperature sequences 

because of the dynamic hysteresis effect that occurs with decreasing temperature sequences 

(Jensen-Holm, 1978). 

3.2.4.2 Feed gas composition 
. 

The inlet gas composition chosen corresponds to the conditions of a typical first bed in an 

industrial converter. Inlet gas compositions given beldw were kept constant during all 

experimental runs: 

8% SO, 

10% 0, 

82% N, 
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therefor 02/S02 ratio = 1.25 

3.2.4.3 Tests to eliminate transport limitations 

The rate data required can be divided into two parts: 

Intrinsic kinetic data necessary to evaluate melt chemical composition effects on catalyst 

activity. 

Rate data with selective mass transfer limitations to evaluate these transfer effects 

seperately (i.e. effect of liquid loading and particle geometry). 

Intrapellet transport 

A series of runs with progressively smaller catalyst pellets was performed to determine at 

what size intrapellet effects were eliminated. The particle size range selected where no 

intrapellet transfer effects occur was 1-1.18 mm crushed pellets. This is in agreement with the 

work of Livbjerg (1971:21), Urbanek (1980:97) and Eklund (1956:lOO) who found the 

effectiveness factor 7 to be unity for 0.8 to 1.25 mm particles. A minimum liquid loading of 

0.0015 mole catalysttg celite produced a liquid phase effectiveness factor of unity. 

lnterphase transport 

The effect of interphase transport was determined by measuring the effect of Flowrate on 

conversion (figure 24). Based on the results below a linear gas velocity U, of 0.2m/ sec was 

selected and kept constant at all temperature levels. 

lntrareactor transport 

The intrareactor radial and axial heat and mass transfer effects were minimized by using a 

differential reactor with low conversions. Heat transport effects were minimized by diluting the 

catalyst with inert ceramic particles of the same particle size (50°h mass ceramic particles 

were added. This technique increases the reactor wall heat transfer area with respect to the 

heat generated in the catalyst bed. In addition the relatively small reactor diameter reduces 

radial heat transfer effects. High linear velocities (0.2 mts) ensured that the axial diffusion rate 

was negligible compared to the bulk flowrate. 
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Figure 25. : Time to reach steady state conditions. 

3.3 PHYSICAL AND MECHANICAL EXPERIMENTS 

3.3.1 Pressure Drop 

A large sample was used for accuracy. The packed bed was vibrated to ensure an acceptable 

reproducibility by minimizing variations in catalyst bulk density (or void fraction). A large . 
bed-to-catalyst diameter ratio was used to reduce wall effects (figure 26). 

The pressure drop was measured with a manometer using air at room temperature and 

atmospheric pressure with superficial velocities in the range 0.05 mls  to 0.8 m/s. 
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Figure 26. : Pressure drop cell 

3.3.2 Crush strength 

Crush strengths measured with hand-operated equipment depend on the rate of force 

application and thus by the operator doing the testing. Hand operator equipment is used for 

obtaining the average crush strengths. The problem is that catalysts with similar average 

values, but broader distriblrtions can behave differently under plant operation conditions. 

A recent development within Monsanto Polymers & Petrochemicals Company is a bulk 

catalyst tester. A slightly modified version was developed and is shown in figure (27). 
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Figure 27. : Photographs of the bulk tester to measure the crush strength at temperatures up
to 600°C.
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This device allows testing of a 300cm3 sample of catalyst sample at reactor temperatures. The

crushing piston, 69 mm diameter, is forced into the catalyst bed by a hydraulic system. The

force applied versus displacement represents the differential crush strength of the catalyst.

Smaller piston displacement at a given pressure indicates greater strengths.

3.3.3 Attrition resistance

Attrition tests are based on principles of milling kinetics. In this study the equipment consists

of a 300 mm diameter and 250 mm long stainless steel drum, mounted horizontally with a

single 50 mm wide baffel. The drum, containing a 100g sample, is rotated at 60 rev.lmin for

1500revolutions (figure 28).

-

Flguur 28. Attrition mill.

As the drum rotates the catalyst is caught by the baffel, brought to the top, and dropped back

to the bottom where it is gathered again and the process repeated. The final weight was

obtained by screening. The attrition loss was calculated as follows:

Attrition loss = Initial weight (100 g) - Final weight (66)

76
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3.3.4 Other physical property measurements 

3.3.4.1 Pore volume and pore size distribution 

Pore volumes and pore size distributions were measured by mercury intrusion. The 

calculations were based on a 130" contact angle. The pore sizes were measured up to 30A. 

The actual testing was conducted by SASTECK. 

3.3.4.2 Surface area 

The specific surface area in mZ/g was determined using low temperature adsorption of 

nitrogen, measured by a standard BET method. Complete adsorption isotherms at -195°C 

were determined from which the specific surface areas were calculated. 

3.3.4.3 SEM Examinatlon 

Scanning electron micrographs were made of the catalyst to study the morphology and the 

microstructure. The SEM used was a Cambridge stereo scanner 250 with a Link System EDAX 

analyser connected to it. Pinpoint chemical compositions were determined using the EDAX 

scanner. 

3.4 CATALYST PREPARATION 

Formulations were calculated by an itterative procedure within the boundaries determined by . 
fixed constraints. They were (See Appendix A for more detail): 

Water/Celite ratio 

M20/V20, mole ratios 

Na/K mole ratios 

M2S0,/MOH mole ratios 

Mass of dry sample required 

Purities of the chemicals used 

Liquid loading 
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All soluble chemicals ( MOH; M,SO,; M = Li, Na, K .  Cs) were weighed and dissolved in an 

amount of water necessary to produce an extrudable product. The dry insoluble solids ( 

NH,VO, and Gum arabic) were thoroughly dry mixed with Celite 209 using a large kitchen 

mixer. Water (96°C) containing the dissolved chemicals was carefully sprayed onto the dry 

solid with rapid mixing. Some ammonia was evolved during hot water addition. The mix was 

extruded using a laboratory pneumatically-operated extruder with a single 6mm die. 

Extrudates were cut with a rotating wire spoke cutter. The feed rate was kept constant to 

ensure uniform die pressure for all catalyst formulations. (Fluctuating die pressures can lead 

to variable pore size distributions.) After extrusion pellets of green mass, containing 40 to 

45% water, were dried in a muffle furnace at 200°C for 2 hours. Residual moisture content 

of the pellets leaving the oven was less than 1%. All catalyst samples were activated in the 

Provon activator in stainless steel baskets. These baskets were concentrically placed in the 

top section of the activation bed to ensure homogeneous and uniform activation. The 

activation sequence of Provon Chemicals was used. 
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CHAPTER 4 

EXPERIMENTAL RESULTS AND DISCUSSION 

4.1 INFLUENCE OF THE CHEMICAL COMPOSITION OF THE MELT 

4.1 .I Introduction 

In this chapter, specific intrinsic reaction rates of SO, formation are evaluated as a function 

of the chemical composition of the melt. The variables are: 

Alkali metal cation 

Ratio of alkali metal cation to vanadium pentoxide 

Ratio of sodium to potassium 

Ratio of hydroxide to sulphate as initial anions in the catalyst formulation. 

Following the procedures outlined in Chapter 3, experimental runs were conducted to 

evaluate the intrinsic reaction rates at five different temperature levels (400°C to 600°C). 

Throughout this section the reaction rates will be intrinsic rates expressed in moles of SO, 

formed per catalyst mass per unit time. 

4.1.2 Promotion action of the alkali metal cations 

Here the alkali metal promotors on the activity, the alkali metal oxidefvanadium pentoxide 

ratio was kept constant at a M,O/V,O, mole ratio of 2.5 with M being Li,  Na. K ,  Cs. The catalyst . 
formulations are given in Appendix A1 while the results and calculations are summarized in 

Appendix B1. 

As seen in figure (29) the catalytic activity increases as the molecular weight arid ionic radius 

of the alkali metal cations increases, and the ionization potential decreases. 
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Figure 29. : Promotion action of different group 1 elements. 

The promoting action therefore increases in order Li < Na < K-Cs. Although the peak activity 

of K and Cs promoted catalysts are off the same order, K promoted catalysts have a higher 

activity at lower temperatures than the Cs promoted counterparts. From figure (29) it is 

concluded that with increasing atomic number of alkali metal promoters, the peak activity 

moves towards lower temperatures. 

To obtain the activation energies, Equations (31a) and (33) were used. The linear portion of . 
the Arrhenius relationship between "Ch55"C was used. 



TyDicrl Arrhrniur plot 

(M2O/V2OS-2.S. Nn/K-0 .2. Llq . - .  00 IS) 

Figure 30. : A typical Arrhenius plot obtained from intrinsic rate data. 
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Figure 31. : Activation energy as a function of the type of alkali earth metal promoter 
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In figure (31) the activation energies for various promoters are given and it is seen that there 

is a decrease in activation energy as the size of the cation increases. 

Discussion 

As discussed in the literature survey the melting point and viscosity of the catalyst mixture, 

decreases with increasing atomic weight and radius of the alkali metal used. Low molecular 

weight alkali metals tend to form sulphates. M,SO,, while higher molecular weight metals tend 

to produce pyrosulphates, M2S20,. There is evidence of partial formation of even higher 

sulphates, M2S,0,,, in the case of Cs. The pyrosulphates have lower melting points than the 

corresponding sulphates and may form eutectic mixt i~res with sulphates which can result in 

even lower melting points. It must be mentioned at this point that the reactant compositions 

(SO,/O,/N, mixture) also have an effect on the final chemical composition of catalyst melt (i.e. 

the sulphate pyrosulphate ratio) and therefore could also have an effect on the catalyst 

melting point. For this reason the reactant composition was kept constant during all the 

experiments. 

Reactant diffusivities, in particular that of oxygen, increases with a decrease in viscosity of the 

melt. Furthermore the melt viscosity decreases with increasing temperature. Since diffusion 

and viscosity are activated processes, their temperature de,pendence will be affected by the 

temperature at which the melt first is formed, and this is dependent on the molecular weight 

of the group 1 promotors and their tendencies to form higher sulphates. So, from a viscosity 

and melting temperature point of view, a lower activation energy and higher activity can be 

expected for increasing molecular weight promoters. This at least partially explains the trend 

in figures (29) and (30). 

In conclusion the activation energy to overcome the physical barriers of viscosity and melting 

point on diffusion as influenced by the type of alkali metal in the melt, conlribute significantly 

to the measured activation energy. 

There are other factors, such as the increase in the V,O, solubility with increasing molecular 

weight of the alkali metals that may increase the vanadium availability for reaction. The 

interactions of the different alkali metals in the ionic melt (different ionic radius and 

electronegativity) may also contribute to the differences in activation energy. 

The nonlinearity of Arrhenius plots (figure 30) at f 450°C is probably related to a change in 

the state of the active component of the catalyst. It is possible that under these high tempe- 

rature conditions a decomposition of the pyrosulphate and a volatilization o f  the SO, occurs. 

This can be expressed by the following reaction 
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s~o,~-zso,~- + so3. 

A change in activation energy indicates a shift in controlling mechanism of the reaction. 

4.1.3 Effect of the Alkali metal: Vanadium ratio on activity 

The alkali metal promoter used for these experiments was potassium. The potassium oxide 

to vanadium pentoxide molar ratio was varied while the total moles of active constituents (i.e. 

the liquid loading) were kept constant (0.0015 mole catalyst per gram support material). The 

catalyst formulations are given in Appendix A1 while the calculations and results are given in 

Appendix B1. 

Because of the multivariable nature of the data, multivariable regression analysis on the data 

was necessary to quantify the relationships between variables. The multiple regression model 

uses least squares, up to third order cross linked relationships, to estimate the regression 

model. The dependant variable is reaction rate and the two independent variables are tem- 

perature and the M20/V20, molar ratio. A regression fit with a R-squared of 0.96 has been 

obtained (Appendix C1.l). The residual plot and the predlcted versus ot~served value plot 

revealed no irregularities (Appendix C1.2 and 1.3). 

From figures (32) and (33) it can be seen that an optimum M20/V20, mole ratio exists at each 

temperature. This optimum ratio is more pronounced at lower temperatures than at higher 

temperatures. The locus of the maxima moves towards lower M,O/V,O, ratios at higher 

temperatures (dotted line on figure 33). At the optimum temperature, 845K, the optimum 

M20/V20, mole ratio was 2.8. 
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Figure 32. : Surface plot of reaction rate as a function of the hl,0/V,05 mole ratio (M = K) and 

temperature. The liquid loading - 0,0015 mole catalystlg celite. 

Discussion 

An optimum M,O/V,O, mole ratio and the temperature dependence of this optimum ratio can 

be attributed to the following factors: 

The solubility of  V,O, in the K,S,O, - K,SO, mixtura increases with increasing tempera- 

ture; thus an increase in V,O, active sites available for reaction. 

An increase in viscosity of  the rnelt with increasing V,05 concentration. Thus a high V,O, 

concentration in the rnelt could lead to lower reaction rates due to increasing diffusion 

resistance (Tandy, 1956: 69). 

On the other hand, low concentrations of V,O, in the rnelt would result in a decrease in 

active catalytic sites and would therefore also result in lower reaction rates. 
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Figure 33. : Contour plot of reaction rate as a function of reaction M20/V20, mole ratio (M = K) 

and temperature. The liquid loading was 0.0015 mole catalystlg celite. 

The less pronounced optimum M 2 0 / V 2 0 s  ratio on reaction rate at higher temperatures can be 

due to the reduced influence of  the V20s concentration on the melt viscosity. Therefore the 

effect of V,O, concentration on viscosity and consequently diffusion resistance is not as severe 

at higher temperatures. 

The decrease of the optimum M20/VzOs (increase in V,O, concentration) mole ratio locus with 

increasing temperature (dotted line in figure 33) is m ~ s t  probably the result of  increasing 

V,O, solubility in the melt with temperature. 

4.1.4 Mixtures of different alkali metals and different V,O, concentrations 

In the previous section the only alkaline earth metal used was potassium. In this section 

mixtures of  sodium and potassium were used and their M,O/V,O, (M = Na and K mixtures) 

ratios were also varied. Therefore the three independent variables were Na/K,  M 2 0 / V 2 0 ,  mole 
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ratios and temperature while the dependent variable was reaction rate. The liquid loading 

was kept constant at 0,0015 mole catalyst per gram support material. The formulations, results 

and calculations are given in Appendix A2 and 82 respectively. 

Effect of Na/K mole ratio 

With a constant M 2 0 / V 2 0 ,  mole ratio of 2.5 and varying Na/K mole ratios am excellent multiple 

regression fit with a R-squared of 0.97 was obtained (Appendix C2). The residula plot and 

predicted value plot revealed no inconsistencies (Appendix C2.1 and C2.2). 

Figure 34. : Reaction rate versus temperature at different Na/K mole ratios. Constant 

M,0/V205 mole ratio of 2.5. 
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Figure 35. : Contour plot of reaction rate versus temperature and NaIK mole ratio. Constant 

M,O/V,O, mole ratio of 2.5. 

From figures (34) and (35) it is concluded that partial replacement of the potassium by sodium 

decreases actlvity at all temperature levels. This is in agreement with the results obtained 

by Tandy (1956: 72). This has implications on strike temperature. 
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Figure 36. : Surface plot of reaction rate versus Na/K and M,O/V,O, mole ratio at 450°C. 

Figure 37. : Surface plot of reaction rate versus Na/K and M,O/V,O, mole ratio at 500°C. 
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Figure 38. : Surface plot of reaction rate versus NaIK and IM,O/V,O, mole ratio at 550°C. 

Effect of Na/K and M,O/V,O, ratio 

Three temperature levels were chosen. The data is in ABpendix A2 and 82 and is graphically 

represented in figures (36), (37) and (39), each graph representing a different temperature. 

A fourth order regression fit gave a R-squared of 0,95 (Appendix C3). The residual and 

predicted value plots indicate no discrepancy (Appendix C3.1 and C3.2). 

From figure (36), (37). (38) it is concluded that there is a common general trend of decreasing 

activity with increasing partial replacement of potassium with sodium and it holds at all 

M,O/V,O, mole ratios and all temperature levels. The optimum M,O/V,O, ratio is independent 

of the Na/K mole ratio. The optimum M,O/V,O, ratio is more pronounced at lower 
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temperatures (figure 36) than at higher temperatures (figure 38); the same tendency as in the 

previous section. 

Figure 39. : Surface plot of activation energy as a function of M,O/V,O, and Na/K mole ratios. 

Effect of NaIK and M,O/V,O, mole ratios on activation energy 

Activation energies obtained from slopes of Arrhenius plots were modelled by a multivariable 

regression fit with a R-squared of 0.91 (Appendix 8 2 ,  C4, C4.1, C4.2). 
. 

From figure (39 and (40) it is concluded that the minimum activation energy occurs with a melt 

composition when no sodium is present (potassium only). At high vanadium concentrations 

(M,O/V,O,-2) the activation energy is independent of the Na/K mole ratio. At low vanadium 

concentrations, notably near the minimum value, the activation energy drops with decreasing 

NaIK mole ratio. 
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Figure 40. : Contour plot of activation energy as a function of h120/V205 and NaIK mole ratios 

The decrease in activity when sodium displaces potassium is probably due to viscosity 

changes (Tandy, 1956:72). Addition of sodium results in lower M2S20,/M,S0, ratios because 

less pyrosulphate forms with sodium than with potassium. The increase in melting point of 

the mixture is due to sulphates that have higher melting points than the corresponding 

pyrosulphates and possibly because the system is moving away from the eutectic 

sulphate/pyrosulphate mixture. . 
The reason why the optimum M20/V205 mole ratio is relatively independent of the NaIK mole 

ratio is not clear. The optimum M20/V202 mole ratio is determined by the opposing factors: the 

influence of V205 on the viscosity and the effect of V205 concentration on availability of active 

sites in the melt. The dependence of these factors on the Na/K mole ratio is the only possible 

explanation. In general the activation energy is more sensitive to the M20/V20, ratio than the 

Na/K mole ratio. The same arguments of the previous paragraph can be used to explain this 

tendency. The catalyst composition at the minimum activation energy represents the 

composition where highest activity or  temperature sensitivity is obtained. 
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4.1.5 Effect of the hydroxidelsulphate ratio as initial chemicals 

The raw materials used to manufacture the catalyst can effect the mechanical properties and 

activity of the final product. Usually alkali metal sulphates and -hydroxides are used as initial 

chemicals. These sulphates or hydroxides are converted to sulphates and pyrosulphates 

during activation and reaction. Based on the idea that the hydroxides could react with the 

silica catalyst support to form thin layers of alkali metal silicates and these in turn can affect 

sintering and mechanical stability, resulted in conducting the following experiments: 

With a constant Na/K = 0.2 mole ratio the M,SO,/MOH ratios were varied. The multivariable 

regression model fitted through the data gave a R-squared of 0.98; also the residual and 

predicted value plots showed no inconsistencies (Appendix C5.1, C5.2 and C5.3). The catalyst 

formulations and calculations are in Appendix A3 and B3 respectively. 

From figure (41) and (42) it is concluded that the starting components used have a pronounced 

effect on the activity of the final catalyst. The optimum ratio of M,SO, to MOH is one. Therefore 

equivalent amounts of sulphate and hydroxides should be used as initial chemicals during 

catalyst preparation. 

Discussion 

An optimum hydroxidelsulphate ratio for reagents is concluded to be due to the following 

factors: 

At high hydroxide levels excessive sodium and to a lesser extent potassium silicates 

form. These lower melting point alkali metal silicates formed on the diatom particles 

enhance sintering between particles. At high hydroxide levels collapsing of the pore 

structures occur and result in decreased activity. 

During the manufacturing it was observed that high sulphate and low hydroxide levels 

produced a shiny surface; probably a skin effect. This skin effectively forms a high 

diffusion resistance barrier that will lead to a decrease in activity. 



Confidential 

Figure 41. : Reaction rate versus M,SO,/MOH mole ratio of the initial chemicals. 

Apart from the effect of the hydroxide ratio on the activity of the catalyst, the initial 

M,SO,/MOH ratio used can also have a significant effect on the mechanical strength of the 

catalyst. The lower melting point sodium and potassium silicate layers on the diatom particles 

probably act as binders. This ratio therefore is also an important variable in the manufac- 

turing process of the catalyst. 
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Figure 42. : Contour plot of the reaction rate versus the M,SO,/MOH mole ratio of the initial 

chemicals. 

4.2 EFFECT OF LIQUID LOADING 

4.2.1 Introduction 

In the previous section low liquid loadings on the support were r~sed to preclude diffusion 

limitations and to ensure a homogeneous catalytic reaction in the liquid phase. In this section 

the effect of liquid loading on reaction kinetics was investigated. Small particles were used to 

eliminate any gas phase diffusion effects. Large padicles were used to investigate the 

combined effect of gas and liquid phase diffusion on the overall effectiveness factors. 

4.2.2 Liquid phase transport resistance and liquid distribution 

The effect of liquid loading on the liquid diffusion resistance was determined with catalyst 

particle sizes of I - l , l8mm. A constant composition was used and tests were clone at five 

different temperature levels between 400°C and 600°C. In each case only the amount of liquid 



Confidential 

on the carrier matrix was varied. The formulations are given in Appendix A4 with the results 

and calculations in Appendix B4 and B6. 

The reactions are expressed in terms of the rate of SO, formation per unit volume of active 

melt. A multiple regression fit through the data was obtained with a R-squared of 0,98. The 

residual plot and predicted versus observed value plots reveiled no discrepansies (Appendix 

C 6.1 - 6.3). The liquid loading factor was calculated using equations (1) and (2) and was based 

on the assumption that melt density is practically independent of temperature in this range. 

The melt density was indirectly determined by regression analysis between the experimental 

data and the liquid effectiveness factor model described by equations (38) to (44). The 

indirectly calculated melt density of 2.2g/cm3 is in agreement with the density of 2.0 g/cm3 

quoted by Neth et al. (1980:45). At very low liquid loadings the reaction rate per unit volume 

of melt is considerable higher than at higher liquid loadings where it levels off (figure 43 and 

44). The maxima shifted towards higher temperatures at lower liquid loadings (figure 44). 

ilguur 43. : Reaction rate per unit volume melt versus temperature and liquid loading at con- 

stant melt composition. Catalyst size 1-1,18mm. 
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Figure 44. : Contour plot of reaction per unit volume melt versus temperature and liquid 

loading. 
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Liquld effectiveness factor, q, 

The liquid effectiveness factor calculations were based on the assumption that the catalyst 

formulation with very low liquid loading of 0,00015 mole catalystlg celite revealed intrinsic 

rates. Equation (34). The liquid effectiveness factor at each temperature level and liquid 

loading is the actual observed reaction rate divided by the intrinsic reaction rate (0,00015 mole 

catalyst/g celiter base case). An acceptable plane fit with a R-squared of 0,89 was fitted 

through the data. (See appendix C7.1C7.3). From figure (45) it is clear that the liquid 

effectiveness factor is highly dependant on liquid loading and only slightly dependent on 

temperature. This observation is in agreement with the findings of Neth et ai. (1980: 95). The 

slight decrease of qL with temperature can be attributed to viscosity changes with tempera- 

ture. To simplify the calculations from here on, q ,  will be assumed to be only a function of the 

liquid loading factor and the average value at each liquid loading will be used (figure 46). 

Figure 45. : Liquid effectiveness factor vs. liquid loading and temperature for 1-1,10 mm 

particels using the 0,00015 mole catalystlg celite sample as reference basis. 

. 
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Figure 46. : Average liquid effectiveness factor vs. liquid loading factor for 1-1,18mm particies 

using the 0,00015 mole catalystlg celite sample as reference basis. 

Liquid effectiveness factor q,, Thiele Modulus, qS,, relatlonship 

The Thiele modulus was determined by a regression fit at fixed values for the coefficients, 

HO, and Do,,,, in equation (38) at each temperature level (Appendix 84). These calculations 

were based on the assumption that 11, is independent of temperature. In figure (52) the 

experimentally determined average 11, is plotted against the Thiele modulus 4,. 

Liquid distribution, 6 

The mean thickness of the melt was calculated from the experimental data by rearranging 

equation (38) and by substituting equations (40) - (43). If the liquid effectiveness factor is 

plotted against the experimentally calculated mean melt thickness (figure 47) the same trend 

is observed as in figure (46) which gives rise to the idea that there must be a linear 

relationship between the mean melt thickness and liquid loading factor. 
. 
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Figure 47. : Liquid effectiveness factor vs. the mean rnelt thickness for 1-1.18mm particles. 

This was the case and from figure (48) it is clear that the mean rnelt thickness is proportional 

to the liquid loading within experimental error which is in agreement with the simplified liquid 

distribution model (Equation 5); the slope s = 2.1 x 10 5.  In figure (49) and (50) the 

experimentally determined (5 is plotted together with the uniform liquid film - and dispersed 

liquid plug model. The experimental d is in close agreement with the uniform liquid 

distribution model at liquid loadings up to *0,6cm melt /cni3 pores. 
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Figure 48. : Experimentally calculated mean melt thickness vs liquid loading factor. 

At very high liquid loadings the experimental (5 deviates from the uniform model, most likely 

because of the formation of llquld clusters. 

Influence of liquid loading, qL, on activatlon energy 

The obsetved activation energy was calculated from the slope of the Arrhenius plot of the 

experimentally determined rate constants (Appendix 84).  It can be seen from figure (51) that 

there is a substantial drop in activation energy as the liquid loading increases. 



Figure 49. : Comparison between the experimentally determined liquid melt thickness, the uni- 

form film - and dispersed plug model. 
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Figure 50. : Comparison between experimental data and the uniform model. 
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Figure 51. : Activation energy vs. liquid loading factor 
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Figure 52. : Liquid effectiveness factor vs. Thiele modulus for different liquid loading factors. 

Physical propertles as influenced by liquid loading 

Since reaction rates in SLP systems depend on liquid dispersion in the pores and internal 

surface areas of the exposed liquid/gas interface. measurements such as internal surface 
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area, pore volume were conducted. These experiments were intended to give better insight 

in the nature of how the liquid is distributed. 

I n t e r n a l  S u r f a c e  A r e a  a s  a F u n c t i o n  

L i q u i d  L o a d i n g  
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Figure 53. : Internal surface area as a function of the liquid loading factor. 

The internal surface area shows a considerable drop when the liquid loading is increased 

from 0 to 0.2 cm3 melt /cm3 pore volume. Beyond 0.4 cm' melt /crn3 pore the internal surface 

area is very low and gradually drops towards zero. 
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Figure 54. : Average pore radius as a function of liquid loading 

The pore volumes and pore size distributions were measured by a high pressure mercury 

porometer. The weighted average pore radius is calculated in Appendix 8 6 .  At low liquid 

loadings the average pore radius is small. but the average pore radius increases with 

increasing liquid loadings up to about 0,6 cm3 melt /cm3 pore whereafter it declined 

drastically. 

Figure (55) shows that the pore volume drops rapidly and then levels off when the liquid 

loading is increased. At very high liquid loadings the pore volume suddenly drops to zero. . 
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Figure 55. 

Discussion 

: Pore volume vs. liquid loading factor. 

High reaction rates per unit volume melt are observed at very low, liquid loadings as seen in 

figure (43) and (44). This is because the reaction is unhindered by diffusion and takes place 

as a homogeneous catalytic reaction throughout the liquid phase. When the liquid loading is 

increased, the rate per unit volume active melt drops dramatically due to liquid phase 

diffusion resistance. At higher liquid loadings. V ,  only a small portion of the liquid film is 

effectively used since the reaction zone is very thin: $9 x 10 cm according to Holroyd & 

Kenney (1971: 1963). Figure (45) illustrates this phenomenon that only a thin surface layer is 

effective during reaction since the liquid effectiveness factor is highly dependent on liquid 

loading. The liquid effectiveness factor. q, .  is only slightly dependent on temperature in the 

range 400°C to 600°C. This is most likely attributable to viscosity changes of the melt with 

temperature. 

At very low liquid loadings ( 0 - 0.2cm2 melt / cmJ pore) the oxidation rate is indirectly 

proportional to the liquid volume. This is the linear part of figures (46) and (47). In this range 

of a the reaction rate is primarily a homogeneous reaction in the liquid phase. With increasing 
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liquid loading the effectiveness factor decreases until it finally becomes proportional to the 

surface area of the melt. 

The mean thickness of the melt calculated from the experimental data is proportional to the 

liquid loading factor a. For values less than 0,6cm3 melt /cm3 pore the measured liquid melt 

thickness behaves like the uniform film distribution model. In this range the average 

measured mean melt thickness is less than half the mean pore radius of the support material 

( r,= 2,34 x lo-' cm ). For liquid loadings above 0,6cm3 melt /cm3 pore the mean melt 

thickness is larger than half the mean pore radius. In this liquid loading region the liquid can 

reduce the gaslliquid surface area further by coalescence to clusters which form continuous 

liquid regions that are larger than the pore dimensions. It can be concluded that the liquid 

distrlbution can change with llquid loadlng and pore size distribution. 

The drop in the apparent activation energy is due to liquid phase diffusion effects. It can be 

explained as follows: Taking logs and differentiating with respect to temperature and noting 

that both the reaction rate and to a lesser extent the diffusional process are temperature 

dependent gives 

where k,, Obs = observed rate constant 

k, = intrinsic rate constant 
0, = Diffusion coefficient 

with Arrhenius temperature dependencies for both reaction and diffusion we have 

and 

With 

E = Activation energy of the reaction alone 
E ,,, = Observed activation energy 
E ditt = Activation energy due to diffusion alone 

Substituting these equations give 
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Since Ed,, for liquid diffusion in the ionic molten salt melt is usually about 3 times smaller than 

E,,,, (Gay et al., 1983: vol. 2) the observed activation energy if influenced by strong pore 

diffusion is roughly: 

This can explain the drop in activation energy from 130 Jlmole to f 88 Jlrnole with increasing 

liquid loading. 

From the liquid effectiveness factor q ,  versus Thiele modulus plot (figure 52) it is concluded 

that from a liquid loading of 0,087 cm3 melt /cm3 pore upwards the reaction rate is strongly 

influenced by liquid phase diffusion. From the profile of the effectiveness factor, Thiele 

modulus plot it can be deduced that the liquid film is isothermal because q, is always less 

than unity. This is probably because of the high thermal conductivity of the liquid film and 

carrier matrix. 

The substantial drop in internal surface area (figure 53) with increasing liquid loading is 

attributable to the tendency of the liquid to minimize the high energy gaslliquid surface area 

and maximize the low energy liquidlsolid surface area. The liquid is drawn into the smaller 

pores first because most of the infernal surface area is associated with the smaller pores. This 

can be seen in figure (54) where the average pore radius is small at low liquid loadings and 

gradually increase as the liquid loading mounts towards 0,6cm3 melt /cm3 pore. From this 

liquid loading upwards liquid cluster formation causes a drop in average pore radius down to 

zero when the whole pore matrix is filled with liquid. Figure (55) also confirms this where the 

initial drop in pore volume arises from the filling of the small pores and the formation of liquid 

films on the walls of the larger pores. This is the case up to a liquid loading of 

f 0,6cm3 pore /cm3 melt from whereon the formation of liquid clusters results in the sudden 

drop in pore volume. 
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4.2.3 Influence on the gas phase and overall transport resistance 

The combined effect of liquid loading on the liquid phase and gas phase transport resistance 

was determined simultaneously using 6 mm diameter catalyst pellets with the same constant 

composition and levels of liquid loadings as in the previous chapter. These pellets were tested 

at 550°C. The results and calculations are given in Appendix B5. 

Reaction rate as influenced by liquid loading 

  ere the focus is on reaction rate and the way it is influenced by both liquid- and gas phase 

diffusion. The reaction rate can either be expressed in terms of mole SO, formed per unit 

volume liquid or per unit mass. The reaction rate per unit volume melt drops rapidly as the 

liquid loading is increased up to 0,2cm3/ melt /cm3 (figure 56). 

For higher liquid loadings the reaction rate asymptotically levels off. 

- 
R e a c t i o n  R a t e  b a s e d  o n  t h e  L i a u i d  v o l .  

m( 1E-51 v s .  L i a u i d  ~ o a d i n g  (Gas 6; L i a .  O i  f  f u s i o n )  

L i a u i d  L o a d i n g  F a c t o r l c r n 3  r na l t / c r n3  o o r e l  

Figure 56. : Reaction rate per unit volume melt vs. liquid loading at 550°C 6mm pellets. 
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The reaction rate per unit pellet mass has an optimum at about 0,25cmJ/ melt cmJ pore liquid 

loading (figure 57). This is in agreement with the results of Livbjerg et al. (1976: 223) at similar 

average pore sizes. 

R e a c t k o n  R a t e  v s .  Lkcauid L o a d k n g  

( X  1E-7) ( e f f e c t  o f  L i a u i d  6; Gas D i f f u s i o n )  

o 0 . 2  0 . 4  0 . 6  o . e  1 

L i q u i d  L o a d i n g  Factor[crn3 rnelt/crn3   or el 

Figure 57. : Reaction rate per unit mass vs. liquid loading at 550'C with 6mm pellets. 

The observed rate constant as a function of liquid loading shows an optimunl of about 

0,3cmJ melt /cmJ pore (figure 58). At very low liquid loadings the rate constant is proportional 

to the mean melt thickness as seen in rigure (59). 

Effectiveness factors as influenced by liquid loading 

The gas phase effectiveness factor can be separated from the overall effectiveness factor. 

This is done by division with the liquid phase effectiveness factor. Equation (56) divided by 

Equation (45). See Appendix 85. 
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R a t e  C o n s t a n t  a s  a f f e c t e d  b y  L i q u i d  6 

 as o i f f u s i o n  v s .  l i q u i d  ~ o a d i n g  

\ 

1E-6 l - l - l - ~  
o 0 . 2  0 . 4  0 . 6  o .  e 

L i q u i d  L o a d i n g  Fact.or[crn3 rnelt/crnJ pore1 

Figure 58. : Observed rate constant vs. liquid loading. Calculated from rate data at 550°C using 

6mm pellets. 

The overall effectiveness factor was obtained for each level of liquid loading [)sing the same 

reference formulation i.e. 0,0005mole catalyst/g celite crushed to 1-1.18nim size. The gas and 

liquid effectiveness factor of the reference sample was assumed to be unity. 

Figure (60) suggests an independence of the gas phase effectiveness factor to liquid loading 

over a wide range of liquid loadings. It declines rapidly only at very high liqc~id loadings. 
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Figuur 59. : Observed rate constant at low liquid loadings as a function of the mean thickness 

of the melt. 

29 

In figure (61) the individual contribution of liquid and gas phase diffusion can be seen. The 

overall effectiveness factor is primarily influenced by liquid phase diffusion'at low liquid 

loadings, wheres at high liquid loadings it is principally dependent on the gas pore diffusion. 

Figure (62) shows the relationship between that part of the rate equation (equation 56) which 

depends on the liquid loading i.e. a, q, and 11, versus the liquid loading factor. At temperatures 

close to 550°C there is not much improvement when a is increased from 

0.3 to 0,8cm3 melt /cm3 pore . In industrial catalysts the optimum liquid loading, a is usually 

close to 0,3cm3 melt /cm3 pore (Neth et al., 1980: 53). 
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Figure 60. : Gas phase effectiveness factor as a function of liquid loading at 550'C using 6mm 
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Figure 61. : Liquid-, gas- and overall effectiveness factor vs. liquid loading. 
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Discussion 

o 0 . 2  0 . 0  0 . 6  0.8 1 

L i q u i d  L o a d i n g  FactorCcrn3  rnelt/crn3   or el 

: Relationship between the product a.qL.qG and liquid loading factor at a temperature 

of 550°C. 

An optimal liquid loading for a given pore structure is due to 

High liquid loadings lead to a gradual disappearance of the residual pore system and 

increasing pore gas phase diffusion. This can be seen in figure (60) where the gas phase 

effectiveness factor drops rapidly for liquid loadings above a = 0,8cm3 melt/cm3 pore. 

At liquid loadings of up to 0,4cm3/ melt /cm3 pore the reaction rate is sensitive to liquid 

loading while the pore diffusion remains relatively constant (figure 47 & 60). 

At very low liquid loadings the reaction rate, expressed per unit mass of catalyst and 

carrier matrix, is proportional to the volume or thickness of active melt. In other words 

the number of active sites present, because the melt is still extensively utilized in this 

region (see figure 59). The liquid phase effectiveness is still reasonably high in this region 

(figure 61). 
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The change in liquid distribution from a uniform distribution to cluster formation also 

contributes to the drop in reaction rate at high liquid loadings. 

The deduction from figure (61) is that the principle diffusion restriction, for the pore structure 

used in this study, is residual pore gas phase diffusion, and it remains almost constant for 

liquid loadings up to 0,8cm3 melt /cm3 pore . The liquid effectiveness in this region drops 

rapidly and levels off at a liquid loading of about 0,6 upwards. 

The controlling dlffuslon reslstance is highly dependent on the pore structure and pore size 

dlstributlon and it can easily become llquid phase diffusion controlled If a carrier matrix with 

slightly larger pores is used and vice versa. 

The pore structure and pore size distribution was kept constant in this study. It can be 

concluded that the optimal liquid loading for a given pore size distribution occurs where the 

diffusion resistance is evenly divided between liquid phase diffusion and pore diffusion. In this 

case it is relatively insensitive to the pore structure because of a bimodal pore distribution. 

With all factors taken into account, the optimal liquid loading is at about 

0,3cm3 melt /cm3 pores for the carrier matrix. and is in agreement with other studies (Livbjerg 

et al., 1976: 198 and Neth et al., 1980: 5 3 )  using similar pore structures. 

4.2.4 Direct observation of catalyst sample by scanning electron microscopy 

( S W  

In this section the rapidly cooled catalysts were studied at room temperature by means of a 

scanning electron microscope (SEM) which gives an independent and more direct 

characterization of the active component. 

In the first part the individual diatom species that were common in the Celite 209 batch used 

were studied. In the second part the effect of liquid loading on the catalyst distribution was 

investigated. The catalyst samples at different liquid loadings were exposed to the reaction 

mixture at 550°C for five hours to ensure that no further liquid migration occurred. After five 

hours the reactor was shut down and the hot samples quenched in liquid nitrogen. This rapid 

quenching prevented alternations in the active component dispersion on solidification of the 

melt, which could be the case if the catalyst was allowed to cool down slowly. The samples 

were cut in half and the surfaces cleaned with purified compressed nitrogen to remove all the 

loose debris. The samples were vacuum treated to remove all volatile matter and was coated 

with carbon vapour. 
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The next few pages contain SEM photographs of the more common diatomite species in the 

Celite 209 batch used at different magnifications. The well defined pores of the diatomite 

species are clearly visible. More SEM microphotographs of diatoms in the Celite 209 batch 

are shown in Appendix A5. 

Figure 63. : SEM microphotograph of a typical Pill Box diatom from ahove, with the pores at 

different magnifications. 
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Figure 64. : SEM microphotograph showing typical pore sizes and shapes of Celite 209. 
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Figure 65. : SEM microphotograph of common diatom shapes in the Celite 209 batch. 

In figure (66) the effect of liquid loading at low loadings can be seen. At very low liquid 

loadings, 0,0005mole catalystlg Celite, the mircopores within the diatom particles are 

exclusively filled while the outside surface of the diatom particles are free of catalyst melt. 
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At slightly higher liquid loadings (0.001 and 0,002 mole catalystlg Celite) the outer surface of 

the diatoms in the carrier matrix are coated with a thin catalyst film, but the residual gas pore 

system are still largely unfilled. 

Figure (67) and (68) confirm cluster formation at high liquid loadings, 0,6cm3 melt /cm3 pore . 
EDAX analyses of Vanadium confirms that the darker regions on the photographs are indeed 

catalyst clusters. This can clearly be seen in figure (68) where the Vanadium density EDAX 

analyses are superimposed upon the SEM microphotograph of a cluster. 

Discusslon 

The SEM microphotographs of the diatom particles which are the building blocks of the 

catalyst matrix give better insight into the geometry of the pore system. The smaller pores 

of the bidispersed pore structure are primarily the tiny interconnected pores and voids within 

the diatoms. The larger pores in the pore structure consist mainly of voids between the diatom 

particles. For this reason the particle size distribution of the diatomite is very important, since 

a lot of broken diatoms and fines can greatly reduce the residual pore system (RPS). 

The SEM microphotographs of rapidly quenched samples confirms the conclusion in the 

previous section based on rate data that the melt tends to form clusters in the bidispersed 

pore structure for liquid loadings higher than 0.6cm3 melt /cml pore . EDAX scanner analyses 

of the observed darker regions in the microphotographs (figures 67 & 68) confirm that the 

darker areas are indeed catalyst clusters. The cluster size, f 100 - 200pm, greatly exceed the 

pore dimensions (mean pore radius of the support, f 0,Zprn. ) The size of the clusters 

depends on the liquid loading and the support pore size distribution (Livbjerg et al.. 1976: 229). 
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Figure 66. : SEM microphotographs of catalyst samples at different liquid loadings of 

0,0005; 0,001; 0,002mole catalystlg Celite from top to bottom. 
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Figure 67. : SEM microphotograph and EDAX analyses Vanadium density photograph of a high 

liquid loading (0,008 mole catalyst/g Celite) catalyst sample. The large liquid clusters 

are clearly visible. 
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Figure 68. : EDAX analyzer Vanadium density superimposed upon the SEM microphotograph of 

a single liquid cluster. The catalyst liquid loading was 0.008 mole catalystlg Celite. 
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4.3 EFFECT OF PELLET GEOMETRY AND SIZE 

4.3.1 lntroductlon 

This section describes the effect of pellet geometry and size on: 

Activity 

Bed used pressure drop 

Crush strength 

Attrition resistance 

The above variables are interactive, and from an economic point of view, certain tradeoffs are 

required to optimise the final shape. 

Sizes and shapes of catalyst particles influence the effectiveness of catalyst utilization by way 

of reactant and product diffusion into and out of the particle. Diffusion path length affects the 

overall reaction rate, and is related to the global effectiveness factor n. 

In shaping a particle, material can be removed from the interior, such as in rings. In doing this 

the effective diffusional path is reduced and increases the reaction rate per unit mass. 

However continued removal eventually reduces the reaction rate per unit reactor bed-volume, 

because less catalyst is available. Therefore the tradeoff between pellet effectiveness and 

bulk density has to be optimized. Furthermore, removal of material from the interior, also 

reduces the crush strength. 

Selectively shaping the exterior of the particle, such as producing serrated protruding edges 

also increases global effectiveness diffusion, however, the sharp edges are more prone to 

attrition. 

Smaller particles imply denser bed packing with associated increases in gas pressure drops 

across the catalyst bed. 

The shapes selected for this study are shown in figure (69). 



Figure 69. : Catalyst pellet shapes used in this study (Scale 4.2:l) 

The shapes were manufactured using an industrial bonnet extruder fitted with a die that 

contains the different shapes. Due to the differences in cross sectional area of the various 

shapes, it was difficult to  control the die pressure. This could result in experimental error 
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composition and loading (Provon. LB-formulation) were kept constant. 

4.3.2 Effect of particle geometry and size on reaction rate 

The reaction rate was measured at five different temperatures betw 

because die pressure aflects the pore size distribution as shown in figure (17). The liquid 

and 600°C. een 400°C 

Since the level of liquid loading was kept constant only the gas effectiveness factor was 

affected by the pellet geometry. 

In table (10) there are listed the raction rate per unit mass, the gass effectiveness factor, the 

volume to surface area ratio of the pellet, activation energies, bed bulk densities and the 

reation rate per bed volume for the different shapes. The results listed in table (10) have been 

extracted from Appendices A6 and 87 respectively. The reaction rates per mass listed were 

extracted from the data in Appendix 87 at 500°C. The gas effectiveness factor, qc, was 

calculated using Equation (34) and taking the ratio between the reaction rate obtained for the 

various shapes relative to  a crushed 1-1,18mm reference sample of the same formulation. 

The volume to external surface area ratio of the various shapes were calculated from 

geometric measurements. Activation energies were obtained from Arrhenius plots. Bed bulk 

densities were experimentally determined as outlined in Chapter 3. The reaction rates per bed 

volume were calculated by multiplying the measured reaction rate per mass by bed bulk 

densities. 

Discussion 

The only reasonable relationships between the various measurements and calculations listed 

in table (lo), were the relationships between the reaction rate and Vk/Fk.  This is shown in fi- 

gure (70). Data scatter was probably due to varying die pressures during extrusion. 

Alterations in die pressures result in changes in pore structure (figure 17) and this in turn 

affects the reaction rate. Due to this variation it became necessary to compare similar shapes 

rather than the whole spectrum. 
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Table 10: Reaction rate related factors for the various shapes 

Shape 

No. 

Reaction 

rate per 

mass 

( moleso, 
( kgmin 

ktivation 

energies 

(Jlmole) 

Bed 

Bulk 

density 

(Kg/m3)  

Reaction 

rate per 

bed volume 

Shapes S1, S2 and S11 will be considered first; the general trend and absolute value are 

consistent for S1 and S l l .  The effect of particle radius (Vk/F,) when S1 and S2 are compared, 

is consistent with theory, in that the larger particles have a lower gas effectiveness factor, 

bulk density, activation energies and reaction rates. 

When comparing shapes S5, S6 and S7 all containing lobes and a hole, one would expect 

similar trends. This is indeed the case. 

The effect of a hole can be seen when comparing S4 with S5 and S12 to S7. By including a 

hole in the structure the reaction rate, effectiveness and bulk density move into a more 

favourable direction. 

It is difficult to draw any logical conclusions from the remaining structures. 
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Figuur 70. : Relationship between reaction rate and the volume/external surface area of the . 

pellet (500°C). 

4.3.3 Pressure drop 

Pressure drop generally requires a large sample for accurary. Following the procedures 

outlined in section (3.3.1) pressure drops have been measured in a 300mm deep bed using 

air at room temperature and atmospheric pressure. These measurements provided relative 

comparisons between the shape of individual catalysts. However extrapolation to actual 

operating conditions is dangerous. 

The shape related variables that affect the pressure drop across the catalyst bed are: 

Bed void fraction, e 

Effective diameter, dp as defined in equation (57) 

Sphericity of the pellet +,, as defined in equation (58). 

The relationship between these variables can be seen in the Ergun equation, equation (59). 

The sphericity and effective diameter were calculated from the pellet geometrical dimensions 

(Appendix B9) and are shown in table (11) together with the experimentally determined void 

fraction, E .  The voidage can only experimentally be accurately determined. 
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An average pellet length for all the shapes of 10mm f I m m  were ensured by hand picking 

of the samples. 

Table 11: Shape related variables in bed pressure drop 

Shape 

No. A P 

u, = 0,5m/s 

mmH,O/m bed 

According to Kunii (1977: 64) the void fraction, c ,  is related to the sphericity of the particle (fi- 

gure 15). To check i f  this relationship holds the sphericity was plotted against the void fraction 

for the different shapes (figure 71). The pressure drop Tor various superficial air velocities is 

shown in figure (72) and table (11). 



Relationehip eatwean Sphericity & 

VOidaQe 
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Flgure 71. : Relationship between sphericity and voidage. 

Pressure drops at intermediate velocities are shown in Appendix A 7  Pressure drops 

calculated using the Ergun equation, equation ( 5 9 ) -  were more conservative ( + 3O0I0 higher) 

than the experimentally determined pressure drops. Both experimental and calculated 

pressure drops revealed the same relative comparison of one shape with the other.' 
w 
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Figure 72. : Pressure drop at various superficial velocities. 
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Discussion 

Pressure drops across the catalyst bed can be reduced by increasing the diameter of the 

catalyst particles, which in turn increases the size of voids between them. This will cause a 

drop in activity which is related to the amount of exposed pellel surface per unit volume. An 

alternative way to achieve high void fractions is to change the geometric shape of the catalyst 

pellets in such that the surface area per unit volume is kept the same (or increased) while the 

bulk density decreases. Ultimately the reaction rate per unit volume of reactor will drop 

because less catalyst is available. Another important faclor is the "dirt holding capacity" 

which will improve as the average size of voids between the pellets increases. It is important 

to keep a good balance between dirt holding and filtering ability: in other words dirt must 

move further into the bed without passing through to the second bed to any great extent. The 

dust holding capacity of the beds have important operalional consequences and can increase 

the plant availability by reducing the annual screening frequency. 

The shapes can be ranked from low to high bed pressure drops: 

S3 < S6-S5 < S12--S10 < S7 < S9 < S8-S4 < S1 < S11 < S1. This ranking agrees with the 

predicted order obtained from the Ergun equation. 

4.3.4 Mechanical strength and attrition resistance 

A primary engineering goal in the design of a catalyst is to develop a pellet that has the 

mechanical strength to minimise dust formation, cracking or failure while in service. Such 

failures, which can cause the pressure drop across the reactor to become prohibitively large, 

and can cause frequent plant shutdowns. 

Crush Strength 

The bulk crush strength was measured employing a variably loaded piston at the top of a 

sample mass. Force versus displacement is then a representation of the differential crush 

strength of the catalyst. The area under the displacement versus force curve is inversely . 
proportional to the integral crush strength of the catalyst. A smaller displacement at a given 

pressure indicates a greater strength. The catalyst shapes were tested at room temperature; 

the 6mm pellet was tested at temperatures up to 600°C to evaluate the effect of temperature 

on crush strength. The test results are in Appendix 810. The crush strengths of the various 

shapes are shown in table (12). 
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Table 12: Mechanical strengths 

Attrition 

Resistance 

The variation of crush strength with temperature can be seen in figure (73) and Appendix 611. 

There is a sharp drop in crush strength when the temperature was increased from 25°C to 

300°C. The crush strength remains fairly constant in the temperature range 300°C to 600°C. 

Attrition Resistance 

Attrition loss was measured as the percentage weight loss of the sample af?er 1500 

revolutions in the 300mm diameter attrition mill. Tests were coriducted at room temperature 

and are shown in table (12). 
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Figure 73. : Effect of temperature on the crush strength (6mm extrudates. LB lormulation). 

Discussion 

The crush strength of a catalyst pellet has two components i.e the geometrical strength of the 

shape and the inherent strength of  the catalyst material. The inherent catalyst rnaterial 

strength is a function of the degree of sintering between the diatom particles which is affected 

by mainly the NaOH content in the initial catalyst formulation. At room temperature the active 

melt which is an amorphous solid contributes to the catalyst strength as can be seen in figure 

(73). When the temperature is increased above the melting point of  the active constituents 

which is known to be around 300'C the crush strength levels off. At this point the crush 

strength is only affected by the strength of the carrier matrix due to sintering. In conclusion, 

the inherent strength of the catalyst material at room temperature are bolh affected by the 

degree of liquid loading and the amount of sintering between the diatoms. 

The shapes can be ranked from strong to weak: 

S1 > S k S 3  > S4zSS=S6437=S8 > S 9 ~ S l f l - S i l  =- S12. The ranking order was not the same 

as expected, most likely due to different inherent material strengths due to variations in the 

die pressure during extrusion. 
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The attrition resistances o f  different shapes except shape S1 and S2 were all in the same or- 

der of magnitude. The only explanation is that the attrition resistance is much more sensitive 

to the inherent material strength than by the pellet geometry. The shapes can roughly be 

ranked from the most resistant as follows: 

S4zS9 > SlOciS5~S6zS7~Sl l ~ S 3  > S8412 > Sl > S2. Again the ranking order was not as 

expected, probably due to variations in the die pressure during manufacturing. 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDTATIONS 

5.1 CONCLUSIONS 

Literature survey 

The literature on the catalytic oxidation of sulphur dioxide over vanadium based catalysts 

is voluminous. However most of the results in earlier publications were based on 

measurements with mass transfer restrictions and the kinetics and mechanisms 

presented by them are uncertain. The fact that the active ingredients is in a molten state 

at operating conditions were also often disregarded by earlier publications. 

The models of Neth et at. (1980: 43-46) and Livbjerg et al. (1976: 216) were the most com- 

plete taking into account reaction kinetics, simultaneous diffusion effects in both the liquid 

and gas phases and liquid distribution. 

Chemical composition of the active constituent 

The catalytic activity increases as the molecular weight and ionic radius of the alkali 

metal cation promoters increases. 

The peak activity moves toward lower temperatures with increasing molecular weight of 

the alkali metal cation promoter. 

The chemical compositions of the active constituents are dependent on temperature and 

the reactant composition (SO,/SO,/O,/N, ratios). This change in chemical composition . 
which affects the activity is not permanent and can best be explained by the 

decomposition of alkali metal pyrosulphates to sulphates and vice versa. 

There is an optimum M20/V20,  mole ratio which is more pronounced at lower 

temperatures. At higher temperatures the optimum activity occurs at lower M,O/V,O, 

mole ratios. At the peak temperature the optimum M,0/V20,  mole ratio was 2.8. 

There is a common general trend of decreasing activity and increasing activation energy 

with increasing partial replacement of potassium by sodium. This trend holds at all 
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M20/V,05 mole ratios and temperature levels. The optimum M20/V,05 ratio is independent 

of the Na/K mole ratio. 

The raw chemicals used to make the catalyst, i.e. the M2S0,/MOH ratio, have an effect 

on the activity and strength of the final catalyst. A one to one M,SO,/MOH mole ratio 

yielded the highest activity. 

Active constituent loading 

there is a sharp drop in reaction rate per volume active melt, liquid effectiveness factor 

and activation energy when the liquid loading is increased due to increased liquid phase 

diffusion resistance. Only a small portion of the liquid film is effective during reaction 

since the liquid effectiveness factor. q,, is highly dependent on liquid loading. The liquid 

effectiveness factor, n,, is only slightly dependent on temperature in the range 400°C to 

600°C. 

Liquid distribution or  dissipation within the pore structure of  the support is an important 

parameter to take into account in the design of the SLP V,O, catalyst system. The liquid 

dispersion, described by the mean melt thickness, 6 is proportional to the liquid loading 

factor. Direct observations by SEM as well as indirect calculations from rate data indicate 

a uniform liquid distribution for liquid loadings up to 0.6cm3 melt /cm3 pores. At higher 

liquid loadings cluster formation occurs. The cluster size greatly exceed the pore 

dimentions. It must be mentioned that the abovementioned liquid dispersion is specific 

to the pore size distribution of the support used in this study. Other supports with different 

pore size distribution can result in a different liquid dispersion and distribution. 

The liquid is preferably drawn into the smaller pores first before larger and larger pores 

are filled with increased liquid loading for liquid loadings up to 0.6cmJ melt /cnrs3 pore. 

Physical property measurments such as the change in internal surface area, average 

pore radius and pore volume support this. 

There is an optimal liquid loading for the pore structure used in this study. It is 

0,3cm3 melt /cm3 pores. This optimum is the result of a trade off between the effective 

utilization of the active liquid and the gradual disappearance of the residual pore system 

with increased liquid loading. The controlling diffusion resistance is residual pore gas 

diffusion for this pore structure, but it can easily become liquid phase diffusion controlled 

if a carrier matrix with slightly larger pores is used and vice versa. 
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Influence of pellet geometry and size on activity 

Various shapes produced different rate data, however there was no overall consistency 

when comparing the shapes and this was concluded due to variations in die pressures 

during extrusion of the different shapes. 

Increased effective pellet radius (VJF, ratio) results in a decrease in the gas effectiveness 

factor, bed bulk density, activation energies and reaction rates. 

Inclusion of a hole into the shape results in more favourable gas effectiveness factors 

lower bed bulk densities and higher reaction rates per bed volume. 

Pressure drop 

Experimentally determined pressure drops and predicted pressure drops using the Ergun 

equation correlated well. 

The introduction of exotic shapes resulted in activity comparable to small particles, 

however there was a considerable decrease in bed pressure drop. 

Mechanical strength 

The inherent material strength of the catalyst at room temperature is affected by both the 

degree of liquid loading and the amount of sintering between the diatom particles. At 

operating conditions, the active constituents are in the molten state, then the crusli 

strength is only affected by the amount of sintering which occurred. This in turn depends 

on the M,SO,/MOH ratio in the raw mix, during manufacturing. 

Attrition resistance appears to be more dependent on the inherent material strength 

rather than the geometric shape of the catalyst pellet. 

The mechanical strength of the different shapes were not in the same order as expected, 

probably due to variations in die pressure during extrusion. 
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5.2 RECOMMENDATIONS 

In the formulation of catalysts for a complete multibed industrial reactor it must be 

realized that each bed operates under different reactant conditions. In this study the 

conditions simulate those of a typical first bed. It could be useful to optimize the catalyst 

formulation for lower bed conditions. 

It is possible to introduce temporary lower strike temperature characteristic to the 

catalyst provided that subsequent to activation the catalyst is cooled down under a high 

SO, partial pressure. This will enhance pyrosulphate formation with lower melting points. 

From the experience gained in work an ideal catalyst would require a global effectiveness 

factor close to unity. This implies that both the liquid and gas phase effectiveness factors 

must approach unity. This would imply a pronounced. bimodal pore size distribution, with 

small pores that lead to a highly dispersed liquid phase and large pores that will enhance 

rapid mass transfer of reactants and products to and from the active regions. 

Analytical techniques developed here gave excellent results and can be considered for 

on-stream analysis. 

Local raw materials are always an advsntage to the manufacturer. The preliminary 

results and discussions on the high surface area amorphous silica looks very promising. 

The extrapolated advantages from the knowledge gained in this wo'rk regarding this raw 

material are: 

= The high surface area and small pores size distribution would lead to much lower 

liquid loadings for equivalent activity. 

Because of the small particles shear resistance in the extruder die is very low and 

consequently preformation of exotic shapes would be easier. The small particles 

imply many more contact points between particle surfaces in the pellet which leads 

to a higher mechanical strength. 
\ 

The lower active constituent loadings necessary for comparable activity would lead 

to less stickyness and therefore less dust holding problems under operating 

conditions. 

The high surface area and low liquid loading approaches the more conventional 

heterogenous catalyst. 
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APPENDIX A 



APPENDIX Al: 
Formulations: Different M and M20/V205 mole ratios 



1-ORtlULATIONS: DIFFERENT N A / K  & M2O/V?05 R A T I O ' S  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ..................................................... 
DRY MASS REOUIRED ( G I  : 

G H 2 0  / G C E L l  TE : 
L I O U I D  LOADING. HOLE C A T A L Y S T / G  CELITE : 

G GUH/G CELITE : 
M2S04/MOH HOLE R A T I O  : 

RAW MATERIAL PROPERTIES: ........................ 
CEL I TE 2 0 9 :  ............. % PURITY 

6 . 6 0 %  
8 6 . 7 0 %  

0 . 5 0 %  
0 . 5 0 %  
0.  SOT 

IOO.OOL 
4 0 7 2 . 1 6 3  

H/H % P U R l  T 
3 9 .  9 9 7 0 J  

9 8 . 0 0 7  
2 . 0 0 %  

100 1 . i 5 ? .  o / 

H/H % P U R I T Y  
1 4 2 . 0 3 7 1 4  

9 9  OOY 
1 : 002 

1908V 

TOTAL MASS REO. 

NA2S04 : - - - - - - . 
HM ( G/HOLE I 

NA2S04 
OTHER 

TOTAL HASS,  REO. 

TOTAL HASS HEO. ( G )  

TOTAL MASS REO. % PURITY 
1 1 6 . 9 7 0  9;. $3 

FORHULATIONS : ............... 
I .  ................... 
:SODIUM / POTASSIUM: 
I .................... 
: M 2 0 / V 2 0 5  HOLE R A T I O .  
:NA/K HOLE R A T I O .  

soolun POTASSIUM: .................... 
M 2 O / V 2 0 5  HOLE R A T I O .  
NA/K HOLE R A T I O .  

CHEH I CAL 
. . - - - - . - 

:SODIUM / POTASSIUM: ,... ..............-.. 
2 j ~ 2 0 / ~ 2 0 5  HOLE R A T I O .  

0 . 2  :NA/K HOLE R A T I O .  

MASS ( G I  - - - . - - - - - 
4 4 4 . 2 7 1  

1 0 . 3 7 4  
5 2 .  9 3  
o .  1 1 8  

4: 8% 
1 0 . 1 4 4  

4 5 6 . 4 4 4  .......... 

2 . 5  
0 . 2  

: CHEH I CAL 
I _ _ _ _ _ _ _ _  
:CELITE 2 0 9  
l G u n  ; A n v  
6 NAOH 
: NA2S04 
: KOH 
: K2SO4 
: W A T E R  

_ I . _ _ _ _ _ . _ _ . _ . _  

isoolun POTA , _ _ - - _ _ _ _ . _ _ _ _  
: M 2 0 / V 2 0 5  HOLE 
:NA/K HOLE RAT 

C E L l T E  2 0 9  
GUM 
AMV 
NAOH 
NA2S04 
KOti  
K 2  SO4 
WATER .......................... 
SODIUM / POTASSIUM: ..................... :SODIUM / POTASSIUM: 

I .  ................... 
: H20/V2Cl5 HOLE RAT 10. 
~ N A / K  HOLE R A T I O .  

:CHEMICAL 
8 -....... 

M ~ O / V Z O ~  MOLE R A T I O .  
NA/K HOLE R A T I O .  

CHEH ICAL - . - . - - . - 
CELITE 2 0 9  
GUH 
AMV 
NAOH 
N ~ 2 S 0 4  
K OH 
K 2 S 0 4  
WATER .......................... 

n ~ s s  (GI :CHEMICAL .................. 
4 9 . 5 3 0  : C E L I T E  2 0 9  
10. 4 9 7  :GUM 
4 5 . 2 6 7  :AMV 

0 . 1 2 7  :NAOH 
1 .  7 9 3  : NA2S04 

1 0 . 3 1 0  :KOH 
1 0 . 9 9 7  : K2SO4 

4 6 1 . 8 4 0  ;WATER ............................... 
:SODIUM / POTASSIUM: .............. !...... 

I _  ................... 
i SOD l U n  / POTASS I UM: .................... SODIUM / POTASSIUM: .................... 
: t l 2 0 / V 2 0 5  MOLE R A T I O .  
! NA/K HOLE R A T I O .  

n201v205 HOLE R A T  10. 
NA/K HOLE R A T I O .  

5 ~ M ~ o / v ? o ~  HOLE R A T I O .  
0 . 2  ,NA/K HOLE R A T I O .  

MASS ( G I  :CI~EHICAL ......... I . . . . . . . .  

CELITE 2 0 9  
G u n  
AMV 
N A O I ~  
NA2S04 
KOH 
K 2 S 0 4  
W A T E R  



DRY HASS REQUIRED ( G )  : 
G H 2 0  / G CEL I T E  = 

G GUH/G CELITE : 

RAW MATERIAL PROPERTIES: 

KOH : 
H / H  % run1 TY - - - - - - . 

3 9 . 9 9 7 0 7  MM (G/HOLE)  
9 8 . 0 0 %  K OH 

2 . 0 0 %  OTHER 
1 0 0 . 0 0 %  
0 . 4 8 9  TOTAL HASS REO. ( G )  

K2SO4 : 
H/H % PURITY - - - . - - - 

1 4 2 . 0 3 7 1 4  MM (G/HOLE) 
9 9 .  OO;! K2S04 
I .  006 OTHER 

1 0 0  oo/ 
1 8 . 8 2 7 '  TOTAL MASS REO. ( G )  

H/H % P U R I T Y  
56. I 0 5 6  

H / H  % PUR TY 
1 7 4 . 2 4 4 2  

9 9 . 0 0 %  
1 . 0 0 %  

V O I L I T I L E S  
S I 0 2  
A ~ 2 0 3  
F ~ 2 0 3  
P 2 0 5  
T I 0 2  
CAO 
MGO 
N A 2 0  & K 2 0  

TOTAL HASS REO. 

tin (G/HOLEI 
NA2S04 
OTHER 

~ O T A L  MASS REO. ( G I  

H/M % P U R I T Y  TOTAL HASS REO. ( G I  
1 1 6 . 9 7 8  

9 3 . 0 0 %  
7 .  OO? 

1 0 0 . 0 0 / .  
2 2 4 . 0 0 3  TOTAL MASS REQ. ( G )  

FORMULA r IONS : ............... 
.................... 
SOD 1 UM / POTASSIUM: .................... 
M 2 0 I V 2 0 5  MOLE RAT 1 0 .  
NA/K HOLE R A T I O .  
HOLE C A T . / G  CELITE 
n2S04/MOH HOLE R A T I O  

........................ 
SODIUM / POTASSIUM:  .................... 

.... ...........'............. ........... 
:SODIUM / POTASSIUM: '  
I _ - . _ - . _ _ - _ _ _ _ _ _ _ . _ _ _  

2 . 5  ! M ~ o / v ~ o ~  MOLE R A T ~ O .  
0 . 2  :NA/K HOLE R A T I O .  

0 . 0 0 2 0  ;HOLE C A T . / G  CELITE 
0 . 4  :M2SO4/MOH HOLE R A T I O  

H 2 0 / V 2 0 5  HOLE RAT 10. 
NA/K HOLE R A T I O .  
HOLE C A T . / G  CELITE 
M ~ S O ~ ~ O H  HOLE RATIO 

MASS ( G I  - . - - . - - - - 
4 4 1 . 3 6 5  

4%: 3% 
0 . 2 0 0  
0.000 

1 6 . 1 9 7  
0.000 

4 5 3 . 4 5 9  ................... 

CHEH ICAL ........ 
CEL ITE 2 0 9  
GUM 
AHV 
NAOH 
NA2S04 

E E o 4  
W A T E R  ................... 

!CHEH ICAL 
I .  - _. . _. _ 
:CELITE 2 0 9  
:GUM : AMV 
: NAOII 
: NA2 SO4 
: KO14 
: K2SO4 
:WATER . ; _ - - _ _ - _ _ .  _ 

CEL I r E  2 0 9  
F u n  
AMV 
NAOH 
NA2S04 
KOtl 
K 2 SO4 
W A T E R  .................... 
s o D l u n  / P o T A s s I u n :  .................... 
M 2 O / V 2 0 5  MOLE R A T I O .  
NA/K HOLE R A T I O .  
HOLE C A T .  /G CEL l TE 
H 2 5 0 4 / H O I I  HOLE R A T I O  

CHEH ICAL. 
........ 
CEL I T E  2 0 0  , 
GUM 
AMV 
NAOII 
ldA2SO4 
KOH 
K2S04 
W A T E R  



'?!!n"L?T!c'%si . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .Y!FFEr!EH?.L!OU!?.CO~?!NGS~. 
DRY MASS REQUIRED ( G I  : 

G H 2 0  / G CEL I T E  = 
G GUM/G CELITE : 

H 2 S 0 4 / H O H  MOLE R A T I O  = 

C E L I T E  2 0 9 :  - - - - - - - - - - . .  M/H % P U R I T Y  NAOH : 
6 . 6 0 %  - - - - . - - 

8 6 . 7 0 %  HH (G/MOLE) 
3 . 3 0 %  NAOH 
1 . 2 0 %  . OTHER 
0 . 2 0 L  
0 . 2 0 %  TOTAL HASS REO. 
0 . 5 0 %  
0 . 5 0 %  N A 2 S 0 4  : 
0 . 8 0 %  - - - - - - . 

1 0 0 . 0 0 %  H H  I G / M O L E l  
2 2 9 2 . 9 5 3  N A 2 S 0 4  

OTHER 

KOH : 
M/H % P U R I T  - - - - - - - 

3 .  w H H  ( e / n o r r  I 
KOH 

2 . 0 0 %  OTHER 
1 0 0 . 0 0 %  

1 . 4 7 3  TOTAL HASS REO. ( G I  

K2SO4 : 
M/M % PUR - - - - - - - 

MM I /MOLE) 
~ 9 ~ 0 4  
OTHER 

1 0 0 . 0 0 %  
2 0 . 7 1 9  TOTAL MASS REO. ( G I  

X?b;""" 
A ~ 2 0 3  
F E Z 0 3  
P 2 0 5  
T 1 0 2  
C AO 
MGO 
N A 2 0  b K 2 0  

M/H % P U R I T Y  
56. 1 0 5 6  

8 5 . 0 0 %  
1 5 . 0 0 %  

1 0 0 . 0 0 %  
1 1 9 .  1 5 2  

M/H % P U R I T Y  

1 2 7 . 0 9 4  

TOTAL MASS REO. 

N H 4 V 0 3  : . - - - - - - - 
HM (G/MOLE I 

N l l 4 V 0 3  
OTHER 

M/M % P U R I T Y  TOTAL HASS REO. 
1 1 6 . 9 7 8  

9 3 . 0 0 %  
7 . 0 0 %  

1 0 0 . 0 0 %  
5 2 3 .  1 4 2  TOTAL MASS REO. 

, - - _ _ - - - _ _ . - - _ _ _ _ - _ _ .  
2 . 5  : M 2 0 / V 2 0 5  MOLE R A T I O .  
0 . 2  :NA/K MOLE R A T I O .  

0 . 0 0 1 0  !MOLE C A T . / G  CELITE 

: M ? O / V 2 0 5  MOLE R A T I O  
:NA/K MOLE R A T I O .  
:MOLE C A T . / G  C E L I T E  

2 . 5  ! H 2 0 / ~ 2 0 5  MOLE R A T I O .  
0 . 2  : N A / K  MOLE R A T I O .  
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APPENDIX B1 : 
R e s u l t s :  D i f f e r e n t  M and M20/V205 MOLE RATIOS 



- 
' : QOOOO 



APPENDIX B2: 

mole r a t i o s  

- - 
a- '9 
\ x x- 
x-- a  - a 

a CY 
pwm-  
C C P  
-w-Iw 
o r a a  
0 a  l 3 
-1-am 
w a o m  
> W 

c 'A a 
aooa 
a  l 
w o m  . 
z a m s  
-wa.+ 
-ICZIT6 

'00000' C'ln ' : 3LllC.L110 , t C 2 . 
-?-rh?0UY ' 2 w 8 a- 

' 2 ' >  ' S O  
I S \ % '  WO 

' a ' o \ , + -  
' 0 , w a m  
' LL.SZ, 

-1j ru ' a -  
? :  <=: 5% 
a O\ : t- 
0 , w . t  
LLmEZ. 



8 am1i)l-J- ' 
* rumlr?*- - 
8 ma-rum 8 

: : T.0-T: 

' Z w- 8 SSSSS I 
I O\ LLn 1 Lorul-0- 1 

t -m w 8 b?a-wm 8 

3 mom I- m+@J@Jo: 
t a m 0 0  a al-wwln 
' W  C O W '  . . . . . I  

t > w a t m ~ ~ a x n l n  
t z -1w a 8 --CUT* 3 

' 00 -10 
1 U T : O U  ' 
IS- 1- 8 - - - - - - - - - - - -  ---------.-- 

a - ,  

8 Z w- SSSSS 8 

. - -  . 
z 6 wmr l no t  , - ' mru-rum 6 

' s 'hUYU3hO' 
' \ 'Loln*m@J 8 

l z in 8 ----- 8 



' W Y  ' 
b 7 0 9  a- 

' a  ' 



KC ; W I  : D I S T  FROM ' K L  
' I  

;Eaul ~i BR ~ u n  $MOLE S 0 3 /  
~ n n l  NUKPA) 



APPENDIX B 3 :  
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R e s u l t s :  D i f f e r e n t  l i q u i d  l o a d i n g s  f o r  6mm p e l l e t s  
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Statistics for different N20/V205 mole ratios 
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APPENDIX C3.1 : 
Stat i s t i c s  for different M20/V205 and Na/K mole ratios - - -.--- - .--. 
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