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I. Summary 

Data on the rate of oxidation of sulfur dioxide on a platinized 

silica gel catalyst in a fluidized "bed are given. All runs were made 

at essentially atmospheric pressure and 450 degrees Centigrade, with 

the exception of two at 400 and 500 degrees Centigrade. The partial 

pressure of sulfur dioxide in the entering gas was varied from .05 to 

.40 atmospheres and the partial pressure of oxygen from .03 to 1.0 at¬ 

mosphere. All other variables affecting the reaction rate were held 

constant. 

The theory of heterogeneous reactions is discussed and a number 

of empirical equations tabulated. A correlation of the data was made 

with several of the probable equations. The best correlation was made 

with an equation based on the assumption that surface reaction is the 

controlling mechanism. 

•548 .722 

r = 18.07 3302 p°2 

(1 + .875 P0*
722)2 

An equation of this form also indicates that oxygen is more strongly 

adsorbed than sulfur dioxide. 
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H. Introduction 

A. purpose of Investigation. 

This investigation is a continuation of that hegim by Bell ana 

Strauss 9. The overall purpose is to study the kinetic relationships 

in the oxidation of sulfur dioxide to sulfur trioxide. The specific 

purpose of this -work is to determine the effect of feed composition 

on the reaction— all other variables being held constant. This approach 

was chosen as the best means of expanding the data already taken by 

previous investigators. 

During the past fifty years many theories and accompanying equa¬ 

tions have been developed from the investigations of this reaction (see 

table I). The data of this work were taken to check the various equa¬ 

tions and to assist in deciding the correct mechanism for the catalytic 

oxidation of sulfur dioxide. 

5 
B. General Theory of Homogeneous Reaction Rates. 

The science of equilibrium and kinetics is based on the statement 

of Guldberg and Waage, "The rate at which a chemical reaction proceeds 

is proportional to the active masses of reactants present." Chemical 

reactions conducted batchwise normally proceed fastest at first, contin¬ 

uously slow down, and eventually cease with certain of the reagents 

still present. This condition at which the reaction seems to stop is 

designated equilibrium, and the concentrations of reactants and products 

at this point are the equilibrium concentrations. 

It is proper to assume that all reactions are reversible and that 
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a reversible reaction proceeds simultaneously in “both directions: 

Let ka = a proportionality constant for the rate at vhich A reacts 

with B. 

Ley ky = a proportionality constant for the rate at which Y reacts 

with Z. 

Bate, left to right = ka(A) (B) 

Bate, right to left = ky(Y) (Z) 

When two molecules are required: 

2A / B = Y / Z 

Bate, left to right = ka(A)2(B) 

Hi general 

aA / hB = yY / zZ 

Bate, left to right = ka(A)a(B)^ 

When a reacting system is at equilibrium, the rates in each direc¬ 

tion must "be equal, and 

Cr)r(Z)g = >a ° K 
(A)a(B)» 

Concentration Effects: Order of Eeaction 

A reaction is designated as of the nth order if the rate can he 

expressed hy an equation of the form: 

H - dc = kc11 

i A. 6? 

First Order A -» D>— 

- dc = kc 
de 



k 

Second Order 

- dc = 
de 

2A -> Df-—- or A + B 

kc2 or - dc = kc^C2 
de 

Di— 

Third Order 

dc 
de 

3A -> or A + B + C -» D+-— 

or 2A + B -» 3X--— 

kc3 or - dc = ^°1C2C3 
de 

or - dc 
de 

kc 1 °2 

Integrated forma 

First Order 

-be 

or k(eg 

ko + constant 

e^) = In C1 
c2 

Second Order 

1 = ke + constant 
c 

If rate of appearance of product 

is measured 

dx = k(a-x) 
de 

k = 2j£ in a 
e a-x 

dx = k(a~x)2 

de 

k = 1 x 
e a(a-x) 

If two different reagents are involved: 

(a) + (b) are the initial concentrations of the two 

k = 1 In b (a-x) 
e{a-b) a(b-x) 

The order of a reaction may not be an order equal to an interger: 

The decomposition of acetaldehyde at low temperature: 

CHgCHO -> CB^ + CO 
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- a (CHgcao) . k (CVBD)i.5 

This situation is probably the result of a combination of simpler steps. 

A reaction requiring more than three molecules of necessity Involves 

a sequence of two or more steps because the probability of more than 

three molecules colliding simultaneously is negligible. 

Temperature Effects—Energy of Activation 

Arrhenius in 1889 proposed the following equation: 
t 

d In k = E_ 
dt 

Integration gives: 

k = ae" 

where a is a constant for a given reaction and is designated 

as the frequency factor. 

The quantity E is called the energy of activation 

In k£ = E 1-1 

kl * TX T2 

or In k = E 1 + constant 
E T 

A plot of In k versus l/T gives a straight line with slope equal to 

E/R. 

Theories of Absolute Beaction Bates 

Molecular energy is ultimately thermal in nature, and as the tem¬ 

perature of a system is raised the fraction of activated molecules it 

contains increases. 
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For a given quantity of gas, such as 1 mol, the fraction of mole¬ 

cules with energy sufficient to react equals: 

_E/RT 

e" 

The value of E is the energy to "activate" the molecules so that 

they may react. 

The Arrhenius equation does not give the temperature coefficient 

with absolute exactness. The frequency factor (a) may vary appreciably 

with temperature. 

There are.two current theories of absolute reaction rates, (1) 

collision, and. (2) transition state (or activitated complex) * 

Collision Theory 

A primary factor in determining the rate of a reaction is the fre¬ 

quency of collisions between molecules. This is in addition to the sec¬ 

ond requirement that the molecules possess a certain minimum energy con¬ 

tent. "The absolute rate of reaction should then be obtained by mul¬ 

tiplying the number of collisions per unit time by the fraction of mole¬ 

cules which contain the required energy." For gaseous materials the 

number of collisions under specified conditions may be calculated on 

the basis of the kinetic theory using the laws of probability. 

For a simple reaction such as 

H2 { I2 2HI the frequency at which molecular collisions 

occur is numerically equal to the frequency factor "a". 

There is no agreement between calculated and observed "a" in many 
_E/RT 

cases. This is not surprising because the use of the term e" is 
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"based on the assumption that only the translational component of molec¬ 

ular energy influences reactivity of a molecule. For complex molecules, 

rotational and vibrational energy becomes important. 

Transition-state Concent 

Reactions must be preceeded by the formation of some sort of "in¬ 

termediate comples" vhich breaks dovn to form the products. This means 

that some intermediate must be postulated for each reaction. 

(1) A + B (AB) 

(2) 1 l o
 

According to the theory, the rate of reaction depends only upon 

the rate of step (2) and thus upon the concentration of the activated 

complex. 

That is: 

(3) d(AB) = k (AB) vhere k denotes the specific 
do 

rate of conversion of (AB) to C. 

For the equilibrium in step (l) 

(4) Kf = 

(5) therefore: dfAB) = k* K* (A) (B) 
do 
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The ordinary rate equation for this would he 

(6) d(AB) = 
kohs.(A) (B) 

de 

(7) then kQl)S< = k* K* 

Fyring and others have shown on the basis of modem concepts of 

quantum and statistical mechanics, that a reasonable value for k* 

may be obtained from the relation: 

(8) k* = ET B = Boltzmann gas constant 
Eh 

h = Planck’s constant 

II = Avogadro number 

The equation then becomes: 

(9) kobs OT K* 
Eh 

This relation is useful because K* is an equilibrium constant, 

to which the familiar thermodynamic relations and calculations are 

applicable. 

(10) thus AF* = -BTlnK* = AH* -TAS* 

therefore 

(11) kobe 

AF/RT _ AH/RT + A S */R 
ET e” = TR .e~ 
Eh Eh 

* 
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Comparing with Arrhenius equation, 

JE/RT 

^obs. = ae 

we see that 

E =0= A H * - BT ; E = A H* - ET 

The frequency factor "a" will he determined essentially hy the 

entropy of activation (AS ) 

An empirical correlation of some merit is expressed hy the follow¬ 

ing relationships: ^ 

Assuming pseudo-first-order behavior, 

(12) rA = k(i - % - xA ) = k(l - x ) 

K x'A 

(13) 

(l*) 

where: 

r^ - rate of reaction of A, mole/(mass of catalyst) (unit time) 

k = apparent-reaction velocity constant 

xA = mole fraction of A converted 

K = equilibrium constant of reaction 

xj^ = mole fraction of A at equilibrium = (l/l + I/K) 
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I) 
This is quite similar to equation "by Lewis for S02 oxidation 

(15) d [SO23 k [S02] In r© 

r de 

C. Heterogeneous Reactions 

The rates of many chemical reactions are influenced by solid sur¬ 

faces. Investigations have shorn that catalysis hy surfaces involves 

specific chemical interaction between the surface and the reacting gas 

A reaction occurring on the surface of a catalyst may be separated 

into four steps, the slowest of which will determine the rate of the 

1. The mass transfer of reactants and products through, the fluid 

film surrounding the catalyst particle. 

2. The diffusion of reactants and products through the pore struc¬ 

ture of the catalyst particle when reaction takes place at the interior 

of the interfaces. 

3. The activated adsorption of reactants and the activated desorp¬ 

tion of products at the catalytic interface. 

4. The surface reaction of adsorbed reactants to form, chemically 

adsorbed products. 

In order to calculate the rate at which a catalytic reaction proceeds 

it is necessary to develop quantitative expressions for the rates of each 

of the individual steps which contribute to the mechanism. This requires 

a study of the fundamental principles of activated adsorption, surface 

reactions, mass and heat transfer, and diffusion in porous solids. 

molecule which is adsorbed on the surface before reaction can occur. 
7 

over-all process."1- The steps are 
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A mathematical expression involving all four operations listed 

above "becomes so complex that the usual procedure is to develop equations 

"based on one particular step. 

The rate of step 1 is determined "by the flow characteristics of 

the system, such as the mass velocity of the fluid Btream, the size of 

the particles, and the diffusional characteristics of the fluid. If 

this particular step were controlling, the reaction rate would "be pro¬ 

portional to the square root of the temperature and the activation energy 

would "be quite small. Actually for essentially all heterogeneous chem¬ 

ical reactions the rate varies exponentially with temperature and the 

p 
activation energy is quite large (of the order of 30 kcal). 

She rate of step 2 is determined "by the degree of porosity of the 

catalyst, the dimensions of the pores, the extent to which they are 

interconnected, the size of the particles, the diffusional character¬ 

istics of the system, and the rate at which the reaction occurs at the 

interface. The resistance of this step may "be neglected for catalysts 

in small particles with low activity and large interconnected pores. 

\ 

The step has no significance at all for nonporous catalysts having no 

internal surface. However, an active catalyst in moderately large par¬ 

ticles having large internal surfaces Tilth small restricted capillaries 

may cause this step to "be of importance. 

The rate of step 3“&ctivated adsorption- is greatly affected "by 

temperature, just as any chemical reaction. The forces connected with 

activated adsorption are quite strong, the adsorbed molecule "being held 

to the surface "by the same valence "bonds that occur "between atoms in 
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molecules* Another type of adsorption is characterized by relatively 

weak forces, corresponding to those assumed in van deer Waals equation 

of state of gases and it consequently is known as van der Waals adsorp¬ 

tion. This latter type of adsorption affectB most surface reactions 

very little since the forces involved are not sufficiently strong to 

(L 
influence appreciably the reactivity of the molecules adsorbed. 

In general step 3 may be expected to be the slow step in a hetero¬ 

geneous reaction if the activation energy of adsorption or desorption 

is high or if the surface reaction (4) is rapid because of a low activa¬ 

tion energy. Such a rapid surface reaction is to be expected if the 

adsorbed particles are atoms, the combination of which requires little 

or no activation energy. In many cases the activation energies for 

desorption are particularly high and it is likely that in many reactions 

the desorption of the product is rate controlling. However it is not 

always convenient to separate steps 3 and 4 because the rate of desorp¬ 

tion of the products is not always known. SEherefore it is usual to re¬ 

gard the reaction on the surface, giving the gaseous product, as a single 

step. 

Step number 4 -surface reaction- may be regarded as an ordinary 

chemical reaction between an adsorbed molecule and a molecule in the 

fluid phase or between adsorbed molecules on adjacently situated active 

carters. As in the case of homogeneous reactions tire rate is proportional 

to concentrations- the concentration of adsorbed reactant molecules 

A and to the activity of B in the fluid phase at the interface or to 

tihe concentrations of adjacently adsorbed reactant molecules. From 
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this concept and from expressions for the equilibrium surface concentra¬ 

tions of the reactants in terms of interfacial fluid activities Hougen 

and Watson
1
 have developed the following general equation for surface 

reactions. 

(16) 

where 

Assuming that the reaction takes place between adjacently adsorbed 

molecules and that the surface reaction is controlling: 

(17) r =  kelgftlcB   2 x 
1 + aA#A + aBi % + ^i % + *1^1 ) 

(aAi^Bi “ ) 
K 

This is the equation from which the correlating equation was developed. 

Over the past fifty years many empirical equations have been de¬ 

veloped for the heterogeneous reaction of sulfur dioxide and oxygen 

to sulfur trioxide. The foilwing table summarizes the work that has 

* - f Ww - £- > (VBI0! - Sr- > - 
h kA k B 

k‘ ^B^icl + £_ ) °1 ] 

1 1 1 

cx » L + r ( fc*A + k*B k>B )  
( 1 + K^a^ + + Kja^n “ _ ) 

been done 
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TABLE I10 

Summary of Data and Kinetic Equations: 2S0g + Og 2S0g 

The following brief abstracts, covering fifty years of investigation 

of the kinetics of the oxidation of sulfur dioxide, are arranged in 

approximately chronological order (by year of publication): 

Platinum Catalyst 

Reference 

(1) Khietsch, Ber j4 4093 (1901) Khietsch proposed no 

Dynamic system: 7$ S02 with rate equation. Lewis 

vel. and temp, variables. and Dies (16) correlated 

Established fundamental effect his data by 

of temperature on both rate 
-d(S02) = MsOp)2 (02) - 

and equil. Ref. (2) says 
C,9 JL ' CL* 'CL* 

temp, control Inadequate. 
d© 2 

k-^ (SOg) ; where K = equil. 

K" 

const. 

(2) Bodenstein, M. and Fink, C.G.: Zeit. Phys. Chem. 60 1 (1907) 

Static system; 155“250°C. 

Equilibrium values also det‘d. -d(S02) * k(S0g) (SOg)”0*^ 

"d6 

(3) Lewis, W.K. and Ries, E.D. Ihd. Eng. Chem. 12 830 (1927) 

Dynamic system 400-450°C. -d(S0g) = ^(SOp) 

SOg cone. 0.5$ in air; in 
d@ 

0g enriched air; and in air 
In re; where re = ratio 

r 

with 1-5$ SOg. of (SOg)/(SOg) at equil. 
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r = ratio of (S0g)/(S02) 

at time 0. 

(4) Chang, H.Y. Sc.D. Thesis M.I.T. (1939) 

Dynamic Temp. 375*575*0. In¬ Oxidation -d(S02) = 

itial cone. SOg 0.17-2.75$$. 
d0 

k(S0g) tor e 
Initial cone. SO2 + SOg (S0g)o.2 7* 

1.58-6.12$. Secondary em¬ Decomposition -d(S0g) - 

phasis on decomposition 
d0 

reaction. Extends and "betters f(SO,)0,2 In re 
0 r 

data of Eef. (3). Lewis 

and Bias. 

(5) Taylor, G.B., and Lenher, S.: Zelt. Phys. Chem. Bodenstein 

Festband 30-43(1931) Bate of formation of SOg 

Static system, 665*0. on at any instant is direct¬ 

hot Pt. vire. ly proportional to the 

distance that the reac¬ 

tion has to travel either 

to the equilibrium posi¬ 

tion or to the disappearance 

of one of the reactants 

and is inversely propor¬ 

tional to (SOg)0*^. Bate 

of decomposition of SOg 

is unretarded and directly 
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proportional to the dis¬ 

tance to equilibrium. 

(6) Hurt, D.M. Ind. Eng. Chem. 35 522(1^-3) 

Source and technique of taking Hg = (1 + k^p SOg) (Hj + He) i 

data not clear. Data given on where 

(T) 

k^ vs. T for SO2 oxidation 

(poisoned "by SO3); on Hcvs T 

for catalysts A and B at G = 

600 Ibs/ft.2 hr., and on 

for 3/8" and 3/16" cylinders 

where He is plotted vs 

Bp/ / A* \ ^/3 

% = height of overall 

reaction unit 

Hc = height of gas film 

transfer unit 

Hp = height of surface 

reaction unit 

(ft) 
Uyehara, O.A. and Watson, E.M. Ind. Eng. Chan. 35 5^1(19^3) 

Analyzed data of Lewis and - AEo/^p 

Hies (3) r/17 = EaCTc 
i/2 

x [(S02)(02) l/k3(S03)J 

jl + (02 kx + (S03)]J 

where all k's are functions of 

temp; w = proportionality factor 

relating cone, change to reaction 

rate r, mass of catalyst Being 

unspecified “by (3), E^ = effective¬ 

ness factor 

C = over-all rate constant. 
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(8) Boreskov, G.K., J. Hera. Cham. (U.S.S.R.) 1g 535(1945) 

Analyzed Cata of Bo dens tain 

and Fink (2), Taylor and 

Lenher (5), and Pligunov 

(unpublished)- At least the -d(S0g) = k!(SOp)(0o)°*
2^ - 

—de“ (scST0*^ 
first tiro of these are static J 

systems. ^ (SOj)0'5 

T^P-25 

Vanadium Pentoxide Catalyst 

Chang, H.Y. and Chang, T.H. "Chinese Institute of Chemical 

Engineers" Paper presented May 20-23, 1936. 

Dynamic* 91^r. per 20 cc. -d(S02) = k(S02)
2
 In rQ 

catalyst S02 in air 8.5 - ^ (SO^)0,2 r 

1.4$* 343-521*0. 42-97$ 

cony. 

Boreskov, loc cit 

Analyzed data of -d(S0g) = k1(S02)
0*® (02) 

T.I. Sokolov (15) 
40
 (S03)°‘

8 

Krichevskaya, E.L. J. Phys. Chem. (U.S.S.R.) 21 287 (1947) 

Dynamic System S02 4-40$ -a(S02) = (S02)°*^ (Og)
0*^ 

Og 5-40$ and C02 re¬ 

mainder. $ cony. 18-71. -kgfSO^)1 

475-575°C. ^S02^ 

de (so,) 
)0.5 

(soPj°*5 
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The data from which the Lewis and. Kies equation (Ho. 3, Table 

I) was derived were analysed by uyehara and Watson. A slightly better 

correlation was obtained from equation 7, (Table 1) than from equa¬ 

tion 3, (Table I). Equation 7 was developed by Uyehara and Watson 

from the theory of Eyring, Glaatone, and Ialdler. It is modified 

from the original form. 

(17) r =  ^sL^A^B (aAiaBi “ ^1) 
(1 + a^ kA + + Sjft&R + aHki )2 K 

by the assumption that the inert gas has no effect; and that the ad¬ 

sorption constant for sulfur dioxide is negligible. 

For the specific reaction, SOg / Og = SO^ , at constant 

t@apera.ture with the assumption of a negligible concentration of 

sulfur tri02d.de aaad a negligible adsorption constant for SOg , equa¬ 

tion number 17 reduces to: 

(3B) r - °t %oa yr°a 

(l + V*Og &02) 

For a bimolecular reaction where one reactant is more strongly 

adsorbed than another, Laidler ^ develops an analogous equation. 

V = l/2skL ..°.S-SeL 
(1+Keg)2 

(19) 
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Assuming dissociation of the strongly adsorbed component, the two 

forms are identical* 

(20) V = l/2skL Vpg °g * 

(1 + Vlcg )2 
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HI. Apparatus and Procedure 

A. Apparatus 

The equipment consisted of an electrically heated 2" I. p. s. 

Type 310 steel reactor, preconverter and necessary sampling devices. 

Temperatures in the reactor veve recorded by a Leeds and Northrup 

Company ten point Speedcmax. The temperature readings could he 

estimated to one degree Centigrade, hut were readable to only = 3 

degrees centigrade basis the manufacturer * s specifications. 

The gases were metered with calibrated orifices, mixed and ana¬ 

lyzed for SO2, passed through the preconverter, analyzed for S02, 

passed into the main reactor, then into the solids separator, and 

reanalyzed for S02. 

B. Materials 

(1) Commercially pure sulfur dioxide, oxygen, and nitrogen. 

(2) Unplatinized silica gel ground to the following particle 

size: Tyler Screen Mesh Weight $ 

(3) Platinized silica gel was prepared by the J. T. Baker Company 

by impregnating the above inert gel with .3 weight $ platinum. 

C. Procedure 

For all runs 152 grams of platinized silica gel were mixed with 

608 grams of unplatinized gel. Each catalyst batch therefore contained 

- 35 to + 48 
- 48 to + 65 
- 65 to +100 
-100 to +150 
-150 to +200 

0.9 
4.9 
35.0 
37-9 
21.3 
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.001005 IbB of platinum and the reciprocal space velocity W was 
F 

calculated on the basis of pure platinum. For all runs the mass rate 

of flow remained essentially constant, reciprocal space velocity be¬ 

ing approximately .0275 for all runs. 

The reactor was charged by dropping the solids through the 

1 l/2 I.P.S. pipe extending from the top of the reactor into a small 

stream of nitrogen at 400#C. The catalyst and inert gel was then 

dried at 400°C for eight hours. 

It is apparent that all fluid stream characteristics are not 

independent. Fluid velocity, mass rate of flow, temperature, viscosity, 

and composition are all interrelated, After some Investigation of 

the possibilities of variation in results due to the condition of the 

fluid bed, it was decided that a constant fluidization quality should 

be maintained for all runs if possible. 

Quality of fluidization may be defined as the degree of uniformity 

of particle dispersion and the uniformity of gas velocity in a fluid 

bed. The quality of a bed that slugs or channels badly is very poor 

while the bed in which the gas pockets remain small and well distrib¬ 

uted, with a steady, even, over-all boiling of the bed is of as good 

quality as can bo expected because of the balance between uniformity 

and the requirement of mixing and boiling to control temperature. 

Apparently most fluid beds fluidized \7ith gases are at the poor end 

of the quality range. 

Poor fluidization quality may affect experimental results in at 

least three different ways. 
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1. The time of contact of the gas in the pockets formed by slug¬ 

ging is less than that of the gas within the clumps. 

2. The amount of particle surface available to the gas is much 

more in the clumps than in the pockets. 

3. When several types of reactions are possible the gas that 

originally passes through pockets can react differently than the gas 

that has adequate contact surface available initially. 

In order to maintain conditions in idle bed as nearly constant 

as possible, the initial viscosity-superficial velocity product was 

held constant for all runs. Although this procedure was not tested 

experimentally its theoretical validity may be developed from the fluid 

bed pressure drop equation derived by Leva and co-workers. ® 

(21) 

Rearranging: 

(21a) G/* x (1 - cf )2 

r J3 
particular bed 200 A 2 L 

(21b) or G/“ = K 

f (1 - <T )* 

(21c) 

From the equation it is obvious that the per cent voids is proportional 

to u M and it is assumed that the quality of fluidization is a function 



23 

of the proportion of void space in the fluidized hed and therefor© will 

not change if Hie void space is held constant. 

The value of u which resulted in the best quality of fluidiza¬ 

tion was predetermined on glass equipment as will "be described later, 

and the rates of flow of each gas were calculated on this basis. A 

sample calculation for run H-A-2: 

1 2 3 4 5 6 7 8 9 10 

Gas Comp. M 2x3 /* 2x5 

^m ^.C. 

(mols/hr) (ft3/br) is.c.'M 
T 

92.830 *2 .77 28.02 21.59 .0339 .02610 .02903 10.430 3.440 

°2 .03 32.00 .96 .0373 .00112 .00113 •4o6 3-840 .650 

so2 .20 64.06 12.81 .0266 .00532 .00754 2.722 36.41 3.370 

av.M 35.36 av. .03254 

r 25.89 G .01487 

By precalculation of the orifice settings in this manner, the desired 

compositions were metered throu^i at a constant viscosity-velocity pro¬ 

duct. 

The temperature was controlled by manual adjustment of the auto¬ 

transformers. The temperature throughout the bed did not vary more than 

plus or minus 5#C. 

After the reactor had beau brought to the desired temperature with 

the proper feed gas composition for 1 hour the first analyses were made 

on inlet and outlet gas simultaneously. Subsequent analyses in the same 
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series were made every 35 minutes-about 25 minutes after the gas composi¬ 

tion had been reset. The temperature was held constant in all cases. 

After each series of runs, the solid material which had blown over 

into the solids separator was returned to the reactor. 

At the termination of a series of runs the catalyst was dropped 

out of the reactor hy removing the l/2" plug from the nipple extending 

below the reactor inlet. 

S. Analyses: 

The Beich test was used for the analysis of sulfur dioxide in both 

the feed and product gases. A description of their analysis is given 

in the appendix. Semple calculations are also shown. 
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IT. Experimental Results 

A. Preliminary Data 

A preliminary investigation in a glass fluidization unit indicated 

that the silica gel particle size used ty Strauss and Bell was a good 

compromise between the disadvantage of (1) too much carry-over due 

to fine particles, and (2) excessive slugging caused hy large parti¬ 

cles. 

Because there has been much discussion and question concerning 

the effect of the character and degree of fluidization it was decided 

that this variable be held constant for all runs. As previously shown 

this could be accomplished by holding the superficial velocity-viscos¬ 

ity product constant. The correct velocity-viscosity product for the 

best fluidization without excessive carry-over was determined by ob¬ 

serving fluidization by air in a gLass column. It was possible to 

choose a definite superficial velocity that caused complete fluidiza¬ 

tion with a minimum of slugging and carry-over. An air superficial 

velocity of .7 was chosen because it gave the best fluidization charac¬ 

teristics. At room temperature u x x .0179 “ .01252. 

At 450®C and 1.04 atmospheres, 

v = 359yk x 723/273 x 1.0/l.(A = 914.5/M 

G = c/v = .02252/v 

Qja o lb-mols/hr => G x 89*7M 

89.7 = cross sec. area of col. x 3600 sec/hr 

Qm x 359 = Q = ft^/hr at standard conditions 
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From, these relationships it is possible to calculate the rate of 

flow of each component. A sample calculation for a specific run has 

heai given previously (page 23 ). 
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Fig. 1 

(Air throo';V. clllca sol) 
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TABLE H 

Particle Size of Preliminary Kuna in Glass Column 

Large Particles 

Tvler Screen Mesh Wt. $ 

-200 0 
-150 to + 200 0 
-100 to + 150 10 
- 65 to + 100 30 
- 48 to + 65 30 
- 35 to + 48 30 

Medium Particles 

-200 .81 
-150 to + 200 21.00 
-100 to + 150 
- 65 to + 100 53*00 
- 48 to + 65 25*10 
- 35 to + 48 

Snail Particles 

-200 
-150 to + 200 00.9 
-100 to + 150 04.9 
- 65 to + 100 35*0 
- 48 to + 65 37*9 
- 35 to + 48 21.3 
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For each run these calculations vere made so that in each case 

= .03252. However, this procedure affected the mol rate of 

feed very little. Xn the extreme, mol rate of feed varied from .040 

to .034 lb-mols per hr. Because all runs were made at the same tem¬ 

perature, the superficial velocity varied in the same proportion as 

the mol rate of feed. All of these considerations ware made before 

the actual experimental data were taken, so that all variables which 

might affect the rate of reaction were held as constant as possible. 

Feed composition was, of course, varied deliberately. 

B. Investigation Proper 

In general this was an investigation to determine the effect of 

feed composition on the reaction rate. Specifically, data were run 

for a family of curves such that the rate of reaction was determined 

for any composition with less than 40 per cant SOg. The SOg was held 

constant; and oxygen varied over the entire range at S02 concentrations 

of .05> .10, .20, .30, and .40. The data for the 10$ SOg curve were 

run four times, this curve being definitely established as a basis 

for checking the final equation used for the overall correlation. 

In addition to the five curves just mentioned, data for three 

other curves ware run independently. With composition held constant, 

(SOg a .10 } Og « .20 } Wg = .70), the reaction rate was determined at 

400, 450, and 500 degrees Centigrade. (Fig. 10) 

Another curve was established where the ratio of Og to SOg was 

held constant at 2 to 1; and the nitrogen concentration was varied over 

the entire range. (Fig.8) 
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The third check curve is shown on figure 9* At a constant nitro¬ 

gen concentration of .70, the SO2 concentration was varied over the 

entire range. 

The eight curves described above are shorn on the next eight 

pages with the actual experimental points plotted on each one. On 

each graph is the curve representing the final equation used for cor¬ 

relating the data. 
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The ordinate on all the graphs shown is designated, specific re¬ 

action rate, r. The calculation of r is shown on the sample notebook 

page in the appendix (page 87). It should "be noted that r is actually 

the mean rate of reaction based on the following differential equation: 

(22) Fix a rd¥ 

where F = feed rate, mass per unit time 

¥ = mass of catalyst in reactor 

r = reaction rate, mols/mass of catalyst x time 

x = conversion, mole per unit mass of feed 

Integration yields: 

(22a) ¥/p — & ^Aimean 

Saean - J1 Ax/tf 

In all cases the conversion, x was small and it was assumed that 

an arithmetic average for the gas compositions would be sufficiently 

accurate for the correlation calculations. The necessary calculations 

were made and for each run, r is tabulated and plotted versus the arith¬ 

metic averages of the gas partial pressures entering and leaving the 

reactor. 

Two different symbols are shown on the graphs in figures 3 through 

7* They represent tiro sets of approximately duplicate data taken to 

check the experimental accuracy and to find out if equilibrium condi¬ 

tions were reached in each run. One set was taken by holding the 

sulfur dioxide concentration constant and varying the oxygen from small 

to high concentrations. In other words the data for the points were 

run from left to right. The second set of data was taken by beginning 



TTith the highest concentration of oxygen and decreasing it to the low¬ 

est $ i.e., Just opposite from the first set. The effect of this pro¬ 

cedure can he noted most plainly on the graph where the concentration 

of sulfur dioxide was held at ten per cent (Fig* Curves drawn 

through each of the two sets of data would cross, one being higher 

for low oxygen concentrations and the other being higher for high con¬ 

centrations of oxygen. In each case the points run last in a series 

would be relatively higher than those run first. This situation in¬ 

dicates that the twenty minutes allowed after resetting the gas flows 

to a new feed gas composition were not sufficient for the process to 

reach equilibrium completely. This failure to reach equilibrium is 

attributed to the low rate of diffusion through the catalyst. 

The possibility of allowing more time between each run was elim¬ 

inated by practical considerations. Approximately four hours were re¬ 

quired to obtain the data for each curve and this was the maximum time 

for continuous fluidization without excessive carryover of the catalyst. 

More time between each run would have made it necessary to shut down, 

cool, and reheat the reactor so the carried-over catalyst could be 

replaced. It was decided therefor®, to run the data as described above 

and, because of the large number of points obtained, to use all the 

points in deriving the correlating equation. This procedure was fol¬ 

lowed and the curves shown on the graphs are calculated from the de¬ 

rived equation. Its derivation is shown under Interpretation of the 

Data. 
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The three curves (Figs. 8-10) not in the constant sulfur dioxide 

series were run as an additional check on experimental accuracy. In 

figure 9 the amount of conversion was small and consequently there 

is a wide spread in the data, hut it fits the equation curve quite 

well. The data of figure 8 is consistent with the other data also. 

Figure 10 shows the effect of temperature on the reaction rate at a 

given composition. The curve on this graph was dram through the points 

and does not represent the correlating equation. 



SIJMMffiQT OF CALCULATED AND EXPERIMESiTAL MA 
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Eg. 

Eg.. 

Code 

H-A-l/2 

H-B-l/2 

n-c-1/2 

II-D-l/2 

II-E-l/2 

H-F-l/2 

II-G-l/2 

H-A-1 

n-B-i 
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TABLE m 

,D .f&8 .722 
28 - rate = 3SQ2 PO2 

(1 + .8750 PO2*722)2 

07 *722 29 - rate = 22*°> ffS02 p02 

(1 + .2963 PO2
#722)2 

30 - rate = f!±JS°2_£22  

(1 + .4225 |>gOg + .1936 PQg)^ 

^2 P02 IfeOg %o3 
rat© rate rate rate 

experimental Eg.28 Ea.29 Eg.. 30 

.98^7 .02215 .0301 .0030 .2138 .152 6 .1093 .1165 

.9544 .02746 .0515 .0078 .5588 *2338 .1698 .2164 
*9535 .0515 .0324 .0035 *2390 ^2626 .1989 .1796 
.9368 .0510 .0457 .0075 .5252 .3183 .2412 .2571 
.8943 .1023 .0408 .00$# .5382 .4416 .3608 .3156 
.9059 .0824 .0416 .0101 .6990 .3972 .3161 .3006 
.787^ .2009 .0422 .0095 .6458 .6155 .5598 .4363 
.7722 .2240 .0425 .0134 .9360 .6352 .5846 .4516 
.5765 .4105 .0329 .0202 1.3510 .6852 .7311 .4581 
.5885 .4000 .0376 .0138 .9102 .7318 •7757 .5164 
.3406 .6420 .0430 .0134 .8618 .8298 I.0051 .7049 
.3350 .5799 .0339 .0m .9595 .7496 .8829 .5385 

« .9848 .0439 .0113 .7403 .9242 1.2866 ;8367 
m .9880 .0362 .0158 I.0290 .8324 1.1596 .6924 

.90^6 .0322 .0973 .0058 .4450 .3667 .2690 .4247 

.9139 .0266 .0953 .0042 .2958 .3203 .2322 .3796 

.8985 .0309 .1044 .0032 .2272 •3573 .2613 .4437 

.8921 .0526 .0986 .0056 .3904 .4691 .3568 .4939 

.8922 .0492 .0919 .0067 .4715 .4589 .3473 .4905 

.8792 .0538 .1040 .0029 .2107 .5074 .3867 .5727 

.8634 .0688 .1028 .0048 .3602 .5921 .4620 .6332 

/ 
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Code %2 *<=2 
PS02 

pso3 
rate rate 

experimental Eq..28 

rate 

Eg>29 

rate 

DEL. 30 

n-c-i .8467 .0955 .0922 .0056 .4058 .6806 .5534 .6647 
.8414 .100 6 .0894 .0089 .6278 .6727 .5487 .6610 
.8308 .1022 .1011 .0070 .5008 .7204 .5878 .7418 
.8306 .1030 .1005 .0059 .4312 .7262 .5940 .7765 

n-D-i •7593 .1878 .0799 .0130 .9660 .8477 .7609 .7788 
.7372 .2026 .0874 .0329 .8866 .8616 .7848 .8762 
.7363 .1953 .0955 .0129 .9942 .9501 .8592 .9369 
.7298 .2024 .0984 .0095 .6740 .9833 .8957 .9781 

H-E-l .5467 .3966 .0768 .0200 1.3830 1.0785 1.1410 1.0221 
.5441 .3984 .0832 .0142 .9980 I.1309 1.1980 1.1040 
.5400 .3953 .0882 .0166 1.0910 1.1643 1.2306 1.1645 
.5381 .3970 .0926 .0119 .8570 1.1947 1.2639 1.2185 

H-F-l *2953 .6455 .0799 .0248 1.5490 1.2269 1.4882 1.2663 
.2986 .6507 .0860 .0153 .8765 1.2815 1.5592 1.3733 
.3116 .6208 .0873 .0208 1.4660 1.2808 1.5357 1.3686 
.3156 .6182 .0930 .0161 1.0590 1.3256 1.5864 1.4499 

n-oi «■ .9325 .0765 .0236 1.2487 1.5430 1.7062 1.3988 
- .9340 .0828 .0125 1.3042 .8395 1.7829 1.5083 
• .9331 .0849 .0228 1.3255 I.5090 1.8116 1.5436 

U-A-2 .8180 .0266 .1861 .0094 *4341 .4611 .3343 .6921 
.8153 .0276 .1922 .0050 .3657 .4819 .3501 .7245 

H-B-2 •1913 .0486 .1877 .0064 .4718 .6720 .5076 .9237 
•1919 .0477 .1869 .0075 .5482 .6606 .5074 .9124 

H-C-2 .7417 .1034 .1870 .0079 .5828 I.OI96 .8343 1.2988 
.7436 .1006 .1853 .0108 .7775 I.0017 •8166 1.2762 

n-D-2 .6704 .1620 .1843 .0232 1.5360 1.2578 1.1036 1.5624 
.6612 .1746 .1858 .0177 .9706 1.3089 I.1605 1.6272 

H-E-2 .4907 .3487 .1635 .0371 1.9980 1.5734 1.6116 1.9413 
.4233 .4174 .1799 .0196 1.3400 1.7447 1.8699 2.2674 

H-F-2 .2282 .6213 .1554 .0362 2.3810 1.7557 2.1047 2.3233 
.2106 .6258 .1746 .0290 2.0080 1.8746 2.2522 2.5825 

H-G-2 - .8444 .1515 .0441 2.9190 1.8035 2.3835 2.5397 
- .8494 .1704 .0203 1.3620 1.9292 2.5543 2.8267 

H-A-3 .7045 .03O8 .2914 .0133 .9742 .6471 .4732 1.0639 
.7114 .0284 .2943 .0060 .4330 .6202 .4513 1.1066 

H-B-3 .6895 .0474 .2950 .0079 •5781 .8482 .6395 1.3162 
.6958 .0490 .2862 .0089 .6574 .8532 .6451 1.3049 
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Code 5N2 PO2 PSO2 $303 
rat© rate 

experimental Eg,.28 

rate 

Eg.29 

rate 

El. 30 

H-C-3 .6332 .0985 .2920 .0163 1.1600 1.2744 1.0354 1.8149 
.6431 .0993 .2833 .0141 .9920 1.2548 1.0211 1.7840 

H-D-3 .5564 .1532 .2992 .0311 2.1090 1.5982 I.3856 2.2567 
.5589 .1648 .2963 .0200 1.3570 1.64-58 1.4443 2.3160 

U-E-3 .3238 .4025 .2684 .0450 3.0270 2.1578 2.2910 3.1130 
.3252 .4164 .2668 .0318 2.1740 2.1698 2.3249 3.1316 

H-F-3 .1169 .6001 .2654 .0574 4.2270 2.3443 2.7822 3.6020 
.0998 .6486 .2513 .o4l4 2.6990 2.3044 2.8002 3.5488 

U-G-3 - .7370 .2492 .0538 3.5900 2.3356 2.9531 3.7073 
Ml .7509 .2559 .0332 2.2110 2.3749 3.0210 3.8048 

H-A-4 .6531 .0181 .3633 .0055 .3798 .5192 .3789 1.0028 
.6183 .0263 .3908 .0041 .3030 .6898 .4998 1.2560 

H-B-4 .6100 .052 6 .3682 .0092 .44oo 1.0177 .7739 1.6471 
.5799 .0441 .4012 .0147 1.1070 .9592 .7187 1.6193 

n-c-4 .5539 .1005 • 3633 ,0224 1.5560 1.3895 1.1381 2.1994 
.5262 .0958 .4006 .0174 1.2750 1.4909 1.2083 2.3101 

H-D-4 .4434 .1984 .3544 .0438 3.0220 1.9665 1.7841 2.9112 
,4221 .2054 • 3929 .0197 1.4390 2.1146 1.9330 3.1877 

II-E-4 .2262 .4230 .3297 .0610 3.9980 2.4424 2.6266 3.7699 
.2223 .4167 .3684 .0324 2.3970 2.5884 2.7734 4.0839 

II-F-4 m .6536 .3248 .0616 3.7790 2.6560 3.2345 4.4153 
- .6165 .3845 .0390 2.6010 2.87^ 3.4359 4.9195 

II-C-1-a .7075 .2859 .0346 .0120 .8282 .6302 .6160 .4158 
.7260 .2671 .0382 .0086 .5960 .6532 .6290 .4455 
.7250 .2644 .0466 .oo4i .2898 .7229 .7760 .5379 

U-C-2-a .7368 .2513 .0405 .0115 .7960 .6555 .6230 .4599 
.7257 .2554 .0474 .0114 .7970 .7204 .6870 •5381 
.7341 .2508 .0432 .0119 .8217 .6802 .6460 .4894 

II-C-3-a .8013 .1310 .0915 .0121 .7601 .7766 .6570 .7559 
.7259 .2095 .0899 .0147 .9840 .9468 .8680 .9093 
.7316 .1998 .1014 .0163 1.1390 .9920 .9010 .9962 

H-C-4-a .7370 .1492 .1381 .0155 1.0860 1.1001 .8920 I.I631 
.7400 .1478 .1342 .0147 1.2640 1.0132 .8730 1.1279 
.7318 .1502 .1471 .0110 .7720 1.0731 .9270 1.2342 

II-C-5-a .7394 .0982 .1889 .0135 .9640 1.0014 .8130 I.2727 
.7464 .0955 .1918 .0063 .4800 .9955 .8170 1.2718 
.6989 .1338 .1958 .0112 .8440 1.1901 1.0110 1.5028 
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TABLE HI (Cont’cL) 

Code %2 PO2 $S02 9SO3 
rate rate rate rate 

experimental Eg..28 Eg..29 Eg!. 30 

H-C-6-a .7364 .0487 .2448 * 0JL00/j^ 1.0660 .7768 .5860 1.1474 
.7392 .0468 .2383 .0l48w 

.7235 .7458 .5670 1.1371 
.7360 .0516 .2446 .0078 .5540 .7974 .6050 1.1771 

II-C-7-a .7370 .0327 .2586 .0116 .4398 .6279 .4610 .9931 
.7430 .0342 .2568 .0069 .8600 .6449 .4750 1.0140 

U-A-3-a .9300 .0765 .0308 .0031 .2287 .3228 .2547 .2104 
.9386 .0646 .0250 .0119 .0418 .2601 .2028 .1604 

H-B-3-a .8337 .1346 .0699 .0019 .1349 .6880 .5771 .5950 
.8431 .1225 .0654 .0089 .6270 .6260 .5246 .5371 

H-C-3-a .7301 .2029 .0969 .0100 .7003 .9729 .8860 .8822 
.7325 .2002 .0934 .0139 .9982 .9488 .8623 .9277 

II-D-3-a .6670 .2790 .0780 .0151 1.0100 .9971 .9697 .8998 
.6387 .2637 .1180 .0185 1.2940 1.2001 I.I525 1.2913 

U-E-3-a .5300 .3342 .1552 .0208 1.4540 1.5082 I.293I 1.8212 
.5314 .3359 .1506 .0220 1.5315 1.4893 1.5H2 1.7776 

II-G-3-a .3068 .4778 .2264 .0289 1.9600 2.0519 2.2798 2.9157 
H-K-3-a m .7168 .2893 .0339 2.2770 2.2189 2.7951 4.2295 
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CALCULATED RATE VERSUS EXPERIMENTAL RATE FOR EQUATION 2Q 
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Fig. 12 

CALCULATED RATE VERSUS EXPERIMENTAL R/TE FOR EQUATION 28 
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Fig. 13 

CALCULATED RATE VERSUS EXPERIMENTAL RATE FOR EQUATION 30 
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Y. Interpretation of the Data 

A. Preliminary Calculations 

Che first equation investigated was that of Lewis and Kies:11 

(23) reaction rate = k pgQ2 311 rQ 

r 

For this preliminary check the constant was evaluated from data taken 

from the "best curve dram through the experimental points on the 10$ 

SOg curve (Fig* k). She extreme variation in the constant eliminates 

this equation from further consideration. 

SOg entering .0939 .0939 .0939 .0939 .0939 .0939 

02 entering .05 .10 .20 .ko .60 .80 

k .6711 1.107 2.092 k.781 11.912 11.695 

A more complete table of these calculated values is shorn in the ap¬ 

pendix. The poor correlation by this equation is to be expected be¬ 

cause of the very low conversion in each run. 

The second equation tested was that of Lewis and Kies which was 
12 

derived from Enietsch's data: 

(2it) - ar^2i = 1-j, fesoa^feoo) - h. (%o,)2 

de K 3 

Assuming a negligible concentration of SO3, the following data was 

calculated in the same manner as that for the above equation: 



51 

PS02 
.0862 .0862 .0862 .0862 .0862 .0862 

Po2 
.0520 .1039 .2078 .4156 .6234 .8312 

kI#02 6.7309 5.919 4.865 3.359 2.438 1.884 

where exponent on p^ is .5 

^ BSOg 3.214 3.4n 3.285 2.697 2.I63 1.799 

where exponent on pQg is .75 

These calculations show that the "best exponent for PQ2 is not .5 hut 

indicate that the data may he correlated fairly well hy an equation 

of the form, rate = k pQg . 

Theoretically the correct rate equation may he based on the dif¬ 

fusions! processes, adsorption, or surface reaction. If diffusions! 

processes were rate controlling, the reaction fate would he proportional 

to the square root of the temperature. Rate actually varies exponen¬ 

tially with temperature (Pig. 10) so diffusional processes are not rate 

controlling. 

For himolecular-monomolecular reactions the following theoretical 

equations may apply: 

Adsorption of reactant A controlling: 

(25) r = kp-L x (a^ - ag^ j 
(1 + 831% + qRikA + %ikB + aIiki +mm) agjK 

®BiK 

Desorption of product controlling: 

  x (aMaBi - ®Ri ) 
(1 + aMkA + aBiks + SAi^i15!# + aIikI"“) K 

(26) r = 
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Surface reaction controlling: 

(27) r = kglfofcB  x (a^agi - fEi ) 

(l + aAikA + ®Bi^B ®Ri%i + aIikl"”“^2 E 

If equation 25 were applicable a plot of r versus where a^ 

is negligible and is constant would be a straight line. This is 

not true for either O2 or S02. An increase in p^ or pg0g increases 

the initial rate in all cases BO neither the adsorption of O2 nor of 

S02 controls the SO2-O2 reaction rate. 

IT equation 26 were applicable the rate would be essentially in¬ 

dependent of the concentration of reactants or products because the 

thermodynamic equilibrium constant appears in both the numerator and 

denominator of the multiplying fraction and is large for this partic¬ 

ular reaction at 450*0. The rate approaches 00 a ii^i^* 

The data of this investigation show that this is not the case. The 

desorption of SO3 is not the rate controlling step. 

A modification of equation 27 was the third equation checked in 

the preliminary calculations. The correlation was better than for 

any other equation checked. 

B. Correlation of Data: 

The equation used for correlating the data is a modified form 

3 
of number 27 above. It was developed by Uyehara and Watson in the 

following manner: 
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- A H° ^03 

(17a) r = EAG!e OT
 * <PSO2 v?o2 - nr > 

(x + ifeo^Og + V P02
k02 

+ ^03^03 + %2%2^2 

- AH° 
Rearranging and letting EA CTe RT = Ct 

(17b) \ /^02 V^oj ~ ^03^ „ 1 + IS02
3S
S02 * VVo2 

+ +
 %%2 v *  —   

Assuming concentration of SO^ and effect of Hg negligible. 

(17c) A /PS02 ^02 = 1 + 9S02%02 
+ V5O?02 

Y r  VCt  

Holding PQ2 constant: 

(17d) Y^°2 = + constant 

Therefore a plot of ^ /PSO2 V p02 Tersua IfeOg ^Las a 0l°P® of %c>2 

\ 5  

Holding pgo2 constant: 

d7f) -'Pj| ^ + constant 

In this case a plot of ^|^S?2 V -^02 ■versus /\fVQQ k00 a 01°P® °f 



54 

Substituting these expressions in the original equation allows 

a solution for C^. 

The addition of the denominator term, obviously improved the cor¬ 

relation of the data. Further calculations were therefore devoted 

to determining the correct constants for the Uyehara and Watson equa¬ 

tion. It was quite obvious that the exponents on po2 and pgQg were 

not .5 and 1 respectively. By plotting rate versus PQ^ and pgg2 on 

log-log paper the slopes of the lines show the exponents to be .722 

for p0g and .548 for Pg^. 

By the use of these exponents, and JtgQg yere obtained by the 

Uyehara and Watson method previously described. The equation derived 

in this manner is: 

.548 .722 
(28) rate = 1B.05 ^2 P°2 

(1 + .8750 P^*722)2 

A plot of observed versus calculated rate, (Fig. 11), indicates 

that the accuracy of the equation might be improved upon by decreasing 

Cfc and lcQg*722 • By trial and error, values of 12.07 and .2963 were 

substituted for 18.05 and .8750 respectively, forming equation 29. 

Although the plot of observed rate versus calculated rate appears to 

be improved (Fig. 12), one standard deviation, <r, is 34.32 $ for the 

latter equation as compared to 32.68 $ for the initial one. 

The following equation is obtained by the procedure described 

above if the exponents of p^ and are considered to be .5 and 
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1.0 respectively: 

(30) rate = 28.15 Pso2 P°2  

(1 + .4225 Vso2 + -1936 p^)
2 

For this equation one standard deviation is 4l.4 $. 
Apparently the heBt equation for the overall correlation of the 

data iB: 

a 18*05 
(1 + .8750 Poa-722) 

722 

2“ 

(28) rate 



56 

VI. COICLTSIOKS 

1. The data can "be correlated ■with, an equation of the type, 

3R1 
r = QgsL kA kB) (a^ aB1 - K )  

(l + aM kA + aBi % + ®Ri % + aIi ki““)2 

indicating that surface reaction is the rate controlling step. 

2. The effects of varying the partial pressures of oxygen and sulfur 

dioxide show that neither idle adsorption of the reactants nor the de¬ 

sorption of the product is rate controlling. 

3. Temperature effects shot; that diffusional processes are not rate 

controlling. However there is evidence that diffusional processes 

affect the reaction rate considerably. 

4. According to rate equation development hy Laidler the form of 

the final correlating equation of this work indicate that oxygen is 

more strongly adsorbed on the catalyst than sulfur dioxide. 



VII. APEEKDIC0E3 



APPENDIX A 

EXPERIMENTAL AND CALCULATED DATA 
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TJBIE HI-A 

BATE VS. (02) m COHSTAET (SO2) OF .05 

Code II-A-l/2 

(average) 
.$•68 
.9177 

.0213 

.0264 

(SOg) 
(average) 

.0289 

.0495 

(so3) 
(average) 

.0030 

.0075 

^initial) 
.$52 
.9150 

(O2) 
(initial) 

.0228 

.0301 

|S02) 
(initial) 

.0319 

.0558 

Conversion 
(A*) 

.0059 

.0149 

Bate 
(ESrp.) 

.2138 

.5588 

OH .0361 
.0378 

Tamp. 448 
450 

Cat. Batch 
Humber 

6 
7 

Bate 
(Ea. 28) 

.1526 

.2338 

II-B-l/2 H-C-I/2 

.9168 .8599 

.9008 .8711 

.0495 .0984 

.0490 .0792 

.0302 .0392 

.o44o .o4oo 

.000340 .0075 
.0072 .0097 

.9145 .8530 

.8972 .8663 

.0515 .1013 

.0515 .0841 

.0336 .0463 

.0510 .0497 

,00666 .0248 
.0143 .01$ 

.2390 .5382 

.5252 .6990 

.0361 .0366 

.0369 .0361 

447 451 
447 451 

6 6 
7 7 

.2626 .4416 

.3183 .3972 

H-D-l/2 II-E-l/2 

.7571 •5543 

.7425 .5659 

.1932 •3$7 

.2058 •3846 

.0406 .0316 

.0387 .0362 

.0091 .01$ 

.0229 .0133 

•7543 .$95 
.7381 .55$ 

.1970 .4008 

.2108 .3918 

.04$ .0506 

.0513 .0490 

.0180 .0380 

.0255 .0262 

.6458 1.351 

.9360 .9102 

.0362 .0358 

.0369 .0349 

449 4$ 
450 449 

6 6 
7 7 

.6155 .6852 

.6352 .7318 

H-F-l/2 H-G-l/2 

.3275 - 

.3221 m 

.6282 .^69 

.5576 .9500 

.$13 .0422 

.0326 .0348 

.0229 .0109 

.01# .0152 

.3252 mm 

.$56 

.6202 .$76 

.6052 .9508 

.0539 .0528 

.0490 .0497 

.0255 .0215 

.0279 .0301 

.8628 .7403 

.9595 1.0290 

.0339 .0347 

.0346 .0343 

449 451 
449 451 

6 6 
7 7 

.8298 .9242 

.74 96 .8324 



TJSBIE IH-A (Coat'd) 

BUIE VS. (02) JSS CGKSTAUT 

Code H-A-l/2 H-B-l/2 H-C-l/2 

Bate 
Oft* 29) 

-1093 
.1698 

*1989 
.2422 

.36O8 

.3161 

Bate 
(Eg.. 30) 

.1165 

.21611 
.1796 
.2571 

.3156 

.3006 

fso2) 
(flinal) 

.0252 

.0419 
.0272 
.0875 

.0323 

.0312 

(SO2) OP .05 

H-B-1/2 H-E-1/2 H-F-l/2 H-G-1/2 

.5598 

.5846 
.73H 
*7757 

1.0051 
.8829 

1.2866 
1.1596 

.4363 

.4516 
*4581 
.5164 

.7049 

.5385 
.8367 
.6924 

.0323 

.0255 .0262 
.0295 
.0221 

.0324 

.0205 

The symbols la tables HI, III-A, III-B, III-C, III-B, III-E, IH-F, 
III-G, HI-H are defined la the following manner: 

Concentration of respective components in feed. 

Conversion 
(An) 

(SO2)initial — (3^ 

al 

Where S02final is concentration of SOg in SOg-free product gases. 

(NgP (Ogi (80^ a^aConcentration of respective components at the point in 
the reactor vher^ one naif the conversion has taken place. 

* .(^.(initial) , 
(1 - |/4AX) 

(O^tnitlal) — l/4aac 
(1 £ i/kfa) 

(SO^ __ (SO^finitial) *"* l/SAx 
(average) (1 ^ |/4^) 

(SO3) — l/a x 
(average) $ 1 —• J/4Ax) 

Pguy Po2« PS£)2* aQ^ Pso-? (Table III) are the above average concentrations 
multiplied by 1.04, the average reactor pressure in atmospheres. 

^average 

(average) 
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TABLE IH-B 

BATE VS. (Og) AT COKSTAHT (S02) OF .10 

Cod© H-A-1 H-B-l 33-01 n-D-i 32-E-l n-F-i n-01 
(Hg) .8698 .8578 .8341 .7301 .5257 .2839 

(average) .8788 .8579 .8090 .7088 .5232 .2871 - 
.864-3 .84-54- .7988 .7080 .5191 .2998 m 

.8639 .8302 .7987 .7017 .5179 .3035 - 

(02) .0310 .0506 .0918 .1806 .3813 .6207 .8966 
(average) ♦0256 .0473 .0964 .1948 .3831 .6257 .8981 

*0322 .0518 .0973 .I878 .3801 .5969 .8972 
.02 91 .0662 .0990 .1946 .3817 .5944 .9000 

(SOg) .0936 .0862 .0887 *0768 .0738 .0768 .0736 
(average) .0916 *0884 .0860 .0840 .0800 *0827 .0796 

.1022 .1000 .0972 .0918 .0848 .0839 .0816 

.1004 .0988 *0966 .0946 .0890 .0894 .0850 

(S03^ .0056 .0054 .0054 .0325 .0192 .0238 .0227 
(average) .oo4-o .0064 .0086 .0324 .0137 .0147 .0120 

.0009 .0028 .0067 .0324 .0160 .0210 .0219 

.0030 .0046 .0057 .0091 .0134 .0155 .0186 

(»2^ .8720 .8630 .8328 .7241 .5215 .2792 
(initial) .8778 .8560 .8048 .7045 .5198 .2836 - 

.864-8 .8438 .7962 .6455 .5145 .2964 •to 

.8660 .8292 .7972 .6988 .5155 .3007 tm 

(02^ .0338 .0532 .0$42 .1856 .3872 .6220 .9060 
(initial) .0275 .0504 .1007 .1998 .3873 .6202 .9085 

.0327 .0531 .1003 .1829 .3850 .6006 .8980 

.0332 .0684 .1016 .1982 .3852 •5959 .8992 

(SOg) .0993 .0934 .0938 .0887 .0922 .0989 .0954 
(initial) .095^ .0946 .0942 .0958 .0931 .0961 .0917 

.1031 .1026 .1036 .1037 .1001 .1036 .1022 

.1032 .1033 .1021 .1033 .0 999 .1039 .1010 

Conv; (A X) .0113 .0107 .0111 .0247 .0377 .0462 .0444 
.0080 .0327 .0171 .0245 .0270 .0288 .0238 
.0038 .0055 .0133 .0246 .0316 .0409 .0427 
.0059 .0093 .0114 .0180 .0225 .0304 .0334 
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3?ABLE IH-B (Cont'd) 

Code n-A-i H-B-l H-C-1 H-D-l U-E-l U-E-l n-G-i 

Bate .4450 .3904 .4058 .9660 1.3830 1.5490 1.5430 
(esperimental). 2958 *4715 .6278 •8866 .9980 .8765 .8395 

.0670 .2107 .5008 .9342 1.0910 1.4660 1.5090 

.2272 *3602 .4312 *6740 .8570 1.0590 1.2065 

Qm or (P) .0396 .0366 .0366 .0393 .0369 .0307 .0349 
v = .001005 .0372 .0373 .0369 .0364 .0372 .0336 .0354 

.0380 .0384 .0379 .0407 .0379 .0360 .0355 

.0384 *0391 .0380 .0376 .0382 .0351 .0360 

Temp. 451 448 453 450 451 450 450 
452 449 447 446 450 450 450 
452 451 450 451 450 452 451 
452 458 451 455 450 449 451 

Cat. Batch 6 6 6 6 . 6 6 6 
Humber 7 7 7 7 7 7 7 

4 4 4 4 4 4 4 
4 4 4 4 4 4 4 

Bate .3667 .4691 .6806 .8477 1.0785 I.2269 1.2487 
(Eg.. 28) .3203 .4589 .6727 •8616 I.1309 1.2815 1.3042 

.5074 .7204 .9501 1.1643 1.2808 1.3255 
.3573 .5921 .7262 .9833 1.1947 1.3256 1.3529 

Bate .2690 .3568 .5534 .7809 1.0410 1.4882 1.7062 
(Eg.. 29) *2322 .3473 .5487 .7849 1.1980 1.5590 1.7829 

- .3867 .5878 .8592 1.2306 1.5357 1.8116 
.2613 .4620 .5940 .8957 1*2639 1*5864 1.8508 

Bate .4247 .4939 .6647 .7788 1.0221 1.2663 1.3988 
(H. 30) .3796 *4905 •6610 .8762 1.0XJ40 1.3735 1*5083 

•• .5727 v?4o8 .9368 1.1645 1.3686 1.5436 
.4437 ,6332 .7765 .9781 1.2185 1.4499 1.6053 

Cso^ .0819 .0841 .08I10 .0665 .0578 .0562 .05*16 
(final) .0885 .0835 .0792 .0740 .0690 .0698 .0704 

• - .0979 .0923 .0822 .0726 •0668 .0636 
f .0981 ;0954 .0923 .0876 .0800 .0770 .0715 
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TABLE IH-C 

RATE vs. (o2) AT COKSTAUT (so2) OF .20 

Code n-A-2 H-B-2 n-c-2 n-D-2 H-E-2 H-F-2 H-G-2 

(Ife) .7865 .7666 .7132 .6446 .4718 .2194 • 

(average) .7839 i’J&JZ .7150 .6358 .4070 .2025 

(02) .0256 .0467 .0994 .1558 .3353 .5974 .8119 
(average) .02 65 .0459 .0967 .1679 .4013 .6017 .8167 

(S02) .1789 .1805 .1798 .1772 .1572 .1494 .1457 
(average) .1848 .1797 .1782 .1794 .1730 .16$? .1638 

cso3\ .0090 .0062 .0076 .0223 .0357 .0348 .0424 
(average) .0048 .0072 .0104 .0170 .0188 .0279 .0195 

.7830 •7642 .7102 .6378 .4636 .2165 m 

(initial) .7825 .7645 .7112 .6318 .4032 .1999 - 

C02) .0300 .0497 .1028 .1653 .3470 .6062 .8135 
(initial) .0289 .0494 .1015 .1745 .4069 .6076 .8190 

tso2) .1870 .1861 .1870 .1900 .1894 •1773 .1865 
(initial) .1886 .1861 .1873 .1937 .1899 .1925 .1810 

Conversion .01786 .0124 .0151 .0437 .0687 .0656 .0807 
(AX) .0096 .0144 .0207 .0305 .0370 .0544 .0383 

Rate .4341 .4718 .5628 1.5360 1.9980 2.38IO 2.9190 
(Exp.) .3657 .5482 .7775 .9706 1.3400 2.0080 1.3620 

Qm or (F) .0376 .0383 .0376 .0353 .0292 .0365 .0364 
0? = .001005) .0383 .0380 .0377 .0356 .0364 .0370 .0357 

Temp. 449 452 450 449 451 448 459 
450 450 450 451 448 453 450 

Cat. Batch 6 6 6 6 6 6 6 
Humber 7 7 7 7 7 7 7 

Rate .4611 .6720 1.0196 I.2578 1.5734 1.7557 1.8035 
(sa. 28) .4819 .6606 1.0017 1.3089 1.7447 1.8746 1.9292 
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TABLE HI-C (Cont'd) 

BATE TO. (02) AT CGKSTAHT (S02) OF .20 

Code II-A-2 II-B-2 n-c-2 II-D-2 II-E-2 H-F-2 U-G-2 

Bate .3343 .5076 .8343 1.1036 1.6116 2.1047 2.3835 
CjBQL* 29) .3501 .5074 ,8166 1.1605 1.8699 2.2522 2.5543 

Bate .6921 .9237 1.2988 1.5614 1.9413 2.3233 2.5397 
(M. 30) .7245 .9114 1.2762 1.6272 2.2674 2.5825 2.8267 

(so£) .1786 .1771 .1755 .1646 .1346 .1246 .1160 
.(final) .1806 .1756 .1724 *1709 .1621 .1501 .1521 

/ 
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TABLE IH-D 

BATE VS. (02) AT CONSTANT (SOg) OF .30 

Code H-A-3 

' pierage) 
.6774 
.6840 

^(average) 
.02 96 
.0273 

(SO^ 
(average) 

.2802 

.2830 

(30^ 
(average) 

.0128 

.0058 

Cfe> 

(initial 
.6730 
.6820 

(°2^ 
(initial) 

.0358 

.0301 

(SO^ 
(initial) 

.2911 

.2879 

Conversion 
( Ax) 

.0253 

.0114 

Bate 
(exp.) 

.5742 

.4330 

Qmof CP) 
(17 = .001005) 

.0387 

.0381 

Temp. 452 
450 

Cat. Batch 
Number 

6 
7 

.64-71 

.6202 

I-B-3 n-c-3 H-D-3 

.6630 • 6088 .5350 

.6690 .6184 .5374 

.0456 .0947 .1473 

.0471 .0955 .1585 

.2837 .2808 .2377 

.2752 .2724 .2849 

.0076 .0157 .0299 

.0086 .0136 .0192 

.6599 .6022 .5625 

.6661 .6140 .5322 

.0492 .1014 .1596 

.0512 .1016 .1665 

.2900 .2961 .3126 

.2825 .2840 .3012 

.0150 .0309 .0580 

.0171 .0268 .0377 

.5781 1.1600 2.1090 

.6574 .9920 1.3570 

.0388 .0377 .0365 

.0386 .0372 .0362 

449 452 450 
448 452 448 

6 6 6 
7 7 7 

.8482 1.2744 1.5982 

.8532 1.2548 1.6458 

H-E-3 H-F-3 n-G-3 

.3113 .1124 - 

.3126 .0950 •» 

.3870 .5770 .7087 

.4004 .6237 .7220 

.2585 .2552 .2396 

.2565 .2416 .2461 

.0433 .0552 .0517 

.0306 .0398 .0319 

.3052 .1094 - 

.3079 .0932 •• 

.4006 .5880 .7160 

.4095 .6313 .72 66 

.2958 .3020 .2840 

.2828 .2759 .2738 

.0831 .1046 .0983 

.0594 .0766 .0619 

3.0270 4.2270 3.5900 
2.1740 2.6990 2.2110 

.0366 .o4o6 .0367 

.0368 .0354 .0359 

448 451 451 
450 451 451 

6 6 6 
7 7 7 

2.3443 2.3356 
2.3044 2.3749 

Bate 
(Eq> 28) 

2.1578 
2.1698 
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TABLE UI-D (Coat’d) 

MCE VS; 02 AT COKSTAHT (S02) OF .30 

Cod© H-A-3 U-B-3 II-C-3 II-D-3 II-E-3 n-F-3 H-G-3 

Eat© 
(Ea. 29) 

.4732 

.4513 
.6395 
.6451 

1.0354 
1.0211 

1.3856 
1.4443 

2.2910 
2.3249 

2.7822 
2.8002 

2.9531 
3.0210 

Eat© 
(Eg.. 30) 

1.0639 
1.1066 

1.3162 
1.3049 

1.8149 
1.7840 

2.2567 
2.3160 

3.1130 
3.1316 

3.6020 
3.5488 

3.7073 
3.8048 

(SO2) 
(final) 

.2763 

.2813 
.2798 
.2723 

.2781 

.2680 
.2782 
.2793 

.2430 

.2452 
*2341 
.2252 

.2178 

.2336 



67 

TABLE IH-E 

RATE YB. (02) AT CGHSTMT (S02) CEF .40 

Code U-A-4 H-B-4 n-e-4 H-D-4 H-E-4 H-F-4 

(n2) .6280 .5866 .5326 .4263 .2175 «» 

(average) .5945 .5576 .5060 .4059 .2138 - 

(°Q) .0174 ,0506 .0966 j 1908 .4067 .6285 
(average) .0258 .0424 .0921 .1975 .4007 .5928 

(so2) .3^93 .3540 .3493 .3408 .3170 .3123 
(average) .3758 .3858 .3852 .3778 .3542 .3697 

(S03) .0053 .0088 .0215 .0421 .0587 .0592 
(average) .0039 .0142 .0167 .0189 .0312 .0375 

(B2) .6265 .5842 .5272 .4177 .2111 m 

(initial) .5935 .5538 .5018 .4022 .2136 - 

(®2) .0199 .0548 .1062 .2076 .4235 .6542 
(initial) .0277 .0491 .0996 .2051 .4160 .6003 

(S02) .3537 .3613 .3670 .3752 .3650 .3693 
(initial) .3791 .3972 .3986 .3933 .3851 .3997 

Conversion .0105 .0174 .0421 .0808 .1109 .1158 
(Ax) .0078 .0380 .0329 .0371 .0619 .0723 

Rate .3798 .4400 1.5560 3.0220 3.9980 3.7790 
(Exp.) .3030 1.1070 1.2750 1.4390 2.3970 2.6010 

Qm. or (F) .0364 .0377 .0371 .0376 .0362 .0328 
(W = .001005) .0391 .0398 .O39O .0390 .0389 .0362 

Temp. 450 452 451 450 450 450 
450 450 449 451 451 448 

Cat. Batch. 6 6 6 6 6 6 
number 7 7 7 7 7 7 

Rate .5192 I.0177 1.3895 1.9665 2.4424 2.6560 
(El. 28) .6898 .9592 1.4909 2.1146 2.5884 2.8714 
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TABLE IH-E (Cont'd) 

RATE YS. (02) AD 

Code I3>A-4 H-B-4 

Rate .3789 .7739 
0*1. 29) .4998 .7187 

Rate 1.0028 1.6471 
(El. 30) I.256O 1.6193 

(SO2J .3487 *3531 
(final) .3757 *3854 

CtiHSMJT (S02) OP .4o 

H-C-4 H-D-4 H-E-4 n-p-4 

1.1381 
1.2083 

1.7841 
1*9330 

2.6266 
2.7734 

3.2345 
3*4359 

2.1994 
2.3101 

2.9112 
3.1877 

3.7699 
4.0839 

4*4153 
4.9195 

•4-3468 
.3847 

*3350 
.3772 

.3048 

.3563 
.3068 
.3672 
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TABLE HI-F 

BATE 7S. EROPQRTIOl (S02) OF [(SO2) + (O2)] AT COHSTABT 

[(S02) + (O2)] OF .30 

Code H-C-1-a H-C-2-a n-C-3-a U-C-4-a H-C-5-a H-C-6-a H-C-7-a 

(Hg) .6803 .7085 .7705 .7087 .7110 .7081 .7087 
(average) .6981 .6978 .698O .7115 .7177 .7108 - 

.6971 .7059 .7035 .7037 .6720 .7077 .7344 

(O2) .27l|.9 .2416 .1299 .1435 .0944 .0468 .0314 
(average) .2568 .2456 .2014 .1421 .0938 .0450 - 

.2542 .2412 .1921 .1444 .1287 .0496 .0329 

CS02) .0333 .0389 .0880 .1328 .1816 .2354 .2487 
(average) .0367 .0456 .0864 .1290 .1844 .2291 - 

.0448 .0415 .0975 .1414 .3883 .2352 .2469 

(SO^ .0115 .0111 .0116 .0149 .0130 ,0096A- .0132 
(average) .0083 .0110 .0141 .0174 .0061 .0142^ - 

■ 0 
.0039 .0114 .0157 .0106 .0108 .0075 .0059 

life) .6761 .7050 .7695 .7032 .7065 .7065 .7071 
(initial) .6546 .6941 .6930 .7055 .7155 .7045 - 

.6960 .7008 .6985 .7003 .6682 .7054 .7040 

CO2) .2790 .2460 .1355 .1498 .1002 .0518 .0355 
(initial) .2596 .2498 .2071 .3498 .0946 .0534 - 

.2557 .2451 .1985 .3490 .1332 .0532 .0368 

(S 02) .0445 .0498 .0995 .1466 .1933 .2418 .2502 
(initial) .0447 .0562 .0999 .1452 .1899 .2439 - 

.0486 .0526 .1036 .1513 .1978 .2419 .2583 

Proportion .1080 .1387 .4039 .4807 .6580 .8342 .8880 
(S02) of .1250 .1566 .3002 .4759 .6677 .8359 - 
[(S02)+(Og)) .1498 .1468 .3367 .4-948 .5941 .8610 .8825 

Conversion .0227 .0221 .0230 .0294 .0257 .0280 .0115 
(ATf) .0164 .0217 .0280 .0343 .0322 .0191 

.0078 .0226 .0310 .0210 .0213 .0149 .0222 
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TABLE HI-F (Cont'cL) 

RATE 7S. PROPORTION (S02) OF [(SOg) + (Og)] AT COESTMP 

t(SOg) + (Og) 3 CF .30 

Code H-C-l-a H-C-2-a U-C-3-a H-C-4-a U-C-5-a U-C-6-a H-C-7-a 

Hate .8282 .7960 .7601 1.0860 .9650 1.0660 .4398 
(Exp.) .5960 •7910 .9840 1.2649 .4800 .7235 W 

*2898 .8217 1.1390 .772 .8440 .5540 .8600 

Qm or 0?) .0367 .0362 .0322 .0372 .0377 .0383 .0384 
(W = *001005) .0366 .0369 .0354 .0370 .0395 -0380 • 

.0376 .0365 .0369 .0368 .0399 .0374 .0389 

Temp. 453 455 450 455 449 451 450 
453 451 449 4-54 452 453 m 

452 451 455 449 453 452 452 

Cat. Batch 2 2 2 2 2 2 2 
Humber 3 3 3 3 3 3 3 

3 3 3 3 3 3 3 

Bate .6302 .6555 •7166 1.1001 1.0014 .7788 .6279 
(Ecu 28) .6532 .7204 .9468 1.0132 .9955 .7458 

.7229 .6802 .9920 1.0731 1.1901 .7974 .6449 

Bate .6160 .6230 .6570 .8920 .8130 .5860 .4610 
(Ecu 29) .6290 .6870 .8680 .8730 .8170 .5670 m 

.7760 .6460 .9010 .9270 1.0110 .6050 .4750 

Bate .4158 .4599 .7559 1.1631 1.2727 1.1474 .9931 
(Ea. 30) .4455 .5381 .9093 1.1279 I.2718 1.1371 - 

.5379 .4894 *9962 1.2342 1.5028 1.1771 i.oi4o 

iSOg) .0226 .0286 .0792 .1228 .1743 .2232 .2429 
(final) .0290 .0355 .0551 .1166 .1810 .2314 • ** 

.0413 .0310 .0762 .1345 .1824 .2322 .2431 
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TABLE HI-G 

RATE VS. [(S02) + (Og)] AT COHSTAHT (0g)/(S02) GF 2.0 

Code II-A-3-a H-B-3-a n-C-3-a H-D-3-a U-E-3-a H-G-3-a H-K-3-a 

Ul2) 
(average) 

.8938 

.9025 

l°2^ 
(average) 

.0736 

.0621 

^SO^I 
(average) 

.0296 

.0240 

^(airase) 
.0030 
.0114 

'^(Initial) 
.8922 
.8972 

(Pa) 
(initial) 

.0750 

.0674 

\S0^ 
(initial) 

.0326 

.0352 

Conversion 
(Ax) 

.0061 

.0226 

%. or 0?) 
(tf = .001005) 

.0378 

.0374 

[(S0g)+(0g)3 .1078 
.1028 

Temp. 450 
451 

Cat. Batch 
Number 

3 
5 

.3228 

.2601 

8016 .7020 .6413 
8107 .7043 .6151 

1294 .1951 .2683 
1178 .1925 .2536 

0672 .0932 .0750 
0629 .0898 .1135 

0018 .00 96 .0145 
0086 .0134 .0178 

8012 .6992 .6046 
8075 .6992 .6095 

1302 .1992 .2598 
1216 .1977 .2600 

0690 .1024 .1348 
0712 .1026 .1301 

OO36 .0190 .0272 
0171 .0265 .0349 

0372 .0371 .0373 
0369 .0378 .0372 

1988 .3008 .3954 
1925 .3008 .3905 

449 451 451 
451 451 450 

3 3 3 
5 5 5 

6880 .9729 .9971 
6260 .9488 1.2001 

.5095 - - 
5110 .2950 m 

3213 - m 

3230 .4594 .6892 

.1492- . - 

1448 .2177 .2782 

,0200 mm _ 

0212 .0278 .0326 

5042 - mm 

,5058 .2910 mm 

3278 mm m 

3301 .4668 .6941 

,1675 _ mm 

1643 .2422 .3059 

0392 m mm 

0416 .0542 .0632 

0372 mm •» 

0370 .0306 .0362 

4958 mm m 

4942 .7090 1.000 

452 _ 

451 450 455 

3 - - 

5 5 5 

1.5082 
1.4893 2.0519 2.2189 

Rate 
(El. 28) 
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TABLE IH-G (Coat'd) 

RiffE VS. [(S02) + (02)] AT COBSTMP (0Q)/(802) OF 2.0 

Code II-A-3-a EHB-3-a H-C-3-a H-D-3-a H-E-3-a H-G-3-a H-K-3-a 

Rate 
(Ect. 29) 

.2104 
*1604 

.5950 

.5371 
.8822 
.9277 

.8998 
I.2913 

1.8212 
1.7776 

«* 

2.9157 4.2295 

Rate 
(m. 30) 

.2547 

.2028 
•5771 
.5246 

.8860 

.8623 
.9697 

1.1525 
1*2931 
1.5U2 

«» 

2.2798 2.7951 

Rate 
(E»3>.) 

.2287 

.0418 
.1349 
.6270 

,7003 
.9982 

1.0100 
1.2940 

1.4540 
1.5315 

1.9600 2.2770 

(S02\ t 
(final) 

.0267 

.0130 
.0658 
.0556s 

.0859 

.0793 
.1123 
.1004 

.1361 

.1312 I2046 .2681 
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TABLE m-H 

RATE VS. TEMPERATURE AT COHSTAET CCMPOSITIOH 

Code m-B-3-a II-B-3-a I-B-3-a 

(average) 
.7058 .7066 .6970 

(°2) 
(average) 

.1844 .1936 .2008 

(SO^ 
(average) 

.0816 .0949 .1013 

(so^ 
(average 

.0282 .oc$8 .0010 

(H2) 
(initial 

.6958 .6992 .6968 

^Initial) 
.1958 .1965 .2012 

(SO^ 
(initial) 

.1084 .1037 .1022 

Conversion (A"X) .0550 .0194 .0019 

Sate 
(Eaq?.) 

1.8790 .725 .0760 

%or (F) % 
(wr= .001005) 

.0343 .0375 .o4o4 

Temp. 502 453 399 

Cat. Batdbi 1 1 1 

Log of Bate +.2739 -.1393 -1.1190 

Reciprocal 
Tsap. 

.00197 .00221 .00251 
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DETEREIEATIOE OF ZXI\ 202 

Partial Freneuro of Sulfur Dioxide, PSO?* Atniov-x-heroo 
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DETERMINATION OF EXPONENT fo2 
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TABLE 17-A 

Determination of 
*°2 

For Equation 28 For Equation 30 

Code \r°2 

722 .548 
9S02 \ f %02 V^2 

V r V r 

H-A-l .2243 .1982 
.2602 .2288 

m 

.3240 .2917 
Av. .2698 .2396 

H-B-l .2846 .2285 
.2552 .2081 
.4084 m 

.3398 .2725 
AV. .3220 .2364 

n-c-i .3501 .2649 
.2930 .2024 
.3295 .2534 
.3565 .2795 

AV. .3324 .2526 

n-D-i .2780 .0J882 

.3057 .2104 

.2920 .2060 

.3620 .256I 
AV. .3096 .2151 

n-E-i .3018 .1882 
.37^ .2295 
.3517 .2255 
.4034 .2610 

Av. .3578 .2260 

n-F-i .3525 .2038 
.4663 .2815 
.3562 .2162 
.4258 .2622 

Av. .4002 .2409 
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Code 

II-G-1 

TABLE 17- A (Cont'd) 

Determination of kg2 

For Equation 28 For Equation 30 

.722 .548 
202 %0g %02 V p02 

r 

AV. 

.3880 

.5357 

.4038 
•4573 
.4467 

2622 
3086 
2335 
2805 
2732 
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TABLE I7-B 

Determination of 

For Equation 28 Far Equation 30 

Code \r°* 
722 ifeoT8 \/HS02 VP£ 

V r V r 
n-c-1/2 .2490 .1560 

.2035 .1414 
Av. .2262 .1487 

n-oi .3502 .2642 
.2935 .2122 
*3296 .2530 
.3577 .2726 

Av. .3218 .2505 

n-c-2 .3702 .3267 
.3117 .2742 

Av. .3420 .3057 

H-C-3 .2442 .2395 
.3082 .2999 

Av. .2762 .2697 

n-c-4 .2645 .2720 
.2957 *3120 

Av. .2801 .2920 

n-D-1/2 .2926 .1716 
.2468 .1442 

Av. .2697 .1579 

H-D-l .2780 .1898 
.3060 .2105 

Av. .2920 .2002 

n-D-2 .2624 .2198 
.3404 .2825 

Av. .3014 .2512 

H-D-3 .2515 .2358 
.3182 .2990 

Av. .2848 .2674 
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TABIE IF-B (Cont'd) 

Determination of tgQ2 

For Equation 28 For Equation 30 

Code 
. /„ -V22 „ .5W 
/ p02 ^°2 ^\/%o2 V

po2 
V r V r 

H-D-4 .2417 *2290 
*36^2 .3515 

AV. .3030 .2903 
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TABLE V 

VARIATION OF Ct IN EQUATION 28 

°t 
r©rp (l/k^ 

722 .722,2 
P02 ) 

Code Ct 

II-A-l/2 25.50 
43.14 

H-B-l/2 16.42 
30.21 

H-C-l/2 22.00 
31.76 

H-D-l/2 18.94 
26.60 

H-E-l/2 35.59 
22.45 

H-F-l/2 18.75 
23.04 

H-G-l/2 14.46 
22.31 

II-A-1 21.91 
16.67 

11.47 

n-A-i 15.02 
18.55 
7.49 

10.98 

Average ct = 18.05 

Code Ct 

n-F-i 17.69 
12.35 
20.66 
14.43 

II-G-1 22.30 
11.62 
20.55 
16.10 

II-A-2 16.99 
13.70 

II-B-2 12.67 
14.98 

H-C-2 9.96 
14.01 

II-D-2 22.04 
13.38 

II-E-2 22.92 
13.86 

H-F-2 24.47 
19.33 

H-G-2 29.21 
12.74 

Code Ct 

n-F-3 32.55 
21.14 

II-G-3 27.74 
16.80 

II-A-4 13.21 
7.93 

H-B-4 7.80 
20.83 

II-C-4 20.21 
15.44 

II-D-4 27.74 
12.28 

II-E-4 29.55 
16.72 

H-F-4 25.68 
16.35 

H-C-l-a 23.72 
16.49 
7.24 

H-C-2-a 21.91 
19.97 
21.79 
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TABLE V (Cont'd) 

Code Ct 

II-C-1 10.76 
16.85 
12.55 
10.72 

II-D-1 20.57 
18.57 
18.89 
12.37 

II-E-1 23.15 
15.93 
16.91 
12i95 

II-C-6-a 12.64 

23.02 

II-A-3-a 12.79 
29.02 

II-B-3-a 3.58 
18.08 

Code Ct 

II-A-3 27.17 
12.60 

II-B-3 12.30 
13.91 

II-C-3 16.43 
14.27 

II-D-3 23.82 
14.88 

n-E-3 25.86 
18.09 

H-C-3-a 32.99 
18.99 

H-B-3-a 18.28 
19.46 

II-E-3-a 18.01 
18.56 

Code Gt 

II-C-3-a 17.67 
I8.76 
20.72 

U-C-4-a 18.96 
22.52 
32.99 

H-C-5-a 17.38 
8.70 

12.80 

II-C-6-a 24.77 
17.51 
12.54 

H-G-3-a 17.24 

H^3-a 18.52 
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TABLE VI 

Lewis and Lies Equation 

(rate = fc ^S02 
x Imfe) 

r 

SOg entering .0939 .0939 .0939 .0939 .0939 .0939 

O2 entering .05 .10 .20 .40 .60 .80 

SO2 equilibrium .00586 .00189 .00157 .00794 .0382 .0346 

O2 equilibrium .0622 .0566 .1612 .3729 .5883 .7938 

SO^ equilibrium .0934 .0965 .0969 .0902 .0585 .0622 

S02 average .0893 .0846 .0793 .0756 .0754 .0753 

Pso2 average .0928 .0879 .0824 .0785 .0783 .0782 

S03 average .0049 .0074 .0132 .0189 .0220 .0236 

*e 15.071 48.808 58.741 IO.865 1.488 1.741 

r ,0548 .0875 .1665 .2632 .2918 .3134 

re/r 276,472 557.80 352.8 41.280 5.098 5.554 

in re/r 5.62 6.32 5*864 3.72 1.629 1.712 

PS02 
2x1 re/r .5215 .5555 .4832 .2920 .1276 .1339 

rate .350 .615 1.011 1.396 1.520 I.566 

k .6711 1.107 2.092 4.781 : LI. 912 11.695 
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TABES vn 

Preliminary Calculations to Check 

Validity of Equation Form 

rate = k T>0* 

pso2 
.0862 .0862 .0862 .0862 .0862 .0862 

p02 
.0520 .1039 .2078 .4156 .6234 .8312 

rate -* .350 .615 1.011 1.396 1.520 I.566 

n -75 S°2 .1089 .1803 .3078 .5176 .7026 .8706 

where k Sso,m 3.22.1*- 3.411 3.285 2.657 2.163 1.799 
n = .75 
where 
n= .5 

2 
V m k %o2 6.731 5.919 4.865 3.359 2.438 1.884 

* Taken from heat visually dravn curve through the experimental 

points 
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TABLE YHI 

Bun Code Number H-D-2 Page 33 “ Boole V 

Hg - Flow 52.09 
45*11 

"XsB 

Ng ~ Static 54*69 
 j|&22 

11.10 

02 - Flow 53.27 
48.12 
5.15 

Og - Static 52.98 
. 5.2.J3 

.75 

SOg - Flow 53.89 
43.22 
10*67 

CALCULATED ANALYSIS DATA 

¥t. of HgO(gms) 
Temperature EfeO 
Specific volume 
Volume water 
Bar. Press, (mm Hg) 
leg. Press, (mm Hg) 
Vapor Press. HoO 
Partial Press. pg+Og) 
Vol. of (Ng+Og) 
Horn. I. Solution 
Mis. I. Solution 
Vol. SOg Eq.uiv. 
Fraction SO2 

131.93 132.19 164.97 
305.0®E 305.0 305.0 

1.00491 1.00491 I.OOI19I 
132.50 132.90 I65.7O 
760.25 76O.25 760*25 
4.32 6*76 5.64 

35.26 25.26 25.26 
720.67 718.23 719.35 
112.55 112.50 140.50 

.1015 .1015 .1015 
24.96 24.96 24.96 
27.70 27.70 27.70 

.1975 .1976 .1646 
0 .0437 

H2 <>2 S02 

SOo - Static 56*31 
45*24 
11*07 

Eeactor 58.67 
Pressure Drop 54*78 

*i£B9 

ORIGINAL ANALYSIS DATA 

Gross (beaker) 
Tare 
Temperature (HgO) 
Bar* Pressure 

249.41 257.22 284.07 
117.48 125.03 119*10 

31.8°C 
29.93 29*93 29.93 

V%i , 

«* 

2.642 
q.'fW/T 70.52 
M 28.02 
T 305.0 
P 871.25 

80.0 
8.945 

g. 7.88 

<3s.c. 8.909 
comp •637< 
corr. comp .637< 

mm 

2.27 

mm 

3.265 
20.82 33.15 
32.00 64.06 

305.0 305.0 
767.75 870.95 
80.50 I83.O 
8.980 13*53 
2.319 2*451 
2.096 2*518 

i .165 *1911 
.1653 .1975 

1 - [so2] .8025 
Qs.C. 32*69 

Mis* Iodine Sol* 
Normality I Sol. 
Negative Pressure 
Preconverter Temp. 

25 25 
.1015 .1015 

2.30"Hg0 3.60 
(from charts) 

25 % 
rmean 

3*00 

.0353 
1*536 

Beater Temp* 
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TABLE IS 

Statistical Evaluation of the Deviation of Experimental 

Sate Values from those Calculated from the Equation, 

r B 18.05 Eso^8 POa722 

(1 + .8750 PO2*722)2 

> Difference f a fa a2 0 
fdr 

calc. " rexj). x 100 
rcalc. 

100 
• 

90 
80 2 8 16 64 128 
70 0 7 0 49 0 
60 5 6 30 36 180 
50 1 5 5 25 25 
4o 5 4 20 16 80 
30 17 3 51 9 153 
20 11 2 22 4 44 
10 l4 + 1 L4 1 l4 
0 17 0 0 0 0 

10 8 1 8 1 8 
20 12 2 24 4 48 
30 6 3 IS 9 54 
4o 6 4 24 16 96 
50 3 5 15 25 75 
60 2 6 32 36 72 
70 0 7 0 49 0 
80 2 8 16 64 128 
90 0 9 0 81 0 

100 1 10 10 100 100 
112 fa + 31 fa2 3205 

x = 2L. = 
112 

.2768 = 2.768 £ 

cr = \/]§5 
V 112 

- .0766 = 10.681 = 3.268 

x 10 = 32.68 
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TABLE X 

Statistical Evaluation of the Deviation of Experimental 

Rate Values from those Calculated from the Equation, 

r = 28.15 P02 9SO2 

W *" .^22pgo2 
+ .1936 PQ2) 

I Difference f d fd d2 fd2 

calc. “ rexp. x 100 
rcalc. 

120 
110 
100 

90 1 8 8 64 64 
80 2 7 14 49 98 
70 2 6 12 3 6 72 
60 6 5 30 25 150 
50 n h 44 16 176 
4o 18 3 54 9 162 
30 8 2 16 4 32 
20 9 1 9 l 9 
10 n 0 0 0 0 
0 9 -1 -9 l 9 

10 n -2 -22 4 44 
20 h -3 -12 9 36 
30 3 -4 -12 16 48 
4o l -5 -5 25 25 
50 h -6 -24 36 144 
60 0 -7 -0 49 0 
70 3 -8 -24 64 192 
80 3 -9 -27 81 243 
90 0 -10 -0 100 0 

100 3 -n ,‘.3.3. 121 363 
no 
120 109 fd 19 fd I867 

* - _i2 io + 1.74 = n.74 
109 

<r = A/ 17. ,12 - .03 ss 4.14 x io = 41.4% 
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TABLE XI 

Statistical Evaluation of the Deviation of Experimental 

Bate Values from those Calculated from the Equation 

r = 

.548 .722 
^•QTifcOj, V 
(1 + .2963 PQj'722)2 

Difference f d fd d2 fd2 

calc. “ rexp. x 100 
?calc. 

100 
90 
80 2 8 16 64 128 
70 0 7 0 49 0 
60 2 6 22 36 72 
50 3 5 15 25 75 
4o 5 4 20 16 80 
30 8 3 24 9 72 
20 10 2 20 4 4o 
10 16 1 16 2 32 

0 12 0 0 0 0 
10 10 -1 -10 1 10 
20 15 -2 -30 4 60 
30 10 -3 “30 9 90 
4o 4 -4 -16 16 64 
50 5 -5 -25 25 225 
60 2 -6 -22 36 72 
70 2 -7 -14 49 98 
80 3 -8 -24 64 192 
90 0 -9 0 81 0 

100 1 -10 -10 100 100 

110 -48 1310 

x = -48 = - .345 x 10 
110 

x - • 
C

O
 

1 

<r- = V 11.909 - .119 V 11.790 ® 3.432 

0“ = 3.432 x 10 = 34.32% 
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1. Metering of Gases 

Orifices constructed from capillary glass tubing were used for 

metering all feed gases. The concentrations were corrected on the "basis 

of the SO2 analysis on the feed gas. 

The oxygen and nitrogen orifices were calibrated using the gas 

with which they were to be used by passing the gas first through the 

orifice and then through a wet test meter. The technique of J.C. Whitwell 
4   

as quoted by Dodge (ref.) of plotting QAjBt versus V H was used 
V T 

in making the orifice calibration curves. Q is the flow in cubic feet 

per hour at orifice upstream conditions, P is the upstream pressure 

in millimeters of mercury, M is the molecular weight of the gas, 

T is the temperature in degrees Kelvin, and H is the orifice differ¬ 

ential in centimeters of water. These calibration curves are shown in 

Figure 20. 

2. Preconverter 

The preconverter shown in the equipment diagram was not used in 

this investigation. 

3. A detailed drawing of the reactor is shorn in Figure 19* The equip- 

o 
ment is described in detail by Bell and Strauss . 
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REACTOR DESIGN DETAILS 

1-1" Anple 

Orientation 

SPECIFICATIONS: 

1. All totorial 25-20 CR-NI 
Except where noted 

2. Cap - 18-8 CR-KI * II'1.chine 
Threads 

3. toin Tube 2" IPS 

4. Hippies IPS 

5. Tee- 16-8 CR-NI 

C. Supports - C Stool AmOo 

19 
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Sulfur Dioxide Analysis Technique 

The sample of the feed gas was taken from the mixing "bottle in 

the feed line and run directly into a Eeich test apparatus. The prod¬ 

uct gas sample was "bubbled through 98$ sulfuric acid (which had previ¬ 

ously been saturated with SOg) in order to remove the SOg before flaw¬ 

ing into another Eeich test apparatus. The Eeich test apparatus con¬ 

sisted of a Eeich bottle, a Woulff bottle, and a beaker. In the Eeich 

bottle, approximately 10 cc. of 0.1 If iodine solution (containing 4$ 

KE. and a drop of starch solution) in 100 cc. of distilled water was 

titrated with the sample gas until the starch-iodide indicator was de¬ 

colorized. The Eeich bottle was shaken during the course of the titra¬ 

tion to insure complete absorption of the SOg. The sample gas, free 

of SO2, was collected in the "Vfoulff bottle thereby displacing its vol¬ 

ume in water through & siphon tube into a beaker. The weight and tem¬ 

perature of the water, the negative pressure of a siphon tube, and the 

barometric pressure were recorded for calculation of the volume of the 

residual gases. 

The iodine solutions used in these analyses were standardized a- 

gainst standard arsenious acid solutions. 

A typical data sheet with the necessary calculations for a complete 

analysis is given below: 

Weight of water, g. 

Temp, of water, #C 

185.5 

28.3 
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Specific volume of -water, cc./g. 1.004 

Volume of vater, cc. 186.2 

Barometric pressure, mm. of mercury 757.7 

Siphon negative pressure, mm. of mercury 4.4 

Vapor pressure of water, mm. of mercury 28.8 

Corrected pressure of residual gas, mm. of mercury 

757.7 - 4.4 - 28.8 » 724.5 

Volume of residual gas, cc. at standard conditions, 

186.2 x 724.5 x 278.2 = 160.8 
760 301.5 

Normality of iodine solution O.O875 

Volume of iodine solution, cc. 9.97 

Volume of SOg equivalent to iodine solution, cc. at standard conditions, 

0.0875 x x 21,890 = 9.55 
2 1000 

Volume percent of SOg in inlet gas 

9.55 * IPO = 5.61 
160.8 j 9.55 



APPENDIX D 

NOMENdJfflTOHE 



99 

W 

F 

e 

weight of catalyst, (lbs, of platinum) 

rate of feed. (lb-mols/hr.) 

time 

rate of reaction or ratio of (SO3)/ (SO2) at time 6 * 

ratio of (S0g)/(S02) at equilibrium, 

number of equidistant active centers adjacent to each 

center. 

number of active centers per unit mass, 

reaction velocity constant. 

adsorption equilibrium constants of components A, B, 

etc. 

activities of components A, B, etc. at catalyst interface, 

desorption velocity constant of A, B, etc. 

molal concentration of vacant active centers per unit 

mass. 

catalyst effectiveness factor. 

C.J. overall rate constant at constant tenqaerature. 

S£02>%03»E02>%2 Partial pressure of S02, S03, 02 and U2 i* atmos¬ 

pheres - throughout this report assumed to be same 

as activity of the respective component at the catalyst 

.interface. 

V" reaction rate. 

molecules per cubic centimeter of strongly absorbed 

r 

re 

s 

L 

1c 

etc. 

aAl* ^Bi> e^c* 

kg, etc. 

C1 

EA 
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tT 

P 
DP 

8c 

u 

molecules per cubic centimeter of weakly adsorbed gas. 

A p pressure drop* 

G- mass rate of flow, (lbs./sec-ft2) 

/* viscosity, (centipoises) 

A shape factor of fluid bed particles. 

percentage void space in fluid bed. 

density of fluidizing medium, (lbs./ft3) 

fluid bed particle diameter, 

acceleration due to gravity. (32 ft./sec2) 

superficial velocity through fluid bed. 

v specific volume. (ft3/lb.) 

Rm pressure differential, (in. H2O) 

T temperature, °K. 

R gas constant. 

(N2^(02,)(S0^) (initial) - Concentration of respective components in feed. 

Conversion (Ax) (SO2)initial " (s02)final , where (S0o)„. . 

1 - 3/2 <so2 W 
flnal 

is concentration of SOg in SO^-free product gases. 

(H2j) (£>g) 030^ (Average) - Concentration of respective components at the 

point in the reactor where one-half the conversion has taken place. 

(Kg') “ (H2) initial 
(average) 

(average 

(1 - |/4A x) 

= (°2) initial " XAAX 

(S0£ . - ^S02) initial ”1/2-^x 

(average) (1 - %jb&x) 

(SOj) 
(average 

l/2 

(1 - \/ht x) (1 - $/4Ax) 

P02, pSo2j and pgo^ (Table III) are the above average concentrations 

multiplied by l.(A, the average reactor pressure in atmospheres. 
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Ihe original data of this investigation are in Research notebooks 

Ho. IH, IV, and V titled: fin Investigation of the Reaction Between 

Sulfur Dioxide and Oxygen in a Fluidized Catalyst Bed. 


