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CHAPTER I 

:I;TRCDUCTION 

The non-catalytic reaction between solids and gases is a physical 

phenomenon of tremendous industrial importance. Examples of these re­

actions 8ire common and include the combustion of solid fuels, the roast­

ing and smelting of ores, the reduction of metal oxides, the regenera­

tion of carbon deposited catalysts, and the reaction of sulfur dioxide 

with metal oxides, A member of the latter group of reactions is the 

subject of this study and is currently of interest due to the emphasis 

being placed on atmospheric pollution control. In order to design chem­

ical reactors for these systems, expressions are needed from which es­

timates of the rate of reaction may be made. The expressions should in­

clude the effects of the more importeint independent variables which are 

temperature, gas phase reactant concentration, solid conversion, particle 

size, solid porosity, and contacting arrangement. 

Reaction and reactor simulation expressions are siinply the mathe­

matical representation of a conceptual model or pictvire which is se­

lected to represent the physical reality. If the model corresponds 

closely to what physically takes place, the rate expression derived from 

the model will closely predict and describe the actual kinetics; if the 

model differs greatly from reality, the derived kinetic expressions will 

be of little or no value. The requirement for a model from which to de­

velop the kinetic equations is that it be the closest representation of 

the actual phenomenon which can reasonably be treated without undue math­

ematical complexities. It is of little engineering use to develop a 



model which very closely mirrors reality but which is so co]i.plicated 

that it is impractical for use with the complex reaction systems which 

are of commercial interest. Although a complete understanding of the 

reaction mechanism is not necessary for design purposes, an understand­

ing of the relative contributions of physical diffusion, both external 

and internal, and of chemical reaction tov/ard the overall resistance 

to reaction is important. Such heterogeneous reaction systems occurring 

in various types of reactors are usually extremely complex and analyses 

often fail to reveal the true mecĥ anism because of the large number of 

variables involved. The successful prediction of reactor performance 

depends greatly on accurate kinetic models for the reaction. These 

kinetic models in turn require reliable experimental rate data for ver­

ification. The rate of a heterogeneous reaction may vary manyfold de­

pending on the conditions under which it occurs, thus the need for ki­

netic models. Physical effects such as diffusion and heat transfer can 

result in an erroneous rate expression if they are not properly account­

ed for. 

In spite of the industrial importance of solid-gas reactions, there 

have been relatively few studies published on chemical kinetics and 

transfer rates in heterogeneous non-catalytic systems. This is partly 

due to the intricate relationship between the rates of chemical reaction 

and the rates of mass and energy transfer. Solid-gas reaction studies 

are further complicated by the fact that solids are very difficult to 

characterize. Factors such as porosity, pore size distribution, crys­

tallite size, surface chcji'acteristics, crystallite orientation, and ir.-

purities greatly influence the overall reaction rate. Because of the 



very complex nature of most solid :Tiaterials and because of the multi-

step process of heterogeneous reactions, a rigorous treatment seerac un­

attainable even for the solid of the simplest geometry. In addition 

other difficult problems exist in practical systems, such as the chang­

ing size and shape of the solid during reaction, the formation of a pro­

duct around the solid reactant which may crack or ablate, and the non-

homogeneous nature of many solids. 

The reaction chosen for study is the reaction of low concentrations 

of sulfur dioxide with porous granules of manganese dioxide. 

S02(g) +• 1^02(5) -<»- 1-InSO, (S) 

This oxidation-reduction reaction is of considerable interest due to 

its potential as a method of removing one of the major sources of air 

pollution. The reaction has served as the basis for a semi-commercial 

process for the removal of sulfur dioxide from stack gas in Japan (l). 

Sulfur dioxide is a major contributor zo the very serious air pollution 

problem which faces modern society. The removal of this chemical from 

the stack gas of fossil fuel electric power generating plants alone 

would be a major contribution to the improvement of the environment in 

many industrial and urban centers around the world. The United Sx-ates 

Department of Health, Education, and Welfare estimated that three-fourths 

of the 28,6 million tons of s'olfur oxides emitted into the atmosphere of 

the U.S. in 1966 resulted froa the combustion of sulfur-bearing fuels, 

with coal combustion acco*anting for the largest part of this total (2), 

Another important reason for the selection of this reaction for 

study is that manganese dioxide vas found to be a superior agent for 



the removal of sulfur dioxide and chlorine in trace aniô jints from the 

atmosphere of closed systems such as submarines and space vehicles (3). 

The much faster reaction of manganese dioxide when compared to sovsral 

other solid materials is clearly sho\7n by the experimental data presented 

in Figure 1.1, These data were obtained from a fixed bed, integral re­

actor such as is described in Section 4.1. In this application manganese 

dioxide has several advantages over other materials. These include its 

high reactivity, its ability to catalyze the oxidation of organic com­

pounds, its relatively large capacity for SO2 and CI2, and its non-

reactivity toward carbon dioxide. 

The objective of this dissertation is actually twofold. One ob­

jective is to explore the methodology of mathematically describing a 

solid-gas reaction. In pursuing this objective emphasis is placed on 

the development of design relationships which can be evaluated and tested 

with a minimum of experimental data. Although the methodology could be 

extended or modified in order to attack many other gas-solid reactions, 

only the SO2 - Mn02 reaction will be considered. The second objective 

is to develop experimental reaction rate data for the SO2 - Mn02 re­

action. These data are essential for verification of the results of the 

model development. In addition the data are of interest for the eval­

uation of the reaction for actual use in air purification systems. 

Two different type reactors were used in generating experimental 

kinetic data for this study. One reactor was an integral type, fixed 

bed tubular reactor with the reaction rate monitored by chemical anal­

ysis. The second reactor was a differential type reactor with the re­

action rate monitored by following the veight change of the solid re­

agent. 
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Of the various types of gas-solid contacting arrangernonts, the one 

of particular concern in this study is a tubular cylinder packed with 

granular solid. The gaseous reactant flows throiogh the fixed bed of 

solid reactant and both compounds are consumed. This type of reactor 

is inherently complex from a fundamental standpoint since both the solid 

and gas compositions are functions of time and position within the re-

actor. Even with a constant inlet gas composition and reactor temper­

ature, the system will reach steady state only after the solid reagent 

is completely exhausted, A mathematical description of the system re­

quires as a minimum the following equations: 

1, A material balance accounting for contaminant added to and re­

moved from the gaseous space within the reactor, 

2, A material balance accounting for contaminant added to and re­

moved from the solid occupied space within the reactor, 

3, An expression describing the cheiaical reaction rate as a func­

tion of the independent variables contaminant concentration, time, tem­

perature, and physical properties of the gas and solid. 

Since the reacting systems under consideration in this work in­

volve very dilute concentrations of the gas phase reagent, the reaction 

rates are very small. Therefore heat effects are insignificant, making 

energy balance, heat generation rate, and heat transfer rate equations 

unnecessary in describing- reactor performance. This aspect of the re­

action is further discussed in Section 5.2, 

Material balance equations for the solid and gas phases of the re­

actor can be obtained in a straightforward r.annor. The heart of the 

problem under consideration is the third required expression in the 



above list, namely the reaction rate equation. Several concepi:-jal 

models from which rate equations may be deduced vdll be discussed. 



CH;î TER II 

THE CHEMICAL RSACTIOIi 0? M^:G.4J:^SE DI0Z':DE .IMD SLXFLTl DlOl 

The reaction of r.angansse dioxide with salf-or dioxide has been used 

for many years for upgrading manjanese ore;: (4> 5, 6, 7), Most of these 

processes involve the reaction of sulfur dioxide with aqueous or acid 

slurries of low grade ore. The soluable manganese sulfate solution re­

sulting from the reaction is dried and sintered to manganese dioxide 

which is the desired product of the process. The sulfur dioxide is re­

covered and recycled. 

The reaction has also been used as :.;entioned in Chapter I in the 

reverse sense of the above processes to remove sulfur dioxide from ex­

haust gases (l, 8). In this process flcĵ  gas is bypassed from the ther­

mal power plant's air heater into the sulfur dioxide removal system. 

The gas enters an absorption tower, and active manganese dioxide in pow­

der form is uniformly dispersed into it. The gas temperature is kept 

between 100 and 180° C, and the amount of absorbent used is 150 to 250 

grams per cubic meter of feed gas. In the absorber, the SO2 and SOo 

react with the manganese dioxide to for.a manganese sulfate. The exiting 

gas stream goes into a cyclone where about 90^ of t/.e solid is col­

lected and recycled to the absorber. The residual solid in the gas . 

stream is collected in an electrostatic precipitator and added to water 

to form a 30^ by weight manganese sulfate solution. This so;*.ution is 

reacted at room temperature with a stream of a'nmonia md air to regen­

erate active manganese dioxide and form an annoniura sulfate solution. 

The oxide is separated fr̂ .i: the sulfate solution by filti-ation and 



recycled to the process. The reniaining solution goes to a crystallizer 

for the recovery of ammonium sulfate crystals which are sold partially 

to offset operating expeneo, 

A search of the literature revealed no pre\iou3 published kinetic 

study of the gas-solid reaction of SO2 and MnC2. It is probable that 

proprietary kinetic information has been generated by personnel of 

l-Iitsubishi Heavy Industries of Tokyo, Japan, in conjunction with their 

SO2 removal process. Lacey et al. (9) mention the reaction as being 

of interest but give no further details. The recent discovery of hxige 

deposits of manganese nodules on the floor of the Pacific Ocean (4) 

could profoundly change the economics of processes involving manganese. 

The reaction of manganese cejn occur in two ways (4, p« 9 ) . 

Mn02 -̂  SO2 -*• yjiSO, (2,1) 

and/or 

2Mn02 -^ 3SO2 -»- yji2{S0^)^ + -JO2 

^^2(203)3 -^ MnSoG^ + MnS03 (2,2) 

KJISO3 + -J-O2 -^ I'Ĵ SO; 

The final products of the second series are man^-anese sulfate 

(MnSO /) and man:;anese dithionate (l-^^J^^^). At the temperatures involved 

in this work the favored product for the reaction is MnSO^, 

Manganese dioxide is a giant molecule which is seldom stoichio­

metric. It is found in nature as pyrolusite, a black mineral. The 

structure of manganese dioxide and its polyLorphic for:is r-ave been ex­

tensively studied in recent years because some varieties are iLuch more 

suitable than others as the depolarizer in dry cells. The f-andameni-al 

unit of MhOp structure is a Mn ion bonded zo s^x oxide (O / ions 
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forming an octahedron. These octahedrons are arranged in single or 

multiple chains joined by sharing comers. Since zhe ion Mn is -ari-

stable in solution, !'ln02 ^^ insoluble in water. On heating, oxygen 

can be lost forming the other oxides, ''̂ 0̂ , MnoO,, ^^rA V-ILO, 

d. J ;> 4 

In order to establish the stcichJ-ometric equation for the reaction 

of the manganese dioxide samples (Xallinckrodt ::'altisorb A?w) used in 

this study, several charges of the Mn02 vere reacted with dilute SO2-

air mixtures, and the progress of the reaction was followed gravimetri-

cally. Prior to introduction of the SO2, the samples were heated in 

flowing air at temperatures up to 450° C in order to deterniine if sig­

nificant quantities of the other manganese oxides were formed. No tend­

ency to gain or lose weight was noted in any sample, V/hen exposed to 

flowing S02-air mixtiires at 427° C the samples each gained 73 to 74;̂  

of its original weight, (See Figure 2.1). The theoretical weight gain 

based on stoichiometric Equation 2.1 is 73.7^, Based on these obser­

vations it is assumed that the manganese oxide used was essentially 

pure Mn02 and that the only significant reaction is the formation of 

MnSO.o 

The equilibri'um partial pressure of SO2 in the presence of Mn02 

at a ten^erature of 342 C was estimated to be that corresponding to 

an SO2 concentration less than 0,002 ppm. Since the SO2 concentration 

for this study ranged from 4 to 8C0O ppm, the reaction is effectively 

irreversible and no provision for a reverse reaction was made. Unlike 

catalytic reactions Q):\ solid surfaces, most solid-gas reactions can­

not be truly reversiblo since the '^Jri.Q,r.Q,r^2'':.ZK of colid deposition in 

the reverse reaction do not necesŝ -̂ 'ily provide the solid product 

with a structure that is exactly the sane as "Jr.y^ <,2 "che original 
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solid reactant. This argument has been advanced to explain a nuL-.ber 

of solid-gas reactions which have been known to exceed their normal 

thermodynamic equilibrium (10, 11), 



CHAPTER III 

DEVEL0?:-2:n? CF THE FIXED BED RgACTCR MODEL 

The simplest gas-solid contacting arrangement from a physical con­

struction and operation standpoint is the fixed bed reactor. It is this 

type reactor which is required for air purification applications aboard 

space vehicles due to its simplicity and reliability under zero gravity 

conditions. The mathematical description of this type reactor is com­

plicated, however, due to the fact that it is at least a three dimen­

sional problem. The description of the contaminant (SO2) concentration 

requires specification of time, of position within the reactor, and of 

position within the solid particle. 

3.1 Material Balance £n the G ^ Phase for a Fixed Bed Reactor 

As a starting point in the development of a mathematical descrip­

tion of the reactor system, a simple unsteady-state material balance 

is made on a differential element of the reactor. Assuming no axieil 

mixing, no gradients in the radial direction, and no axial diffusion, 

the following expression is obtained: 

contaminant 
movement 
into 
element 

-V 

contaminant 
movvî ment 

out of 
elex.ent 

h c., 

accumulation 
in 
gas 
phase 

<^C, 
g 

ĉ t 

reaction 
with 
solid 
phase 

n R 
(3.1) 

where 

13 
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V = 

Ag 

Z = 

^B = 

superficial gas velocity, cm/hr 

reactant A concentration in the bulk air stream, mole/cc 

reactor length, cm; or'axial distance, cm 

void fraction of bed 

t = time, hr 

R = 

number of solid particles per cc 

reaction rate, moles/particle/hr 

In almost all applications the term for depletion of the contaminant 

in the gas phase is very small compared to the other two terms, thus 

the material balance may be simply expressed as 

hc,^ 

iz ^7\7i = 0 (3.2) 

3,2 Material Balance on th? Solid r' xse for a Fixed Bed Reactor 

Using the same approximations as for the gas phase, an unsteady 

state material balance may be made on ohe solid reactant. For a dif­

ferential element of the bed the following expression is obtained: 

depletion 
of solid 
reagent 

A 

g of solid 
consu.-ed 
per mole of 
contaminant 
removed 

^ 

movement 
of 

contaminant 
into 

element 

t̂̂ Ag ' 

I' ^ 2 

movement 
out 
of 

element 

(3.3) 

whore 

X = fraction of original solid unreacced 


