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CHATTCR I

IITRCOUCTION

The non-catalytic reaction between sclids and gases is a physical
phenomenon of tremendous industrisl importance. Examples of these re-
actions are common and include the combustion of solid fuels, the roast-
ing and smelting of ores, the reduction of metal oxlides, the regenera-
tion of carbon deposited catalysts, and the reaction of sulfur dioxdde
with metal oxides. A member of the latter group of reactions is the
subject of this study and is currextly of interest due to the emphasis
beling placed on atmospheric pollution controel. In order to design chem—
ical reactors for these systems, expressions are needed from which es=-
timates of the rates of reaction may be made. The expressions should in-
clude the effects of the more important independent variables which are
temperature, gas phase reactant concentration, solid conversion, particle
size, solid porosity, and contacting arrangement.

Reaction and reactor simulation expressions are simply the mathe-—
matical representation of a conceptual model or picture which is se-
lected to represent the physical reslity. II the model corresponds
closely to what physically takes place, the rate expression derived from
the model will closely predict and describe the actual kinetiecs; 1f 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 =ath-

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




model which very closely mirrors reality but which is so cozpliceted
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 purioses, an understand-
ing of the relative contributions of physical diffusion, both external
and internal, and of chemical reaction toward the overall resistance

to reaction is important. Such heterogeneous reaction systems occurring
in various types of reactors are usually extremely complex and analyses
often fall to reveal the true mechanism 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 recuire 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-catslytic systems. This is partly
éue to the intricate relationship between the rates of chemical reaction
and the rates of mass and energy transfer. Solid-gas resection stucdies
are further complicated by the fact that solids are very dirficult to
characterize, Factors such as porosity, pore size distribution, crys-
tallite size, surface char.sieristics, ¢rystallite orienmtation, and in-

purities greatily influence the overall reaction rate. Decause of the
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very complex nature of most solid moterials and because of trne mulii-
step process of heterogeneous reactions, & rigcrous treatmernt seens un=
attalnable even for the solid of the sirplest geometry. In addition
other difficult problems exist in practiczl systems, such as the chang=-
ing size and shape of the solid during reaction, the formation of a pro-
duct around the solid reactant wzich may crack or ablate, and the non-
homogeneous nature of many solids,

The reaction chosen for study is the resction of low concentrations

of sulfur dioxide with porous granules of manganese dioxide,

S0,(g) + Mn0,(S) —o- r-msozr(s)

This oxidation=-reduction reaction is of considerable interest dus to
its potential as a method of removing one o the major sources of air
pollution, The reaction has served as the basis for a seml-commercial
process for the removal of sulfur dioxide from stack gas in Japan (1),
Sulfur dioxide is a mzjor contributor o the wvery serious air pollution _
problem which faces modern soclety, The removal of this chemical from
the stack gas of fossil fuel electric powsr generating plants alone
would be a major contribution to the improvement of the environment in
many industrlal and urban centers around the world. The United Szates
Department of Health, Education, and ‘lelfars estimated that three-fourths
of the 28,6 million tons of sulfur oxides emitted into the atmosphere of
the U.S. in 1966 resulted Iroa the combustion of sulfur-bearing fuels,
with coal combustion zccounting “or the largest part of this total (2).
Another importan£ reason fer the selectlon of tois reaeticn for

study is that manganese dioxide was founé to = & superior agent for




the removal of sulfur dioxide and chlorine in trace smounts from the
atnosphere of closed systers such as submarines and spece venlcles (3).
The much faster reaction of manganese dioxide when comzared to soveral
other solid materiels is clearly shown by the experimental data presented
in Figure 1,1. These data were cobtained Zrom a fixed bed, intsgral re-
actor such as is described in Section 4.1. In this appllcation manganese
dioxlde has several advantages over other materials, These include its
high reactivity, its ability to catalyze the oxidation of orzanic com-
pounds, its reletively large capacity for 502 and Cl,, and its non-
reactivity toward carbon dioxide.

The objective of this dissertaticn is actually tworfold., One ob-
Jectlve is to explore the methodolozy ¢f mathematically describing a
solid-gas reaction. In pursuing this objective emphasis is placed on
the development of deslign relationchips which can be evaluated and tested
with a minimum of experimental data. Although the methodology could be
extended or modified in order to attack mzny other gus-solid reactiions,
only the S0, - MnO, reaction will be considered. The second objective
1s to develop experimental reaction rate data for the 505 - 10, re-
action. These data are essential Jor 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 sysiénms,

Two different type reactors were used in generating experimsnt:zl
kinetic data for this study. One reactor was an integral ty-e, fixed
bed tubular reactor with the reaction rite monitored by chemical anal-

Y

ysis, The sccond reactor was z dilferential ty:-c reactor witi the re-
action rate monitored by following the weight change of the solid re=-

agent.
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Of the wvarlous types of gas-solid contacting arrangsmentis, the one
of particular concern in this study is a tubular cylinder packed with
granular solid. The gaseous reectant “Iows through the fixed bed of
solid reactant and both cempounds are consumed, This type of reactor
is inherently complex from a fundamental standpolint since both the solid
and gas compositions are functions of time and position within the re-—
actor. Zven with a constant inlet gas composition and reactor temper=-
ature, the system will reach steady siate only after the sollid reagent
1s completely exhausted, A methemztical description of the system re=-
quires as a minimum the followliny equationss

l. A materlal balance accounting for contaminant added to and re-
moved from the gasecus space witiiin the reactor,

2, A material balarce accounting for contaminant added to and re-
moved from the solld occupied space within the reactor.

3., An expression deseribing the chicmical reaction rate as a func-
tion of the independent variat.es contaminant concentration, time, ten-
perature, and physical propertiles of the gas and solid,

Since the reactinz systems under consideration in this work in-
volve very dilute concentrations of the gas phase reagent, the reaction
rates are very small, Therefore heszt effects zre insignificant, making
energy balance, heat generation rate, and heat transfer rate equations
unnecessary in deseribir: reactor performance, This aspect of the ro-
action is further discussed in Section 5.2.

Material balance eguztions Tor the soild and zras phiases of the re-
actor can be obteined in & straightferward manner. The heart of the

problem under consideration is the thirl required expression in the




above list, namely the reaction rate eguation., Several concepzual

nodels from which rate equations mz be deduced will be discussed,
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The reaction of mangzizse dioxide with sullur dioxide has been used
for many years for ups;rading menanese ores (4, 5, 6, 7). Most of these
processes involve the reaction of sulfur dioxide with aqueous or acid
slurriss of low grade ore, The soluable manganese sulfate solution re-
sulting from the reaction is dried and sintered to mangenese dioxide
which is the desired product of the proce.s. The sulfur dioxide is re-
covered and recycled.

The reactlon has also been used as zenticned in Chapter I in the
reverse sense of the above processes to remove sulfur dioxide from ex-
haust gases (1, 8). in thils >rocess fl.c gas is bypassed from the ther-
mal power plant's zir heater into the sulfur dioxide rumovil system,

The gas enters an absorption tower, and active mangancse dioxide in pow-
der form is uniformly dispersed Inteo it. The gas temperature is kept
between 100 and 180°% C, and the amount oF asbsorbent used is 150 to 250
grams per cubic meter of feed cas. In tie absorber, the S0, and 505
react with the mangsnese dioxide to Ior.: manganese sulfate, The exiting
gas stream goes into a cyclone where atout 0% of tie solid is col-
lected and recycled to the absorber. Tae residusl solic in the gas
stream is collected in an electrostatic orecipitator and added to water
to form a 30% by weight manpanese sulfate solution., This sc.utios is
reacted at room temperature with a stream ol c-monla =d alr to rege:-
erate active manganese dioxide =xni ferm an amroniuws sulfete sciuiiorn,

The oxide is soparated f-ux 1ho sulfate soluiion oy filitiution ard

e —
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recycled to the process. The remainiaz solution goes to a crystallize
for the recovery of ammcrium sulfate crystals which are sold partially
to ofiset operating exps-.c.

A search of the literaturs revealel no previcus publisncd xinetle
study o the gas-solic reeciion ci _92 asd Yol e 1% is probable ithat
proprietary kinetlec information has teer generated by personnel of
Mitsubishi Heavy Industries of Tokyo, Japan, in conjunction with thelr
SO, removal process. Lacey gt sl, (9) mention the reaction as being
of interest but give no further dstails., The recent discovery of huge
deposits of manzanese nodules on trhe floor of the Pzcific Ocean (4)
could profoundly change the economics of processes involving manganese,

The reaction of manganese czn occur in twe weys (4, pe 9).

MnG, + 30, = 0O, (2.1)
and/or
Ma,(805) 4 ~ =5.0; + MnoSO4 (2.2)

n30 3 i 5 '}02 > kS0 L

The final products o the seccad series are ranjzncse sulfate
{HnSD¢) and man-ansse dithionate {H:SE-G}. At tho termperatures involved
in this work the favored product for the rsaction 1. MnS0,.

Mangzanese dioxdide is a ziant molecule walcl is selcoxm stoichio-
metrie, It is found in nature as py-olusite, a Tlack mineril. The
structurs of manganese dicxids and its polymorphic foris kave becn ex=-
tensively studied in recent years because some varisties ere mach more
suitable than others as the doinolarizer ia éry eells., The Sundsmenzal

unit of HnGﬁ structura is a J“4 o= bondcd o s oxide O 4 1caz
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forming an octahecdron. These octahcircas are crrangeld in single or
i

multiple chalns joined by sherir; cormers, Since the ion Mo’ ig wn-
stable in solution, Mn0, is Zzscluble in water, Uz heating, oxygex
can be lost forming the other oxides, ard =0,

nz ﬂ"“j d’ ard 2

In order to establish the stoichiczsiric equation for the reactic
of the manganese dioxide samples (Mz1linclkrodt Yultiserb 4%) used in
this study, ceveral charges o the 720, were rescted with dilute SC,-
alr mixtures, and the progress of ihe recction was followed gravimetri=-
cally, Prior to introduction of the S0,, the samples wers heatlsc in
flowing air at temperstures up to 450% C in o=der to deteriine i sig-
nificant gquantities of the other mzngenese cxides werz formed. o tend=-
ency to gain or lose weight wcs noted in any sample. VWhen exposed to
flowing SOs=alr mixtures at 427° C the samples czen gained 73 to 744
of its original woight., (See Figure 2.1). The theoretical weight gain
based on stoichiomatric Equation 2.1 is5 73.7%. Ecsed on these obser=
vations it is assumed that the nonanise oxide used was essentially
pure Hhﬂz and that the only siznilicant reaction is the formation of
Eh504,
The equilibriuz partial pressure of 80, in the presence of a0
at a temperature of 342° € was estimeted to be that correspoacing to
an SO2 concentration less than 0,002 3z, Elnce the 502 goneantration
for this study ranged froam 4 to ccJ0 ppm, the reaction 1s effectively
irreversible and no provizion Zer a reverse recction was mode, Uzllke
catalytic reactions en solid carlases, mosi solid-gas rcactions can-
not be truly reversisiy sinee tie dhensmons el ZaliZ fessoisign in
the reverse resstion Lo Lo% nifesswcily sCovia. Tho sciii produst

with a structure that is unoeslr the Zaxes so Zhow ol dhe e2icira




1d

Jo apluvg v a0 upeg p@pop - 'z 2mIty
(0s8) suplL
000Z 0009 oo o7 0CO€ ocoe  wot €
I | I | T _ _ I I _ | _
i 0
£
&
P
)
- X
)
o’
i b
-
- L..J
o’
32
= n..ﬂvﬁ
L ¢?
.ﬂu_un_
9 °
- 50
= = B n]||.|.|.|.|. S R SR i B SRS B
YL €L
1 | | =] | _ | | I | 2 ~L |

205 YaTM Suppomay Couy

G..D

L°0

8’0

6°0




1%
golld reactant, This arzument “as been zévancei to explain a nusser
of solid-gas reactions which have bean known to exceed thair normal

thermodynamic equilibrium (10, 11).




CHAPTER III
DEVELCFMENT CF 'THE FIZED BED R<£iCTER MODEL

The simplest gas-solid contacting arran; ement 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 veniclezs due to its simplicity and reliability under zero gravity
conditions, The mathezmatical description of this type reactor is com=
plicated, howsever, due to the fact that it is at least a three dizain-
sional problem. The description of the contaminant (S0,) concentration
requires specification of time, of position within the reactor, and of

position within the solid particle.

3.1 Material Bslance on In= Gcs Phase for g Fiwad Bed Reactor

As a starting point in the development of a mathematlcal descrip-
tion of the reactor system, a simple unsteady-state material balance
is made on a differential element of the reactor. Assuming no exial
mixing, no gradients in the radial direction, and no axial diffusion,

the followlng expression is obtained:

contaminant contaninant Taccumilation) reaction |
novement nLoV.eent in with
into = out of = zas * | solid
alement elcrant J pnase Chase
(3.1)
0.Cs SCss
- E n;_.i + \:1_
- T — - -
g 53—t T
where







