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ABSTRACT

This report presents the results of a study to determine
the applicability of metal oxides to the development of new
processes for S0, removal. The oxides of 48 metals were screened
according to the thermodynamics of their reaction with sulfur
oxides to eliminate from consideration as potential sorbents
those oxides that were not capable of reducing the sulfur oxide
concentration in exiting flue gas of power plants to 150 ppm.
Thermodynamic studies resulted in an extensive compilation of
experimentally determined and estimated thermodynamic data. The
result of the thermodynamic screening process was reduction of
the field of potential sorbents to the oxides of sixteen metals,
most of which appear in Groups VI, VII, and VIII of the periodic
table. These potential sorbents are not only thermodynamically
capable of reducing the SO, concentration to the desired limit,
but the thermodynamics of the regeneration step are also favorable.

The remaining potential sorbents were prepared in a
kinetically active form and the rates of their reaction with SO,
in a simulated flue gas atmosphere were determined using isothermal
gravimetric methods. There were two results of the kinetic studies.
First, the field of potential sorbents was reduced to the oxides
of copper, chromium, cobalt, iron, nickel, and cerium. Second,
the rate data obtained provided inputs to cost estimation calcu-
lations for the economic feasibility studies.

The economic feasibility studies consisted of equipment
design and sizing and estimation of the capital investment and
gross annual operating cost for a sorber-regenerator system using
a fluidized bed model. The cost estimations were carried out for
the three best potential sorbents. Process. flowsheets including
heat and material balances were also prepared. The result of the
economic feasibility studies for copper and iron oxides is a
preliminary estimation for a capital investment of $8 million and
a gross annual operating cost of $3 million.



VPP VM )] 6500 TRACOR LANE, AUSTIN, TEXAS 78721

TABLE OF CONTENTS

and Sorbent Availability . . . . . .

2.7.1 Criteria for the Screening Process .
2.7.2 Metal Oxide Screening . . . . . . .
2.7.3 Mixed Metal Oxide Screening . . . .

Section
1. INTRODUCTION . . . . . . . . .
2. THERMODYNAMIC STUDIES . . . . .
2.1 Introduction to Thermodynamic Studies . .
2.2 Literature Survey . « « « « « ¢« « « « . .
Compounds of Interest
Information of Interest
Availability of Information
2.3 Compilation of Thermodynamic Properties .
2.3.1 Properties Tabulated . . . . . .
2.3.2 Calculations Done with Thermodynamic Data.
2.3.3 Consistency of Data Base . . . . . .
2.3.4 Sources of Thermodynamic Data ., . . . .
2.3.4.1 Compilations . . ., . . . .
2.3.4.2 Open Literature . . . . . . .
2.3.4.3 Estimation Methods . ., . .
2.4 Thermal Stability Studies . . .
2.4.1 Thermal Stability of Metal Oxides .
2.4.2 Thermal Stability of Metal Sulfites .
2.4.3 Thermal Stability of Metal Sulfates
2.5 Catalytic Oxidation Properties of Metal Oxides
2.6 Determination of Price and Availability of
Metal Oxides . . « & ¢« ¢ v 4 ¢ v ¢ ¢ o « &
2.7 Preliminary‘Screening Based on Thermodynamics

NN O SN O

N
~J

w N
o~

LW W
v

36

36

36
38
38



WPV VMI)id 6500 TRACOR LANE, AUSTIN, TEXAS 78721

Section

3.

3
3.2
3

TABLE OF CONTENTS (Cont'd.)

KINETIC STUDIES e e e e e s e e e e e e e e 49
Introduction to Kinetic Studies . . . . . . . . 49

Approach . . . . « . . ¢ o o 4 0 e e e e 49

Compound Preparation and Characterization . . . 50
3.3.1 Preparation Methods . . . . . . . . . . 50
3.3.2 Use of X-ray Diffraction . . . . . . . . 50
3.3.3 BET Surface Area Determinations . . . . 52

3.3.4 Differential Thermal Analysis . . . . . 57
3.3.5 Chemical Analysis . . . . . . . . . . . 57

Kinetic Measurements . . . . . +« ¢ ¢ ¢ « o « & 57

3.4.1 Apparatus . . . ¢ ¢ 4 ¢ 4 e e e e e 57

3.4.2 Experimental Procedure . . . . . . . . . 67
3.4.3 Data Analysis . . . . . . + ¢ ¢ ¢ o ¢ . 68
3.4.4 Input to Economic Studies . . . . . . . 73
Results of the Experimental Program . . . . . . 74
3.5.1 Rate Equation and Reaction Orders . . . 77
3.5.2 Temperature Dependence of the Reaction Rate 86
3.5.3 Physical Properties and Reactivity . . . 87
3.5.4 Conclusions . . . ¢« + ¢ ¢« ¢« ¢« & « o o+ . 87

ECONOMIC FEASIBILITY STUDIES . . . . . « « + & 89
Introduction to Economic Feasibility Studies . 89
Sorption Unit Design . . . . . . . . . . . . . 89

4.2.1 Sorber Design ., ., . . . . .. . . . .. 92
4.2.2 Draft Fan and Driver Design ., ., . . . 95
4.2.3 Sorbent Fines Collector (Cyclone) De31gn 97

Regeneration Unit Design , ., . . . . . . . . . 101

4.3.1 Regenerator Design e e s 101

ii



Er——m——
VPV THI)i 6500 TRACOR LANE, AUSTIN, TEXAS 78721

Section

TABLE OF CONTENTS (Cont'd.)

Page
4.3.2 Draft Fan and Driver Design . . . . . . 102
4.3.3 Sorbent Fines Collector (Cyclone) Design 102
Total Capital Investment Cost e e e e e e 102
Gross Annual Operating Cost . . « . « « « « o . 108
Results . . . . 108
SUMMARY . . .'. e e e e e e e e e e e e e e 113

REFERENCES . « ¢ ¢ ¢ ¢ ¢ ¢ ¢ o o o o o o o o & 115

ABSTRAC

Technic
and Pre

7.1.1

7.1.2

7.1.3

7.1.4

TS OF TECHNICAL MEMORANDUMS . . . . . . 118

al Memorandums on Thermodynamic Studies
liminary Screening . . . . . . . . . . 118

Technical Memorandums on Estimation of
Heat of Formation . . . . . +« ¢« ¢ « o & 118

T.M. 004-009-Chl
T.M. 004-009-ChlA

Technical Memorandum on Estlmatlon of
Absolute Entropy . . « « « « o ¢ ¢« 4 o 118

T.M. 004-009-Ch5

Technical Memorandums on Estimation of

Heat Capacity. . . . . « « ¢« ¢ o « « o & 118
T.M. 004-009-Ch4

T.M. 004-009-Ch9

T.M. 004-009-Chl3

T.M. 004-009-Chl3A

Technical Memorandums on the Effect of Errors
in Estimated Thermodynamic Properties . . 119
T.M. 004-009-Ch2

T.M. 004-009-Ch4

iii



a7
VPRIV TMI)d 6500 TRACOR LANE, AUSTIN, TEXAS 78721

Section

7.

2

TABLE OF CONTENTS (Cont'd.)

7.1.5 Technical Memorandum on Conflicting
Reported Thermodynamic Data . . . .

T.M. 004-009-Chl8

7.1.6 Technical Memorandums on Thermal
Stability Studies . . .

T.M. 004-009-Ch7
T.M. 004-009-CH8
T.M. 004-009-Ch3
T.M. 004-009-Chlé6

7.1.7 Technical Memorandum on the Price and
Availability of Metal Oxides . .

T.M. 004-009-Ché6

7.1.8 Technical Memorandums on Preliminary
Screening of Metal Oxides and Mixed
Metal Oxides . . . . . . . . .

T.M. 004-009-Chlé6
T.M. 004-009-Ch22
T.M. 004-009-Ch25

7.1.9 Technical Memorandum on Computer Programs
T.M. 004-009-Ch23

Technical Memorandums on the Kinetic Studies
Experimental Program . .

7.2.1 Technical Memorandums on Design and
Operation of Experimental Equipment

T.M. 004-009-Chl0
T.M. 004-009-Ch20
T.M. 004-009-Ch24

iv

119

120

120

121

121

121



: Ar—E——
3 WPV VM) 1] 6500 TRACOR LANE, AUSTIN, TEXAS 78721
!

Section

7

8

.3

.1

.2

TABLE OF CONTENTS (Cont'd.)

7.2.2 Technical Memorandum on Collection of
Experimental Data and Presentation of
Results e e e e e e e e e e e e e e

T.M. 004-009-Ch24
Bimonthly Progress Report No. 8

Technical Memorandums on Economic
Feasibility Studies ., . . . . . + ¢« « « ¢ « &

7.3.1 Technical Memorandums on Equipment
Design, Size and Purchase Price , .

T.M. 004-009-Chl9
T.M. 004-009-Chl4
T.M. 004-009-Chl>5
T.M. 004-009-Chl5A
T.M. 004-009-Ch2l

7.3.2 Technical Memorandums on the Estimation
of Capital Investment and Operating Cost

T.M. 004-009-Ch26
T.M. 004-009-Chll

UNABRIDGED TECHNICAL MEMORANDUMS AND
ASSOCIATED DATA

Unabridged Technical Memorandums

8.1.1 Technical Memorandums on Thermodynamic
Studies

8.1.2 Technical Memorandums on Kinetic Studies

8.1.3 Technical Memorandums on Economic
Feasibility Studies

Thermodynamic, Kinetic, and Economic Data

8.2.1 Data Base of Thermodynamic Properties

122

122

122

123



Section

8

WPV VMI)I] 6500 TRACOR LANE, AUSTIN, TEXAS 78721

.3

TABLE OF CONTENTS (Cont'd.)

8.2.2 Log K Plots for Sulfate Decomposition
Reactions

8.2.3 Plots of the Integrated Form of the
Rate Equation

8.2.4 Economic Calculations for the Best
Potential Sorbents

8.2.5 Process Flowsheets Including Heat
and Material Balances

References Used in Writing Technical
Memorandums

vi



- /7

———
WPV VMI){] 6500 TRACOR LANE, AUSTIN, TEXAS 78721

Figure

Figure
Figure

Figure

Figure

Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure
Figure
Figure

. Figure

Figure
Figure
Figure
Figure
Figure
Figure
Figure

N

10
11

12

13
14
15
16
17
18
19
20
21
22
23

LIST OF ILLUSTRATIONS

Periodic Arrangement of Potential
Sorbents before Screening . . . . . . . . . . 2

Decomposition of Lead Oxides . . . . . . . . 32

Logarithm of the Equilibrium Constant
for the Disproportionation of Zinc

Sulfite . . . . . . . . . . . o . ¢ . .. .33
Logarithm of the Equilibrium Constant
for the Decomposition of Zinc Sulfite . . . . 34

Logarithm of the Equilibrium Constant
for the Decomposition Reactions for Tin,

Copper, and Barium Sulfates . . . . . . . . . 39
Periodic Arrangement of Potential

Sorbents after Thermodynamic Screening . . . 47
X-Ray Diffraction Patterns for

Different Preparations of Co,O, . . . . . . . 51
Adsorption Isotherm for Zirconium Oxide

at 77°K . . . . . . . 0 0 4 i 4 v e e 4« . . . 53

Schematic Diagram of Apparatus for
Determining Specific Surface Area Using
the BET Method . . . . . . . . . .« ... « . . 56

TRACOR TGA-3C Schematic Diagram . . . . . . . 65
Schematic Diagram of Gas Mixing

Apparatus . . . . . . . . . . . < . . . . . 66
Representation of Rate Data for

Copper Oxide at 404°C . . . . . . « ¢« « « « . 72
Rate Data for Copper Oxide . . .. . . . . . 80
Rate Data for Iron Oxide . . . . . . . . . . 81
Rate Data for Nickel Oxide . . . . . . . . . 82
Rate Data for Cobalt Oxide . . . . . . . . . 83
Rate Data for Cerium Oxide . . . . . . . . . 84

Rate Data for Chromium Oxide . . . . . . . . 85
Arrhenius Plot for CUO . . « « « « v « « . . 88
Potential Sorbents After Kinetic Screening. . 90
Economic Study Concept . . . . . . . . . . . 91
Cyclone Separator Proportions . . . . . . . . 99

Process Flowsheet for the Copper Oxide
Process . ¢ ¢« o« o o o o o o o o o o o o o o« 112

vii



[ ———"7
VPV VM 1) 6500 TRACOR LANE, AUSTIN, TEXAS 78721

LIST OF TABLES

Table 1 Heat of Formation at 25°C . . . . . . . . . . 9
Table II Deviations of Estimated Values of

Absolute Entropy . . . ¢« « ¢« ¢ « « « +« « « . 20
Table III1 Estimated Heat Capacities for Carbonates

with Known Heat Capacities . . . . . . . . . 28
Table 1V Estimated Heat Capacities for Sulfates

with Known Heat Capacities . . . . . . . . . 29
Table V Estimated Heat Capacities for Sulfides

v with Known Heat Capacities . . . . . . . . . 30

Table VI Properties of Oxides, Sulfates, and Sulfites. 40
Table VII Determination of Specific Surface Area

by the BET Method for Zzr0, . . . . . . . . . 58
Table VIII Results of Chemical Analyses . . . . . . . . 59
Table IX Results of Experimental Program . . . . . . . 75
Table X Copper Oxide Sorber Physical Dimensions . . . 96
Table XI Copper Oxide Sorber Input Variables for

Fan Cost . . ¢« + & &« v ¢« v & & &« &« o « « « « 98
Table XII Copper Oxide Sorber Input Parameters for

Cyclone . . . . . . . ¢« ¢ ¢« ¢ ¢ o o« .« .« .« 100
Table XIII Copper Oxide Regenerator Physical Dimensions. 103
Table XIV Copper Oxide Regenerator Input Variables ‘

for Fan Cost . . . . ¢« ¢« ¢« « ¢ « ¢ + « « . . 104
Table XV _ Copper Oxide Regenerator Input Parameters

for Cyclone . . . . . . « + « ¢« « « « « « « . 105
Table XVI Installation Cost Factors . . . . . . . . . . 107
Table XVII Components of Gross Annual Operating Cost . . 109

Table XVIII Summary of Cost Estimation for the Copper
: Oxide and Iron Oxide Processes . . . . . . . 111

viii



WPV VM 1){f 6500 TRACOR LANE, AUSTIN, TEXAS 78721

1. INTRODUCTION

Studies by the Department of Health, Education and Welfare
have shown that the most pressing air pollution problem is the
generation of sulfur oxides during combustion of fossil fuels.
Processes for preventing sulfur oxide emission have been divided by
NAPCA into nine areas. One of these areas is the sorption of sulfur
oxides by dry metal oxides. The work described in this report was
conducted under contract PH 86-68-68 to determine the applicability
and economic feasibility of the use of dry metal oxides in a sulfur
oxide removal process. The three objectives for the study are

given below.

The first objective was to determine which of the oxides
of the metals shown in Figure 1 were thermodynamically capable of
lowering the SO, concentration in flue gases to a specified level
and had a sorption product that could be regenerated to the original
metal oxide sorbent with only a small expenditure of energy.
Thermodynamic screening was conducted by determining the free
energy of the sorption and regeneration reactions. Knowing the
standard heat of formation, the absolute entropy, and the heat
capacity as a function of temperature for the products and reactants
of interest, the free energy for the sorption or regeneration
reaction can be calculated. These thermodynamic properties of
interest which had been determined experimentally and reported in
the literature were computer tabulated. Properties of interest
that had not been determined experimentally were estimated using
carefully selected methods. The thermodynamic studies are discussed
in Section 2.

The second objective was to determine which of the oxides
remaining after thermodynamic screening had favorable kinetic
properties. A kinetically favorable sorbent is one which reacts
fast enough to be economically feasible. This objective was

achieved by conducting an experimental program, since few kinetic
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data for the reaction of metal oxides and sulfur oxides had been
reported in the literature. The program consisted of preparing

the compounds in a kinetically active form, determining their
physical properties, and determining their rate of reaction with
SO, in a simulated flue gas atmosphere. An isothermal gravimetric
technique was used for the collection of kinetic data. The kinetic
studies are described in Section 3.

The third objective was to determine the economic feasi-
bility of the use of the selected sorbents in a sorber-regenerator
system using a fluidized bed model for the gas-solid contactor.

The economic feasibility studies consisted of designing and sizing
equipment, preparing flowsheets and heat and material balances, and
estimating total capital investment and gross annual operating cost
for the process. The capital investment was estimated on the basis
of the purchase price of the major pieces of equipment to which a
percent of purchase price was added to account for various instal-
lation costs. Modified Lang percentage factors, as supplied by

HEW, were used. The economic studies are discussed in Section 4.

A summary of results is given in Section 5; references
are given in Section 6; Section 7 contains abstracts of the techni-
cal memorandums; and, Section 8 contains the unabridged memorandums.
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2. THERMODYNAMIC STUDIES

2.1 INTRODUCTION TO THERMODYNAMIC STUDIES

The work done during the thermodynamic studies phase of
the contract consisted of six main tasks: (1) a literature survey,
(2) compilation of thermodynamic properties, (3) determination
of cost and availability of metal oxides, (4) thermal stability
studies, (5) study of catalytic oxidation properties, and (6)
thermodynamic screening. The first five tasks were carried out
so that the screening process would be possible. The goal of the
thermodynamic screening process was to select as potential sorbents
oxides which met the following two criteria. First the sorbent
had to be thermodynamically capable of lowering the sulfur oxide
concentration to the desired limit. Second, the regeneration step
had to have only a small negative free energy change so that the
expenditure of a great amount of energy would not be neceésary to
recover the sorbent. Thermal, rather than chemical regeneration
was considered to be of importance. At the same time, the oxides
were screened according to price and availability.

2.2 LITERATURE SURVEY

The literature was surveyed using Chemical Abstracts as
a guide to determine existing knowledge about metal oxides and
mixed metal oxides; flue gas components such as sulfur oxides,
oxygen, nitrogen oxides, and carbon dioxide; and the reaction
products, metal sulfates, sulfites, sulfides, and carbonates.
The information sought was of five types: (1) thermodynamic
properties, (2) physical properties, (3) compound preparation
methods, (4) reaction kinetics, and (5) descriptive information
such as the course of é reaction, the existence of compounds, or
the stability of compounds. Much valuable information was found
on thermodynamic properties, compound preparation methods, physical
properties, and descriptive subjects. Little, however, was avail-
able on the kinetics of the reactions of metal oxides and flue gas

components.
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2.3 COMPILATION OF THERMODYNAMIC PROPERTIES

2.3.1 Properties Tabulated

The second of the six tasks in the thermodynamic studies
phase was to establish a data base of thermodynamic properties
for the compounds described in Section 2.2. The following thermo-
dynamic properties were tabulated: (1) heat of formation and
absolute entropy at 25°C, (2) heat capacity from 25°C to 1000°C,
or the data limit, whichever is lower, and (3) the temperature,
type, and heat of phase transitions. A copy of the data base is
given in Section 8.2 of this report.

2.3.2 Calculations Done with Thermodynamic Data

Using the thermodynamic properties stored in the data
base, calculations were made with Equations (1) through (4) to des-

cribe the extent of reactions over any temperature range for compounds

66y = OHG - TaSg (1)
1
H, = H° ! T
T T Hes * z Q Cp(T)dT + pHp + S Cp(T)dT (2)
j=Q —*®°% i T,
1
o T
= Cp(T)
St = Sges +S == dT (3)
298
-AG; )
InK = g7 (4)

for which data were stored. In Equation (2) T, is the temperature

of the ith phase transition and AHT- is the enthalpy of the ith
i

transition. These calculations were an important source of thermo-
dynamic information for the screening process which is discussed in
Section 2.7.1. The compilation of thermodynamic properties was
also used in the economic feasibility studies to make enthalpy
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calculations for determining heat balances for the sorber-regenerator
system. The methods are discussed further in Section 4 and in

detail in T.M. 004-009-Ch26. The thermodynamic properties and the
data sources were stored in a digital computer for accuracy and

ease of retrieval. The program, AIRPOL, stored, retrieved, and
printed the thermodynamic properties and the references from which
they were taken as well as calculated the change in enthalpy,

entropy and the logarithm of the equilibrium constant for reactions
involving the compounds for which data were stored. For a detailed
description of this program see T.M. 004-009-Ch23.

2.3.3 Consistency of Data Base

A data base.should be internally consistent; that is,
the value of a property should be the same for all computational
paths. It should also be consistent with the measurements from
which the data were derived. When published literature values of
measured heats of reaction were found, they were added to values
for the heats of formation of the reactants in the TRACOR data
base to calculate the heat of formation of the product. Therefore,
the heat of formation reported in some references cited may differ
from the heat of formation given in this compilation by an amount
equal to the difference in the heats of formation of the reactants
used. Again, these differences are due to an attempt to establish
an internally consistent compilation.

2.3.4 Sources of Thermodynamic Data

The sources of thermodynamic properties were compilations

of properties, open literature, and estimation methods.

2.3.4.1 Compilations: The compilations consulted were Landolt
Boernstein, Chemisch-Physikalische Tabellen (LA-001), National Bureau
of Standards, Selected Values of Chemical Thermodynamic Properties
(NB-003, NB-005), JANAF Thermochemical Tables (JA-001), O. Kuba-
schewski, Metallﬁrgical Thermochemistry (KU-001), and the U. S.
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Bureau of Mines, Contributions to the Data on Theoretical Metal-

lurgy, Parts I through X. Occasionally several major compilations
reported widely differing values for some thermodynamic property

of a compound. In such cases, the original literature from which
the data for the campilation were taken was consulted. In many
cases the conflicts were clearly resolved. When conflicting values
were reported, the reference TR-010 was given. This refers to

T.M. 004-009-Chl8, which is a detailed discussion of the selected

values and the reasons for their selection.

2.3.4.2 Open Literature: Another source of data for the thermo-

dynamic properties compilation was the open literature which was
surveyed through 1967 using Chemical Abstracts as a guide. Informa-
tion obtained from the open literature was carefully assessed using
the values reported in Chemical Abstracts as well as the original
literature in many cases. The Reports of Investigations published
by the U. S. Bureau of Mines were important sources of thermodynamic
data from the open literature. Since thermodynamic properties for
all the compounds of interest had not been determined experimentally,
estimation techniques had to be employed.

2.3.4.3 Estimation Methods: Thermodynamic properties had to be

estimated for about 407% of the compounds tabulated. The estimation
methods were selected by first studying the methods published by
various authors. Next the best method was chosen on the basis of
accuracy, theory, and applicability. The accuracy was determined

by comparing accepted values with those calculated by each method

and computing a root mean square (RMS) error. All of the unknown
thermodynamic quantities were estimated from accepted, experimentally
determined values of thermodynamic data using a Univac 1108 digital
computer to perform the calculations and retrieve the data previously
stored in the data base.
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There are several ways to estimate the standard heat of
formation of inorganic compounds. It was decided on the basis
of accuracy and applicability that the method of Erd&ds would be

applied to our problem.

Erdds gave the following equation for estimating the heat
of reaction AH%j between base i and acid j to form, for example,

a salt, ij.

- R = n.
Mgy = Byy (Ky - A" (5)

In Equation (5), Bij

the cation combining power, Aj is the anion combining power and

is the number of ion pair bonds formed, Ki is

n. is the anion exponent. The heat of formation of the oxide
from a; moles of cation or base and bij moles of anion or acid

is given in Equation (6).

£ R
+ bij AHj + AHi. (6)

AH?. = a,. AHf [

1] ij i

In applying the method of Erd&s the existing data were
correlated to determine the values for K, A, and n for each cation
or anion species of interest. Then the unknown heats of formation
were estimated for all possible combinations of the cations and
anions.

The accepted values, estimated values, and correlation
errors for the heat of formation method are given in Table I. The
root mean square (RMS) error for the correlation was 3 kcal/mole.
The selection of the Erdés method as the best for our data compi-
lation is discussed in T.M. 004-009-Chl. The mathematical details
of the application of the method and the results obtained are given
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CALCULATED

=1e2454+02
~2.9000+02
=~2.R5468+02
=1e7681+02
=l e7424+02

el e#221+02

~1¢7838+02
~27402+02
~2.8687+02
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-2.0%463+02
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=2.7144+402
=~ ¢66809+02
=-343004+02
=5¢1962+02
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=] e7062+02
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f303BZQ+02

HEAT OF FORMATION

ACTUAL

=1.,2086+02
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.=} e7846+02

=]1e7331+02
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=]1e7855+02
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"]l +9368+02
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ERROR
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=1¢9570+00
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~2¢2237+02
~2.2048+02
=] e8064+02
=2.2347+02
=3.4070+02
=3es4267+02
“3.0661+02
254611402
=363192+02
~201287+02
«2.1785+02
=~3.4302+02
=2.3441+02
~842135+02
~2e8610+02
=6.0932+02
~5¢46083+02
-3-"] 19*02
=]l «e7961+02
~5e1452+02
~bebb]15+02

- =343919+02

547542402
=3.9308+02
=40R807+02
556344402
~5+9801+402

~2.0553+02
=3e5555+02
=~3e5924+02
-2+5873+02
"2-5526*02
=2+3149+02
w2¢h193+02-
=3+3105+02
=3+5674+02
~3e4140+02
-2.9036"’02
=343280+02
=2+5369+02
=245122+02

=2.2120+02

~1.8422+02
“2,2041+02
~3.4234+02
=3.,4258+02

=340550+02

=2¢5395+02
=3.3064+02
=~241350+02
=2,1933+02
34497402
=2+3369+02
~8,2038+02
=2,8565+02
-5.0810+02

. =5.6000+02

=3,3900+02
=]1e¢7951+02
=b,]1560+02
mhoe6b590+02
=3,40]19+02
«5,7420+02
=3.9340+02
“6.07246+02
-506300*02.
~5¢970]+02

- ®3¢5049+02

=2:375]1+02

*“Je4740+02
=3.4922+02
=2+.9300+02

-2.5646092

1¢1760+00

=3¢5806+00
3«.062)+00
=]1e46451+GQ
9¢0534=02
1¢1123=0}
2¢1601+00
1¢2868+00
=56e3629=0}
=]1+48123+00
] e95646+00
7¢1504=0}
9¢7059=0}
4e45]14=0}
12200+00
8¢2569~0}
241918+0p0
3J.0120-0}
9¢2418=01
.105377‘01
=} .0078+00
1¢2166+00
=342331=0]
8¢0502+-01
4¢4153=0)
9¢9767=0)

5.0564+00

=6e¢0234+0Q0

9¢3391+00Q0
=7.8227+00
=2¢6383+0¢Q

2769200
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TABLE I (continued)

=3.5606+02
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‘446104402
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=3¢3637+02
»3e3257+02
=2¢2'10+02
=2+2149+02
~1e8980+02

=2 e2569+02
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~1e8990+02
=~5e4546+02
—6-8801*02
=341702+02

=]1e72237+02

*3e2944+02

=3.1860+02

92.‘750’02

- =547195=0)

3e1273+00

»2.4304¢0g

7¢1153=0}
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TABLE I (continued)

=6.1109+02
=4425463+02
=656]1433+402
»5+47304+02

~5:9497+02

=3,9907+02
=~5.46734+02
=54460983+02
~4¢5132+02
4 4R77+02
“4.1716+02

~4,5287+02"

“5e5446+02
~546295+02
~5e3432+02
~4.8416+02
54329402
=4 el4359+02
~4345655+02
5446296+02
~4e56675+02
=1.5320+03
542171402
~1.3000+03
-10017‘*03
=5e5433+02
~441737+02
13277403
-1el1496+03
~5.5248+02

“e1e2944+03

~8.8400+02
-1.0686+03
=140272+03
=1e0519+03

=1e¢1207+02
=2.814%48+02
=~2¢7508+02
=leb412+02

. =545870+02

A\

=%.2790+02

"545294+02
/

-

=]lelHd440+02
~2.,8260+02
=2,7588+02
=]e6390+02

2¢2825+00

6e4164+00

«4465]18+00

«2+3340+00
~1e1171+00
=769761=0}

2¢}793=0})
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3.0
1,0
3.0
2.0
1.0
1.0
3.0
30
1.0
3,0
2.0
2.0
20
2.0

1.0

1,0

1.0
1.0
a0
1.0
1«0
1.0
1.0
1.0
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TABLE I (c

. =b646191+02

1«0 .

le0
1.0
1.0

N

ontinued)

=1le6175+02

-102728+02 .

=1e¢4H554+02
~2e446759+02
-2¢7723+02
-2¢4718+02
“1e9722+02
-2e¢46217+02
=1.5686+02
=145869+02

=2.7724+02.

=] 7848402

=243221+02
=4 e3728+02

- etj3 144027

=2s6A71+02

Cem ) .2706"'02

=4 45740+02
=5,0239+02
=2.4532+02
~4.20464+02
=2.7536+02
~4e934]1+02
=4.5100+02
~4,7852+02

=2.,3937+02
~3.9401+02
~3.9548+02
=-2,9223+02
~2.8910+02
=2¢6449+02
=2.9417+02
=3,7172+402
=3,9403+02
=3¢7502+02
-362430+02
“3.7199+02
=2+85602+02
~2.8534+02
‘3.2350*02

“2.6690+02
“2.7940+02
~2.4100+02

. =le9737+02

=2.6040+02

=] e5700+02

\'=247940402

~248946+02

=3e7150+02
) ]

»2.8775+02

6688630
w2e1664+0Q0

601849+0¢0
»1e5163=0}

1¢7728+00

{e68846+00
=2¢16}3+00

=3e644%0~0)

3e¢5172+0¢0

=]197280200



TABLE I (continued)

( ZNY ( TIOD 16 7 1.0 - ~3.10561+02 =3,0927+02 1e2441+00

4 AL+3)2( T103)3 17 7 3,0 . -1.0746+03

K BEY ( T103) 18 7 - 1.0 ~3.4642+02
( 81+3)2( T103)3 19 7 3.0 ~8.260B8+02
{ CE+4) ( T103)2 20 7 2,0 . , ~bs9746+02
( €CS)2¢°7T103) 21 7 l.0 . : =3,6844+02
{ cusi)2( TIO03) =~ - 22 7 1.0 o ~2.4520+02
{ FE+3)2( T103)3 23 7 3,0 ~0,7056+02
£ MN+3)2( TIO3)3 = 24 7 3,0 ~9.0H26+02
{ RB)Z2( TIO3i 25 7 1.0 =3,6813+02
{ SH6+3)2( TI0313 26 7 3.0 ~8.3904+02

.0 SNed4) { TIO03)2 27 7 2.0 A ~5.7714+02 ,

( TH+4) ( T103)2 28 7 2.0 . «7.5268+02

0 U+4) ¢ TI03)2 29 7 2,0 : “7.1404+02

. ZR+4) ( TIO3)2 30 7 2.0 =742996402
P 4

A AG)l2( WO4} 1 8 1.0 =2¢3092+02 =243070+02 . 202073=0}
( HA) ( WO04) 2 a 1.0 ' . -4.0176+02 ~4,06}3+02 | =443662+0¢0

=0T CA) (7 WO4 il 3 g 1.0 =3.9394+02 g
.0 o) wow 4 8. 1.0 -2.8305+02

X CO) { WwWo4) 5 8 1.0 - =2.8061+02

A CU+2) ( wo4) 6 8 1,0 ~2.47764+02
( FE+2) ( wo4) 7 8 1.0 : ~2.8452+02

b K)2( " w04) 8 8 140 -3.,9084+02

Lo LD2( wos) 9 8 1.0 C -3.9656+02 . :

N MG) ( WO4) 10 - 8 1.0 ~3.6609+02 =307343+02 «7¢3437+00
( MN+2) ¢  Wo4) 11 8 1.0 ~3¢1606+02 =3.1259+02 3+4651+00
( NA)2( WwWOo4) )2 8 1.0 ~ =3.R326+02, . »3.8260+02 6e¢6410=0}
( RID ¢ wWo4) 13 8 1.0 - =2.7504+02 “2,7162+02 3.4174+00

3 PB) | Wo4) 1 & 8 1.0 - ~2.7749+02 i

+{ SR) ( %04) 15 8 1.0 =3e92667+02 «349270+02 3¢9654+00
( ZN) (  vO0H) 16 8 1.0 ~2.9795+02
( AL+3)2( wW04)3 17 8 3.0 =1.0237+03
( BE)Y { vO04) 18 8 1e0 ~3.5245+02
( Bl+3)2( Ww04)3 19 8 3.0 S =749459+02
( CE+4) ( @042 20 ) 2.0 -46.8082+02
( CsS)2( wo4) 21 8 1.0 ~3.9104+02 4

“CU+1)2(  WOH) 22 8 1,0 =2.4785+02
( FE+3)2( Ww04)3 23 8 3.0 ~8.1932+02
("MN+3)2( %W04)3 24 8 3.0 -846224+02
{ RB)2( WO04) 25 8 1,0 ~3.8916+02
L sBe3)2( wo4)3 26 8 3,0 =~7.8500+02
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TABLE I (continued)

-5 442446+02
=7e3163+02
608978402
~7¢1602+02

=-2,15561+02
~=3.7704+02
=3,7541+02
=2.4785+02
~2.56521+02
~2.3321+02
“2e945+02
=3.6490+02
=3e7562+02
=3.5082+02
=3.0058+02
=3.5583+02
-2-6026*02
~2.46188+02
=3.7520+402
~208339+02
~9¢7992+02
~3¢3796+02
"'70‘{996*’02
"6"‘992"02
~3.5407+02
=-2+3318+02
-7e7550+02
~Be1886+02
=3«5357+02
=7.40)01+02
~5.0939+02
~-7.0189+02
~6e46057+02
~be8418+02

=441364+402°

=5.6667+02
~5e4916+02
-Heb654402
~4446337+02

~2.1660+402 ., =}+0907+00

~345405+02 17776400

=2,6565+02 ~3e7668+00

=4,6653+02 =3¢}633+00
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ZN) (AL204)
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BE) (AL204)
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TABLE I (continued)

-’

~4.3903+02

444852402
-He4292+02
546729402
"50“932*02
-4.9856+02
=5,4422+02
-y ,5044+02
-4 45957+02
~5¢5469+02
-4,8500+02

~le69R2+03

"5.‘{299“02
~1e3493+03
-1e0460+03
“5.3918+02
-l oa3971+02
=1¢3941+03
=-1¢4300+03
~5.3909+02

T =1.3625+03

-9¢2628+02
=1+1015+03
~1.0630+03
=140783+03

=3.082u+02
-5.1632+02
-4.,9165+02
=3.6160+02
=3.5232+02
=3.2174+02
=3.6022%+02

C =5.4119+02

-5.0189+02
=4.4739+02
~3.9672+02
=5.0814+02

S =3.4874+02

=3.5725+02

~4e744%0+02

-5.6858+02
=5¢5100+02
~5.0109+02
“5e4134+02
=4,46332+02

=5¢598)+02

-4 .9240+02- -

=3.5064+02

«546829+00
=]1¢2882+00
-]1e¢6829+00
*2¢5334+00

2.8800+00
w2,8810+00

6¢8826+00

-7.4862=01

1.6814+00
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TABLE 1 (continued)

-

SiR) (CREOH) 15 3 1.0 -5.1463+02
Zin) (CR20o4) - le 3 1.0 - . =3.7283+02
ALFT3) 2 (LR204) 3 17 S Sel Lo ~1.2380+03
OE) (CRe204) 18 3 1.0 -4 ,2443+02
LI+3) & (CREO0W) S .19 3 SeU : =-1.0240+03
CE+4) (CReO4)2 20 3 2e0 - L =843979+02
CS) e (CR2OW) 21 3 1.0 =5 ,5192+402
CU+LI & (CRZ04) 22 3 1.0 ' t=3.1904+02
FE+3)e (CR204) 3 23 ) el =1.0334+03
N+T3) e (CRe04) S 24 3 S0l - =1.,0802+03
Rl 2 (LKe0k) 25 3 1.0 1o =-5.4497+02
out3)e (CR204) 3 26 3 Se0 -9,9712+02
SN+HG) (CikeO4) 2 27 3 2e0 -6.8403+02
TH+4) (CRe0%)2 28 3 2«0 =5.8449+02
U+4) (CReO4) 2 29 3 2ed =8.3908+02
LR+4) (CRZO4)2 30 3 2.0

Gt =8e7929+02

ROOT MEAN SQUARE ERROR = 3,0250+00 CALORIES/PAIR OF [ONJC BONDS
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in T.M. 004-009-ChlA. A description of FORM, the computer program
used to correlate the data and estimate the unknown heats of
formation, is given in T.M. 004-009-Ch23.

Four methods for estimating absolute entropy were investi-
gated. All of the methods were based on the concept of adding
cation and anion entropy contributions and applying a correction.
Latimer (LA-002) gave Equation (7) for the entropy, S, of a solid,
where S, is a constant independent of the substance and m is the
atomic weight. Equation (8) extends his method from elements to

compounds with I atoms.

S = % R Inm+ % RInT-R1n P+ S (7)
I

e, = %RZ In m + S, (8)
i=1

From the eﬁtropy of KC1 he calculated S,' for all elements

to be -0.94 e.u.

The author subsequently amended his estimation method in
light of the fact that when ionic attractions are involved in
solid salts, the entropy of a large ion is increased and that of
a small ion is decreased as compared to values obtained using
Equation (8). Assuming a correspondence between size and atomic
weight he corrected his entropy values by revising a graph of
atomic weight vs entropy. He had also noticed that the entropy
of a solid depends on the charge on the cation. Latimer obtained
constant anion entropy values by subtracting entropies of elements
forming the cation from known compound entropies.

Entropies were calculated for the TRACOR data base by
determining anion entropy contributions according to the method
of Latimer using Latimer's cation entropies (LA-002) and the more
complete experimentally obtained entropy data from the TRACOR

18
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data base. The accepted values and correlation errors of the
entropy estimation method are given in Table II. The RMS error
for the correlation was 2 cal/mole °K.

The selection and application of the Latimer method for
estimation of absolute entropy was discussed in detail in T.M.
004-009-Ch5. A description of ENTROP, the computer program used
for estimating the average anion entropy contributions, is given
in T.M. 004-009-Ch23.

There are two basic methods used in heat capacity esti-
mation. The first, Dulong and Petit's rule, states that the heat
capacity of an element is generally 6.2 - 6.5 cal/°K per atom at
the temperature of the first transition. This rule may be applied
to the estimation of heat capacities if the temperature or entropy
of the first transition is known. Since these data are unknown
for many of the compounds of interest, our estimation method was
based on the second basic method, the rule of Neumann and Kopp.
The rule of Neumann and Kopp states that the heat capacity of a
solid is equal to the sum of the heat capacities of the constituent
elements. While the rule is normally applied to compounds at room
temperature, some extrapolation to other temperatures may be made.

It was found that the most accurate way of applying Kopp's
rule for the compounds of interest was, for the example of a metal
sulfate, to add the heat capacity of the metal oxide and the SO,
"lattice'" contribution. The method of subtracting metal oxide heat
capécities from the heat capacity of another salt of the same metal
and obtaining a constant contribution for the remaining lattice was
found to be widely applicable. It was used for estimating the
heat capacities of sulfates, sulfites, carbonates, sulfides, and
mixed oxides. The selection and application of the method are
discussed in detail in T.M. 004-009-Ch4, Ch9, Chl3, and Chl3A.
HTCAPY and HTCAPS, the computer programs used for the calculations,
are discussed in detail in T.M. . 004-009-Ch23.

19



DEVIATIONS OF ESTIMATED VALUES OF ABSOLUTE ENTROPY

TABLE 11

a2 L,'} 6500 TRACOR LANE, AUSTIN, TEXAS 78721

e o ot i

COMPOUND

cu20
AG20
L120
NA20
K20

RMS DEVIATION

SNO
PBO
BEO
MGO
CAO
SRO
BAO
CDo
FEO
Coo
PDO
NIO
110
MNO
cuo
ZNO

RMS DEVIATION

ACCEPTED ENTROPY VALUE

2.2521401
2,9074401
9.0519+00

- 243484401

1.3555+01
1,5600+01
343685400
6.4025+00
9.,.4843+4+00
1.2996+01
1.6795+401
1,3092+01
1.4191+401
1.2655+01
1.3378+401
9,0782+00
8.,3042+400
1.4265+401
1.0187+01
1.0392+01

(e.u./gmole)

20

DEVIATION

(e.u./gmole)

-1,782400
7.708-01
=-6,514=-01
~7.176~01
2.381+00

1.441-0»00 .

~1.162-0%
-4.713-01
“1.503+00
-1.769+00
-3.871-01
4.,247-01
2.523+00
"30797"01
3.219+00
1.283+00
1.070-01
-1,993+00
=2.067+00
3,393+00
=1,185+400

1.711400
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DEVIATIONS OF ESTIMATED VALUES OF ABSOLUTE ENTROPY

TABLE II

6500 TRACOR LANE, AUSTIN, TEXAS 78721

(continued)

ACCEPTED ENTROPY VALUE
(e.u./gmole)

B203

AL203
GA203
$C203
Y203

FE203
MN203
TI203
LA203
CR203
BI203
AS203

RMS DEVIATION

voz2
THO2
S102
GEO2
SNO2
PBO2
RUO2
ZRO2
Vo2
MOO2
wo2
T102
HF02
MNO2
IRO2

RMS DEVIATION

NA2S
AG2S

RMS DEVIATION

1.2865+01
1.2170+01
2,0220+01
1.8395+01
2.3682+01
2.0880+401
2.6398+01
1.8816+01
3.0555+01
1,9375+01
‘3.6122+01
2.5586401

1.8622+01%
1.5586+01
"1.,0000+01
1.,3204+401
1.2504401
1.8262+01
1.2500+01
1.2021+401
1.2100+01
1.1056+01

- 1.,6006+01

1.2000+01
1.,4174401
1,2686+01
1,7201+01

2.2480+01
3.4000+01

21

DEVIATION

(e.u./gmole)

2.201+400
-4.694+00
-3,043+00
-1,868+00
-1.182+00
-70838‘01
4,935+00
"'1 Q()QB‘FOO
2.,092400
-1,889+400
4,058+00
1.,822+00

2,835+00

1.561+400
-1.,376+00
8.385-01
8.,425-01
~1.,657+00
1.,700+00
-1.061+00
-1.,140+00
9,385-01
~2.,305+00
-5.516“02
1.138+00
-1,688+00
1,324+00
9.393-01

1,336400

-4,598-01
4,598-01

© 4.598-01
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TABLE II (continued)
DEVIATIONS OF ESTIMATED VALUES OF ABSOLUTE ENTROPY

ACCEPTED ENTROPY VALUE DEVIATION

COMPOUND (e.u./gmole) (e.u./gmole)
BES 7.4059+00 -1,916+00
MGS 1.0607+01 ~2.015+00
CAS 1.3450+401 ~8,722-01
SRS 1.6986+01 -3.650-02
BAS 2.1501+01 2,779+00
VS 1.4501401 -6.211-01
MNS 1,9722+01- 4.400+400
FES 1.5200+01 ~2,223-01
Cus 1.5887+01 6.,156-02
ZNS 1.3785+01 . =2.138+00
DS 1.6962+01 -9,604-01
SNS 1,83954+01 2.730-01
PBS 2,1788+01 1,2654+00

RMS DEVIATION 1.823+00

- l
M02S3 2,8000+01 3 1a3ee0
AL2S3 2,2934+01 -7.115-01
BI12S3 3.5300+01 ’

RMS DEVIATION 1.528+00
MOS2 " 1.5098+01 C2.225400
cu2s 2.8883+01 5 258400
SNS2 2.0880+01 el o
Rus2 1.,7487+01 LomeT

RMS DEVIATION .. 2. 047400
L12C03 2.1582401 -1.446+400
K2C03 3.6074+01 1,6%45+00
NA2CO3 3.2490+01 1,462+00
AG2CO3 3.9968+01 ~1.661+00

RMS DEVIATION 1,557+00

22



TABLE II

6500 TRACOR LANE, AUSTIN, TEXAS 78721

(continued)

DEVIATIONS OF ESTIMATED VALUES OF ABSOLUTE ENTROPY

COMPOUND

MGCO03
SRCO3
BACO3
MNCO3
FECO3
ZNCO3S
PBCO3
coco3

RMS DEVIATION

L12504
NA2S04
K250y

AG2504

RMS DEVIATION

MGSO4
BESO4 -
CASO4
SRSO4
BASO4
MNSO4
COS0y
NISOy
CUSOy
ZNSOy
CDSOy
PBSOy4

RMS DEVIATION

ACCEPTED ENTROPY VALUE
__(e.u./gmole)

DEVIATION
(e.u./gmole)

1.5696+01
23173401
2.6781+01
2.,0474+01
202194401
3.1272+01
2.,5180+01

3.5357+01
3.5692+01
4,1975+01

4,7756+01

241900+01
1,8620+401
2.5491+401
2,9074401
3.1487+401
2.6781+401
2.,7067+01
1.8586+01
2.,7067+01
2.9767+401
2,9409+01
35166401

23

-3,299400
-2.210~-01
1,686+00
-1,221+00
3.995"01
-2,6094+00
4,378+400
8.857-01

2,296+00

4,662+00
-3,003+00
-1,202~01
-1,5329+400

2,878400

~1,701+00
-1.681+400
1.894-01
1.073+00
1.786+00
4,794-~01
4.661-01
-7.915+400
2.661-01
2.866+00
5.073-01
3.,665+00

2,816+00
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TABLE I1 (coutinued)
DEVIATIONS OF ESTIMATED VALUES OF ABSOLUTE ENTROPY

ACCEPTED ENTROPY VALUE DEVIATION

COMPOUND (e.u./gmole) (e.u./gmole)
LIALO2 1.2700401 -1.000=-01
NAALO2 1.6900401 1.000-01

RMS DEVIATION "1,000-01
MGAL204 1.9250401 'g'ffgigg
CAAL204 2.7300+01 L 167401
FEAL204 2.5400+01 .

.594400

RMS DEVIATION 2
CACROY 3,2013+01 ~1.740+00
AG2CROY 5.1794+01 1.740+400

RMS DEVIATION 1.740+400
MGCR204  2.5276+01 '}'8“3+°°
FECR204 3.4879+01 $e961+00
COCR204 2,7000+01 ~3.118+00

RMS DEVIATION 3.546+400
LIFEO2 1.8000401 1.667+00
NAFEO2 2,1100+01 7.667-01
CUFE02 2.1200+01 ~2.,433400

24
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e o e e 0 s

TABLE II (continued)
DEVIATIONS OF ESTIMATED VALUES OF ABSOLUTE ENTROPY

ACCEPTED ENTROPY VALUE DEVIATION

COMPOUND (e.u./gmole) (e.u./gmole)
MGFE204 2.8280+01j ~-9,898-01
HIFE204 3.0070+01° -2,100+00
ZNFE204 3.2180+01" -3,900-01
CAFE204 3.4449401 3.480+00

RMS DEVIATION 2.,101400
' . 5,333-01
MGMOOU 2.8400+401 ! «2,667-01
CAMOOH 2,9300+01 -2,667-01
FEMOOY4 3,0400+01 :
3,771-01
RMS DEVIATION
4,000-01
NA2TIO3 2.9100+01
4,000-01
RMS DEVIATION
-2,708+00
MGTIO03 1,7800+01 1.,925-01
CATIO3 2.2400+01% 1,085+00
SRTIO03 2,5992+01 -8,302~01
BATIO3 . 245777401 1,968+00
COTIO03 2.3800+01
1,483+00

RMS DEVIATION

25



TABLE II (continued)

6500 TRACOR LANE, AUSTIN, TEXAS 78721

DEVIATIONS OF ESTIMATED VALUES OF ABSOLUTE ENTROPY

COMPOUND

ZN2TI104
SR2TI104

RMS GEVIATION

NA2T1205
MGTI205

RMS DEVIATION

CAV206
MGV206

RMS DEVIATION

CAWOY
SR04
BAWOy4
FEVWOY
ZNWOY

RMS DEVIATION

ACCEPTED ENTROPY VALUE

(e.u./gmole)

3.2800401 -
3.8000401 -

4,1500+01
3.0400+01

4,2800+01
3.8270+01

~ 247000401
2.8300+01°
3.2000+01
3.1500+01"°
3.3800+01 .

26

DEVIATION
(e.u./gmole)

1.,500+00

S~

1.850+00

-1,850400

1,850+00

1.,4154+00
-1.,415+00

1.415400

-1.560+00
~2.960+00
-9,600-01
1.840+00
30()404‘00

2,398+400
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The accuracy of the correlation was estimated by calcu-
lating the deviation between observed and calculated values for
those compounds for which heat capacities had been determined
experimentally. The accuracy was expressed as the fractional
error, which is the RMS error divided by the average known heat
capacity for the group of compounds of interest. This error along
with the estimated heat capacity is shown in Tables III, IV, and
V for the carbonates, sulfates, and sulfides, respectively.

The uncertainty in calculated log K and temperature
values caused by errors in estimated thermodynamic properties was
studied. It was found that the effect of errors in heat capacity
and entropy was negligible compared to the effect of errors in
heat of formation and that the effect was smaller at higher tempera-
tures. The results of such investigations are described in detail
in T.M.s 004-009-Ch2 and Ch4. The correlation errors for estimation
methods developed at TRACOR were within the limits of experimental
accuracy. The uncertainties in temperature and log K values result-
ing from the known correlation error in predicted AH values were
taken into account when the log K and temperature values were used
in the thermodynamic screening process.

2.4 THERMAL STABILITY STUDIES

The third task of importance for thermodynamic screening
was to examine the thermal stability of metal oxides, sulfites
and sulfates using information obtained from the literature survey

and the compilation of thermodynamic properties.

2.4.1 Thermal Stability of Metal Oxides

For a metal having more than one oxidation state, it was
necessary to determine which of its oxides was the most stable
under flue gas conditions. The free energy of reaction for the
oxide going from one oxidation state to another over the tempera-
ture range 20 to 800°C was calculated using the data base of thermo-
dynamic properties from Equations (1) through (4). The free energy

27
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2.530G5¢€E+01

2373383+031

2.491211+01

2.471144+01

2.323026+01

24415933+301
2.374835+01

2.533931+031

TABLE III

l.2¢904C2-C2

£.305248-33

€£.545351-03

7.8556

)
2]

-03

0
[¢4]

2

~N
(&1}
t
Q
W

)
L ]

()
(%]
w1

}

70 Soll-

(&}

3

™
[99]

1.126278-02

6.386474-33

CARBONATES

DEGerKELVIN
+ DELTA CP

5.8560-03+T

5.762211+05
7.752781+C5
T.4302255+C5
54523513+05
T243702+55
56433353+053
5.769311+C5

7.575995+05

WITH KNOWN HEAT CAPACITIES

576939+05/T*%2

TEMPERATURE

RANGE

CEGRESS CENTIGRADE

2.500+01
2.500+61
2.270+C2
2.500+01
2.500+01
2.500+01
2.500+01

2.500+01

TO

T0

TO

T0

T0

T0

TO

7.0G0+02
7.050+02
5.270+C

1.200+03
1.727+03
1.200+03
7.00C+02

7.000+02

FRACTIONAL RMS

ERRGR

-

6.086-C2
34927-32
3.5303-C2
4.,737-C2
1.045-02
2.373-C2
1.182-01

b.719-02



TABLE IV

™3

"~

6C

CSTIMATED HEAT CAPACITIES FCR METAL SULFATES WITH KNOWN HEAT CAPACITIES .
CALa/ GMOLE/ DEG.KELVIN *
CP = CP(OXIDE) + DELTA CP ‘ :
DELTA CP = 9.0132+3C + 1.6828-02%7 - -4.6680+04/T»»2
MZTAL SULFATE A 3 D TEMPERATURE RANGE FRACTIONAL‘ﬁMS
_ DEGREES CENTIGRADE ERROR
452504 2.225737+31 2.336632-02  -4.663011+04 2.500+01 TO ~ 7.000+02 3.174-02
BLZ(S04)3 5.344459+01 5.482423-C2 §.522557+05 2.500+01 TO  7.000+C2 1.626-C2
2AS04 24174657401 1.786755-02 1.516559+05 2.500+01 TO  7.0C0+02 8.643-02
RESCU 1.745321+01 2.082752-02 2.701013+05 2.50C+01 TO  7.000+C2 6.482-02
CASOH 2.035980+01 1.79C816~-02 1.193554+C5 2.270+02 TO  6.270+02 2.111-02
COs04 1.355928+31 1.890575-02  ~4.563011+04 2.500+01 TO  7.000+02 2.016-02
Cusoy 1.328013+01 2.152344-02  -4.568011+04 2.50G6+01 T0  7.0300+02 8.155-02
MGSO4 1.918795+01 1.856752-02 1.01193G+05 2.50C+01 TO  1.727+03 2.573-02
MNSQU 2.311727+01 1.875820-02 4.123509+C4 2.500+01 T0 1.200+03 3.120-02
NA2S0G 2.470£54+G1 2.2225C8-02  -4.6628C011+C4 2.500+401 TO  7.000+C2 6.424-02
P3304 1.950841+01 2.082752-02  ~4.668011+04 2.500+01 TO  6.000+02 4.356-02
SRSQ4 2.134760+01 1.754877-02 1.339282+05 2.500+C1 TO  7.000+C02 7.098-02
ZNS04 2.071691+31 1.804872-C2 2.500+01 TO  1.200+33 4.332-02

1.711967+05



TABLE V
ESTIMATED HEAT CAPACITIES FOR METAL SULFIDES WITH KNOWN HEAT CAPACITIES
CAL./ GMOLE/ DEGLKELVIN
CPp T CP(OXIBE) + DELTA CP

119

\0

10

11

12

13

14

DELTA CP = 1.7972+00 + -1.0570-03*T - -1.6525+04/T»»2
METAL SULFIDES A B D TEMPERATURE RANGE FRACTIONAL RM:
: DEGREES CENTIGRADE ERROR
AG2S 1.505138+01 $.986367-03 ‘-1.652523+UQ 2.500+01 70 7.000+02 1.296-01
pI12s: 3.01177&+01 4.824901-03 -4.957569+G§ 2.500+01 70 5.000+02 8.404-03
CoS 1.1443399+01 1.021403-03 -1.652523+04 2.500+01 Td 7.000+02 9.865-02
FES 1.345314+G1 3.425557-04 5.944497+04 2.500+0i T0 1.200+03 1.060-01
MGS 1.197126+0G1 6.821647-34 1.313533+05 2.500+01 70 1.727+03 1.045~-01
MNS >1.290123+01 8.828407-04 7.138997+04 2.500+01 TO 1.200+03 4.364-02
NAZ2S 1.743055+01 u.33972u733 -1.552523+04 2.500+01 7190 7.000+02 2.380~-03
P3s 1.239242f01 2.942159-03 -1.652523+04 2.500+01 TO 6.000+02 9.568-02
58287 2.447374+01 1.391C027-02 -4,957569+04 2.500+01_T0 %.000+02 9.2506-03
SNS i.134365+31 2.440459-03 -1.5652523+04 2.500+01 TO 7.000+02 5.609-02
SNS2 2.128574+01 2.345014-04 4.827346+05 2.500+01 YO 1.200+03 4.677-02
TIS?2 2.072594+01 -1.1345e5-0U3 3.166951+CS 2.500+01% YO 1.200+03 2.217-02
Us2 2.273525+0G1 -4.943126-34 3.625579+0S 2.500+01 TO 1.200+03 3.686-02
ZNS 1.35038382+01 1.613627-04 2.013516+05 2.500+01 TO 1.200+03 3.062~-02
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changes were used to determine which oxidation state was the most
stable under flue gas conditions over the temperature range of
interest. The calculations and results are given in detail in
T.M. 004-009-Ch7. An example of the results for PbO and PbO, is
given in Figure 2. Figure 2 shows that PbO, is the most stable
oxide under flue gas conditions up to 268°C and that PbO is the
most stable at higher temperatures.

2.4.2 Thermal Stability of Metal Sulfites

‘Thermal stability of metal sulfites was studied using-
both descriptive and quantitative information. From the literature
survey it was found that on heating, metal sulfites either decompose,
disproportionate to form sulfate and sulfide, or both dispropor-
tionate and decompose. It was found that sulfites are generally
unstable at high temperatures and that the occurrence of dispro-
portionation or decomposition depends on the thermodynamic
equilibrium and the reaction kinetics. 1In particular if the sulfite
decomposition temperature is high, disporportionation occurs to
a large extent. Howeveér, for sulfites with lower decomposition
temperatures, disproportionation and decomposition are competing
reactions. These ideas are discussed in detail in T.M. 004-009-Ch3.
The tendency towards disproportionation or decomposition was deter-
mined by calculating the equilibrium constant for the two reactions
over the temperature range of interest using the program AIRPOL.
These data also provided a measure of the sulfur oxide partial
pressure over the reaction product. The results of these calcu-

lations, as well as the results ofAexperimental work described

in the literature, are given in detail in T.M. 004-009-Chl6. An
example of the calculations is given.for zinc in Figures 3 and 4.
Figure 3 shows that zinc has a thermodynamic tendency to dispro-
portionate in the temperature range of interest since the free
energy (-RT In K) is negative. Figure 4 shows that, under flue
gas conditions, the sulfite would decompose around 200°C.
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2.4.3 Thermal Stability of Metal Sulfates

The thermal behavior of metal sulfates was also studied
using both calculated equilibrium constants and reports of experi-
mental work described in the literature. From the literature search
it was found that the sulfates can be roughly classified in four
groups: (1) sulfates which show simple decomposition accompanied
by the formation of the corresponding oxides; (2) sulfates which

~decompose to the oxides with the intermediate formation of oxy-

sulfates; (3) sulfates which decompose with oxidation; and (4)
sulfates which decompose with reduction giving the metal as the
product. Naturally, this grouping is crude, since the decomposi-
tion path is influenced by the experimental conditions, especially
the atmosphere. These findings are discussed in detail in T.M.
004-009-Ch8 and are summarized in Table VI on page 40.

Using the compilation of thermodynamic properties, equili-
brium constants for the sulfate decomposition reactions were
calculated. The sulfate decomposition reactions were written with
SO, as the gaseous product rather than SO, and 0,, since the former
method was the most accurate way to represent the total sulfur
oxide concentration in the flue gas for the temperature range of
interest. The values of log K for the decomposition reactions
were plotted from 25 to 800°C by Calcomp plotter with instructions
from the program AIRPOL. These plots were valuable in the thermo-
dynamic screening process since they gave a measure of the sulfur
oxide partial pressure over the sorption product and a prediction

~ of the sulfate decomposition temperature. The plots are included

in Section 8.2 of this report. Use of the equilibrium plots for
thermodynamic screening is described in detail in Section 2.7.1.

2.5 CATALYTIC OXIDATION PROPERTIES OF METAL OXIDES

In order for the reaction product of sulfur oxide sorption
by metal oxides to be a sulfate, either the metal sulfite must be
formed and then disproportionate, or oxidation must take place.
Since some metal oxides are known to be catalytically effective
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as SO, oxidation catalysts, the properties of these oxides and

the oxidation reaction itself were studied in some detail. An
extensive literature search revealed several ideas. An oxide

that is effective as an S0, oxidizing catalyst is unsuitable as

a sorbent in the temperature range in which it is catalytically
effective, since according to the reaction mechanism proposed

for catalytic oxidation, its sulfate must be unstable at that
temperature. On the other hand, the oxides which are poor cata-
lysts because of the formation of a stable sulfate are potential
sorbents. . Thus the main difference between catalytic effectiveness
and sorption of sulfur oxide with the formation of sulfate is the
partial pressure of SO, over the sulfate intermediate. The results
of the literature search including experimentally determined
catalytic activity for many oxides are discussed in detail in

T.M. 004-009-Chl6 in parts III and IV.

2.6 DETERMINATION OF PRICE AND AVAILABILITY OF
METAL OXIDES

The fifth task of impertance for the screening process
was to determine the price and availability of the potential metal
oxide sorbents. In determining the availability of a sorbent,
such factors as world and domestic production, consumption, and
stockpiling were considered. All of the data were reported in
short tons per year. The results of the survey are summarized in
Table VI.

2.7 PRELIMINARY SCREENING BASED ON THERMODYNAMICS AND
SORBENT AVAILABILITY

2.7.1 Criteria for the Screening Process

The goal of the preliminary'screening process was to use
all the thermodynamic and descriptive information obtained up to
that point to reduce the field of potential sorbents. Oxides not
thermodynamically capable of reducing the sulfur oxide concentra-
tion in the flue gas to the desired level were eliminated from
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the list of potential sorbents. The thermodynamics of the regener-
ation step were also considered in screening the oxides. A third
consideration, though not a decisive factor, was the price or
availability of the oxide. Fourth, physical properties, such as
toxicity, which were a deterrent to the use of the oxide in an
industrial process were also considered in screening the potential

sorbents.

_ The data reported in the literature and calculated from
thermodynamic properties on thermal behavior of the oxides, sulfites
and sulfates, plus catalytic activity of the oxides, were included
in the screening process. These data were used to predict the
sorption products and the course of the decomposition reaction.
Next, the decomposition reactions for the sorption products were
written and the value of the equilibrium constant was calculated

for the temperature range of interest.

Since the sulfur oxide removal process must reduce the
concentration of sulfur oxides in the flue gas emitted from the
largest power plants to 150 ppm, the partial pressure of SOx in
the exiting flue gas must be .00015 atmospheres when the total
pressure of the flue gas is 1 atmosphere. All the other species
in the sorption reaction are at unit activity (solids) so that
the equilibrium constant is numerically equal to the partial
pressure of SOx in atmospheres when the reaction is written as
a decomposition. Therefore, a compound will be able to reduce
the sulfur oxide concentration to 150 ppm only in the temperature
range where K is less than .00015 or log K is less than -3.82. The
Sorption temperature must also be high enough to prevent plume
droop and the resulting localized pollution. Most of the oxides
studied fulfilled this thermodynamic requirement.

The regeneration step imposed another thermodynamic
requirement. The matter of thermal regeneration is important
because chemical regeneration requires reasonably complex equipment
as well as the consumption of an energetic material. A requirement
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of the regeneration process is that it must produce sulfur oxides
in a concentration sufficient for use in a sulfur recovery process.
Such a concentration of sulfur oxide must be obtainable at tempera-
ture limits imposed by materials of construction and availability
of heat energy, or from 100 to 750°C. All of these requirements
demand a value of log K less than -3.8 at the sorption temperature
and greater than -2 at the regeneration temperature. Another way
of saying this is that sorbents were sought that have only a slight
negative free energy change in the sorption step, since a slight
negative free energy change would be easiest to overcome in the
regeneration step, whether the regeneration would be thermal or
chemical. Figure 5 gives an example of how the thermodynamic re-
quirements of the screening process were applied. The horizontal
lines labeled ''regeneration' and '"sorption'" indicate the log K
values calculated as described above. As can be seen in Figure 5
the regeneration'of barium sulfate would be difficult in the required
temperature range. However, copper and tin oxides have favorable
thermodynamic properties for both sorption and regeneration.

2.7.2 Metal Oxide Screening

Most of the data upon which the preliminary screening
process was based are compiléd in Table VI. The result of the pre-
liminary screening process was a reduction of the field of potential
sorbents to the oxides of the 16 metals shown in periodic arrange-
ment in Figure 6. For the oxides of tungsten, tantalum, antimony,
and niobium, not enough data were available to allow a decision
to be made about their value as potential sorbents.

2.7.3 Mixed Metal Oxide Screening

It was found during the préliminary screening process
that some oxides such as the alkaline earth oxides or the alkali
metal oxides underwent a large negative free energy change during
the sorption step. As was stated in Section 2.7.1, sorbents were
sought that had only a slight negative free energy change for
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OXIDE

1) Li,0

2) Na,0

3) K,0

4) Rb,0

5) Cs,0

6) BeO

7) Mgo

*
POSSIBLE SORPTION

RANGE WITH
SULFITE FORMATION

25 to 800°C

25 to 800°C

25 to 800°C

Unknown

Unknown

Sorption not
possible at
temp. greater
than 25°C.

Possible at
temp. less
than 150°C

TABLE VI

PROPERTIES OF OXIDES, SULFATES, AND SULFITES

DISPROPORTIONATION* DECOMPOSITION* DECOMPOSITION CATALYTIC
RANGE OF TEMPERATURE TEMPERATURE BEHAVIOR PRICE
SULFITE OF SULFITE OF SULFATE OF OXIDE DOLLARS/SHORT TON REMARKS

Thermodynamically > 800°C > 860°C (melt- Inactive Metal: 15,000 Not a potential sorbent.

favored between ing point) Carbonate: 850 1) Sulfite disproportion-

25-800°C. Rate be- Sulfite: 2,400 ates. 2) Sulfate decom-
comes appreciable position temperature is

at 650°C. too high.

Thermodynamically > 800°C > 900°C Inactive Metal: 400 Not a potential sorbent.

favored between Weight loss Carbonate: 30 1) Sulfite disproportion-

25-800°C. Rate be- when held for Sulfate: 20 ates. 2) Sulfate decomposi-
comes appreciable 2 hrs. at 1200°C tion temperature is too

at 600°C. is 1.05%. . high

Thermodynamically > 800°C > 900°C. Weight Inactive  Salts: 20 Not a potential sorbent.

favored between loss when held for 1) Sulfite disproportion-

25-800°C. Rate be- 2 hrs. at 1200°C ates. 2) Decomposition
comes appreciable at is 3.6%. temperature of sulfate is
temperatures above too high.

7500 C. -

Unknown Unknown > 900°C. Weight Inactive Metal: 1.5million Not a potential sorbent.
loss when held Carbonate:280,000 1) Too expensive. 2) The
for 2 hrs. at sulfite will probably dis-
1200° is 6.3%. proportionate. 3) The decom-

position temp.of the sulfate
is too high.

Unknown Unknown > 1036°C.Weight Inactive Metal: 400,000 Not a potential sorbent.
loss when held Carbonate: 64,000 1) Too expensive. 2) Sul-
for 2 hrs. at fite probably disproportion-
1200°C is 13.9%. ates. 3) The decomposition

temperature is too high
for the sulfate.

Shows no tendency 150°C 690 to 760°C Inactive Metal: 130,000 Not a potential sorbent.

to disproportion- Beryl(11% BeO): 1) Poisonous 2) Sulfite

ate thermodynam- Buyer-Seller decomposition temp. too low.

ically. Basis 3) Oxide is inactive, sorp-

tion with sulfate formation
would be slow.

Thermodynamically 350°C Static method- Inactive Metal: 705 Not a potential sorbent.

favored between 2 950°C Carbonate: 285 1) Percent disproportion-

25-800°C. The amount Dynamic method- ation is small but important.
of sulfite converted 2 871°C

to sulfite is 5-18%
between 300 and 600°C.

* Thermodynamic calculations were made only in the temperature range from 25 to 800°C.

2) Sulfate decomposition
temperature is too high.



8)

9)

10)

11)

1%

12)

13y

14)

OXIDE

Cao

Sr0

BaO

Sc_,0

273

Y, 0

La_oO

273

Ce, O

CeO

TABLE VI (Cont'd.)

. *
POSSIBLE SORPTION DISPROPORTIONATION* DECOMPOSITION* DECOMPOSITION

range from 25 to 800°C.

* Thermodynamic calculations were made only in the temperature

600 to 700°C.
Some sulfate
found in cat-
alyst mass.

CATALYTIC
RANGE WITH RANGE OF TEMPERATURE TEMPERATURE BEHAVIOR PRICE

SULFITE FORMATION SULFITE OF SULFITE OF SULFATE OF OXIDE DOLLARS/SHORT TON REMARKS

< 590°C Thermodynamic tend- > 800°C > 1227-1527°C Inactive Metal; 4,000 Not a potential sorbent. 1)
ency to disproportion- CaQ,: pos- Sulfite decomposition temp. too
ate from 25 to 800°C. sibly high high. 2) Disproportionation of
Rate becomes appre- oxidation sulfite. 3) Sulfate decomposi-
ciable at 600°C. power(see Fig.65) tion temp. too high.

25 to 800°C Thermodynamic tend- > 800°C - 1374°C Inactive Sulfate: 60 Not a potential sorbent. 1) Sul-
ency to dispropor- Carbonate:400-700 fate decomposition temp. too high.
tionate from 25 to 2) Sulfite disproportionates.
800°C. Rate becomes 3) Sulfite decomposition temp. is
appreciable at 450°C. too high.

25 to 800°C Thermodynamic tend- > 800°C > 1347 (m.pt.) Inactive Oxide: 288 Not a potential sorbent. 1) Sul-
ency to dispropor- : Ba0,: pos- Sulfate: 20 fite disproportionates. 2) Sul-
tionate from 25 to sibly high Carbonate: 112 fate decomposition temperature
800°C. Rate becomes oxidation too high. 3) sSulfite decomposition
appreciable at 500°C. power(see Fig.65) temperature too high.

Unknown Found by experiment Decomposition 780°C Probably Oxide: 3,500,000 Not a potential sorbent. 1) Too
to disproportionate should be inactive to 5,200,000 expensive.
from 300 to 550°C. appreciable at
Secondary reactions the same temp.
with sulfur forma- as dispropor-
tion at 300°C. tionation.

Unknown Found by experiment Decomposition 1124°C. Before Probably Metal: 500,000 Not a potential sorbent. 1) Too
to disproportionate should occur decomposition inactive to 1,000,000 expensive. 2) Sulfite dispropor-
from 500 to 800°C. and compete a basic sulfate tionates. 3) Sulfate decomposi-
Secondary reactions with dispropor- is formed. tion temperature too high.
with sulfur forma- tionation.
tion at 700°C.

Unknown Found experimentally Decomposition > 1096°C Basic  Probably Not a potential sorbent. 1) Prob-
to disproportionate and dispropor- sulfate is form- inactive ably too expensive. 2) Sulfite
appreciably from 400 tionation are ed before decom- disproportionates. 3) Sulfate
to 700°C. Secondary are competing position. decomposition temp. too high.
reactions with sul- reactions.
fur formation at 650°C.

Unknown Decomposition and disproportiona- > 650°C Decom- Probably Metal: 150,000 Potential sorbent 1) Sulfate
tion are expected on the basis of position product active decomposition is not too high.
iimilarity to lanthanum and samar- is CeO, . 2) Shows catalytic activity.

um.
Unknown Unknown Unknown > 860°C 1.8-13.77 Oxide: 8,000 Potential sorbent 1) Sulfate
conversion decomposition is not too high.
of 50, from 2) Shows catalytic activity.
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TABLE VI (Cont'd.)

POSSIBLE SORPTION DECOMPOSITION DECOMPOSITION CATALYTIC
RANGE WITH RANGE OF TEMPERATURE TEMPERATURE  BEHAVIOR PRICE
OXIDE SULFITE FORMATION SULFITE OF SULFITE OF SULFATE OF OXIDE  DOLLARS/SHORT TON REMARKS

15) TiO, Unknown Unknown Unknown 430 to 600°C Poor since Oxide: 120 Potential sorbent: 1) Sulfate decc
Basic sulfate reaction ' position temp. seems favorable for
is formed be- Ti,0,-TiO, sorption. 2) TiO,reacts too slowly.
fore decompo- goes too In catalytic experiments only small
sition. slowly. amounts of Ti0SO, were found.

16) Zro, Possible at tem- Unknown 600 C* 576 to 632°C1 Probably Metal: 10,500 Potential sorbent 1) Sulfate
peratures below Basic sulfate inactive to 36,000 decomposition temp. is favorable.
330°C. formed before Oxide: 600 2) Oxidation power can be expected

decomposition. to 3,000 to be very low.

17) HfO, Unknown Unknown Unknown 550 to 650°C Probably Metal: 150,000 Same as for ZrQ,

: inactive to 276,000
18) v,0, Unknown Unknown Unknown > 400°C Good cat- V,0, . 2,400 Potential sorbent: 1) Kinetics of
Decomposition alyst. Con- to 2,600 reaction below 400°C discouraging.
Vo, Unknown Unknown Unknown product is version 2) Thermodynamically favorable.
’ mixture of takes place
V,0, Unknown Unknown Unknown V,0, and V,0, from 400-
: 700°C. Part
of V,0, is
) reduced.
19) Nb O, Unknown Unknown Unknown Unknown Unknown Oxide contain- Insufficient information for
ing ore: 2,000 decision.
to 8,000
Metal: 20,000
to 60,000
20) Ta, O Unknown Unknown Unknown Unknown Unknown Pentoxide: 15,000 Insufficient information for
to 16,000 a decision.
21) Cr,0, Unknown Unknown Unknown Decomposition SO,physi- Ore(50% Cr,0,): Potential sorbent: 1) sulfate
to basic sul- cally ad- 18 decomposition temperature probably
fate 460-640°C, sorbed on to 36 favorable. 2) the reactivity with
Sulfate decom- Cr_ 0,, no SO,up to 400°C is very poor.
position temp. reaction
unknown. to 400°C.
Efficiency
of Cr -
Snozmigiure
is very high
from 350 to
400°C.

1 There seems to be a discrepancy between theoretical and experimental results.
the sulfite should decompose at much lower temperatures.

If sulfate decomposes at 576 to 632°C,



TABLE VI (Cont'd.)

POSSIBLE SORPTION DISPROPORTION- DECOMPOSITION DECOMPOSITION CATALYTIC
RANGE WITH ATION RANGE TEMPERATURE TEMPERATURE BEHAVIOR PRICE
| OXIDE SULFITE FORMATION OF SULFITE OF SULFITE OF SULFATE OF OXIDE DOLLARS/SHORT TON REMARKS
22) MoO, Unknown Unknown Unknown Unknown MoQ, catalyst Metal: 3,200 Not a potential sorbent. Sublimes
converts 457% Oxide: 2,800 rapidly at 600°C.
S0, from 500-
700°C. Cata-
lyst mass
undergoes un-
described
change.
23) WO, Unknown Unknown Unknown Unknown Poor: Conver-  Metal: 35-45 No decision possible.
’ sion reaches
a maximum of
627, at 675°C.
Catalyst is
partly reduc-
ed.

24) MnO < 240°C Thermodynamic 440°C MnSO, is oxi- Poor catalytic Metal: 590 Not a possible sorbent. 1) Shows
tendency to dized in O, activity, Cat- excellent sorption behavior
disproportion- containing alyst mass is (especially MnO,) with MnSO, form-
ate from 25 to atmosphere. transformed to ation. 2) Decomposition tempera-
800°C Decomposi- MnSO, ture of sulfate is too high. 3)

~ tion between Active form of sorbent difficult
w 1090-1100°C. to regenerate.
Mn, 0, < 20°C 000 mmeeee--- 130°C 1090-1100°C Same as MnO. Same as MnO. Same as MnO.
MnO, Sorbs with forma- ----=--=-- = ceo-- 1090-1100°C Same as MnO. Same as MnO. Same as MnO.
tion of sulfate. for MnSO, .

25) ReO, Unknown Unknown Unknown Unknwon Unknown Metal: 1,160,000 Not a possible sorbent. 1) Too

expensive.

26) FeO < 190°C Thermodynamic 380°C Oxidation Good (used Ore: 8.5 Potential sorbent: 1) Thermody-
tendency to takes place as commer- Oxide Pigments: namically favorable. 2) Kinetics
disproportion- at 520-530°C. cial catalyst) - 60-440 of the reaction below 400°C
ate from 25- discouraging.
800°C.

Fe, O, Sulfite is un- = -cee---- 60°C Literature Same as FeO. Same as FeO. Same as FeO.
stable at temp- disagreement,
eratures above

60°C.

probably 650°C.
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TABLE VI (Cont'd.)

POSSIBLE SORPTION DISPROPORTION- DECOMPOSITION DECOMPOSITION CATALYTIC
RANGE WITH ATION RANGE TEMPERATURE TEMPERATURE BEHAVIOR PRICE
OXIDE SULFITE FORMATION OF SULFITE OF _SULFITE OF SULFATE OF OXIDE DOLLARS/SHORT TON REMARKS

27) CoO < 250°C Thermodynamical-  470°C 800-1000°C No data. Metal:3,000-3,300 Potential sorbent: 1) Coxoy can
ly favored from End product Oxide: No data. s da_
25 to 800°C. is Co. 0 be expected to haye a good oxida )

374 tion power (See Figure 65). 2) De
composition temperature of sulfate
is a little too high.

28) NiO < 180°C Thermodynamical-  410°C About 800°C Unknown Metal: 1,900 Potential sorbent: 1) The higher
ly favored be- Oxide: 1,800 oxides, Ni O , can be expected to
tween 25 and h hieh y h oxidati
800°C. ave a high enough oxidation power

for S0, oxidation. 2) Sulfate
decomposition temperature is reason-
) able.

29) tho Unknown Unknown Unknown Unknown Unknown Metal: 1,200,000 Not a potential sorbent: 1) U.S.

production 2 tons/yr. 2)Too expensive.

30) Iro, Unknown Unknown Unknown Unknown Unknown Metal: 4,958,000 Not a potential sorbent, too expen-

to 5,542,000 sive.

31) Pdo Unknown Unknown Unknown Unknown Unknown Unknown No decision possible, but probably

too expensive.

32) Cu0 Sulfite is un- Thermodynamical- 110°C 840-935°C Poor, (sul- Metal: 680 to 760 Potential sorbent: 1) Oxidation
stable at tempera- ly favored from fate form- power may be high enough. 2) Decom-
tures higher than 25 to 800°C. ation). position temperature of sulfate is
110°C. . not too high.

Cu,0 Sulfite is un- Thermodynamical- 100°C Cu, 80, is Poor, (sul- Same as CuO. Same as CuO.
stable at temp- ly favored from oxlidized in fate form-
eratures higher 25 to 80C°C. air. Decom- ation).
than 100°C. poses at
840-935°C.

33) Ag,0 < 310°C, Az 0 Thermodynamical- Predicted to > 840°C Poor, (sul- Metal: 38,000 Not a potential sorbent, sulfate
is stable to ly favored be- be > 570°C. Decomposition fate form- to 52,000 decomposes to metal.
250°C. tween 25 and The reaction, product is ation).

800°C. 2Az,580, = 2Ag metal.
+ S0,+ Ag,SO,,
occurs at 100°C.

34) Zn0 < 110°C Thermodynamical- 290°C > 740°C Inactive Metal: 240-280 Potential sorbent: 1) Disproportion-

ly favored be- Decomposition Oxide 300-355 ation is 3% at 350°C. 2) Decomposi-

tween 25 and
800°C.

zoes via oxi-
sulfate as
intermediate.

tion temperature of sulfate is low
enough.



TABLE VI (Cont'd.)

Sy

POSSIBLE SORPTION  DISPROPORTION- DECOMPOSITION DECOMPOSITION CATALYTIC
RANGE WITH ATION RANGE TEMPERATURE TEMPERATURE BEHAVIOR PRICE
SULFITE FORMATION OF SULFITE OF SULFITE OF SULFATE OF OXIDE DOLLARS /SHORT TON REMARKS
< 230°C Thermodynamical- 450°C > 1065°C Inactive Metal: 5,160 Not a potential sorbent. 1) Since
ly favored be- A basic sul- the decomposition temperature of the
tween 25 and fate is form- sulfite is higher than that for Zn
800°C. ed before de- disproportionation will be more ex-
composition. tensive. 2) The resulting sulfate
cannot be thermally regenerated.
No salts are Element: 7,330 Not a potential sorbent.
known to exist.
Sulfite is un- No tendency to  Theoretically 650-950°C Inactive Sulfite: 44 to 76 Potential sorbent: 1) Disagreement
stable at tem- disproportion- 70°C. Litera- ) Oxide 15 to 32 between estimated and reported de-
peratures abov ate, ture reports composition temperature of sulfite.
70°C. : 200 to 300°C. 2) No disproportionation predicted.
3) Sulfate decomposition tempera-
ture low enough.
Unknown Unknown Unknown Unknown Unknown Metal: 860,000 Not a potential sorbent. 1) Price
to 1,270,000 1is too high. 2) Production too low.
U.S. production:
1.12 short tons/yr.
No salts are @ ----- ' ce--c cmemee medee mmeees Not a potential sorbent.
known to exist.
Unknown Unknown Unknown Unknown Unknown Oxide: 137,000 Not feasible, U.S. prod. 1.5 tons/yr.
Thermodynamically ------ =—cco-- About 600°C. Poor Metal: 3,060 Potential sorbent: The poor oxida-
unstable between tion power will most probably yield
25 and 800°C. a very low reaction rate.
< 330°C Tends to dis- > 600°C > 800°C Poor: It was Metal: 280 Not a potential sorbent. 1) The lead
proportionate reported that oxides Pb_O_, especially PbO,, show
in the entire nearly all 4 . :
2 good sorption behavior. 2) Resulting
temp. range. oxides(start- 1f
Rate becomes ing with Pbo,) s: ate cannot be thermally regenerat-
appreciable form sulfates, ed. 3) Poisonous.
at temp. above
300°C.
No salts are @ = «==--- = ccceeoe oeoo LR T T Not a potential sorbent, too poison-
known. ous.
Sulfite is un- ~-=--- = ceoe--- Unknown Unknown Oxide:950 to 1,200 No decision possible.

stable in entire
temp. range.

According to
Fig. 65, the system Sb,0.,/Sb_0,, has
a high oxidation power.
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OXIDE

45) Bi,0,

46) U0,

47) Tho,

TABLE VI (Cont'd.)
POSSIBLE SORPTION DISPROPORTION- DECOMPOSITION DECOMPOSITION CATALYTIC
RANGE WITH ATION RANGE TEMPERATURE TEMPERATURE BEHAVIOR PRICE
SULFITE FORMATION QF SULFITE QOF SULFITE OF SULFATE QF OXIDE DOLLARS/SHORT TON REMARKS
< 150°C Thermodynamical~  310°C ~ 860°C Unknown Element (refined): Potential sorbent.
ly favored in Basic sulfate 6,860
the entire temp. is formed be-
range. fore decompo-
sition.
< 130°C No tendency to 320°C =z 500°C Poor, due to U, 04 ¢ 12,000 Potential sorbent, will sorb SO,
disproportion- Forms basic sulfate form- probably with UO,SO, formation.
ate. sulfate before ation.
decomposition.
< 190°C No tendency to 390°C > 800°C Unknown Metal Pellets: Potential sorbent.

disproportion-
ate.

Oxide:

30,000
12,000
to 20,000
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the sorption step, since excess free energy would have to be
supplied during the regeneration step. Therefore, oxides such

as the alkaline earth oxides had to be eliminated as potential
sorbents. However, it was further found that these oxides, as
well as others, when in chemical combination with a second oxide
formed a compound with more favorable thermodynamic properties
for regeneration. Since little was known from the literature
about the reactions which actually occurred, the following simple
reaction was used for the purpose of thermodynamic calculations.

MeSO4 + Me'0O - MeMe'O + SO3 _ (9

The thermodynamics of sulfur oxide sorption using such mixed

metal oxides were studied by calculating the log of the equilibrium
constant for the reaction shown in Equation (9) and determining

the magnitude of the free energy change. The equilibrium constants
were calculated using the data base of thermodynamic properties

by the program AIRPOL. The majority of the heats of formation for
the mixed metal oxides were estimated by the modified Erdds method
described in T.M. 004-009-ChlA. 1t was found that in many cases
the free energy change was more favorable for the mixed metal oxide
than for one or both of the single oxides. These studies were
described in detail in T.M. 004-004-Ch22.

Preliminary screening for metal oxide pairs consisted
of determining the partial pressure of sulfur oxide over the
sorption product from the log of the equilibrium constant for the
decomposition reaction (see paragraph 2.7.1). It was found that
numerous mixed metal oxides had the desired log K values for the
decomposition reaction. These compounds are listed in T.M.
004-009-Ch22. Further investigation concerning the chemistry
of the so-called "mixed metal oxides'" revealed that an experimental
program involving these compounds would be beyond the scope of
the contract. The problems involved in such a study are discussed
in T.M. 004-004-Ch25.
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3. KINETIC STUDIES

3.1 INTRODUCTION TO KINETIC STUDIES

This section describes the methods used to screen the
sixteen metal oxides shown in Figure 6 on the basis of their rate
of reaction with 802 in a flue gas atmosphere. Kinetic screening
was essential because even the most thermodynamically capable
sorbent may be impractical for SO2 removal if it reacts too slowly
to be effective or economically feasible. Kinetic measurements
eliminated such sorbents and provided an input to the economic
studies for determining reactor design and operating conditions.

3.2 APPROACH

The purpose of the kinetic studies was to determine which
thermodynamically favorable metal oxides were most reactive with
S0, . The criteria for reactivity is the rate of reaction. The rates
of noncatalytic gas-solid reactions can often depend on physical
effects, such as diffusion and heat transfer, which may be a result
of the conditions of the experiment or the treatment of the sample.
An attempt was made to try to minimize these physical effects and
thereby evaluate the inherent. chemical reactivity of each candidate
metal oxide. Physical effects were partially minimized by using
samples with small particle size, dilution of the sample, gas flow
through the diluted sample instead of around it, and isothermal

conditions.

The reactivity of a metal oxide is also determined in
part by physical properties that are a result of the compound pre-
paration method. Each sample was characterized by BET surface area
determination, x-ray diffraction, and chemical analysis. These
measurements were useful in the comparison of reaction rate re-
sults. All of these techniques are described in detail below.
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3.3 COMPOUND PREPARATION AND CHARACTERIZATION

3.3.1 Preparation Methods

The metal oxides were prepared by thermal decomposition
(calcination) of suitable compounds. Compounds which could be
calcined at relatively low temperatures were chosen to minimize
sintering of the product oxide. The metal hydroxides or hydrous
oxides were usually employed. Procedures similar to those discussed
below for the hydroxide were used for all intermediates.

The metal hydroxides were prepared by precipitation.
The precipitate was filtered and washed several times with large
quantities of water. The moist product was dried at low tempera-
ture ( 60°C) for 1-3 days in a vacuum oven. It was then ground
if necessary and calcined either in a muffle furnace or vacuum
oven. The metal oxide product was ground, sieved, and stored
in a dessicator. The -170 +325 mesh fraction was retained for
BET surface area and reaction rate determinations. The actual
conditions employed and the intermediates used to prepare each
metal oxide are summarized in Table IX in Section 3.5.

3.3.2 Use of X-ray Diffraction

The oxides were identified from their x-ray powder
diffraction patterns. The patterns were determined by using Cr
Ky radiation with either a Siemens type F Diffractometer (Eg 4/22e)
or a Siemens short cylindrical camera (Cat. No. 176311l) for
Debye-Scherrer patterns. The diffractometer was used in most
cases since the peak width gave a qualitative indication of the
crystallinity of the sample. The lattice spacings were calculated
from the recorded diffraction angles using the Bragg equation.
Observed values were compared with those listed in the ASTM
Inorganic Index to the Powder Diffraction File 1967.

Figure 7 shows the diffraction patterns obtained for
Co30, prepared from the nitrate (A) and the hydroxide (B). The
broad peaks of B indicate that it is less crystalline or has a
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smaller primary particle size than A. This character is also
reflected in the high surface area of B relative to A.

3.3.3 BET Surface Area Determinations

Knowledge of the surface area of a sample is an aid in
characterizing its reactivity. Samples of the same metal oxide
with different surface areas differ in rate of 802 sorption. The
specific surface of metal oxide sorbents was determined using the
BET method, which involves the measurement of the amount of gas
(adsorbate) adsorbed on the surface of a sample (adsorbent) at
a particuiar pressure and constant temperature. The method,
apparatus, and data analysis are discussed in detail in T.M.
004-009-Ch24. |

The BET method provides for calculation of the mono-
layer capacity, or the amount of adsorbate adsorbed in a layer

one molecule thick, from the adsorption isotherm using Equation (10).

An adsorption isotherm obtained at TRACOR for ziroconium oxide is
shown in Figure 8.

P. P.
Vi(poi-pz7 VmC VmC Poi

The following definitions are necessary:

Vm Monolayer capacity in cm3 (N.T.P.) of adsorbate
per gram adsorbent
Vi Volume of adsorbate in cm3 (N.T.P.) adsorbed per
gram sorbent at equilibrium pressure P; (mm Hg)
Po The saturation vapor pressure (mm Hg) of adsorbate
i .

at the temperature of adsorption

Relative pressure
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From the derivation of Equation (10) (GR-002), C is
defined by Equation (11).

c = e(El-L)/RT Vy 84 (11)

The factor, ,, is the frequency of oscillation of the adsorbate
molecule normal to the sorbent surface and E is the energy necessary

for the molecule to condense or be adsorbed on the first layer.
Therefore, ., e-El/RT
evaporating from a given site in the first layer. Similarly, the

factor, v, e-L/RT, is the number of molecules per second evaporating

is the number of molecules per second

from or adsorbing on the second layer. L is the latent heat of
condensation of the adsorbate.

The values of Vm and C are determined according to
Equation (10) by plotting experimentally obtained values of

Pj vs Pi and finding the slope and intercept of the re-
. - o
Vltpoi pl) poi

sulting straight line. The ''mormal" range of relative pressures
for which the plot is actually linear and the BET equation is
valid varies from about .05 to .35, although sometimes measurements
in the 0.001-.05 range are necessary. The specific surface area S
in square meters per gram is calculated from V,, using Equation (12)
where Vm is the monolayer capacity in cm (N. T P.) per gram, N is
Avogadro's number, and A.m is the cross-sectional area of the
adsorbate molecule, 16 jz.

-20
Vm N Am x 10

S = TILTL

(12)

The apparatus built and used at TRACOR for BET surface
area measurements consists of a basic high vacuum system with
manometer, calibrated volumetric bulbs, and thermometers. A
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mercury manometer is used to measure the gas pressure in the
system. The temperature of the sample immersed in a liquid
nitrogen bath is monitored with an argon gas thermometer. A
schematic diagram of the apparatus is shown in Figure 9.

The procedure followed to determine the necessary tempera-
ture, pressure, and volume data was to introduce a known amount of
gaseous adsorbate to the sample enclosed in a known volume, allow
the sample to adsorb the gas until equilibrium pressure was reached,
and measure the pressure. Since the temperature and volume of the
system were known, it was possible to calculate the amount of
adsorbate present after equilibrium had been reached using ideal
gas laws. Then the amount adsorbed at the measured pressure could
be determined from the difference between the known, original
amount of adsorbate and the amount remaining unadsorbed at that
particular equilibrium pressure. This procedure was repeated for
several different values of pressure such that the reduced or

‘relative pressure (equilibrium pressure divided by saturation
vapor pressure) varied in the range of .00l to .35.

The metal oxides were dried in a vacuum oven, and the
samples to be determined were weighed by difference using a
Mettler Type B6 analytical balance. The samples were weighed
into sample tubes constructed so that bumping of the sample
during outgassing would not cause it to be blown into other
parts of the system. The samples were outgassed overnight
until the system pressure, as measured with an ion gage (NRC
Model 741),was about 10~ torr.

A computer program, SSAREA, was written at TRACOR to

calculate Vi’ Ps> and Pq from input pressure, temperature, and
Ui
volume data and, using a least squares technique, to find the

best straight line with ordinate y; = Py and abscissa
. Vi(Pol-pl)
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Pi
X = pOi. An cxample of the output for ziroconium oxide, whose
adsorption isotherm was given in Figure 8, is shown in Table VII.

3.3.4 Differential Thermal Analysis

Differential thermal analysis (DTA) was used to determine
the calcination temperature of intermediate compounds if the
temperature was not already known. It was also used in some in-
stances to check for completeness of calcination of an intermediate
compound .

A TRACOR LB-202 Recorder-Controller and JP-202 Furnace
Platform were used to make the measurements. The results obtained
were in the form of difference in temperature between sample and
an inert reference (alumina) as a function of system temperature.
The decomposition reactions of interest appeared as endothermic
peaks.

3.3.5 Chemical Analysis

The metal oxide samples were analyzed by atomic absorption
and emission spectroscopy to determine the impurities present. The
analyses were done by Southern Spectrographic Laboratory in Dallas,
Texas.

The results are summarized in Table VIIi, which has been
reprinted by permission of Southern Spectrographic Laboratory. The
only compound having significant impurities was aluminum oxide
with about 1.2% zinc. The impurity was probably only a physical
mixture of ZnO with the Al ,0, caused by incomplete cleaning of
the sieve.

3.4 KINETIC MEASUREMENTS

3.4.1 Apparatus

A TRACOR TGA-3C thermal balance was used to make the
isothermal kinetic measurements. In this instrument the sample
holder is suspended from a spring. A photocell detector activates

a servo motor and linear actuator to maintain a null condition
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TABLE VII

DETERMINATIGON GF SPECIFIC SURFACE ARIZA BY THE & £ T METHOD
AMPLI DESCRIPTION . ZR02 334-53-1
178-325 MESHe OUT GASSED AT 6EC
8 E T -EQUATIONZ P/VIPG-P) = ((C=-1)/VM*C)IP/PO + 1/VM=C
SAMPLE RZIDUCED VOLUME ADSC RED PER GRAM P/V(PO~P) NORMALIZE
ToMPIRATURE PRESSURE P/PO SAMPLI AT STP (G/1ML) WEIGHTIN
{026+ KY) (MM HG) {(ML/G) FUNCTION
O0BSERVED CALCULATED . OBSERVED - CALCULATED
775 2346 1.0Cn 1.C0480 . «04815 «34E0(0 1,082
7745 L0583 1.047 1.Cel 05944 «0SELT « le.CC
77.4 . ’ .C80 1.373 l1.C82 + 038033 «37347 . 1.0C
TTe4 «.101 1.117 l1.123 «100&82 «10028 1.30
77.5 <127 1.160 1.133 «124358 12512 1.E2C
77.4 «1843 1.207 1.132 «14532 «14723 1.C0¢C
77t » 203 1.3C 1.270 «121764 «12c38 1.60
77.4 «224% 1.32¢Q 1.313 21545 «21978 1.G0
774 « 265 1.39 . 1.386 «25923 «2€061 1.C0
7744 272 1.4086 lat12 «27516 «27393 l.0C
T77.4 » 282 l1.411 1.440 «29288 «28705 l1.0C
VOLUME 2BSORBED PER GRAM SAMPLE IN MCLECULAR MONOLAYER (VM) = 1.02 ML/G
RELATIVE LIFECTIMES OF MOLECULES IN FIRST AnD HIGHZR LAYERS (C) = &77.24
CCRRELATION ERROR FCR P/V(PO-P) = .C(268 C-1/VMxC = «376¢8 1/VMC = .0O144
RMS ERRCR FOR VOLUME ADSOREBED = .02 ERROR IN C-1/vMxC = « G023
£RRCR IN 1/VMsC = +0017S ERROR IN VM = .01
SPECIFIC SURFACE AREA = .35 % VM
SPZCIFIC SURFACE AREZA = 4.485 SQUARE METERS/GRAM
ERRIR IN SPECIFIC SURFACE AREA = - C4



PHONE FEDERAL 1-3243 TABLE VIII: RESULTS OF CHEMICAL ANALYSIS

Southern Spectrographic Laboratory

P. O. BOX 6014
2824 N. WESTMORELAND
DALLAS, TEXAS 75222

May 8, 1969
Tracor
6500 Tracor Lane
Austin, Texas 78721
SSLA69-AA-68
.0, M1k

Sample: Nine Oxides _
Zn0 Cra03 $n0y Co304 NiO Fe204 Al203 Sb20g Cu0

Cu 37 18 ™o k6 32 b8 88 19 X

NI 10% 1ok 55 1,170 X 126 10% 280 10w
sn lox 127 X 0w 100 90 90 10% 10%
Coc 327 10w 1o% X 127 72 10% 10% 10%
Al 10x  low 835 20 75 1o% X 10k 10%
Zn X 17.6 W 57 39 18 12,200 Lk 50
Ag  --- o= 43 - -ee ——- .ee --- ---
sb 10 10 - -e- 765  ee-  --- X -
Fe === I3 48 ho 15 X 76 272 270
T Y — --- " .- 1,595 e --- ---
I — - --- - 727 T -
S - - 2,350 --- _— -—- ---
er tox X 1o% 1o% 1o ox 1o% 10% 10%

Note: All Values ppm S '
* - less than SMH RN SPECTROGRAPHIC LABORATORY

vk =

Don McAlpin

59



TABLE VIII (Cont'd.)

SOUTHERN SPECTROGRAPHIC LABORATORY

e —

P. O. BOX 6014 o+ 2824 N. WESTMORELAND o DALLAS, TEXAS 75222 Page | of &4
FEderal 1-3243

Tracor Re: p o.# 1149
6500 Tracor Lene
AustingTexas 78721

Report of Semi-quantitative Analysis No. 69=196 © Date: 5/8/69
No. : - No. _ No.
in0 Cu0 Cr203
Over 10% In Cu . Cr
1-10% ks — = -
-——- cn= | Sn
0.1-1.0%
Co , P P,
0.01-0.1%
sb. 'b. cu S'. 'b. cu. F. Sb. Pb. c“. Fe
0.001-0.01%
Si, Mg, Sn, Al, Ag, Mg, Sn, Al, Ag, In, $1, Mg, Al, Ag, Ni, Ca
less than 0.001% | ui, Fe, Ca, Cr Cs, Cr '

Semi-quantitative analysis is a preliminary, low-cost supplement to more refined methods. The basic definition
of semi-quantitative is a “factor of three”, denoting that the reported concentration may be one-third to three
" times the amount present. SOUTHERN SPECTROGRAPHIC LABORATORY reports in “ranges of ten”. This
indicates an accuracy exceeding the basic definition, reflects the greater accuracy attainable at low concentra-
tions, and relates the increased deviation with increased concentratlon

SOUTHERN SPECTROGRAPHIC LABORATORY

Chief Speptrogmpl‘rei'ff Vt/‘-/ <

This report, or any part thereof, does not imply an endorsement, and may not be reproduced or used for advertnsmg,
unless expressly permitted by Southern Spectrographic Laboratory.

/""b
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TABLE VIII (Cont'd.)

SOUTHERN SPECTROGRAPHIC LABORATORY
e ——

P. 0. BOX 6014 « 2824 N. WESTMORELAND o DALLAS, TEXAS 75222 '.” z °f b
FEderal 1-3243
Tracor Re: P.0. M4
Report of Semi-quantitative Analysis No. 69=196 Date: 5/8/69
No. No. _ No.
$n02 Co30y NiO
Over 10% $n Co Ni
1-10%  F— : —== ——
ewe NI K
0.1-1.0%
ooLols | |Sne Al W Cu sb
0.001-0.01% $i1, Pb, In, Fe, Cu, Ag | Fe, 81, Pb, Al, Ag, Fe, SI, Pb, A, Cu, Zn
n, An
sb, Mg, Ca, Cr Mg, $n, Ca, Cr | $n, Ag, Co, Ca, Cr
less than 0.001% '

Semi-quantitative analysis is a preliminary, low-cost supplement to more refined methods. The basic definition
of semi-quantitative is a “factor of three”, denoting that the reported concentration may be one-third to three
times the amount present. SOUTHERN SPECTROGRAPHIC LABORATORY reports in “ranges of ten”. This
indicates an accuracy exceeding the basic definition, reflects the greater accuracy attainable at low concentra-
tions, and relates the increased deviation with increased concentration.

SOUTHERN SPECTROGRAPHIC LA’BORATORY \/ :
/‘ ‘{") (
Chief Spectrograp}zg;QA/\-,

This report, or any part thereof, does not imply an endorsement, and may not be reproduced or used for advertising,
uniess expressly permitted by Southern Spectrographic Laboratory.

e
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TABLE VIII (Cont'd.)

SOUTHERN SPECTROGRAPHIC LABORATORY
S —————

P. 0. BOX 6014 o+ 2824 N. WESTMORELAND o DALLAS, TEXAS 75222 IXNRNX Page 3 of 4
FEderal 1-3243
Tracor Rep.0, #1149
Report of Semi-quantitative Analysis No. 69-196 Date: 5/8/69
No. No. No.
$b205 Fey0s K1203
Over 10% $b Fe Al
1-10%  — === Zn
=== | Mn M
0.1-1.0% 9
0.01-0.1% s" c“! “'0 Fe Cu —ae
00010017 [ A3s M8, In, Pb, Ag Pb, Zn, Ni, Sn i, Pb, Cu, Fe, Sn
$n, Al, Co, Ca, Cr SI, Al, Ag, Co, Ca, Cr |Ag, Ca, Cr
less than 0.001 %

Semi-quantitative analysis is a preliminary, low-cost supplement to more refined methods. The basic definition
of semi-quantitative is a “factor of three”, denoting that the reported concentration may be one-third to three
times the amount present. SOUTHERN SPECTROGRAPHIC LABORATORY reports in “ranges of ten”. This
indicates an accuracy exceeding the basic definition, reflects the greater accuracy attainable at low concentra-
tions, and relates the increased deviation with increased concentration.

SOUTHERN SPECTROGRAPHIC LABORATORY .

: : P R S

R R e .
Chief Spectrographér """ g X .

This report, or any part thereof, does not imply an endorsement, and may not be reproduced or used £0r advertlsmg,'
unless expressly permitted by Southern Spectrographic Laboratory. *
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TABLE VIII (Cont'd.)

SOUTHERN SPECTROGRAPHIC LABORATORY
- ____________ __ ________ —__ _ ___ _________— — _— ]

P. 0. BOX 6014 o 2824 N. WESTMORELAND o DALLAS, TEXAS 75222 '., b °' '.
FEderal 1.3243
Tracor Re:P.0, #1149
Report of Semi-quantitative Analysis No. 69=196 Date: 5/8/69
No. : No. _ No.
Ce0y ird
Over 10% Ce ir
1-10%' - e . - e .
= | Zn
0.1-1.0%
—— . L]
0.01-0.1%
0.001-0.01% $r, $b, Cu, Fe, Mn $1, Pb, Sn, Cu, Fe
g. A” CI’ N A'. A’. CQ. c.’ cr
less than 0.001% ‘

Semi-quantitative analysis is a preliminary, low-cost supplement to more refined methods. The basic definition
of semi-quantitative is a “factor of three”, denoting that the reported concentration may be one-third to three
times the amount present. SOUTHERN SPECTROGRAPHIC LABORATORY reports in “ranges of ten”. This
indicates an accuracy exceeding the basic definition, reflects the greater accuracy attainable at low concentra-
tions, and relates the increased deviation with increased concentration.

SOUTHERN SPECTROGRAPHIC LABORATORY

o~

Chief Spectrograp}}gr/ L D P

This report, or any part thereof, does not imply an endorsement and may not be reproduced or used for advertxsmg,
unless expressly permitted by Southern Spectrographic Laboratory.
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whenever a weight change occurs. The linear actuator movement
causes the displacement of the core of a linear variable dif-

ferential transformer (LVDT). This displacement results in a
signal which is displayed as the weight change. The instrument
is shown schematically in Figure 10.

The most important feature of the TGA-3C for this type
of rate measurement is that the gas is forced past the solid. The
gas enters the hollow connecting rod between the spring and sample
holder and passes down through the sample exiting from a porous
frit or 400 mesh stainless steel screen at the bottom of the
sample holder. Thus the gas composition actually surrounding the
solid particles is known. The measured reaction rate is not
limited by the rate of diffusion of the gas through the bulk solid.

The temperature was measured with a Pt-Pt/10% Rh thermo-
couple placed about 1 mm from the sample holder. The cylindrical
Inconel sample holder is 1.3 cm in diameter and 2.8 cm long.

A TRACOR LB-202 Recorder-Controller was used with the
TGA-3C to control and record the temperature and to amplify and
record the weight change signal The weight gain vs system temper-
ature was recorded on a Moseley X-Y recorder. The 0°C reference
point was set electronically. A Hewlitt-Packard model 17504 A
strip chart recorder provided the isothermal weight gain vs time
record.

The gas mixing and control apparatus used to supply the
simulated flue gas to the sample has been described in T.M. 004-
009-Ch20. This apparatus is capable of producing a wide range of
gas compositions. Flows-and pressures are reproducible and can
be obtained without affecting the flow through the thermal balance
system. Gas analysis equipment is included to provide an indepen-
dent means of determining compositions and can be used without
disturbing the flow to the experimental equipment. A schematic
diagram of the gas mixing apparatus is given in Figure 11.
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3.4.2 Experimental Procedure

The particle size of all of the samples studied was

-170 +325 mesh (44-88 microns). Usually a 10-50 mg sample was
mixed well with 1.0-1.1 g of inert alumina in the sample holder.
The weight of sample and alumina were determined by difference
using a Mettler Type B6 analytical balance. The alumina used as
an inert had been fired and did not react with SO,. Dilution of
the sample kept the particles separated and thus provided good
gas-solid contact and thermal homogeneity.

The average total flow to the sample was 250 cm®/min.
The sample size was kept small enough that the reaction rate was
not limited by the rate of SO, supply. The experimental condi-
tions used corresponded to a differential reactor.

The temperature range of interest for each compound was
determined by making a linear temperature programmed run using a
simulated flue gas atmosphere. The composition of the atmosphere

is shown below.

Component Mole Per Cent

SO, 0.3
co, 14.3
0, 3.4
H,0 2.0
N, balance

The sample was heated at 10°C/min until a measurable
weight gain occurred. This experiment indicated at what tempera-
ture the reaction of the metal oxide with SO, '"started", or became
fast enough to give a measureable weight gain, and at what tempera-
ture the product began to decompose.

Two or more isothermal runs were then made at temperatures
within the range as determined above. The thermal balance was mass
calibrated before each run by hanging known weights on the sample
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‘holder and adjusting the amplifier. A fresh sample was used for

each run. The sample was heated in a nitrogen atmosphere at 20°C/min
until the chosen temperature was reached. The temperature was then
held constant by the Recorder-Controller. After thermal equili-
brium was established, H,O, CO,, and 0, were admitted to the gas
stream. When a straight baseline (zero weight change) was obtained
on the strip chart recorder, S0, was added to the gas mixture.

The atmosphere thus obtained was the same as that given above.

This procedure ensured that the weight gain measured would be due

to sulfite or sulfate formation rather than carbonate or hydroxide
formation or oxidation of the metal oxide.

Zero time for the reaction was taken as the point at
which the weight gain began. The run was continued until there
was little or no further weight gain. The temperature range of
the reaction was recorded on the X-Y recorder as a horizontal of
the weight change vs temperature graph. In most cases there was
no more than + 1°C variation in temperature. The SO, concentration
of the stream was determined during each run by titration of a
known amount of iodine (Reich's test).

The procedure used for the determination of the rate
dependence on the partial pressure of SO, was the same as above
except that the SO, concentration was set at 0.12 mole 7% rather
than 0.3 mole %.

3.4.3 Data Analysis

The data obtained from these kinetic measurements were
in the form of weight gain, w, as a function of time. The extent
of reaction can be better represented as the fractional conversion
o = W/w,. Ideally w, is the theoretical stoichiometric weight
gain. In practice it was found that often the stoichiometry of
the reaction was unknown or that the reaction rate became very
slow before the stoichiometric weight gain was reached. 1In these
cases the highest ratio of maximum weight gain to initial sorbent

68



R —
WUV IMI) 3] 6500 TRACOR LANE, AUSTIN, TEXAS 78721

weight, m , observed for a given compound was used to calculate
w, . The calculations for the other runs of the same compound were
then based on the ratio w,/m, which is given in Table IX in Section

3.5.

The rate of product formation can be defined as %%. In
isothermal conditions the reaction rate should depend only upon the
fraction reacted and the partial pressure of SOé. This is expressed
in Equation (13) where k is the rate constant and g(PSOQ) is the

) (13)

a2 = K f(a) g(P
22 (@) 8Py,
dependence on SO, partial pressure. Equation (13) can be written

as Equation (14), since Péo was constant in the experiments.
2

%% = k' £(o) (14)

The analytiéal form of f(¢) depends upon the mechanism
of the reaction. For our purposes the general form

£(e) = (L-a)" | (15)

has been most often used. In Equation (15), n is the order of
reaction with respect to the solid reactant. The values 0, 1/3,
1/2, 2/3, 1, 3/2, and 2 have been used for n. The form derived

by assuming that the rate is controlled by diffusion of the gaseous
reactant through the solid product to the unreacted core has also
been used. This form, given in Equation (16), is referred to as
DCE for Diffusion Controlled Equation.

(l-a)l/3
1 - (1-g)t/3

f(ae) = (16)
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The basis for these various forms of f(a) will be dis-

cussed in Section 3.5.

The rate equation was applied to the data in its inte-

grated form. The integrated form of f(v) is given in Equation (17).

I(a) = S: ?%%7 = k't

(17)

The integrated forms of f(¢) are listed below for each

value of n.

1/3

1/2

2/3

3/2

DCE

I(a)

"

37201 - (-a?/3]
o[1 - @-wt’?]
3[1 - (1-a)1/3]A
-1n (1-a)

2 1 - %]
o

o

T-o
1/2[i - 3(1-a)2/%] + (1-a)

The I(¢) which corresponds to the proper or "best" £(a)
should yield a straight line with slope k' when plotted versus .

time. The Univac 1108 computer was used to calculate the values
of I(a) for each value of n from the weight gain data. About
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50-100 weight gain-time points were taken from the strip chart

recording for each isothermal run.

The computer first plotted the values of each form of
I(¢) versus t. The value of n which gave the best straight line
was determined by inspection. The slope k' of the least squares
regression line for the "best" n was computer calculated and
the data and line were again plotted by the Calcomp plotter. An
example for copper oxide with n = 1/3 is given in Figure 12. The
plots of I(«a) versus t for each of the compounds investigated
are given in Section 8.2.3.

It was found that the SO, partial pressure dependence
of the reaction rate could be satisfactorily represented by Equa-
tions (18) and (19).

) = P% (18)
or

dy  _ m
St = k £() Pso, (19)

The exponent m is the reaction order with respect to
SO, . This quantity was determined by calculating k' for two runs
at the same temperature but different SO, partial pressures and

noting that

k.' = k p™ (20)

log (k, '/kg')

log /P, P, )
so, so,

where m =
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Once m was known, k was easily calculated from Equation

(20). 1In these experiments P, (in atm) was numerically equal to
2

the measured concentration of S0, since the sample holder was at

atmospheric pressure.

3.4.4 Input to Economic Studies

The data obtained from kinetic studies must be used to
describe the reaction rate in the fluidized bed model used for
economic calculations. The rate quantity of interest in the fluid-
ized bed calculations is the rate at which the SO, concentration
can be lowered to a specified level as the flue gas passes through
the bed at a specified flow rate. This rate will be a function of
the steady-state degree of conversion or loading of the well-mixed
solids in the bed. Thus the fluid bed design was based on the
following equation for the rate of SO, removal given by Kunii and
Levenspiel (KU-007).

1 so _
"V, A T % Ceo, (21)
In Equation (21), Vg is the volume of sorbent, NSoa is
the number of moles of SO; removed, C is the concentration of

SOg
SO, in the flue gas, and Kr is the rate constant which is a function

of the extent of sorbent conversion. Dependence on SO; concentra-
tion was found to be linear from the experimental studies.

The rate constant Kr in Equation (21) can be related to
the experimentally determined rate constant k by noting that the
amount of SO, removed from the flue gas equals the amount sorbed
by the solid where M is the molecular weight of SO, and w is the

d NSOg 1 dw
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weight gain of SO, (for sulfate formation). If we substitute
Psoz/RT for CSOQ’ Equation (21) becomes

P

dw _ SOz .

dt M Vs K. g7 (23)
The rate equation used in the experimental studies is

given in Equation (24).

de _ 1 dw _
'd—t- = ;7:' af = k f(ce) PSOg (24)

Combining Equations (23) and (24), noting that v = mo/ps,
and converting k from min-! to sec-1 with the factor 60 yields the
required expression for Kr'

k f(a) pS RT w,
Kr = 60 M m, (25)

In Equation (25) m,,
Section 3.4.3, p_ is the density of the sorbent (g/em® ), R is the
gas constant (cm® atm mole ! °K-'), and T is the temperature (°K).

w, , and f(®) have been defined in

The value for the extent of conversion («¢) used in f(a) for the
Kr calculation was determined by inspection of the kinetic data.

A large value of @ is desirable for obtaining low sorbent recircu-
lation rates and for efficiency. However, the reaction rate often
decreases drastically at higher values of «. Thus an o was chosen
which was just below the region in which the reaction rate became
slow.

In summary, the values input to the Economic Studies
were the rate constant Kr’ temperature of reaction, and extent of

conversion (sorbent loading).

3.5 RESULTS OF EXPERIMENTAL PROGRAM

The quantitative results of the experimental program are
given in Table IX. A discussion of these results and the quali-
tative findings is given in the following paragraphs.
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TABLE IX: RESULTS OF THE EXPERIMENTAL PROGRAM
BET KINETIC DATA FOR SO, SORPTION
X-RAY SURFACE ‘ 336033?27'°”
COMPOUND PR RET0D i SREA B o p.. b ‘ FROM X-RAY
o ' € L]
PATTERN g n . T(°C) «x 50, 3 3 A DIFFRACTION
COPPER THE OXIDE WAS PRE- THE PATTERN AGREED 52.04 1/3 1.0t 325 0.00209 0.313 0.668 26.9 4.27x10° CuSO, ,Cu0
OXIDE PARED BY PRECIPITA- WITH THAT OF Cu0. 352 0.00642 0.299 2.15 7 Cusozfzﬁ o
634471 TION OF THE HYDROXIDE THE PEAKS WERE BROAD, 355 0.00473 0.316 1.50 (PROBABLY
FROM THE SULFATE. INDICAT ING SMALL 376 0.011 0.308 3.70 FORMED ON
THE HYDROXIDE WAS CRYSTAL SIZE OR 4oLk 0.02850 0.306 9.31 COOL ING
HEATED IN THE VACUUM  AMDRPHOUS CHARACTER. 482 0.11100 0.314 354 SAMPLE AFTER
OVEN AT 55°C FOR 44.5 404 0.01120 0.122 9718 RUN).
KOURS.
COBALT THE OXIDE WAS PRE- THE PATTERN AGREED 12.05 1 0.380 453 0.0200 0.318 6.29 1 N
0X1DE PARED BY CALCINATION  WELL WITH THAT FOR ’ skh  0.0916 o.gzé za.? 3.4 b.36x10 éﬁ°85°'
634-43.1 OF THE NITRATE FOR Cos O,. THE PEAKS i53  0.00864 -0.129 6.70 v
3 HOURS AT 350°C WERE SHARP AND WELL 1 0.931 453 0.00671 0.318 2.11 19.2 t.2u4x10*
AND 3 HOURS AT 100°C  DEF INED. 544 0.0302 0.326 9.26
IN VACUO.
COBALT Co0-0H WAS PRECIPITA- THE PEAKS WERE 169.1 1 0.931 359 0.00566 0.321 1.76 13.9 1.6X10* B-CoSO,
0XIDE TED FROM Co(NOy)s BROAD AND NOT WELL 430 0.0175 0.325 5.38 0y 04
634-71-7  SOLUTION AND CAL- DEFINED. THE
CINED FOR 2.5 HR. PATTERN AGREED WELL
AT 160°C IN VACUO, WITH THAT FOR
Coy 04,
TIN OXIDE THE HYDROXIDE WAS NO DIFFRACTION PAT- 4,04
634-55-1 PRECIPITATED FROM TERN WAS OBTAINED
SnCl, AND HEATED IN USING THE
THE VACUUM OVEN FOR DIFFRACTOMETER.
31 HOURS AT 60°C.
THE OXIDE WAS
CALCINED AT 150°C
FOR 3 HOURS.
ZINC ZINC HYDROXIDE WAS DIFFRACT ION PATTERN 16. 46
0XIDE PRECIPITATED FROM AGREED WELL WITH
634-51-1 THE SULFATE AND THAT FOR ZnO.
HEATED IN THE PEAKS WERE SHARP
VACUUM OVEN FOR 23 AND WELL DEF INED
HOURS AT 60°C. THE
OX1DE WAS CALCINED
FOR 1.5 HR. AT 145°C
AND 1 HOUR AT 100°C.
NICKEL THE OXIDE WAS PRE- DIFFRACT ION PATTERN 7.02
OX1DE PARED BY CALCINING AGREED WELL WITH
634-41-1 THE NITRATE FOR 1 THAT FOR NiO. PEAKS
3b- HOUR AT 300°C AND WERE SHARP AND WELL
46 MINUTES AT DEF INED.
380°C.
NICKEL THE OXIDE WAS PRE- THE DIFFRACT ION PAT- 63.44 1/2 1.07 380 0.000764 1 0.322 0.232 13.5 7.81X10* NiSO,
OX1DE PARED BY PRECIPI- AGREED WELL WITH 500 0.00391 0.333 1.17 Ni
634-65-2 JATING THE HYDRO- THAT OF NiO. THE 501 0.00157 0.12h t.27
- XIDE FROM THE NI- PEAKS WERE BROAD.
TRATE. THE HYDRO-
X1DE WAS HEATED
FOR 18 HOURS AT
70°C IN VACUD, THEN
HEATED IN AIR AT
330°C FOR 2 HOURS
IRON THE OXIDE WAS PRE- YHE PATTERN HAD VERY  225.56 1/3 0.833 342 0.00572 1 0.309 1.85 9.16 3.34X10" PATTERN 0B-
OXI1DE PARED BY PRECIPITA- BROAD, UNEASILY DIS- 400 0.0108 0.306 3.53 TAINED WITH
634-45-1 TION OF THE HYDRO- TINGUISHED PEAKS. 400 0.00368 0.120 3.07 DIFFRACTOMETER
XIDE FROM THE CHLOR-  PROBABLY Fe0, . INCONCLUS IVE
IDE.  THE HYDROXIDE PEAKS BROAD
WAS HEATED AT 55°C AND NOT WELL
IN YACUG FOR 39 DEF INED.
HOURS , AT 120°C IN REGENERAT ION
VACUO FOR 1.5 HOURS PRODUCT CONTAINED
AND AT 170°C IN Fey O,.
VACUG FOR 2 HOURS.
ALUMINUM THE OXIDE WAS PRE- THE PATTERN OBTAINED  322.54
0XIDE PARED BY PRECIPITA- WITH THE DIFFRACTO-
634-53-1 TION OF THE HYDRO- METER HAD NO PEAKS
XIDE FROM THE CHLOR-
IDE.  PRODUCT WAS
DRIED IN VACUO FOR
?o HOURS AT 60°C.
HE OXIDE WAS CAL-
CINED FOR 3 HOURS AT
280°C.
ZIRCONIUM  THE OX{DE WAS PRE- THE PATTERN OBTAINED  4.45
0XIDE PARED BY PRECIPITAT-  W!TH THE DIFFRACTO-
634-63-1 ING THE HYDROX |DE METER HAD NO' PEAKS.
FROM THE SULFATE,
THE HYDROXIDE WAS
DRIED IN THE VACUUM
OVEN AT 60°C FOR 24
HOURS AND THE OXIDE
WAS CALCINED AT
400°C FOR 2 HOURS.
ANT IMONY THE HYDROXIDE WAS THE PATTERN AGREED 18.28
OXIDE PREC IPATED FROM THE WELL WITH THAT OF
634-67-1 PENTACHLORIDE, DRIED  SbO, . THE PEAKS

UNITS: o.min” batm 2 (0° c.min” otm ™ d.kcal/mole e min aim

Covite-ar

AT 70°C FOR 15 HOURS
AND CALCINED AT
275°C FOR 2 HOURS.

WERE B8ROAD AND NOT
WELL DEF INED.

m
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TABLE IX: EXPERIMENTAL RESULTS (CONTINUED)

BET KINETIC DATA FOR SO SORPTION SO, SORPTION
X-RAY SURFACE PRODUCTS
PREPARAT ION DIFFRACT ION AREA . Ve , . ' « FROM X-RAY
COMPOUND METHOD PATTERN mtg~ " = 10°0) k m Py, k E A DIFFRACT ION
N : M T ]
CERIUM THE HYDROX IDE WAS THE DIFFRACTION PAT- 192.66 2  0.251 194 0.0426 1 0.315 13,6 PEAKS BROAD,
OXIDE PREC IPITATED FROM TERN WAS QUITE BROAD 194 0.0122 0.127 9.60 . NOT WELL
634-37-1 AMMON |UM HEXAN | - AND THE PEAKS ALMOST 196 0.0166 0.190 8.74 7.89 2.56X10 DEFINED
TRATE CERATE UNDEF INED. IT 238 0.0345 0.318 10.8 Ce0, PRESENT,
(NH, ), Co (NO4 ) AGREED WITH THAT OF 262 0.0504 0.320 15.8 POSSIBLY
AND DRIED IN VACUO Ce0, . Ce (SO ), - 44,0
AT 60°C. EVIDENCE
INCONCLUS IVE
CHROMIUM THE OXIDE WAS PRE- THE PATTERN AGREED 66.52 DCE 0.106 335 0.00257 1| 0.319 0.806 9.43 1.89X10" DIFFRACTION
0XIDE PARED BY CALCINA- WELL WITH THAT OF 390 0.00481 0.312 1.54 PATTERN OB-
TION OF (NHy)e CrOg Cry0,. THE PRODUCT 336 0.00105 0.122 0.861 TAINED WITH
634-59-2 A7 180°C FOR 15 WAS ALMOST DIFFRACTOMETER
MINUTES. AMORPHOUS AS INCONCLUS IVE.
INDICATED BY THE THE PRODUCT
BROAD PEAKS. APPEARS TO BE
AMORPHOUS .
TITANIUM HYDROLYS1S OF TiCl¢ A TEMPERATURE PROGRAMMED TGA WAS MADE IN FLUE
0X1DE WITH (NH,), SO, GAS ATMOSPHERE AFTER EACH CALCINATION BUT NO
634-69-1 SOLUTION. . REACTION OCCURRED.
CALCINATION AT
1) 350°C 2 HR.
2) 500°¢C 2.5 HR.
3) 600°C 3 HR.
VANAD UM NH4VO; SOLUTION + SEE COMMENT FOR TITANIUM OXI(DE
OX1DE DIL. HeSO4 THEN
634-73-1 1) DRYING AT 90°C
IN VACUDO FOR
“~15 HR.
2) HEATING AT 450°C
FOR 2 HR.
TUNGSTEN CALCINATION OF SEE COMMENT FOR TITANIUM OXIDE
OX1DE He WO, AT
634-61-1 1) 200°C - 2 HR.

2) 300°C - 3 HR.

UNITS: 0. min™ b.atmuiO® c.minotm™ d.kcal/mole o, min ot ™

ce-wa-an
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With the exception of Ce0,, the metal oxides studied
showed low reactivity with SO, below a temperature of about 325°C.
In this case "low reactivity'" means that the time necessary to
achieve a significant conversion would be on the order of hours
rather than minutes. Ce0; was unique because sorption was rapid
even at 190°C. The behavior of Ce0O, was anomalous in other ways
which will be discussed later.

Either the reaction rates of the metal oxides other than
Cu0, Fe,O0,, CeO,, Co,0,, Cr,O,, and NiO were very low or the oxide
did not react at all. The unreactive oxides studied were Al O,,
Sn0,, Zr0,, ZnO, Tio,, Sb, 0O, WxOy, and V,0; . These oxides could
possibly be prepared in more active forms than the forms resulting
from our preparations. For those unreactive oxides which had
low specific surface areas, kinetics experiments were made with
large amounts of sample to give about the same surface area as for
the reactive compounds. iEven under these conditions, the reaction
rates were very low. In most cases the reaction rates were too
low to make meaningful kinetic calculations. For these reasons
attention was concentrated on the reactive oxides and little data

are given for many of the others.

3.5.1 Rate Equation and Reaction Orders

A relationship was sought between the reaction rate and
the extent of sorbent conversion and SO, partial pressure. Equa-
tion (26) was chosen for its flexibility, general applicability,
and simple representation of the reaction rate (see Section 3.4.3).

o

o _ ) n m .
= = k (1-a) P802‘ (26)

o7

An alternate'approach would have been to attempt to fit
the data for each of the metal oxides to each of the many equations
arising from idealized solid-gas reaction models. Even this method
ofteﬁ does not indicate which is the true reaction mechanism since
some of the equations obtained from these models give similar
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results. The actual reaction mechanism may be intermediate between
several reaction models. In view of the difficulties involved

Wen (WE-002) has pointed out that there is no reason why simple
rate equations which fit the data should not be used as long as

no extrapolation beyond the reaction conditions investigated is
allowed.

Equation (26) corresponds to several models depending on
the value of the reaction order. When surface phenomenon controls
the rate of a solid-gas reaction, the order can be shown to vary
from zero to two depending on whether the gas reactant is strongly
or weakly adsorbed. For n = 2/3, m = 1, Equation (26) represents
the unreacted-core-shrinking spherical particle with constant
radius model with the rate controlled by the chemical reaction.

For n = 1/3, m = 1, the equation represents the unreacted-core-
shrinking spherical particle with constant radius model with the
rate controlled by fluid film resistance (WE-002). For n =1, m = 1,
Equation (26) represents the continuous reaction for which diffusion
of the gaseous reactant. into a particle is rapid enough compared
with chemical reaction rate that the solid reactant is consumed
uniformly throughout the particle. The values for n of 0, 1/2, 1,
and 2 have been considered by different authors for gas-solid .
decomposition reactions (PR-002). In addition to the n + m order
rate equation, calculations were also made for the form of f(@)
which corresponds to the unreacted-core-shrinking spherical particle
with constant radius model with the rate controlled by gaseous
diffusion through the porous product layer as shown in Equation (27).

| 1-n!/3

£@ = 1 (-3 (27)

In most cases the data were well represented by Equation
(26) . The reaction rates were in general linear (m = 1) with
respect to S0, partial pressure under flue gas conditions (0.1 -
0.3% SOa). The data for Ce0, indicated a higher value of m (~1.4),
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but the evidence was not conclusive. Therefore to maintain con-
sistency with the other metal oxides, the values for Ce0, were
calculated using m = 1. The value of n or f(«) which gave the
best fit was found to depend on the metal oxide. This is to be
expected since the reaction mechanism may be dependent on physical
properties and chemical reactivities which vary from one metal
oxide to another. In some cases the "best" apparent reaction
order varied with the extent of conversion of the sorbent. This
is also to be expected since the rate controlling process may
change during the course of reaction. For example the initial
rate of reaction may be limited by the rate of chemical reaction.
But after a layer of inert reaction product is formed, the rate
may be controlled by diffusion of the SO, through this barrier.

A value of n was chosen which gave the best fit up to a conversion
which would be sufficient for use in an SO, removal process. Since
the true reactivity is best shown in the initial stages of the
sorption process, using the value of n and the rate constants
obtained for the early stages of the experiments allows a good
comparison of the chemical reactivity of the oxides studied.

Cu0, Fe 0,, and NiO had "low" reaction orders of 1/3,
1/3, and 1/2 respectively. Once again this does not indicate a
particular model since the data could have been represented almost
as well for these compounds by n = 1/3 to 2/3. It does suggest
that the reaction rate was controlled either by chemical reaction
or fluid film diffusion or both. For Co,0, the rate was linear
(n = 1) with respect to extent of conversion. The reaction rate
for ceric oxide, with n = 2, was more strongly dependent on extent
of sorbent conversion than the other rates. The data for Cr, O,
fit the diffusion controlled Equation (27) after a very brief rapid
initial sorption step. The reaction became very slow after a
small extent of conversion. Examples of the rate plots obtained
are given in Figures 13-18.
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TIME (MINUTES)

i8 APR B9 Figure 13
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RATE DATA FOR IRON OXIDE

FE203 B34-45-1 '
150-TGR 4 TEMP = 342 DEG C
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RATE DATA FOR NICKEL OXIDE

NIO 834-65-2
IS0 TGA 1 TEMP = 380 DEG C

¢8
~2.0%(1.0-ALPHA) »%.5 + 2.0
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RATE DATA FOR COBALT OXIDE

CO304 634-71-2
IS0 TGA 1 TEMP = 358 DEG C
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N=1.0
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RATE DATA FOR CERIUM OXIDE

Ce02 634-37-1
IS0 TGA 3 TEMP = 191 DEG C
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RATE DATA FOR CHROMIUM OXIDE

CR203 B834-39-2 |
IS0-TGA-2 TEMP = 335 DEG C.
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The rate plots are given in Section 8.2.3. The plots
used to obtain the rate constants are given along with the plots
for each f(«) at a single temperature. For Co, O, prepared by
nitrate decomposition, plots are given both for wo/mb = 0.38,
which represents saturation conversion, and for w,/m, = 0.931,
which represents the theoretical conversion for CoSO, formation.
Some of the plots seem to oscillate regularly about the least
squares regression line. No attempt was made to study this
behavior, but it may be of interest to future investigators. As
mentioned above, several of the plots show initial rapid SO, uptake
immediately followed by a slower continuous weight gain. This is
probably due either to initial chemisorption or reaction of a thin
outer layer of solid.

3.5.2 Temperature Dependence of the Reaction Rate

The temperature dependence of the reaction rate was
another quantity of interest for design purposes. The form of this
relationship depends.upon whether the reaction rate is limited by
the chemical reaction or by mass transfer (diffusion). The
Arrhenius Equation (28) can be used when there appears to be
strong temperature dependence.

k = Ae E/RT (28)

In this equation k is the rate constant, A is the frequency
or pre-exponential factor, and E is the activation energy. Due to
our incomplete knowledge of the reaction mechanisms, the use of
this equation must be interpreted for the present simply as an
empirical means of describing the temperature dependence. If the
rate controlling step is pore diffusion or bulk diffusion of the
gas into the solid, the rate should vary as Tl/2 and T3/2 depending
on which diffusion mechanism predominates.

The relative importance of chemical reaction and mass
transfer temperature dependence effects may change with temperature
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and the effects may not always be separable. Therefore, the situ-
ation may become very complex. The sorption temperatures used for
economic calculations were the same as those at which one of the
kinetic runs had been made so that the measured rate constant could
also be used. The temperature dependence was strongest for CuO,
Co,O, ,
27 kcal/mole), however. An Arrhenius plot for CuO is given in

and NiO. The activation energies are all small (less than

Figure 19. The deviation at high temperature may be due to a transi-
tion from chemical reaction to diffusion limitation of the reaction
rate. Several runs for Ce0, at about 190°C gave higher rates than
those obtained for 240°C. The reaction may be occuring via different
paths at different temperatures. The temperature dependence tabu-
lated is for the 240-260°C temperature range only. The temperature
dependence for the six metal oxides is summarized in Table IX.

35.3 Physical Properties and Reactivity

The effect of compound preparation and resulting physical
properties on reactivity of a metal oxide with SO, was studied
briefly. The surface area and crystallinity of a sample provide
a good guide to relative reactivity of different preparations of
the same metal oxide. A Co,0, sample prepared by calcination of
the nitrate had a surface area of 12 m?/g and was fairly crystal-
line, while a sample prepared from CoO-OH had a surface area of
169 m2 /g and was nearly amorphous (see Figure 7, Section 3.3.2).
The high surface area, nearly amorphous preparation had a reaction
rate nearly three times that of the nitrate preparation. Such
comparisons. between different compounds must be done with care,
however. High surface area and amorphous character do not guarantee
reactivity. The Al O, sample had a surface area of 322 m? /g and
was nearly amorphous according to the X-ray diffraction pattern,
but it was nevertheless a poor SO, sorbent.

3.5.4 .Conclusions

One of the aims of the experimental program was to select
the "best' metal oxides on the basis of their chemical reactivity.
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The six reactive compounds are given in Figure 20. Of these, Creo3 and
NiO can be eliminated for the time being due to their slow reaction
rate once a thin layer of reaction product has formed. Thus,

these two have only a small practical SO, capacity. Co,0, has a
fairly high reaction rate and SO, capacity. It was found, however,
that the reaction product was CoSO, which is not well suited for
thermal regeneration since its SO, partial pressure is fairly low
even at 800°C. The SO, capacity of Ce0, was low, but its low
sorption temperature makes it attractive in that respect. The
reaction products could not be identified, however, and more research
is needed before it can be recommended. Cu0O and Fe,O, are both
potential sorbents. CuO has a high reaction rate and SO, capacity.
The reaction stoichiometry is well defined. Fe O, is somewhat

slower and our preparation had a lower SO, capacity than CuO. More
work is needed also to define the stoichiometry of the reaction.

4. [ECONOMIC FEASIBILITY STUDIES
4.1 INTRODUCTION TO ECONOMIC FEASIBILITY STUDIES

The economic feasibility studies involved equipment design,
equipment sizing and cost estimation. Process flowsheets including
heat and material balances were also prepared. The estimation
scheme for determining the total capital investment and gross
annual operating cost is shown in Figure 21. The dry metal oxide
sulfur oxide removal process is composed of three steps: 1)
sorption, 2) regeneration, and 3) sulfur recovery. TRACOR esti-
mated the cost of the sorption and regeneration steps using a
fluidized bed contactor model with computer calculated parameters.
Cost information for the sulfur recovery step is to be supplied by
HEW.

4.2 SORPTION UNIT DESIGN

_ The major pieces of equipment used in the sorption step
are the sorber (see T.M. 004-009-Chl9), draft fan (see T.M. 004-
009-Chl2), and sorbent fines collector (see T.M. 004-009-Chl5A).
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4.2.1 Sorber Design

The most essential piece of equipment used in the sorption
step is the sorber, which is composed of a cylindrical shell, ellip-
tical heads, and a gas distributor plate. The type of sorber
chosen to be used in making economic studies of dry metal oxide
sulfur recovery processes was the fluidized bed.

The fluidized bed model used for the sorber design is
based on the bubbling bed model proposed by Kunii and Levenspiel
(Ku-007, KU-008). This simple three-region model for the gas flow
through fluidized beds views uniformly sized bubbles surrounded
by clouds and followed by wakes rising through an emulsion of down-
ward moving solids. Interchange of gas occurs continuously between
the bubble, cloud-wake, and emulsion regions. The bubble diameter
is calculated using equations given by Kato and Wen (KA-004).

The sorber vessel dimensions to be determined were the
sorber diameter, height, and shell thickness. The minimum fluidi-
zation velocity, Umf’ is calculated from equations given by Leva
(LE-004) . Values of the ratio of superficial gas velocity, U_,
to minimum fluidization velocity, Ung along with the flue gas flow
rates specified by HEW for typical power plant sizes, are used
as input parameters to a computer program which sets the required

sorber diameter.

The second sorber dimension to be determined is the total
vessel height, which is obtained by adding the expanded bed height
to the freeboard height. The freeboard height is the height that
must be added to the expanded bed height to minimize entrainment
losses. The minimum total height was set. at one half the vessel
diameter to minimize gas distribution‘problems.

Given the extent of conversion, reaction rate constant
(Kr)’ particle diameter (d_ ) and some physical properties of both
the gas and solid, the expanded bed height (Lf) can be calculated

using the following equation.
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L
Cab * o1
In 22 = -k | g— (29)
Abi ' b
o)
= 1
where e = y_ +
b 'K
r . 1
1
Koo B —
Yo + K-+ 1
ce VYe
CAbi = concentration of "A" in the inlet gas stream, g-moles/cm®
Copo = concentration of "A" in the bubble at the top of the
bed, g-moles/cm®
KbC = interchange coefficient between bubble and cloud, sec”
Kce = interchange coefficient between cloud and emulsion, sec_1
Kr = reaction rate constant, cm’ gas/cm’®solid-sec
1 = height of bed above distributor plate, cm
Lf = height of expanded bed, cm
U, = bubble velocity, cm/sec
Yy = fraction of solids in bubble
Yc = fraction of solids in cloud
Yo = fraction of solids in emulsion

Equation (29) was solved by numerical integration using
an iterative method where 1 was increased until the value for Lf
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was obtained. It was found that a limit on the maximum and minimum
bubble size was needed for calculating L for large fluidized beds.

The third sorber dimension to be determined was the
sorber shell thickness. The shell thickness, t, was calculated
using Equation (30) from methods set forth in the American Petroleum
Institute Standard 650 (AM-001).

t—'Pst+c—222 -4
= —2-§-E— | = . x 10 DS + 0.159 (30)

In Equation (30), Pd is the maximum design pressure, for
which a value of 5 psig was used; DS is the sorber diameter cal-
culated as described earlier; S is the maximum allowable tensile
stress, for which a value of 15,000 1b/in® was used; E is the
joint efficiency factor, for which a value of 0.75 was used; and
C is the corrosion allowance, for which a value of 1/16 in. was

used.

The total pressure drop, which is equal to the pressure
drop through the fluidized bed plus the pressure drop across the
gas distributor plate, must be known in order to determine power
requirements and utility costs. Using Equation (31) from Leva
(LE-004) the preséure drop across the fluidized bed, AP(atm), was
calculated.

AP = (9.66 x 1077) (Lg) (1-e ) (p =p,) (31)

g

In Equation (31), Le is the expanded bed height from
Equation (29), Ps and Pg are the densities of the solids and gas,
respectively, and»ef is the bed voidage at expanded height.

In order to prevent channeling effects, Zenz and Othmer
(ZE-001) recommended that the pressure drop across the distributor
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plate be approximately 407 of the pressure drop through the
fluidized bed. The distributor plate pressure drop was designed
to be within a range of + 107% of one-third of the fluidized bed
pressure drop. The distributor plate was assumed to have holes
one-half inch in diameter to limit bubble size growth.

The terminal velocity, Ut’ must be compared with the
superficial gas velocity, Uo’ to determine the extent of entrain-
ment of sorbent particles from the top of the sorber. Equation (32)
was used to calculate the terminal wvelocity.

%
U- _ 7 dp 8c Pg

B 2.28

t ng

(32)

In Equation (32) dp is the particle diameter in cm, g,
is 980 cm/sec=, Pg and P are the solid and gas densities in
g/cm®, and Cp is the drag coefficient.

A computer prbgram, FLUBED, was written to calculate the
sorber physical dimensions (height, diameter, and shell thickness)
along with the total pressure drop through the system and the
terminal velocity. An example of the computer output is given in
Table X for the case of a 1400 MW power plant handling 2.5 million
SCFM of flue gas using copper oxide as the sorbent.

4.2.2 Draft Fan and Driver Design

It has been shown by Prater and Antonacci (PR-001) that the
cost of fans may be estimated from the wheel diameter. The wheel
diameter was calculated from the inlet flow rate, fluid density,
and pressure rise. The design method is described in detail in
T.M. 004-009-Chl2. The type of fan chosen for use in cost esti-
mating was a 1200 RPM, double width, double inlet fan. This type
of fan is'typical'of large power plant installations. ‘
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TABLE X:

FLCW RETE (SCFM)

DAPTLV_E UITAMETEZ2 (INCHEZS)
CACTIGN RATE (1/SEC)

QﬁTIO- SUPERFICIAL TO MIN. VEL.

TEMPERLTURE (CEG. Fa)

INLET PRESSURE (°S51I4)

FLOW R2TE (ACEM)

DIpM F LF EBED (FEET)

HIIS OF 3TD (FEET)

HEIG OF VESSEL (FEET)
THICZKNESS OF SHELL (INCHES)
82X PRESSURE 3OROP (IN. WATER)
DISTR. PRESS. D2ROP (IN. WATER)
TOTAL BRZISS., DROP (IN. WATER)
CUTLET PRESSURE (PSIA)

WEIGHT OF SORBENT (LBS)
FRACTION OF SOLISS IN CLOUD

FRACTICN OF SOLIDPS IN EMULSICN

INPUT FOR

N
(4]
()
(]
(]
[}
[

[ o Y

\O

~

3

W I e

.
~NOOOwon

N

(3]

(o]

L ]
OOODOWLO
[t I G I o I o T Y

14.

OQUTPUT FROM FLUIDIZED BED

5155171.C
136.523
2.575
58.221
. 427
4.283
1.441
5.724
14,4973
327088.130
2.731

-2.51¢

FLUID

SORBER PHYSICAL DIMENSIONS

I1ZEC BED

DENSITY OF SOLID (LBS/FT=*x3)
INLET CONCINT. {(MOLE PERCENT)
OUTLET CONCENT. (MOLE PERCENT)
VOL. WAXE / vOL. cU3BLE '
FRACTION CF SOLIDS IN BUBBLE

INITTIAL 3uU3BLE QIAMETER (FZET)
FInAGL BUBGLE DOIAMETER (FEET)
INITIAL 8UBBLC VEL. (FT/SEC)
FINIAL EUBELE VELe. (FT/SEQ)
MIN. MASS FLUX (LBS/HR-FT*x2)
MINe. FLUID VCOIDAGE

MIN. FLUID VEL. (FT/SEC)
HOLES/ IN.*x2 IN DISTR. PLATE
PARTICLE TERMINAL VEL. (FT/SEC)
SUPERFICIAL -VELOCITY (FT/SEC)
FRACTIONS OF BUSBBLES IN SED

28 JUN 1€S6¢

1C0.500
.2C300
.00C15
«32C
.00C

« 2015
«328
7.041
7523
89.422
+458
«552
1.055
11.€£35%5
5.8566
« 8456
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The input electrical power required to drive the fan was
calculated in order to choose an appropriate electric motor
(driver). The horse power rating of the motor must be matched
to the maximum horsepower that the fan might require under any
flow conditions at the rated speed. This rating is usually about
35% more than the required fan horsepower. Hence, the motor
horsepower is given in Equation (33) where BHP is the brake
horsepower. '

MHP = 1.35(BHP) (33)

A computer program, FANCST, was written to calculate the
sizes of the draft fan and driver. An example of the computer
output is given in Table XI. The program is described in T.M.
004-009-Ch23.

4.2.3 Sorbent Fines Collector (Cyclone) Design

The most widely used type of dust-collection equipment
is the cyclone separator. A standard cyclone operating with 987%
removal efficiency as described by Perry (PE-001) and Bradley
(BR-005) was designed using inputs of flow rate and allowable

pressure drop.

The cyclone diameter was calculated from a given gas
density, flow rate and specified pressure drop (see T.M. 004-009-
Chl5A). The remaining cyclone dimensions were then calculated
from relationships given by Perry (PE-001) as shown in Figure 22.
The inlet rectangular duct was assumed to be one-half a cyclone
diameter (Dc/2) long. The outlet duct was assumed to protrude
one-half a cyclone diameter (Dc/2). A computer program, CYCLON,
was written to calculate the cyclone dimensions. An example of
the output is given in Table XII.
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CGST INBZIX AS OF MAY 5913959
FaN SPEED (RPM)

OVIRALL EFFICIENTY

NUMEER GF FAN UNITS

Fan CarPACITY (ACFM)

DRIVER BRAIKEZ HORSEPCWER
ACTUAL DRIVEIR HORSEPOWER
FRACTIONAL CAPACITY . PER FAN

KILCHWATTS REQUIRED

&Y DBRIVER(S)

TABLE XI: COPPER OXIDE SORBER

INPUT VARIABLES

FAN AND

INDIVICUAL

515517C.3352
102311.382
14322.374
1.00C

7614.752

ORIVER

FGR FAN COST

TOTAL FAN CAPACITY
AIR GENSITY
FAN PRESSURE DROP

YOTOR CUTPUT PARAMETERS

FAN UNIT PARAMETERS

WHEEL DIAMITER
FAN COST (DOLLARS)
MOTOR COST

(ACFM)

(LB3S/FT*%3)

(IN.

{INCHES)

(COLLARS)

WATER)

EACH FAN UNIT COST (DOLLARS)

COST ~ ALL FAN UNITS (DOLLARS)

~—

25 JuN 1%&9

5155171.GCC
.C38
10.724

31.91¢

LU245,
1470C5.
121251.

121251.
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TABLE XII: COPPER OXIDE SORBER
25 JUN 185¢

52 .5

INPUT PARAMETERS FOR CYCLONE
CYCLONT RIMOVAL TFFICIENCY (Z) 32.0302 PRESSURE OrROP (INCHES WATER) Z.C0C
FLUID CENSITY (LE2S/FT*x3) 038 SCLID DENSITY (LES/FET=*%3) . 18C.CCO
VIZCOSITY (L3S/FT-SECQ) .000020G13 WALL THICKNESS (INCHES) «250C
EFFECTIVE TURNS 2.500 CURRENT COST INDEX 278.10C
INPUT FLOW RATE (ACFM) 5155171.0385 NUMBER OF CYCLONES ' 4.

CUTPUT PARAMITERS FOR CYCLONE

INDIVIGUAL CYCLONE PARAMETERS
INPUT FLCY RATE (ACFM) 1282792 .700 INLET VELGCITY (FT/SEC) 73.96S
CYCLONE DIAMITAR (FLeT) 434202 CYCLONE WEIGHT (LES) 363334.79C
PARTW SIZZ (MICRCONS)- 33.% £FF. 5%.333 CST OF EACH CYCLONE (DOLLARS) 135578,
PART. SIZEZ (MICRONS)- 50% EFF. 38.3738

TOTAL COST GF aLL CYCZLONC UNITS 5538312.
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4.3 REGENERATION UNIT DESIGN

The equipment required for the regeneration step consists
of a regenerator, draft fans and cyclones. The design and sizing
of these pieces of equipment is discussed in the following sections.

4.3.1 Regenerator Design

The gas-solids contactor for the regenerator was designed
using the fluidized bed model discussed in Section 4.2.1. The
‘same parameters had to be calculated for the regenerator fluidized
bed as for the sorber fluidized bed. However, the required flow
rate for the regenerator had not been specified as it had for
the sorber. The required flow rate was calculated from the sorbent
circulation rate. The sorbent circulation rate was calculated
from a material balance around the sorber according to Equation
(34), where G, is the gas feed rate to the sorber in 1b moles/hr.,

G (Yys - YoMy, = S - X) (34)

Y(1,s)s is the mole fraction of sulfur oxides (entering, 1eav1ng)
the sorber, S is the sorbent circulation rate in 1b/hr, M is the
molecular weight, and X( 2) is the sorbent loading (entering,
leaving) the sorber in 1b. S0, /1b.sorbent. The sorbent loading
factor, X , was determined from the extent of conversion data

found in the experimental program as described in Section 3.4.4.

The required flow rate, Gp» for the fluidizing medium
was then calculated from the sorbent c1rcu1at10n rate S using the
following equation.

Crl¥1g - YopMgo, = S, - X,) (33)
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In Equation (35), the Y's are again the mole fraction of
sulfur oxides entering and leaving, and the X's are again the
sorbent loading factors It was assumed that the sorbent was only
90% regenerated and that the gas leaving the regenerator contained
approximately 6 mole’% SO,, which is a sufficient concentration
for operating a contact sulfuric acid plant. From the required
flow rate of fluidizing medium, GR, the regenerator vessel dimen-
sions were calculated using the fluidized bed model computer
program FLUBED. Since explicit kinetic rate data were not avail-
able for the regeneration step, residence times based on a few
regeneration experiments were used to determine a reasonable value
for K_ (regeneration) for the fluidized bed model program. An
example of the computer output is given in Table XII.

4.3.2 Draft Fan and Driver Design

The same procedure was followed for sizing the draft fans
required for the regenerator as was used on the sorber. An example
of the computer output for the regenerator fan calculations is

given in Table XIV.

4.3.3 Sorbent Fines Collector (Cyclone) Design

The same procedure was followed for sizing the cyclones
required for the regenerator as was used on the sorber. An example
of the computer output for the cyclone calculations is given in
Table XV.

4.4 TOTAL CAPITAL INVESTMENT COST

The basis of computing the capital investment cost is the
purchase price of the major pieces of equipment (see T.M. 004-009-
Chll). To the purchase price is added amounts of money to account
for the erection‘cost,'piping cost, instrument cost, etc. These
items are added as a percent of purchase price. Several investi-
gators (LA-004, HA-002, AR-001) have shown how percentages of the
purchase price may be applied to cover the cost of erection, instru-
mentation, etc. The modified percentage factors given by Lang
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TABLE XIII

COPPER XOIDE REGENERATION PHYSICAL DIMENSIONS
INPUT FOR FLUIDIZED 2ED

FLOW RATE (SCFM)
PARTICLE DIA £Q (INCKES)
PEACTICN RATE (1/SEC)
24TI0- SUPERFICIAL T0 MIN. VEL.
TEMPERATURE (DES. F.) )
INLET PRESSURE (PSIA)

FLOW RATZ (ACFM)

DIAMETER GF BED (FEET)

HEIGHT OF 3E0 (FEZET)

HZIGHT OF VYE3SEL (FEET)
THICKNSSS OF SHELL {(INCHEZD)
BE0 PRFSSURE CROP (IN. WATER)
DISTR. PRESS. GROP (IN. WATEZR)
TOTAL PRZSS. DROP (IN. WATER)
OUTLET PRESSURE (PSIA)

WEIGHT OF SORSBENT (LBS)
FRACTICON QOF SOLINDS IN CLOUD
FRACTION GF SOLIOS IN EMULSION

111580.043
- G333
18.0C3384
9.00¢C
1377.C30
14.790

OUTPUT FKCM FLUIDIZED BED

394023.959
43.118C

2.348

214555
«250
7.036
24351

8. 337
14,251
53525.158
1.567
-1.325%

DENSITY OF SOLID {LBS/FT#*x3)
INLET CONCENT. (MOLE PCRCENT)
OUTLET CONCENT. (MOLE PERCENT)
VOL. WAKE / VOL. SUSSBLE '
FRACTION OF SOLIDS IN BUBBLE

INITIAL BU3BLE DIAMETER (FEET)
FINAL SUBSLE DIAMETER (FEET)
INITIAL 38U3BLE VEL. (FT/SEC)
FINIAL 8uS83LE VEL. (FT/SEQ)
MINs MASS FLUX (LBS/HR-FT»=2)
MIN. FLUID VOIDAGE

MINe. FLUID VELS. (FT/SEC)
HOLZS/IN.*%2 IN DISTR. PLATE
PARTICLE TERMINAL VEL. (FT/SEC)
SUPERFICIAL VELOCITY (FT/SEC)
FRACTIONS OF BUBBLES IN EED

165.30C
10.0029C
1.00CCC
«32C
.G0C

« 229
«328
5.328
65.310
40.074
«465
<500
«483
14.207
4.500
<767



TABLE XIV
COPPER OXIDE REGENERATOR

INPUT VARIABLIS FOR FAaN COST

701

COST INDEX &S OF MAY 5,1259 272,100 TOTAL FAN CAPACITY (ACFM) 334029.950
FAN SPEED (RPM) 1200.005 AIR DENSITY (LBS/FT*%3) .022
OVERALL EFFICIENCY .850 FAN PRESSURE DROP (IN. WATER) 14.397
NMUM2EZR OF FAN UNITS 1. '
FAN AND DRIVER MOTOR OUTPUT PARAMETERS
INDIVIDUAL FAN UNIT PARAMETERS

FAN CAFACITY (ACFM) 394029.957 WHEEL DIAMETER (INCHES) 30.340
DRIVER BRAKE HORSEPOWER 1047.772 FAN COST (DOLLARS) 42938,
ACTUAL DRIVER HORSEPOWER 1520.9560 MOTOR COST (DOLLARS) 169C3.
FRACTIONAL CAPACITY PSR FAN 1.003 EACH FAN UNIT COST (DOLLARS) 59841.
KILOWATTS REQUIRED BY DRIVER(S) 751.337 COST - ALL FAN UNITS (DOLLARS) 59841,



S0T

ONT REMOVEAL FEFFICIENCY (%)
G DINSITY (LRS/FT*x3)
OGSITY (LEBS/FT-SEC)

CTIVE TURNS

T FLOW RATE (ACFM)

INPUT FLOW RATE (ACFM)

CYCLONS DIAMETER (FEET)

PART. SIZ2E (MICRONS)- 28.% EFF.
PART. SIZi (MICRONS)- 5305 EFF.

TOTAL COST OF ALL CYCLONE UNITS

TABLE XV

COPPER OXIDE REGENERATOR
INPUT PARAMCTERS FOR CYCLONE

S8 .CGGC . PRESSURE CRCP (INCHES WATER)
<022 ‘ SOLID DENSITY (LBS/FT*x3)
LLOTLZE3ZC WALL THICKNESS (INCHES)
2.500 CURRENT COST INDEX

394029.353

QUTPUT PARAMETERS FOR CYCLONE

INDIVIDUAL CYCLONE PARAMETERS

38507.437 INLET VELOCITY
11.5650 CYCLONE WEIGHT
I0.43C
17.999
32614&.

NUMBER GF CYCLONES

(FT/SEQ)
(L3S)

COST OF EACH CYCLONE (DOLLARS)

S.COC
100.UCC
«250
278.10C
40

95.784
21228.051
€154 .
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(LA-004) were used in this study. These factors are given in Table
XVI. Although the factors have been criticized as being non-
realistic, the Lang factors are still recommended for use in
preliminary design cost estimation.

The purchase costs of the fluidized bed contacter, along
with the associated cyclones and draft fans, were estimated (see
T.M. 004-009-Chl4, Chl5A) for both the sorber and regenerator.

The cost of the sorber, regenerator, and cyclones was conviently
estimated on the basis of weight of steel required knowing the
vessel dimensions. Approximate costs per pound for fabricated
steel vessels and the purchase price of steel were taken from cost
information supplied by the Graver Tank Company, (f.o.b. Houston,
Texas) .

The fluidized bed contactors were composed of the follow-
ing parts:

Cylindrical shell (including support)
Two elliptical heads
Gas Distributor plate

~ o N -

Vessel lining-insulation material

The purchase price of the contactor was estimated to be
the sum of the costs of the individual pieces of equipment. The
cost of the first three parts was determined by the weight of
steel required. The cost of the insulation material was obtained
from Perry (PE-001).

The size and purchase price of the draft fans were esti-
mated and they compared quite well with the draft fans being used
in the city power plants in Austin, Texas.

Also included in the total capital investment for the
sulfur removal process was an initial sorbent cost of $1/1b.

The cost data used in this study were updated to current
price levels using the Marshall-Stevens cost index factors published
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TABLE XVI

INSTALLATION COST FACTORS

ITEM

LANG FACTOR

Purchased Equipment
Erection Labor
Foundations and Platforms
Piping

Instruments

Insulation

Electrical - .

Buildings

Land and Yard Improvements
Utilities

Engineering and Construction
Contractor's Fee
Contingency

Working Capital

107

1.00
.25
.18
.76
.15
.08
.10
.25
.13
.40
.66
.19
.59

10% Fixed Capital
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in "Chemical Engineering''. The use of these cost index factors is
described by Aries and Newton (AR-001).

4.5 GROSS ANNUAL OPERATING COST

The gross annual operating cost for a given process is the
sum of all direct, indirect, and fixed charges (AR-001). These
costs include such items as labor, plant overhead, utilities,
depreciation and insurance. These costs are further defined in

‘Table XVII.

The utility costs (power requirements) were calculated
from the total pressure drop through the process. The pressure
drop calculations were discussed in Section 4.2.1. Labor costs
were estimated using the guidelines set forth by HEW. The heat
requirement for the process was calculated from an overall process
heat balance.

It was found that the sorber had a small heat credit which
was applied to the requirements of the regenerator, thus lowering
the amount of heat to be purchased to operate the regenerator. A
detailed description of the heat balance calculations is given in
T.M. 004-009-Ch26. Other operating costs were determined using
percentage factors supplied by HEW. Also included in the operating
cost was an attrition loss of 0.05% of the sorbent circulation rate.

4.6 RESULTS

TRACOR estimated the total capital investment and gross
annual operating cost along with an overall heat and material
balance for the following plants using the two most promising single

metal oxide sorbents indicated by thermodynamic and kinetic screening.

Flue Gas Size | Concentration
Plant Type Million SCFM MW Inlet (ppm) Outlet (ppm)
Large Power
Plant . 2.5 1400 3000 150
Medium Power
Plant 0.5 220 3000 300

Smelter Gas
Plant 0.02 -- 29000 5000
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TABLE XVII

COMPONENTS OF GROSS ANNUAL OPERATING COST

DIRECT COSTS

INDIRECT COSTS

FIXED COSTS

Raw Matl's and Chemicals
Direct Labor

Supervision

Maintenance

Plant Supplies

Utilities

Payroll Burden
Plant Overhead
Packaging & Shipping
Waste Disposal

109

Depreciation
Taxes
Insurance
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For the largest power plant, the sorber was designed with
several units linked in parallel for efficient use of available
space, to allow for operating flexibility, and to decrease the required
vessel diameter.

A summary of the results of the economic calculations
for the best sorbent for each plant type are given in Table XVIII.
An example of the simplified process flow sheet for the CuO process

for the large plant is given in Figure 23. Process flowsheets

describing all of the above mentioned sulfur oxide removal processes
are given in Section 8.2.5 along with their respective heat and
mass balances. Cost estimation output for the above plants usihg
copper and iron oxide sorbents is given in Section 8.2.4

The total capital investment for either the copper oxide
or iron oxide process for a 1400 MW power plant processing 2.5
million SCFM is $8 million ($6/KW) and the gross annual operating
cost is $3 million (0.03¢/KWH). It is recognized that there are
other costs that will arise when a more detailed study is done.
Some of the possible costs are given in the following list.

1. The regeneration temperature may require the use
of stainless steel materials.

2. Costly utility tie-ins due to plantllocation could

'~ occur.

3. Special heat exchange equipment may be required.

4. Sulfur product credit may vary according to market
areas.

5. Special valves may be required to regulate gas flow.

The required capital investment for the sulfur oxide
removal processes studied by TRACOR, thrbugh only a preliminary
estimate, appears to be a reasonable one. The operating cost is
in the same range as the potential sulfur by-product credit,
approximately $3-4 million assuming $35 ton sulfur. In summary,
the dry metal oxide sulfur recovery process appears to be economi-
cally feasible based on the information derived from this study.

110



T11

Process
Sorbent

Cu0

Fe O

TABLE XVIII

SUMMARY OF COST ESTIMATES FOR THE COPPER
OXIDE AND IRON OXIDE PROCESSES

Total Capital Investment Gross Annual Operating Cost:

$ Million , $ Million
Large Medium Smeltef Large Medium Smelter
Power Power Gas ‘ Power - Power Gas
Plant Plant Plant Plant Plant Plant
8.25 1.88 0.351 2.63 0.647  0.238
8.01 1.76 0.279 2.53 0.627 0.226

T2L8L SVYX3L ‘NILSNV ‘INVI HOOVHL 0089 Hﬂgml



Eh -4%91-9v

AN

POWER PLANT SIZE: 1400 MW

FIGURE 23

- PROCESS

FLOWSHEET

FOR T.iE COPPER OXIDE PROCESS

10 10
2.5 MILLION SCFM FLUE 6AS POWER SULFUR
PLANT RECOVERY UNIT
D (D)
(J:—‘ @D | cveLone @D| creione
FEED MAKE-UP
14.7 PSIA 14.7PSIA
' : 613°F 1377°F
@ €))
&D | (D
65,417 %-61'“30' v 53,525 | 43'¢ X22°
D) L8s _LBS
Cv0 AT Cvo
l D CE?,, EXCHANGE
FLUIDIZING
FLUE 6AS HEAT D @ | wear D | wevium
FROM FURNACE EXCHANGE EXCHANGE (AIR OR
SORPTION UNIT REGENERATION UNIT FLUE ¢4S)
STREAM '
COMPONENT @D @ @D @ @ @ @d) a @ @
S07, MLB/HR 75.861 3.791 0.172l 0.172l 0.17
S0;, MLB/HR - - - - 90.09
N2 . MULB/HR 285.66B285.66] 371.61] 371.61] 371.61
Co;. MLD/HR P555.39p555.39[ 114.61] 114.61] 114.61
H20 ,MLB/HR 515.58[ 515.58[ 23.12] 23.12] 23.12[
0, ,MLB/HR 353.99] 335.98] 15.07] 15.0 15.07
NO . MLB/HR 5.93] 5.93 0.26] 0.2 0.26]
TOTAL 6AS, MLB/HR 117924111170233] 524 . 841 524  8L4[ 614 .93 :
Cv0, MLB/H _17507| 2L0.22] 2L0.22] 150.68| 150.
&S0, 4.171;7’1! 19.91] 19.91] 199.54] 199.5
TOTAL SOLID, MLB/HR . 125071 260.13] 260.13] 350.22] 350.2
ENTHALPY, MN BTU/HR 1689 . 811680 L4 - 19 43| 224 4] - g 28] 20.761 30.14] 80.43
M - 1000 . A6-16L4-37
MN - 1,000,000 TRACOR PROCESS FLOWSHEET DATE - JUNE 30, 1969
ENTHALPY DATUM - 60°F AUSTIN TEXAS
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5. SUMMARY

The purpose of TRACOR's study for NAPCA was to determine
which metal oxides were best suited to the removal of sulfur oxides
from flue gases by chemical reaction.

The thermodynamic requirements for efficient sulfur oxide
removal and product regeneration were thoroughly investigated.
The requirements for the sulfur removal process were determined
from the specified outlet concentration of S0, in the flue gas and
from the requirements of sulfur recovery processes. The specifi-
cations were that the logarithm of the equilibrium constant for
the decomposition reaction must be less than -3.82 at the sorption
temperature and greater'than -2.0 at the regeneration temperature.
In order to calculate the equilibrium constants, thermodynamic
properties of interest were compiled using the Univac 1108 computer
for 629 compounds. Properties for about 407% of the compounds had
to be estimated. Additional descriptive data such as thermal
stability propertieslwere also compiled and used in the thermo-
dynamic screening process. Sixteen thermodynamically favorable
sorbents were selected as a result of the screening process. The
potential sorbents were the oxides of titanium, zirconium, hafnium,
vanadium, chromium, iron, cobalt, nickel, copper, zinc, aluminum,
tin, bismuth, cerium, thorium, and uranium.

The kinetic studies were carried out to determine which
of the 16 potential sorbents reacted fast enough with SO, to be
economically feasible. The oxides were prepared in a kinetically
active form by calcining a salt which decomposed to the oxide at
a low temperature. The sorbents were identified and characterized
using x-ray diffraction methods, BET surface area determinations,
and chemical analysis. The rate data were collected using an iso-
thermal gravimetric technique whereby weight gain of SO, was recorded
as a function of time. The experiments were carried out in a
simulated flue gas atmosphere.
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It was found that six of the potential sorbents had a
significant rate of reaction with SO,. The other sorbents either
failed to react or took several hours to achieve a measureable
weight gain. An economically feasible residence time is on the
order of minutes rather than hours. An economically feasible
reaction rate constant, Kr’ was found to be greater than
10 sec™'. The oxides of copper, chromium, iron, nickel, cobalt,
and cerium had reaction rate constants within this range. Copper
and iron oxides were selected as the best potential sorbents, since
the other sorbents were complicated by such factors as undefined
stoichiometry of the sorption reaction, initial formation of a
product layer which slowed the reaction, and low SO, partial
pressure over the sorption product.

Finally, preliminary design and economic studies were
made for a sorber-regenerator system based on a fluidized bed model
for the gas-solid contactor The bubbling bed model of Kunii
and Levenspiel (KU-007, KU-008) was used, with inputs from the
thermodynamic and kinetic studies, to design and size the gas-solid
contactor. Draft fans and cyclones were also designed and sized.
The capital investment required for the process was estimated based
on the purchase prices of the major pieces of equipment with amounts
of money added to<méount for such things as erection costs, piping
costs, and instrument costs. The percentage factors given by
Lang (LA-004) were used to account for these installation costs.

The gross annual operating costs were determined from
percentage factors supplied in HEW guidelines and from power and
heat requirements determined from heat and material balances for
the process. The metal oxides, Cu0 and Fe O, , were found to have
promise as potential sorbents for an economically feasible sulfur
removal process. The preliminary cost estimate of the required
capital investment for the dry metal oxide sulfur removal process
was $8 million, and the annual operating cost was estimated to be
$3 million for a 1400 MW power plant.
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7. ABSTRACTS OF TECHNICAL MEMORANDUMS

7.1 Technical Memorandums on Thermodynamic Studies and
Preliminary Screening

7.1.1 Technical Memorandums on Estimation of Heat of Formation

T.M. 004-009-Chl describes the selection of Erdos' method
as the best method for estimation of heat of formation at 25°C
and shows how the estimated heats compare with some accepted

values.

T.M. 004-009-ChlA describes in detail the computational
method used for estimating heats of formation and its derivation.
The heats of formation of the sulfites, titanates, aluminates,
chromates, ferrates, vanadates, wolframates, and molybdates for
thirty cations estimated from the heats of formation of their
sulfates and carbonates are given along with the errors involved
in the correlation.

7.1.2 Technical Memorandum on Estimation of Absolute Entropy

T.M. 004-009-Ch5 is a discussion of the selection of
Latimer's method as the best for estimation of absolute entropies.
A mathematical description of the method, necessary constants for
estimating entropies, a comparison of estimated and accepted
values, and the correlation errors are given.

7.1.3 Technical Memorandums on Estimati i

T.M. 004-009-Ch4 is concerned with the selection of the
best method for estimating heat capacity as a function of tempera-
ture. A comparison of estimated and accepted values for each
of the methods studied is given. The uncertainty in equilibrium
partial pressures due to errors in heat capacity is also discussed.
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T.M. 004-009-Ch9 presents the computational method used
to estimate mixed metal oxide heat capacities, describes calcula-
tion of the errors involved, and compares estimated and known
mixed oxide heat capacities.

T.M. 004-009-Chl3 describes in detail the computational
method used to estimate heat capacities of metal sulfides.
Estimated and known values are compared. A general mathematical
description and derivation for heat capacity estimations of
carbonates, sulfates, sulfides and mixed oxides, and the errors
involved is given in T.M. 004-009-Chl3A.

7.1.4 Technical Memorandums on the Effect of Errors in
Estimated Thermodynamic Properties

T.M. 004-009-Ch2 is a discussion of the uncertainties
in calculated equilibrium partial pressures caused by errors in .
heat of formation and absolute entropy. The uncertainty in
calculated equilibrium partial pressures due to errors in
estimated heat capacity is discussed in T.M. 004-009-Ch4.

7.1.5 Technical Memorandum on Conflicting Reported

Thermodynamic Data

T.M. 004-009-Chl8 is a discussion of conflicting reported
values for thermodynamic properties and an explanation of the
choices made for accepted values. Conflicting data for 57 com-
pounds were examined. The memorandum is based on 116 references.

7.1.6 Technical Memorandums on Thermal Stability Studies

T.M. 004-009-Ch7 discusses the determination of the most
thermodynamically stable form for metal oxides having several
oxidation states.
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T.M. 004-009-Ch8 gives the results of an extensive literature
search concerning the thermal stability of metal sulfates, forma-
tion of sulfates by catalytic oxidation of SO, and reductive
decomposition of sulfates. The memorandum is based on 67 references.

T.M. 004-009-Ch3 is a short discussion of the literature
found in early months of the contract concerning sulfite

decomposition.

T.M. 004-009-Chlé gives the results of a comprehensive
literature survey and the correlation of all thermodynamic data“
concerning the interaction of metal oxides and SO,. The subjects
of adsorption with sulfite formation, sulfite decomposition and
disproportionation, adsorption on catalytic effective oxides,
catalytic oxidation of SO,, sulfate decomposition, and price and
availability of metal oxides are treated.

7.1.7 Technical Memorandum on the Price and Availability
of Metal Ox1des

T.M. 004-009-Ché presents in tabular form data concerning
the price per ton, amount of production, amount of consumption,
and amount stockpiled for the metal oxides or metals of interest
as potential sorbents. The data were obtained mainly from
publications of the U. S. Bureau of Mines. '

7.1.8 Technical Memorandums on Preliminary Screening of
‘ Metal Oxides and Mixed Metal Oxides

T.M. 004-009-Chl6 describes thé correlation of thermal
data and other information and the selection of 16 potential
metal oxide sorbents on the basis of these data.
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T.M. 004-009-Ch22 describes the thermodynamic screening
process for the '"mixed metal oxides.'" T.M. 004-009-Ch25 gives
the results of a theoretical study of the chemistry of the mixed
oxides plus a discussion of the problems involved in conducting
an experimental program for the mixed metal oxides.

7.1.9 Technical Memoramdum on Computer Programs

T.M. 004-009-Ch23 describes the computer programs written
to store, retrieve, correlate, estimate, and print thermodynamic
data. It also describes programs written for data analysis of
experimentally obtained surface area and kinetic data. Finally,
it gives a description of the programs used in the economic
feasibility studies to design and size equipment and estimate

costs.

7.2 Technical Memorandums on the Kinetic Studies
Experimental Program

7.2.1 Technical Memorandums on Design and Operation of
Experimental Equipment

T.M. 004-009-Chl0 describes the temperature calibration
of the differential thermal analysis apparatus. The calibration
was done by recording thermograms of high purity metals with
well-defined melting points.

T.M. 004-009-Ch20 is a detailed description of the apparatus
designed and built at TRACOR to simulate the composition of flue
gas. The gas mixing apparatus is used in connection with the

thermal analysis apparatus.
T.M. 004-009-Ch24 describes the apparatus constructed for

determining nitrogen adsorption isotherms used for calculation
of specific surface area by the BET method.
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7.2.2 Technical Me and n C

Data and Presentation of Results

T.M. 004-009-Ch24 describes the experimental procedure and
methods of data analysis used to determine BET surface areas for
metal oxide sorbents.

Bimonthly Progress Report No. 8 gives a complete discussion
of the experimental program up to April 30 including a detailed
description of the kinetic studies. Compound preparation, com-
pound charécterization, surface area determinations, kinetic
data collection apparatus and methods, and kinetic data analysis
are discussed. Experiméntal results are tabularized for the metal
oxide sorbents.

7.3 Technical Memorandums on Economic Feasibility Studies
7.3.1 Technical Membrandumg on Equipment Degign, Size, and

Purchase Price

T.M. 004-009-Chl9 describes the design of the fluidized
bed sorber based on the bubbling bed model of Kunii and Levenspiel.
The model allows calculation of the bed height from data on
SO, removal efficiency, reaction rate constant, particle diameter,
and gas and solid physical properties.

T.M. 004-009-Chl4 describes the method used to calculate
the sorber purchase price on the basis of the weight of steel
required for the cylindrical shell, elliptical heads, and the
gas distributor plate. 1Insulation costs were also included.

T.M. 004-009-Chl5 and the revision T.M. 004-009-Chl5A

describe the determination of purchase costs for cyclone dust
collectors. The cost was estimated on the basis of weight of
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steel required which was determined from the vessel dimensions.
The vessel dimensions were calculated from gas density, flow

rate, and pressure drop.

T.M. 004-009-Ch21 gives the computational procedure for
estimating the purchase price of forced-draft fans such as those
used to move air through power boilers. The technique is based
on estimating the cost of the fan and adding the cost of an
electric motor driver.

7.3.2 Technical Memorandums on ghe Estimation of Capital
Investment and Operating Cost

T.M. 004-009-Ch26 describes the determination of heat and
material balances around the sorber-regenerator system. These
balances are necessary to determine sorbent circulation rate and
heat requirements so that operating costs can be estimated.

T.M. 004-009-Chll describes the calculation of the Total
Capital Investment and the Gross Annual Operating Cost for the
sorber-regenerator system. The procedures used are consistent
with those outlined in the General Guidelines supplied by the
NAPCA. The capital investment is computed from the purchase
prices of the major pieces of equipment. The gross operating
cost consists of direct, indirect, and fixed costs which are
described in detail.
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ADDITIONS AND CORRECTIONS TO THE FINAL
REPORT - APPLICABILITY OF METAL OXIDES TO THE
ZVELOPMENT OF NEW PROCESSES FOR
REMOVING SO, FROM FLUE GASES

I. .Equation (3) in Volume I, page 5, under paragraph 2.3.2
should be changed to the following: '

o] —_ a0 kS i
ST '??93 + 3296 _ET—— dT +
4 . : ' i=0
o1 oc(m ]
Coasp, + (0 B dTJ (3)
ti T,
: Ts
where T; is the temperature of the ith phase transition and aS.
N - . ' A - -1
is the entropy of.the ith phase transition.
II. The following table gives changes and additions to be

mzde to the TRACOR Data Base given in Volume II, paragraph 8.2.1

.
r

of the Final Report.

CORRECTIONS
Compound " Heat of Formation
L ~ .at 25°C KCal/g mole
cs,o0 . 2£76.00
Cs,80, . =339.00

Rb,SO, S =340.20
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ADDITIONS

Compound Heat of Tormation References Absolute References

at 25°C KCal/g mqle. R B granl:r;pmzc)le/ '.
. Deg. K .
Cs,41,0. = -539.18 TR-002 . 45.8.  ° TR-003
Cs,Cr0, -=-318.00 . : ‘TR-OOZ.A . 58f4 KE-001
Cs,Cr,0,  -551.92 . TR-002 . - 55.0 XE-001
Cs, Fe.0, -327.16 'TR-OO?. "52;86 | TR-003

Cs, M0, -356.07 . TR-002 -



