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Abstract

Cyclic Use of Half-Calcined Dolomite and Magnesium Oxide for the
Removal of Sulfur Compounds from Gases at Elevated Pressures
by
George L. Kan

Adviser: Professor Arthur M. Squires

The duPont Thermogravimetric Analyzer, as previously modified
by Dobner, has been perfected for rapidly changing gas atmosphere
and for conducting a large number of reaction cycles with differ-
ent gas atmospheres within one day's operation.

We have examined two reaction cycles for removing sulfur
species from a gas mixture at high pressure:

1. Half-calcined dolomite for removal of hydrogen sulfide:

[CaCO3+Mg0] + H,S = [CaS+Mg0] + H,0 + CO, (D)
[CaS+MgO] + H20 + CO2 = [CaC03+MgO] + HZS' (B)
The major result for this cycle has been to show that higher
temperatures for the absorption, reaction (D), and lower tempera-
tures for the regeneration, reaction (B), tend to reduce the
steady, "final" absorptive capacity of the sclid for hydrogen
sulfide after a number of cycles have been made (in general, about
seven). Expressions of the Arrhenius type (see Section 6.05) were
found to correlate final absorption capacity with temperature of
each of the two reactions of the cycle.
A lead was obtained late in the research suggesting further
study varying the composition of steam/C02 mixtures used for reac-
tion (B). Such study may reveal a special composition that af-

fords significantly higher final absorption capacities than we



iv

have yet been able to achieve.

2. Magnesium oxide for removal of sulfur dioxide:

MgO + SO, + 1/2 0, = MgSQ (F)

2 4

2 (or CO) = MgO + SO2 + H20 (or C02) (G)

Our research has given the first data we knhow of for this

2
MgSO4 + H

cycle, and has given strong signs that it can be conducted re-
peatedly, indefinitely, with no permanent damage to the solid
that would lead to loss of absorptive capability of the MgO.

OQur data point to a temperature between about 750°C and
900°C for the absorption step, reaction (F), whose rate appears to
be determined by diffusion through a product layer of MgSO4. The
effective diffusivity of reacting gases through this layer is so
low -- less than about 0.2% of the diffusivity in open space --
that the practical use of the cycle is probably limited to rela-
tively small particles, for example, of about 50 micrometers.

Our data show that the regeneration step, reaction (G),
should be conducted at 900°C or above. The rate of this step is
strongly influenced by temperature, higher temperatures giving
higher rates.

We have found that the absorption, reaction (F), is strongly
catalyzed by platinum and palladium, and this finding is a lead
for further work to identify cheaper catalysts, iron oxide being

a good candidate for study.
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1.0 General Introduction

1.01 The Problem of Sulfur in Fossil Fuels

Presence of sulfur in fossil fuels creates problems in their
combustion for generating electricity, both from corrosion of
power-plant equipment and from pollution of the atmosphere. For
several decades, the electricity industry has studied and imple-
mented measures for dealing with these problems, for example:

(1) Combustion of oil with lowered excess air to reduce
formation of sulfur trioxide that corrodes cold-end
boiler equipment when stack temperature falls below
the sulfuric acid dewpoint.

{(2) Development of electrostatic precipitators of effi-
ciency beyond 99% in order to remove the fine particu-
late matter on which sulfur trioxide and sulfuric acid
tend to concentrate. The late John J. Grob of Con-
solidated Edison Company of New York played an impor-
tant role in pioneering precipitators of higher
efficiency in the 1950's.

(3) Devising and testing, often with disappointing results,
a rich variety of approaches to the scrubbing of sul-
fur dioxide from stack gas.

(4) Mechanical cleaning of coal to reduce pyritic sulfur.

(5) Hydrogenation of fuel oils to reduce sulfur.

(6) Solvent refining of ccal and other approaches to
reducing organic sulfur in coal through action of

hydrogen gas.



In recent years, two-stage combustion has received increasing
attention as another approach to the sulfur problem. The fuel
gases from the first stage of two-stage combustion contain sulfur
primarily in form of hydrogen sulfide. This can be removed from
the fuel gases by a variety of chemistries, which at least some
engineers regard in general to be "easier" to implement than the
chemistries under consideration for removing sulfur dioxide.

Two-stage combustion in power generation is, of course, an
old idea. Before electricity-generating installations reached a
scale appropriate for use of a steam turbine, the combination of a
gas producer and gas engine competed, both in cost and thermal
efficiency, with the combination of a steam boiler and recipro-
cating steam engine. What is today called "low-Btu gas" was then
called power gas. A few French installations provided iron oxide
boxes to remove hydrogen sulfide before the power gas was supplied
to the engine, but the prevailing opinion was that presence of
hydrogen sulfide could not harm an Otto engine (l). The early
French experiment, however, demonstrated in principle an approach
to the suppression of sulfur emissions from power generation that
has recently attracted strong advocates.

Two-stage combustion under pressure is an approach to the
firing of a gas turbine with coal or heavy residual oil.

Another potential solution to the sulfur problem is seen in
newly appreciated techniques for burning fuels in fluidized beds.
Combustion in fluidized beds is old art for the petroleum, metal-
lurgical, and chemical process industries, and is finding in-

creasing favor as an approach to elimination of many wastes.
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A number of apprcaches to fluidized bed combustion of coal

and residual fuel o0il are under examination, and each deserves

the attention of the electricity industry:

(L)

(2)

(3)

The "classic" fluidized bed boiler is a bubbling bed

of either inert solid or of an active solid, such as
limestone, for capture of sulfur dioxide. This has
been investigated by Pope, Evans and Robbins of
Alexandria, Virginia, the British National Coal Board,
Raymond Hoy and his team at BCURA Industrial Labora-
tories at Leatherhead, England, Exxon Research and
Engineering, Argonne National Laboratories, and others.
Heat-exchange tubes are placed in the bed, generally
for raising steam, to control the temperature of the
bed.

The "fast fluidized bed" (2) is under study at The City
College Clean Fuels Institute, Battelle Memorial Insti-
tute, and elsewhere. The advantage of the fast bed is
that the coefficient for transfer of heat from the bed
to steaming tubes placed in the bed can be varied inde-
pendently of the fluidizing-gas velocity, and this gives
the operator another handle on bed temperature, per-
mitting him to turn down the equipment without large
changes of solid inventory. Another advantage of the
fast bed is that a finely divided solid can be used to
accept sulfur dioxide, and this is in general conducive
to better acceptor utilization.

Shallow fluidized bed combustion devices were invented

and studied by the late Professor Douglas Elliott of
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the University of Aston in Birmingham, England. Early
payoffs for these devices are probably to be found in
small-scale applications. Nevertheless, easy turndown
of heat removal suggests that they may find application
in large-scale equipment as heat-removal zones in heat
communication with more conventional fluidized bed
combustion zones.

Squires (3) has reviewed these various types of fluidized beds

and their application to combustion.

Fluidized bed combustion under pressure is a second approach

to the firing of a gas turbine with coal or heavy residual oil.

1.02 Motivation of the Research Reported Here

The approaches to the problem of sulfur as well as the needs
of the electricity industry are so many and various that only a
foolish person would insist today upon one single sclution, or
even upon a small family of solutions. A number of the techniques
now under consideration may survive, in some form, 1in various com-
mercial embodiments for various of the industry's needs.

The research reported here was motivated by the broad idea
that the electricity industry needs ways to burn coal in a gas
turbine.

Evidence of the value of gas turbines to the industry is to
be seen, quite simply, in the record of its purchases of these
machines. Uncertain supplies of clean gaseous and liquid fuels
is a threat to the industry's future reliance upon gas turbines.

As noted earlier, one approach to use of coal in a gas tur-

bine is two-stage combustion under pressure. Hydrogen sulfide
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and particulate matter would be removed from fuel gas between a
gasiéication step and a combustion step, both conducted at ele-
vated pressure.

Although technologies exist for removing contaminants from
fuel gas at near atmospheric temperature, the interest of The
City College Clean Fuels Institute has been to examine possibil-
ities for new technologies whereby hydrogen sulfide and dust
would be removed at elevated temperature, thereby achieving a
signifizant improvement in thermal efficiency of a combined-
cycle power system (4).

In accord with this interest, one aspect of the present
research has becn to study use of half-calcined dolomite to
remove hydrogen sulfide from a fuel gas at elevated pressure
and elevated temperature. Work with half-calcined dolomite
occupied the major part of the time devoted to this research.

The second approach to firing coal for a gas turbine, noted
earlier, depends heavily upon finding a suitable solid acceptor
for the sulfur dioxide generated within the fluidized-bed com-
bustion under pressure, A minor part of the time available for
the resecarch was spcnt exploring use of magnesium oxide to
remove sulfur dioxide from combustion gases.

In both studies, the solid acceptors were used cyclically
in repeated absorptions of either hydrogen sulfide or sulfur
dioxide, each absorption step being followed by a regeneration
step to restore the original solid. The regenecration step is
devised to provide sulfur in form of hydrogen sulfide, which can

readily be convertad to elemental sulfur by the well-known

Claus process.
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To sum up: The research reported here is intended to be
a contribution toward solutions of the specific problem of
burning coal under pressure with use of a regenerable solid
acceptor to capture sulfur species at elevated temperature
and thereby to limit their release to the environment, either

as sulfur dioxide or as a solid waste.

1.03 Organization ¢of This Thesis

Part 1 deals with half-calcined dolomite as an acceptor
for hydrogen sulfide, and Part II treats magnesium oxide and
its reaction with sulfur dioxide. The two Parts can be read
independently, according to the reader's interest in gasifi-
cation or combustion respectively.

For convenient reference, the sections of the thesis are

numbered consecutively throughout both Parts.

Part I: CYCLIC USE OF HALF-CALCINEKEL DOLOMITE
FOR REMOVAL OF HYDROGEN SULFIDE FROM
FUEL GASES AT ELEVATED PRESSURE

2.0 Introduction to Part I

2.01 cClean Power Systems Using Dolomite as Sulfur Acceptor

Dolomite is a true chemical species, CaCO3-MgCO5.

We express half- and fully-calcined dolomite by the formulas
[ CacO3+Mg0] and [CaO+MgO] respectively, to indicate that each
solid comprises an intimate intermingling of microscopic
crystallites of MgO and the respective calcium compound.

There is no volume change, nor indeed any change of particle

shape, when dolomite is calcined gently to produce [CaCO3+Mg0O].
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The same may be said if dolomite is calcined to produce [ CaO+MgOQ]
at a temperature below about 1000°C. The molecular volume of
CaCO5+MgCO;3 is about 64.2 cm3/g-mole. It is sufficient to con-
sider the following molecular volumes,

MgO: 11.05% cm3/g—mole,
Ca0; 16.9 cm3/g-mole,
CaCO3: 36.9 cm3/g—mole,

to understand that both half- and fully-calcined dolomite are
porous and display appreciable internal surface.

The molecular volume of CaS is 25.8 cm3/g—mole. Sguires (5)
proposed in 1966 that half- or fully-calcined dolomite might be
advantageously used in clean power systems as an acceptor for
hydrogen sulfide from the first, gasification stage of a two-
stage combustion. His 1966 paper gave data showing that fully
calcined dolomite can be converted in good yield to [CaS+MgO]
and regenerated by action of stcam and carbon dioxide at elevated

pressure followed by a calcination. The reaction scquence is:

[Ca0+Mg0] + H,S = [CaS+Mg0] + Hy0 (A)
{cas+MyO) + H,0 + CO, = { caco;+Mg0O] + HyS (B)
[CaC03+MgO] = [Cca0o+Mg0] + CO, (C)

He obtained dry effluent gas from reaction (B) containing 20 to
24% hydrogen sulfide, levels satisfactory for a conventional
Claus system to convert this species to sulfur.

Although Squires (5) contemplated use of half-calcined
dolomite as an acceptor for hydrogen sulfide, it remained for
Ruth et al. (6) in 1970 to demonstrate the reaction

[CaCO3+MgO] + H,S = [CaS+MyO] + H,0 + CO, (D)



This can be followed by reaction (B), which of course is the
reverse of reaction (D), to restore the starting solid material.

Graff et al. (7) in 1970 elaborated a number of clean power
systems employing the two cyclic chemistries:

l. The fully-calcined dolomite cycle:

Reactions (A}, (B), and (C).

2. The half-calcined dolomite cycle:

Reactions (D) and (B).
Figure 1 is from their paper, and schematically illustrates use
of the half-calcined dolomite cycle together with a panel bed
filter {8, 9) for simultanecus removal of dust and sulfur species
from a fuel gas ahead of a combustion to supply hot gases to a
gas turbine,

Conoco Coal Development Company has worked for several years
on a process employing the half-calcined dolomite cycle (10). The
half-calcined dolomite is fluidized in a reactor by fuel gas which
is produced by gasification of coal fluidized by air and steam
within another reactor. The hydrogen sulfide generated by coal
gasification reactions is captured by the half-calcined dolomite
fluidized bed. The bed is at elevated pressure and is intended to
supply fuel gas for combustion ahead of a gas turbine.

wWestinghouse Electric Corporation has also worked on a system
employing the half-calcined dolomite cycle (11). The half-calcined
dolomite acceptor is present in a fluidized bed of coal undergoing
carbonization. Since this bed is fluidized by fuel gasecs from a
gasification bed that receives char from the carbonization bed,
hydrogen sulfide evolved both from carbonization and from the
upstream gasification stage are removed by the acceptor. Like
the Conoco System, the process would work at elevated pressure

to supply fuel gas to a gas turbine.
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Figure 1. Concept for power generation by combined-cycle system incorporating a

fluidized-bed gasifier for coal and a panel-bed filter for simultaneous
removal of dust and sulfur.
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Air Products, U.S. Steel, Heurtey of France, and others
have also worked in recent years on fuel generation schemes

employing one or the other of The City College dolomite

acceptor cycles.

2.02 Status of Work on Dolomite Cycles

Research efforts at The City College Clean Fuels Institute
have provided differential reaction kinetic information on
reactions (A) and (D) at atmospheric pressure (6, 12-15), and to
a limited extent on reaction (B} (l4) and reaction {(C) (16).

Workers at Westinghouse (17, 18) have provided a limited
amount of differential reaction kinetic data for the half-
calcined dolomite cycle, reactions (D) and (B), working at 10
atmospheres. However, the regeneration reaction (B) was con-
ducted at partial pressures of steam and carbon dioxide of only
1 atmosphere each. This limit on the partial pressures of the
regenerating gases put a limit on the equilibrium content of
hydrogen sulfide that might be realized from reaction (B). The
Westinghouse data confirmed The City College results indicating
that sulfur absorption reaction (D) is a lively reaction. The
data were characterized by a decline in conversion of calcium
sulfide to calcium carbonate with number of absorption-regenera-
tion cycles. 1In onc example, the conversion dropped from 68%
for the first regenecration by reaction (B) to about 12% after 21
cycles.

Conoco's effort (10) has provided practical integral reaction
kinetic information for the half-calcined dolomite cycle with both
reactions being conducted in fluidized beds at 15 atmospheres.
Conoco also experienced sharp decline in the acceptor's capacity

to absorb hydrogen sulfide after a number of cycles,
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Westinghouse (1l1) has reported that reaction (B) is
lively for a wide variety of dolomitic stone, and practical
tests at ERDA's research center at Morgantown, West Virginia,
have confirmed the liveliness of the reaction in removing
hydrogen sulfide from producer gas (19).

The disappointing decline in acceptor capacity in Conoco's
tests parallels Conoco Coal Development Company's earlier
experience with declining capacity when calcined dolomite is
used cyclically to accept carbon dioxide in this company's
Carbon Dioxide Acceptor Gasification Process*. This process
uses the cycle:

{caco,+Mgo] = [CaO+Mg0O] + CO, (C)

3
[cao+MgO] + CO, = [CaCO;+MgO)] (E)

We had thought the decline in capacity that Conoco had exper-
ienced was brought about by the high temperatures, generally
beyond 1,040°C, that are used in Conoco's gasification process
for the calcination reaction (C). In 1971, I,. Sterns, a Scnior
in Chemical Engincering at The City College, conducted work at
atmospheric pressure on the simple calcination and recarbonation
cycle, reactions {C) and (E}, but limiting the calcination tem-
perature to about 9259 to 9759C. Sterns experienced a decline
in capacity even at these lower temperatures for the calecination,
and Dobner (16) extended Sterns' data to higher pressures, with

similar results.

*Conoco Coal Development Company was formerly called Consolida-
tion Coal Company.
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2.03 Aims of this Research

The principle aims of the research were:

(1) To obtain the first differential reaction kinetic
data for the half-calcined dolomite cycle when it
is conducted repeatedly at elevated pressure, up
to about 20 atmospheres, with steam and carbon
dioxide present in regeneration reaction (B) at
partial pressures also appreciably beyond atmo-

spheric pressure,

(2) To explore the decline in capacity ©f the regenerated
half-calcined dolomite to absorb hydrogen sulfide
after a number of cycles as a function of temperature
and pressure level and composition of the gas

mixtures used.

Of these aims, we regarded (2) as the most important. Our hope

at the outsct of the regsearch was to identify the most favorable
combination of temperatures, pressure level, and composition of

gas mixtures from standpoint of preserving a high capacity of

the acceptor to absorb hydrogen sulfide.

2.04 Experimental Approach

The reactions to be studied produce weight changes of the
solids. Capacity and reactivity data can be readily obtained
by continuously recording the weight of the solid during its

reaction.
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A mixture of the desired reaction gases was premixed and
then passed over the sclid at a sufficient rate to prevent any
substantial change in the composition of the mixture. The
composition of the gas mixture was in accordance with thermo-
dynamic data such that only a single reaction could occur.
Fine powders were used in most of the experiments to minimize
interference from diffusion effects.

A modified duPont 950 Thermogravimetric Analyzer (TGA)
was used, capable of operating at high pressure with high
partial pressures of steam and with corrosive gases also
present. The TGA can continuously record the weight of the
solid versus time for an isothermal run, or weight versus
temperature in nonisothermal operation. A digital temperature

indication was provided.

2.05 Reporting of Results

The report here emphasizes the capacity history of the
solid reactant after many cycles. Rate information is also
given.

Effects of pressure, temperature, and gas composition are

discussed.
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3.0 Supporting Data

3.01 Previous Related work

Ruth (6, 15) conducted experiments on absorption of
hydrogen sulfide by half-calcined dolomite at atmospheric
pressure. He investigated temperatures from 550° to 800°C
for partial pressures of hydrogen sulfide from 0.005 to 0.2
atmospheres. Carbon dioxide was present in sufficient amount
to prevent dissociation of calcium carbonate, and hydrogen
was present in an amount to prevent dissociation of hydrogen
sulfide,

Ruth found the reaction of hydrogen sulfide with half-
calcined dolomite to be extremely fast, indeed, faster than
the reaction of hydrogen sulfide with fully-calcined dolomite.,
For example, at 800°C and 0.05 atmosphere hydrogen sulfide,
half-calcined dolomite achieves 50% conversion to [CaS+MgO] in
only 14 seconds, while the fully-calcined dolomite requires
280 secconds., BAs a further example of the comparison of the
reactivity of half- and fully-calcined dolomite, Figure 2
illustrates the course of the reaction of half- and fully-
calcined dolomite at atmospheric pressure with a gas containing
5% hydrogen sulfide.

Working at The City Collegye in 1972, J. Singh conducted
six half-calcined dolomite cycles at atmospheric pressurc.
Figurce 3 shows Singh's data. The most striking feature of the
data is the decline in capacity of the solid to absorb hydrogen
sulfide. After six cycles, it could absorb only about 35% as
much sulfur as its stoichiometric content of calcium would sug-

gest. On the other hand, the initial rates of both reaction (D)
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seen at the left in Figure 3, and reaction (B), seen at the
right, do not change much with cycling.

As mentioned earlier, Westinghouse (17, 18) reported limited
differential reaction kinetic data for the half-calcined dolomite
cycle at 10 atmospheres, but with partial pressures of steam and
carbon dioxide of only 1 atmosphere each in the regeneration
reaction (B). Absorptions were typically at about 870°C, and
regenerations were typically at about 700°C. The rate of the
regeneration reaction (B) was about the same as in The City
College data shown in Figure 3. 1Initial absorptions reached
50% conversion of the solid in about 5 minutes.

Figure 4 gives data obtained by Conoco Coal Development
Company (20) in pilot-scale experiments on the half-caicined
dolomite cycle conducted in fluidized beds. Plotted in Figure 4
are the calcium sulfide levels in the so0lid at the beginning and
conclusion of each absorption step. The difference between the
two curves plotted in Figure 4 is the capacity of the solid for
absorbing hydrogen sulfide in the respective cycle. It will be
seen that the capacity falls quickly to a low value, on the order
of 10% of the stoichiometric capability of the stone, after the
first cycle. The solid displays only 6% of its theoretical
capacity at the end of the 12th cycle.

Pell (l14) studied the fully-calcined dolomite cycle at 1
atmosphere using a sphere that was 0.65 cm in diameter. It is
now surprising, in light of the foregoing data for the half-
calcined dolomite cycle, to remark that the absorption capacity
of Pell's stone remained steady at substantially 100% conversion

to calcium sulfide even after 5 cycles carried out at 5 different
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temperatures. An Arrhenius plot of the apparent rate constants
for the cycles would not suggest any drastic decline in reactiv-
ity between second and fifth cycles. There was an increase in
reactivity as reflected in the reaction rate between the first
and second cycles,

Sterns, as mentioned earlier, studied the cycle of full
calcination and recarbonation of dolomite at atmospheric pressure,
Figure 5 shows the course of five selected recarbonation steps
from a run by Sterns at 700°C with 50/50 steam and carbon dioxide.
As Figure 5 indicates, the capacity of the stone to absorb carbon
dioxide fell to roughly 55% to 60% of the stoichiometric capa-
bility after 30 cycles, although the initial reaction rate for
absorption of carbon dioxide by the solid remained substantially
unchanged.

Dobner (16} conducted deolomite calcination-recarbonation
cycles at elevated pressure, and showed that both his and Sterns'
data for capacity to absorb carbon dioxide plot as straight lines
versus the number of cycles, both variables being plotted on a
logarithmic scale. Figures 6 and 7 give examples of Sterns' and
Dobner's data plotted in this way. Figure 8 is Dobner's plot of
earlier data from Conoco Coal Development Company (21, 22} for
cyclic recarbonation of calcined dolomite in a continuous bench-
scale process unit where the steps were conducted in fluidized
beds, and it is seen that Conoco's data also give straight lines
in the log-log plot. Dobner discussed alternative models that
might explain the deactivation of the solid for the absorption

reaction that Figures 6, 7 and 8 display.
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3.02 Review of Dolomite Chemistry

Squires (5) reviewed the literature before about 1966 on
dolomite chemistry relating to the present research. Dolomite
is a true chemical species, CaCO,5-MgCO,. It is a member of a
class of rhombohedral carbonates, which includes calcite
(CaCOB) and magnesite (MgCO3). These carbonates are built of
alternating layers of carbonate ions and cations. 1In dolomite,
ideally, cation planes populated entirely by Mg?t alternate with
planes populated entirely by Ca . Natural dolomite often
diverges from the ideal of one atom of magnesium for each atom
of calcium, the latter being present in excess. True dolomites
richer in magnesium are seldom, if indeed ever, encountered.

Dolomite is a common rock of wide distribution throughout
the world, and often occurs in a state of high purity. In the
United States and Canada, important dolomitic deposits exist in
Chio, California, Wisconsin, Pennsylvania, Nevada, Utah, Illinois,
Connecticut, Massachusetts, Ontario, and Quebeoc.

Dolomite decomposes in two steps when heated gently under
moderate carbon dioxide pressures. The first stage of dolomite
decomnposition, which is believed to be a diffusion controlled
process, produces an intermingling of microscopic crystallites
of CaCOj, and MgO. At a higher temperature, which corresponds to
the equilibrium decomposition temperature of calcium carbonate
at the prevailing partial pressure of carbon dioxide, the sccond

stage of decomposition occurs.
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The decomposition of calcium carbonate to calcium oxide
and carbon dioxide is readily reversible, but the decomposition
of magnesium carbonate is not, Magnesium carbonate shows no
tendency to react with carbon dioxide at the experimental
conditions used in this rescarch. It should be pointed out,
however, that magnesium oxide takes up carbon dioxide readily
at room temperature in the presence of water vapor.

There is no volume change, nor indeed any change of
particle shape, when dolomite is calcined gently to produce
[ CaCO3+Mg0]}. The same may be said if dolomite is calcined to
produce [ Ca0+Mg0] at a temperature below about 1000°cC.

Except at low carbon dioxide partial pressures, the
application of heat decomposcs dolomite in two stages. At the
rather high temperatures and moderate carbon dioxide pressures
typical of a calcination process, the calcite produced at the
first stage is essentially pure calcium carbonate. On the other
hand, if dolomite is decomposed at extremely high carbon dioxide
pressures, the product consists of a mixture of crystallites of
magnesium oxide and crystallites of a magnesian calcite, i.e.,

a calcite containing magnesium carbonate in solid scolution.

If the first stagye of calcination is conducted at around
600°C and 100 mm Hg of carbon dioxide, predcminantly singla-
crystal x-ray putterns for calcite are to be scen, as if the
calcite were prescont as crystallites oriented exactly in the
same way as in the original lattice. At 8009C and 650 mm Hg
of carbon dioxide, powler calcite x-ray patterns are scen, as
if recrystallization and randomization of the calcite crystallites

have occurred.
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Haul (23) gave surface area and porosity data for half- and
fully-calcined dolomite derived from a "dolomite" of unspecified
analysis. The table below gives a comparison of Haul's porosity
data at 800°C with "ideal” porosities calculated from molar
volumes of the relevant chemical species (see page 7).

The comparison suggests that at least some of the pores in

the materials prepared at 800°C may not be accessible.

"Ideal"” Porosity Haul's Value
{CaO~-MgO] 36.2 cm3/g—“mole“ 23.2 cm3/g—"mole“
{CaCO3+MgO] 16.2 10.8

Haul reported surfaces areas of half- and fully-calcined dolomite
prepared at 800°C to be 6.7 and 56.2 mz/gram respectively. The
fully-calcined material sihowed a decline in surface area from
800°C to 1000°C, the value at the latter temperature being about
5 mz/gram. Borgwardt and Harvey (24) gave a value of 4 mz/gram
for a sclid prepared by fully calcining dolomite at 980°C for

two hours.

Scanning electron microscope pictures of calcines show
clearly the spongy, porous nature of the material. Fully-calcined
dolomite has a granular structure in which small, roughly spheri-
cal calcium oxide grains appear to be distributed around larger
grains of periclase (magnesium oxide). The calcium oxide grains
occur in clusters which retain much of the granular character of
the original stone, and many of the grains appear to be partly
fused to the underlying grains of periclase., The grains have
diameters of about 0.1 to 0.5 microns, while the clusters are

generally 1 to 15 microns (25, 26).
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3.03 Eguilibrium Data and Reaction Conditions

Squires et al. (12) reviewed the thermodynamic data available
relating to reactions (A) through (E) and gave expressions for the
relevant equilibrium,

The equilibrium for reaction (A) is favorable for absorption

of sul fur over a wide range of temperature:
- [ = -~
loglo _HZQ]/LH25] 3,519.2/T 0.268 (1)

where the brackets signify mole fraction and temperature T is in
degrees Kelvin.
Equilibrium for reaction (D) is favorable for absorption of

sulfur only at relatively high temperatures, above about 800°C.
r = -
loglO[HZO][COZ]P/_HZS] 7.253 5,280.5/7T (2)

where pressure P is in atmospheres.
The deccomposition pressure of calcium carbonate, an
exprecssion of equilibrium for reaction (C), is given by
loglOP = -8,799.7/T + 7.521 (3)

C02

Equilibria for reactions {B) and (FE) are of coursz the
negatives of expressions (2) and (3) respectively.

when reaction (B) is used to regenerate half-calcined
dolomite, it must be carried out at elevated pressure to obtain
a useful result, i.e., a sufficiently high concentration of '
hydrogen sulfide in the product gas, and is preferably conducted
at as low a tempcrature as possible. 1In general, the practical

efficacy of the half-calcined dolomite cycle is enhanced if



28.

reactions (D) and (B) are conducted at as widely separated tem-
peratures as possible. This means that reaction (D) should
ideally be conducted at a temperature just below the temperature
at which calcium carbonate would decompose, according to reaction
(3), at the prevailing pressure of carbon dioxide in the fuel gas
to be desulfurized. Reaction (B) should be conducted at as low a
temperature as practicable kinetic limitations will allow. One
object of the present research has been to shed light upon what
this lowest practicable temperature for reaction (B) might be.

It should be noted that equilibrium for conversion of magne-
sium oxide to magnesium sulfide is unfavorable at all reaction
conditions of practicable interest, since the presence of even a
relatively small content of water vapor in the fuel gas to be de-
sulfurized will prevent this conversion. As Ruth (15) discovered,
however, the conversion can occur in a laboratory kinetic experi-
ment if a simulated fuel gas is used in the experiment that is too
dry. The experimentalist, therefore, needs to keep his eye on the
equilibrium for this conversion, given in Table 1 (l15), and main-
tain a steam level to prevent formation of magnesium sulfide in
his experiment. Ruth calculated the values in Table 1 from the
JANAF Tables.

Hydrogen sulfide can dissoclate to a significant extent at
typical reaction temperatures for the experiments. The JANAF
Tables give equilibrium constants for formation of hydrogen sul-

fide from hydrogen and S, vapor, and these constants were used to

2
calculate concentrations of hydrogen needed to limit the dissocia-

tion of hydrogen sulfide.



Table 1

Equilibrium Constant for the Reaction

MIO(g) * HpS(q) = HO(g) * MIB(y

Tk K

—_ —_—r
700 0.0047
800 0.0092
900 0.0154
1000 0.0230
1100 0.0317
1200 0.0412

1300 0.0511
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4.0 Theoretical Background

4.01 Noncatalytic Reaction of Gas and Seolid

Reactions (B) and (D), the reactions of concern for this

research, are of the general type
P(solid) +Q(gas}) = R{(solid)+S(gas)}

In the general case for a bed of fine powder sample, reaction
occurs in nine steps each capable of contributing to a concentra-
tion gradient. They are:

(1) Diffusion or gaseous reactant from the bulk of
gas stream through a surrounding film to the
surface of the bed of powder.

{2) Diffusion of gaseous reactants through bed to
the individual particles.

(3) Diffusion of gaseous reactants thrcugh the
micropores of the particle to the individual
crystallites,

(4) Diffusion of gascous reactant through the
solid product layer of individual crystallites
to the solid reactant,

{5) Chemical reaction of gascous reactant with the
solid reactant.

{6) Diffusion of gasecous products through the solid
product laycr to the surface of individual
crystallites,

(7) Diffusion of gaseous products through the
micropores back to the surface of individual
particles.

(8) Diffu-ion of gascous products through the bed
back to the surface of the bed.

(9) Diffusion of gascous products through the gas

film back to the bulk of the gas.
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Any one of the above steps may be rate limiting. However,
no single step must necessarily be rate limiting throughout the
complete extent of the reaction. Nor is the rate limiting step
necessarily the same under different experimental conditions
and different history of the solid (27).

A usual goal of kinetic research is to find a mathematical
expression for reaction rate as a function of reaction variables
such as time, temperature, pressure, gaseous concentration,
solid conversion, etc. This goal, however, must be approached
with extreme caution for a heterogeneous gas-solid reaction.

It is not in general possible to make unequivocal interpretations
of the reaction mechanism if a mathematical rate expression were
to be given. First order gas-solid reactions, for example, may
occur in a nucleation limited reaction of microcrystalline
powders (28), or may result from an exponential particle size
distribution together with a reaction that occurs in a shrinking
core mannecr (29, 30).

It must be appreciated that the study of the noncatalytic
reaction of a solid and a gas 1s genecrally much more difficult
than study of catalytic systems, where a solid merely provides
a surface on which a reaction can occur. In the former instance,
the solid steadily loses active surface as the reaction procecds,
whereas a catalyst in genceral has a constant surfacce area. 1In
noncatalytic systems of the type studied in this regscarch, the
overwhelming majority of reaction surface lies within the pores
of each particle of solid. This is also a situation often faced
in study of catalytic systems, but in our casc, the internal pore

structure of the solid does not remasin constant, but changes with
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time. For example, as a solit product forms, pores may be plugged,
thereby sealing off reaction surface and stopping or greatly slow-
ing the reaction.

The overall rate of noncatalytic solid—-gas reactions in
general, therefore, depends upon physical as well as upon chemical
rate processes, and some of the physical rate processes are inti-
mately related to the solit microstructure encountered during the
course of the reaction. Even if, by judicicus choice of experi-
mental conditions, some of the diffusional steps enumerated above
are eliminated or controlled so that their effect may be calculated,
nevertheless, still other physical effects can remain to complicate
the "true" chemical kinetics., This is what makes the study of
noncatalytic solid-gas reactions so difficult.

In our research, the situation ic further complicated by the
fact that the physical condition of the solid reactant can be
expected to change in some secular fashion with repeated use of the
solid in the half-calcined dolomite cycle. Although tnhe "true"
chemical kinetic situation may remain a given, the changing physical
structure of the solid may render the task of finding out these
"true” kinetics doubly difficult.

In light of these considerations, the strategy selected for
the present research has been to concentrate most effort upon the
secular changes in the absorption solid, as reflected primarily
by its capacity to absorb hydrogen sulfide in successive cycles
and also, secondarily, by the initial rate of uptake of hydrogen
sulfide or the initial rate of the regeneration reaction (B).

Not only would the information obtained from this strategy have
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the most practical value, from standpoint of development of a
process for desulfurizing fuel gas, but also it could easily turn
out that the information is a necessary prelude to any subseguent

effort to discover "true" kinetics.

4.02 Ruth's Kinetic Curiosities for Reaction (D)

Although the temperature of technical interest for use of
reaction (D) is around 800°C or higher, Ruth (6, 15) also studied
the reaction at temperatures as low as 450°C in the hope that the
results would shet light upon subsequent researcih planned for
study of reaction (B).

The work at lower temperatures revealed kinetic curiosities
that highlight the remarks of the preceding Section 4.01. A
strong influence of carbon dioxide uron the course of reaction (D)}
was discovered. An example of this influence is shown in Figure 9.
The reaction of a fresh sample of half-calcined deolomite with a
gas containing 5% hydrogen sulfide “"dropped dead" at a conversion
of about 20 to 25% of the solid to calcium sulfide when the carbon
dioxide pressure in the gas was 3% or 13%. At 30% carbon dioxide,
the reaction proceeded a bit further, out at 60% carbon dioxide,
the reaction proceeded rapidly to essentially full conversion.

Reference to Figure 2 illustrates that carbon dioxide also
has an effect upon the course of reaction (D) at 700°C, although
the effect is much less than at 600°C. The level of carbon dioxide
partial pressure has essentially no effect upon the rate at 800°C.

Ruth (15) succeeded in correlating the initial rate of uptake

of hydrogen sulfide by fresh half-calcined dolomite at temperatures
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Figure 9. The City College data (6, 1l5) for reaction
of fresh samples of half-calcined dolomite
with gas containing 5% hydrogen sulfide
and various levels of carbon dioxide at
600°C and atmospheric pressure.
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below about upp®C. He found two distinct kinetic regimes at high
and low partial pressures of carbon dioxide. The data for low
carbon dioxide displayed half-order kinetics and an activation
energy of 20.5 kilocalories/g-mole. The data for high carbon
dioxide level displayed first-order kinetics and an activation
energy of 37.7 kilocalories/g-mole.

Ruth remarked that the initial rate of uptake of hydrogen sul-
fide is greater at low carbon dioxide levels than at high levels if
the temperature is around 600°C or below. The tendency for the
absorption reaction at low carbon dioxide level to "drop dead" at
a small conversion of calcium carbonate to calcium sulfide is
greater the lower the temperature, and so is the degree to which
the initial rate of absorption at low carbon dioxide is greater
than the initial rate at high carbon dioxide.

From these facts, Ruth hypothesized that the explanation of
the flagging of the absorption reaction at low temperatures and low
carbon dioxide levels may be due to a blockage of the interior cof a
calcium carbonate crystallite by an impermeable layer of calcium
sulfide product. Such a blockage might arise, for example, 1f the
rate of progress of a reaction interface int the interior of a
crystallite should ocutstrip a rate of "annealing" of the product
layer, where such annealing is needed to produce porosity in this
layer.

Ruth's hypothesis is of course an invitation to make physical
inspections of solid products of reactions (B) and (D). A prelim-
inary effort to inspect products of reaction (D), reported in the

Appendix of Ruth's theis (15), suggested that high levels of carbon
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dioxide at 600°C may promote formation of large numbers of fine
crystallites of calcium sulfide that do not protect the underlying
calcium carbonate from further reaction. It was suggested that
carbon dioxide perhaps enhances nucleation of calcium sulfide crys-
tals. On the other hand, the inspections made 1t appear that at
low levels of carbon dioxide a smaller number of large calcium sul-
fide crystals form and grow together to close off the surface,
Examples are to be found in the literature for instances
where the physical form of crystallites produced by a chemical
reaction can depend upon the reaction environment. On example, of
interest for the present research, was given by Bachmann and Cre-
mer (31), whose electron microscopic examination of crystallites of
magnesium oxide formed by decomposition of microcrystalline magnesi-
um carbonate are different in character at high and low partial
pressures of carbon dioxide. The microcrystalline magnesium car-
bonate decomposes to form a conglomerate of small, well-shaped
crystallites of magnesium oxide that conform to the external mor-
phology of the original selid reactant. The crystals are larger
when the carbon dioxide pressure is higher, indicating that under
conditions where the deconposition rate is depressed the growth of
product crystals is favored over the nucleation of new crystallites.
Also, as temperature of decomposition is raised, the frequency of

nucleation increases, and the crystallite size of the resulting

magnesium oxide is reduced (29, 32).
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4.03 Reducing Influence of Some Diffusional Steps

It is desirable in an experimental situation to reduce the
influence of diffusional steps (1), (2), (8), and (9) noted in
Section 4.01 above, because these steps greatly complicate inter-
pretation of kinetic results.

The effects of steps (1) and (9) can be determined by gradually
increasing the reaction gas flow rate while holding the bed depth
constant and by observing any change in reaction rate. When there
is no further change in reaction rate with increase in gas flow
rate, kineticists generally assume that film diffusion steps are no
longer influencing the rate.

Effects of steps (2) and (8) can be examined by making runs
that use different amounts of sample, i.e., that vary the depth of
bed. Ruth (15) found that a small sample needed to be used at his
highest temperatures in order to exclude influence of these steps,
because his rates for reaction (D) on fresh half-calcined samples
were so fast.

The effects of internal diffusion within particles can be
reduced or eliminated by decreasing the size of particles of the
powder studied. Weisz et al. (33) elucidated the effect of par-
ticle size by giving Arrhenius plots of the rate of burnoff of car-
bon from cracking catalyst beads and powders. The plots for pow-
ders were straight, but those for beads "drooped" at higher tempera-
tures (lower values of 1/T), indicating diffusional resistance
within the beads.

Ruth (15) demonstrated an effectiveness factor of (0.97 for

fresh . alf-calcined dolomite particles undergoing reaction (D)
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at 800°C and 1 atmospher with gas containing 1% hydrogen sulfide,
the particles being -250+270 mesh in size,

Denbigh and Beveridge (34) studied oxidation of spheres of zinc
sulfide between 500° and 1,440°C. They found the reaction rate to
be chemically controlled in the lower part of the temperature
range, but found diffusion to be controlling at higher temperatures.
Furthermore, when little zinc oxide had been formed at the beginning
of a run at higher tcmperatures, they attributed mass transfer re-
sistance to the aerodynamic boundary layer surrounding the sphere.
At later times in the reaction, when more zinc oxide was present,

they attributed diffusional resistance to the oxide layer.
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5.0 Experimental Technigues

Since the reactions (B) and (D) under study each produce

a weight change, the thermogravimetric method can provide

differential kinetics for reaction of a sample of solid spread

as a fine powder in a thin layer on a balance pan, the gaseous

reactants flowing past the solid at a rate sufficient to preclude

any substantial change in a known gas composition.

The City College Clean Fuels Institute has three thermo-

gravimetric analytical set-ups:

(1)

(2)

(3)

One is for working at atmospheric pressure and can
handle samples up to about 5 grams. It is built

around an Ainsworth recording balance (12, 14).

It has been used in this research for preparing
samples of reacted solids for inspection.

Another, also for atmospheric pressure, uses the
duPont 900 Thermal Analyzer and 950 Thermogravimetric
Analyzer, the latter having been modified to accept
gases containing steam and corrosive agents such as
hydrogen sulfide and sulfur dioxide (6, 15). 1t has
not. been used in this research.

A third set-up, developed by Dobner (16), is built
around an extensively modified duPont 950 Thermo-
gravimaotric Analyzer. It is capable of working at
prassurcs up to about 30 atmospheres and at high
partial pressures of steam in presence of corrosive

agents,

Dobner's instrunent has been the workhorse of the prescont

rescarch.

His description (16) will be abstracted below in
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the interest of the completencss of this report. We will note,

however, certain modifications of Dobner's instrument that

became necessary during the course of the present work.

5.01 duPont Thermogravimetric Analvzer

The instrument used in the work consists of two separate
units: the duPont 900 Thermal Analyzer, which includes a
temperature programmer-controller and X-Y recorder, and the
duPont 950 Thermogravimetric Analyzer, which contains an
electrobalance and furnace.

The balance capacity is effectively 150 mg, and the weight
sensitivity is variable from 0.20 mg/inch to 20 mg/inch in seven
steps. This means that at the maximum sensitivity attainable, a
weight change of 0.02 mg should be easily seen. For a typical
sanmple size of 40 mg, wecight changes corresponding to as little
as 0.37 conversion of [CaC03+MgO] to [ Ca5+My0] can be recorded.

The instrument can be used in an isothermal mode to 1,000°C,
in which case the recorded produces a graph of sample weight
versus time. Alternatively, the instrument can be used in a
nonisothermal mode, with the temperature raised at a uniforin rate
to as high as 1,200°C and at rates up to 3d?c/minute. In the
latter mode, a graph of sample weight versus sample temperature

is produced.

5.02 Modification of duPont Thermogravimctric Analyzer for
High Prescurc Studies

Dobner (16) achieved pressurization of the Thermcocgraviwetric

Analyzaor (TGA) by enclosing the balance and furnace module inside
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a pressure vessel, as shown in Figure 10, Designed for 450

psig by Autoclave Engineers, the pressure vessel is approximately
3 feet long and 10 inches in inside diameter. The unit consists
of a horizontal pressure shell mounted on rails to permit easy
access to the TGA. There is a fixed bulkhead through which all
instrument and flow connections are made., Heat generated by the
TGA is removed by a cooling water jacket surrounding the pressure
shell. Safety precautions include a one-half-inch rupture disc
located in the bulkhead and a five-eighths-inch plywood pressure
shield to protect operating personnel. The pressure shield
facing the bulkhecad end of the vesscl is thicker, i.e., one-and-
one-gquarter—-inch plywood.

Figure 11 illustrates Dobner’s modifications of the working
space of the duPont TGA. He reduced the open space for the sample
pan to a length along the balance tube of only about one-half inch,
in order to limit the space available for development of a convec-
tion cell. Until this open space was reduccd just as much as
possible, Dobner observed large temperature differences between
thermocouple and temperature standards placed upon the balance
pan. The causc of the temperature differences was traced to
developmont of vigorous convection cells at highor pressures.
Convection is of course not a scrious problem for operation of
the duPont TGA at atmospheric pressurc,

As Figure 11 illustrates, reaction gas flowing toward a
sample on the balance pan passes first through a packing of
Vycor cyclinders that were prepared by breaking vycor rod of

onc-cighth--inch diameter into lengths of about one--cighth inch.
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Reaction gas leaving the sample flows through a passage in a cera-
mic block that substantially fills the space between sample and
balance housing. The passage also affords space for a quartz bal-
ance beam that carries thc sample pan. A separate passage in the
ceramic block houses the sample thermocouple in a tight fit; this
passage 1s not seen in the view shown by Figure 1ll1. A purge flow
of nitrogen leaves the balance housing, seen at the right in Figure
11, through an opening provided for the guartz balance, and the
nitrogen purge flow then enters the passage in the ceramic block.
A transverse passage in the block, situated about one-and-one-half
inches from the balance housing, carried the combined flow cf re-
action gas and purge nitrogen to a sidearm of the guartz furnace
tube, from which the gases exhaust from the tube.

A platinum balance pan was used throughout studies of the
half-calcined dolomite c¢ycle for removing hydrogen sulfide from a
gas mixture.

Experience with the arrangement of Figure 11 has confirmed
Dobner's expectation that it can be operated over a wide range of
experimental situations, at high partial pressures 6f steam and in
presence of corrosive agents, with freedom from condensation of
moisture on the guartz balance beam, penetration of steam into the
balance housing, or damage to delicate balance parts from corrosion.

Early in this research, several failures of the balance move-
ment occurred, and at first, these were thought to be a result of
intermittent penetration of hydrogen sulfide into the balance
housing. Metallurgical examinations, however, suggested that over-

heating of balance parts was a more likely explanation of the
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failures. It appeared that +the sluminum metal block housing the
balance did not afford sufficient capability for removing heat
from the beaded furnace elements placed along the quartz furnace
tube and sidearm for exhaust of reaction gases. A one-eighth inch
pancake cooling coil was installed on the face of the aluminum
balance housing, as illustrated in Figure 11, and thereafter no
breakdowns of the balance were experienced.

Another minor modification of Dobner's set-up arose from a
need for the connections between quartz furnace tube and stainless
steel ball joints to be adjustable in order to tclerate small dif-
ferences in dimensions among the several quartz balance tubes used
in the research. Flexible hoses of 304 stainless steel proved un-
satisfactory, since they could not withstand corrosion by wet hydro-
gen sulfide at high temperature. The problem was solved by using
one-eighth inch tubing of 316 stainless steel with a little U-bend
together with ball joints of stainless steel at each connection to

the furnace tube, i.e., for both inlet and exhaust of reaction gas.

5.03 Flow System for the Pressure Thermobalance

The principle difficulty in designing a high pressure dynamic
flow system for the thermobalance with corrosive gas atmospheres
was the absolute necessity for maintaining stable flow of gases
while providing continuous balanceing of pressure inside the thermo-
balance with its surrounding atmosphere. Unsteady flows to the
pressure thermobalance could result in inadvertent introduction of
corrosive gases into the balance housing.

Figure 12 is a schematic diagram of the flow system for the
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pressurized thermobalance. Inlet pressures of the various gases
are controlled using standard cylinder regulators. Lo-flow regula-
ted rotameters are used for flow measurement and for control of
individual gases. System pressure is maintained by a lo-flow back
pressure reqgulator, of the hand-lcading, piston type, through

which all gases are vented. The regulator is from Circle Seal
{BPR-7).

Pressure 1s equalized between inside of thermobalance tube and
a far larger space within the pressure vessel by a pressure balance
line between a point just upstream of the back-pressure regqulator
and the pressure vessel., There 1is a vent in the pressure balance
line. Depressurization of the unit is achieved via the opening of
this vent. Pressurization of the unit is achieved by allowing
purge nitrogen to flow through the purge line and a bypass line at
the same time.

Because of the large range of concentrations of the various
gases to be used in the research, it was necessary to prepare our
own gas mixtures. Schutte and Koerting Lo-Flo rotameters are used
in the set-up. They have a 10-to-1 range for a tube-float combina-
tion, and can withstand pressures up to 400 psig. Their tested
calibrated accuracy is about 2 percent of full scale, The minimum
measurable flow with the stated accuracy 1s about 2 cm3 (actual)/
min. At a presssure of 300 psig and a total reaction gas flow of
100 cm3 {actual)/min this translates to a minimum measurable gas

composition of 2 percent. Below this minimum, purchased gas mix-

tures must be used.
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Calibration of the flowmeters was made using either a Brooks
Calibrator, a wet test meter, or a bubble meter. For hydrogen sul-
fide, only the latter method proved feasible.

Corrosive gases (hydrogen sulfide and sulfur dioxide) have
their own feed line (not seen in Fiqure 12) to the pressurized
thermobalance. A three-way solenoid must be activated in order to
direct these gases to the thermobalance, thus providing additional
protection for the balance. Mixing of the corrosive gas with the
remaining reaction gases takes place close to the pressure vessel
in order to minimize need for corrosion-resistant fittings and
valves in the flow system.

All valves and fittings are manufactured by Hoke, and have
performed reliably. The three-way ball valves fo leak occasionally
as a result of deformation and creep of a teflon seat at pressure,
and the valves must therefore be checked regularly.

All lines leading to and from the thermcbalance are heated to
beyond 300°C to prevent condensation of steam.

In order to prevent damage to the back pressure regulator as
well as to prevent deposition of sulfur in the regulator if it were
to handle a gas containing hydrogen sulfide, gases from the thermo-
balance or bypass are first dried in a condenser at 0°C and then
desulfurized in a zinc oxide bed.

The location of the pressure balance line was changed in the
course of the present research from the location provided by Dobner.
He had placed this line between the supply of nitrogen and the
balance housing. However, as he noted in his thesis (16}, the

back-pressure valve available would cycle roughly + 5 psig during
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an operation at pressures near 300 psig and at typical flows of
400 cm3 (actual) /min. The cycling of the walve produced "breathing"
inside the thermobalance.

During some early runs, the volume inside the pressure vessel
but outside of the thermobalance was isolated. Because of heat re-
jected by the furnace and heating tapes, the pressure of gas inside
the vessel could increase to about 25 psi higher than the pressure
inside the thermobalance. This usually caused leaks to appear be-
tween the two volumes, or it caused the quartz furnace tube to
crack. The pressure balance line solved this problem by providing
passage for immediate relief of slight pressure build-up inside the
vessel. It should be noted that if the pressure in the vessel
should fall below the setting of back pressure regulator, reaction
gas mixture would flow into the vessel through balance line. This
back flowing gas mixture is virtually free of hydrogen sulfide on
account of the presence of the zinc sulfide sulfur knockout.

Even after the pressure balancing line was placed in the
present position, cyclic fluctuations in pressure in the thermo-
balance caused cyclic drift in the observed weight of a sample.
Sometimes the system pressure would cycle in the vicinity of + 10
psig of the pre-set pressure, a range of cycling larger than that
reported by Dobner. The problem was solved by adding a ballast
flow of nitrogen just before the back pressure regulator. A high
rate of flow of the ballast nitrogen makes the back pressure regu-
lator relatively immune to fluctuations of the total flow coming
from the balance, and therefore the requlator was able to hold the

back pressure steady. This high rate of ballast nitrogen also
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blows off any zinc oxide powder entrained by exiting gas mixture
thereby preventing its deposition inside the back pressure regulator.

The reaction gas flow system is designed with duplicate sets of
feed lines. This permits one reaction gas mixture to flow into the
thermobalance while another gas mi:ture is either being prepared or
awaiting the next step in a reaction cycle. A system of three-way
solencid valves {(Laurence Catalog No. 330817S) is situated close to
the pressure vessel, and this system can instantaneously switch one
reaction gas stream to the thermobalance while diverting the other
reaction gas stream, thus bypassing the thermobalance.

Steam is available to only one of the gas feed lines, so that
only one reaction gas mixture in a reaction cycle can contain steam.
Steam is generated by supplying water to a vaporizer from a

metering pump. As Dobner recongnized (16), the Harvard Apparatus
975 syringe injection pump that he worked with had many difficul-
ties, and it was replaced for this research by an 1ISCO LC pump
capable of pumping up to 3 ml/min of liquid to 2000 psig. It is a
single stroke pump working from a reservoir containing up to 375 ml
of liquid, and has given satisfaction.

Dobner's vaporizer is illustrated in Figure 13, A water-
cooled hypodermic needle (22 gauge stainless steel) feeds water
vertically into a packed pbed (five- sixteenths inch outside dia-
meter) of oxidized copper beads (20 mesh). The bed is heated ex-
ternally to 600°C by beaded furnace wire. The other reaction gases
are heated to above saturation temperature in a packed bed pre-
heater before being mixed with the steam. The preheater has beads

of borosilicate glass (1.5 mm) packed in two feet of one-gquarter



BEADED 20 MESH OXIDIZED
FURNACE COPPER PACKING
WIRE

5/16" S.S. TUBING

—

174" S.S. TUBING

HYPODERMIC
NEEDLE
(22 gauge )

-<— COOLING WATER

178" TUBE CONN.

f WATER FROM PUMP

Figure 13. Dobner's vaporizer (l6) for generating
steam for high pressure thermobalance.

51.



52.

inch tubing.

Vaporization of water in the vaporizer of Figure 13 is not a
steady state process, but takes place explosively as each droplet
is converted to vapor. The dynamics of the flow system for the
high pressure thermobalance are such that any pulses generated
during vaporization could be propagated, if not suppressed, as far
as the balance housing., Indeed, one of the most time-consuming
problems that Dobner faced in development of the pressure thermo-
balance was overcoming the penetration of steam into the cooler
parts of the balance that arose from pressure pulses originating
in the vaporizer. He finally achieved pulseless flow of steam by
placing a surge volume of 2 liters and an orifice (Cv = 0.002) 1in

the steam line from the vaporizer.

5.04 Calibration of Sample Thermocouple

A routine procedure, based upon Perkirn-Elmer magnetic stand-
ards (35), has been adopted for calibrating temperature of the sam-
ple thermocouple. The procedure is executed each time a different
set of gas compositions or pressure is planned or a new sample pan
or thermocouple is used. In general, the indicated temperature is
accurate to within about 15°C, except for temperatures beyond 800°C,
where indicated temperatures begin to lag. While the accuracy of
the indicated temperature leaves something to be desired, the
sample temperature with calibration for a specific run condition

can be reproducibly determined to within about 5°C.
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5.05 Performance of High Pressure Thermobalance

The noise level on the weight scale that is caused by combined
flows of purge gas and reaction gas has been measured. At 0 psig
and 600°C and a total gas flow of 1100 cm3 (0 psig, 77°F)/min of
nitrogen, the noise level is less than + 0.002 mg. At 300 psig
and 600°C and a total gas flow of 300 cm3 {300 psig, 77°F)/min, the
noise level is + 0.02 mg.

Nine runs were made to determine the effect on sample weight
of temperature, pressure, total volumetric gas flow, ratio of re-
action gas flow to purge nitrogen flow (where the "reaction gas"”
was nitrogen), and geometry and size of sample. Calibration curves
were obtained. Sample weight generally increases withe each of
these variables, with the exception of pressure. The sample weight
decreases with increasing pressure because of bucyancy forces.

Penetration of purge gas into the reaction gas zone was
determined. The experiment was accomplished using oOxygen as the
"purge gas" and nitrogen as the "reaction gas", and with finely
powdered copper at 600°C as the sample. Penetration can be de-
tected and measured by comparing a rate of weight gain in the experi-
ment with the rate if a known mixture of oxygen and nitrogen is used
as a reaction gas. The results of the experiment showed that pene-
tration is negligible for 800 cm3 {300 psig, 77°F)/min of purge
oxygen and 100 cm’ (300 psig, 77°F)/min of reaction nitrogen.

Buoyancy force was determined by observing the weight change
at a constant temperature as pressure was varied in absence of a
flow of gas. For example, the indicated weight declines by 0.53 mg

for an empty sample pan in going from atmospheric pressure to 300
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psig in nitrogen. From this measurement, the volume to the left

of the fulcrum of the balancing level is calculated to be 0.0215 crn3
greater than the volume to the right. Using this volume relation-
ship, calculations can be made to reckon weight corrections for
other situations encountered in this research (for example, when a
quartz sample pan replaces the platinum pan or when samples of
various materials are present on the pan) by considering gas and

material densities, and the calculated weight corrections ought

to be within about 10 percent of true values.

5.06 Experimental Solids and Half-Calcination Procedure

All runs were made with dolomite from the Greenfield formation
in Ohio supplied by Davon Incorporated from their Plum Run quarry.
Chemical analysis of the dolomite was performed by Lucius Pitkin,

Inc. of New York City, with the following results:

Component Weight Percent
Mg as MgO 20.14
Ca as CaO 29.40
Fe as Fe203 0.76
SiO2 1.70
Al as A1203 0.54
This analysis gives a molar ration of Ca/Mg = 1.049.

Powder was prepared by grinding small chunks of rock with a
mortar and pestle and sieving to prepare a -250+270 mesh cut. The
small chunks were taken from a number of rocks, rather than from
just a few, in order to get a sample more representative of Green-

field stone.



55.

In order to determine the fractional conversion of [CaCO,+MgOj

3
to [CaS+MgO] from the change in weight, it 1s necessary to know the
capacity of the sample of half-calcined dolomite to absorb hydrogen
sulfide. The analysis given above predicts a weight loss of 0.147
mg per mg of dolomite sample for complete reaction from the half-
calcined form to the sulfided form. This is in good agreement with

an averadge value of 0.155 obtained from seven runs that were

carried to completion at atmospheric pressure and at temperatures

beyond 800°C. Individual values for the several runs are given
below:
Run Number Fractional Weight Loss at End of Run

T-15 0.144

T-16 0.153

T=-17 0.162

T-21 0.163

T-22 0.162

T-23 0.158

T-46 0.146

The value 0.155 has been used in calculating conversions reported
here.

Half-calcination was done at run pressure in the TGA with a
programmed rise in temperature of 20°C per minute. Initially the
gas was 50/50 nitrogen/carbon dioxide. Half of the nitrogen was
replaced by an equal amount of steam when the temperature reached
300°C, and the heating was contained until the temperature reached

about 800°C.
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5.07 Tests for Possible Catalytic Role of Platinum

As Section 11.01 will discuss, in our work with absorption of
sulfur dioxide from oxygen-containing gases by magnesium oxide we
discovered a catalytic role toward the reaction of the platinum
gauze and platinum balance pan of our TGA.

Accordingly, we felt it necessary to check for the possibility
that platinum might play a catalytic role in the absorption of hy-
drogen sulfide by half-calcined dolomite. There was no a priori
reason to suspect such a catalytic effect.

A run (T-190) was made with a quartz balance pan and with no
platinum gauze present in an effort to duplicate results of an
earlier run (T-114} made with a platinum pan six months earlier.

The final capacity for T-190 was 18%, only 0.9 of the final capacity
of 22% for T-114. Although this might be an acceptable check for
some of our experiments, it was taken as a serious difference be-
cause excellent reproducibility had been obtained earlier for runs

at the conditions of T~114 using a platinum pan (e.g., runs T-100

and T-114 were two months apart and each gas a final capacity of 22%).

A calibration run (T-193} was then made to calibrate the tem-
perature using a platinum pan. Applying results obtained from T-193,
we made run T-194 with a platinum pan under identical conditions as
T-114, to obtain again the same final capacity of 22%.

Another calibration run (T-196) was made to calibrate the tem-
perature using a guartz pan. Applying the results of this run, we
made run T-197 with a guartz pan under otherwise identical conditions
as runs T-114 and T-194. The average of the capacities shown by the

last three cycles of run T-197 was 22%.
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We concluded that the discrepancy between runs T-190 and T-114
had been caused by erroneous temperatures in the former, and was

not caused by a catalytic effect fo the platinum pan.

6.0 Results

The heart of the present research has been a series of cyclic
runs devoted primarily to investigating effects of temperature of
the absorption reaction,

[CaCO3+MgO] + st = [CaS+Mg0] + HZO + C02. (D)
and of temperature of the regeneration reaction,

[Cas+MgO] + H,O + CO, = [CaCO3+Mg0], (B}
upon the capacity of the regenerated half-calcined dolomite,
[CaCO3+MgO], to absorb hydrogen sulfide.

Unless otherwise noted, all runs were made with a single batch
of ground powder, -~-250+270 mesh. All runs at elevated pressure were
made at 300 psig (21.4 atmospheres).

Reaction temperature was varied from 500° to 1,000°C. In most
runs, the time of absorption and the time of regeneration were main-
tained constant throughout the run. Most high-pressure runs were
made with 0.5% hydrogen sulfide present in the absorption step, and
a few runs used 0.7%.

As is evident, the research did not focus upon fiding rate ex-
pressions for the two reactions as functions of gas composition, 1like
much academic kinetic research., It was felt that exploration of ef-
fects of reaction temperature upon absorption capacity of the solid
was much more important. However, some qualitative information did

emerge connecting rates with gas compositions, and this limited in-

formation is also given here.
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Because variability in behavior of dolomite samples had been
seen in earlier research in our laboratory, (14, 15), we ran two
runs on our sample at atmospheric pressure for comparison with a
run by Ruth. Figqure 14 gives the comparison. The variability
seen in Figure 14 is not unusual, if compared with the earlier re-
search, and we concluded that our sample was essentially similar to
Ruth's.

Figure 15 illustrates a convention used in subsequent figures
for reporting absorption and regeneration conditions, cycle numbers,

and other pertinent information directly upon the figure giving

the reaction data.

6.01 Data for Runs with Absorption and Regeneration at Same

Temperature

Figures 15 and 16 illustrate two ways we have used to report
data from a run consisting of a number ©of cycles of reactions (D)
and (B).

Figure 15 is a "zigzag chart.” The upward, sclid line shows
the increase in the molar fraction of calcium sulfide in the solid
during an absorption step, and the sloping, dashed line shows the
decrease in calcium sulfide molar fraction as this substance is con-
verted to calcium carbonate in the subsequent regeneration step. The
conditions for the absorption and regeneration are noted at the top
of the figure. Both reactions were conducted at 731°C in the run
reported in Figure 15. About 10 seconds is needed to shift from the
absorption gas mixture, shown on the left at the top of Figure 15,

to the regeneration gas shown on the right, and vice versa.
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O P5IG, Ist CYCLE

ABSORPTION:
T-18: 750°C, 5% H,S,10%CO,,10%H, , BAL. N,
T-24: SAME AS T-18 |
RUTH 161: 750°C,5% H,5,15%CO, ,10% H, ,BAL.N,
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Figure 1l4. Duplicate runs at atmospheric pressure
compared with a run at similar conditions
by Ruth (15).



300 P3IG (21.4 ATM)

ABSORPTION : REGENERATION:
0.5% H,5,5%C0, ,48%H, BAL.N,  507H,0,407C0, ,I0%H,
I5 MIN.€ 73|°C. IOMIN @ 731°C
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Figure 15. 2ig-Zag Chart for Run T-94.
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300 PSIG (21.4 ATM)

AB3ORPTION: REGENERATION:
0.5%H,5,5%C0,, 48% H, ,BAL.N,  50%H,0, 40%CO,,107%.H,

15 MIN.@73]°C. 10 MIN.@ 73(°C
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Figure 16.

Rate data for three selected cycles of Run T-94,
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Figure 16 gives molar fraction of calcium carbonate in the
s0lid as a function of time during the first, seventh, and fif-
teenth cycle of the run reported in Figure 15. The calcium carbon-
ate content of the solid declines during the absorption reaction
(D), and increases during regeneration reaction (B).

A striking feature of the data in Figure 16 1is that the re-
generation reaction is extremely rapid at 21.4 atmospheres and
731°C, in contrast to the slow reaction exhibited by the data at
atmospheric pressure and 750°C, seen in Figure 3. There does not
seem to be much change in the rate of this reaction with cycling,
nor indeed, in the absorption rate either.

Figure 17 provides a comparison of regeneration rate at 300
psig and 0 psig obtained in this research, for runs in which both
absorptions and regenerations were conducted at 750°C. The
striking effect of pressure upon regeneration rate is again illus-
trated.

It does not follow inevitably, however, that the effect illus-
trated in Figure 17 is simply a kinetic effect brought about by an
influence of pressure upon the "true" rate of reaction of steam
and carbon dioxide with calcium sulfide surface. The calcium sul-
fide made at elevated pressure, for example, might have a different
physical form, or other physical effects brought about by the
change in pressure may dominate the "true" kinetics.

Figure 18 is a zigzag chart for a run in which both absorp-
tion and regeneration were conducted at 676°C, and Figure 19 is a

plot giving rate information. Again, the striking speed of the
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150°C, 1st CYCLE

REGENERATION
T-88, 300 PS1G,50% H,0,407% CO,, 10/ H,

T-11,0 PSIG,507 H,0, 507 CO,
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Figure 17. 1Illustrative comparison of rate of
regeneration at atmospheric pressure

and 21.4 atmospheres.



300 PSIG (21.4 ATM)

ABSORPTION : REGENERATION:
0.57% H,5,5%C0, ,48% H,,BALN, 507% H,0,407%CO,,10%H,

IS5 MIN. @ 676°C. 10 MIN.@ 676°C.
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Figure 18. Zig-2zag chart for Run T-95.
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300 PsIG

ABSORPTION: REGENERATION:
0.5%H,5,5%C0,, 487 H, BALN, 507H,0 407C0,, 10%H,

(5 MIN.@ 676°C. [OMIN.@ G76°C.
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Figure 19. Rate data for Run T-95.
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regeneration reaction is evident, and Figures 20 and 21 are a cor-
responding pair of figures for another run with both reactions at
676°C, but with a longer period of time for absorption and a
shorter period for regeneration. It is evident from a comparison
of Figures 18 and 20 that the final absorptive capacity of the
solid is increased by the transfer of time from the regeneration
step to the absorption step. The reason for this is apparent from
a comparison of Figures 19 and 21. Substantially, all of the re-
generation that the indicated reaction conditions can afford is
accomplished in about one minute, and any subsequent time devoted
to regeneration is wasted. On the other hand, increasing the time
for absorption from 15 to 22.5 minutes caused some additiocnal

absorption to occur,

6.02 Data Showing Effect of Regeneration Temperature on

Absorptive Capacity

Figures 22 and 23 are for a run with absorption at 731°C and
regeneration at 618°C. The total cycle toock 25 minutes. Of this
time, 1.5 minutes were spent in heating the sample, and 4.5 min-
utes in cooling. Both heating and cooling were carried out with
absorption gas flowing over the sample. Regeneration was carried
out in 4 minutes, since the results discussed in Section 6.01 in-
dicated that longer regeneration times did not increase the ultim-
ate absorptive capacity of the solid sample.

Figures 24 and 25 are for absorption at 731°C and regeneration
at 560°C, with regeneration carried out in 2 minutes. Figures 26

and 27 are for a run similar in every respect, except in that of
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ABSORPTION: REGENERATION:
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Figure 20. 2ig~-2ag chart for Run T-96.
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300 _PSiG

AB ON: REGENERATION!
0.5%H,5,57.C0,,48%H, BAL N, 50%H,0,40%C0, I0%H,
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Figure 21. Rate data for Run T-96.
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300 PSIG (21,4 ATM)

ABSORPTION: REGENERATION:
0.5% H,5,5%C0,,487%H, BAL.N,  50%H,0,40%C0, 107 H,
15 MIN.@ 731°C 4+MIN.CCIB C.

HEATING = 1.5 MIN. (With H,S)
COOLING = 4 MIN.
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Figure 22. 2zig-2Zag chart for Run T-97.
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ABSORPTION: REGENERATION
0.5%H,5,5%C0, ,48%H, BALN,  50%H,0,40%C0, ,10%H,
15 MIN. @ 731°C. 4 MIN.€Gla°C

1.5 MIN. HEATING (With H,S)
4.5 MIN. COOLING
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Figure 23. Rate data for Run T-97.
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300 PSIG (214 ATM)

ABSORPTION: | ~ REGENERATION:
0.5%MH,5,5%C0, ,48%H, ,BAL.N, 50% H,0,40%C0, ,10%H,
ISMIN.@ 731°C. 2 MIN. @ 560°C.

HEATING =2 MIN. (With H,S)
COOLING = G MIN,
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Figure 24, 2ig-Zag chart for Run T-98.

‘1L



300 PSIG

ABSORPTION: REGENERATION:
0.5%H,S,5%C0,,48%H, ,BAL.N, 50% H,0,40%C0, 107 H,
15 MIN. @ 731°C. 2 MIN, @ 560°C.

2 MIN. HEATING (With H,S)
G MIN. COOLING
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Figure 25. Rate data for Run T-98.
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300 PSIG (21.4ATM)

ABSORPTION: REGENERATION:
0.5%H,5,5%C0, 48%H, ,BALN,  50%H,0,407CO, 107 H,
I3 MIN. @ 731°C. 4 MIN.@ 560°C.

HEATING =2 MIN. (ex H,S)
COOLING = G MIN.
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Figure 26. 2ig=-2ag chart for Run T-114.
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300 PSIG

ABSORPTION: REGENERATION:
05YH,S5, 5%C0, 48%Hy BALN,  50%H,0,40%C0,,10%H,
13 MIN. @ 73I1°C. 4 MIN. @ 560°C.
HEATING =2 MIN. (ex H,5)

COOLING= G MIN.
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Figure 27. Rate data for Run T-114.
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the total 25 minute cycle, 4 minutes were devoted to regeneration,
and hydrogen sulfide was absent from absorption gas mixture during
the two minutes heating from 5$60°C to 731°C. The longer regenera-
tion time did not seem to have much effect, and the run of

Figures 26 and 27 was terminated early.

Figures 28 and 29 are for absorption at 731°C and regeneration

at 504°C.
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Figure 28. 2Zig-Zag chart for Run T-99.
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300 PSIG

ABSORPTION REGENERATION:
0.5%H,8,5%C0, 48/ H; BAL N,  50%H,0,40%C0,,I0%H,
1l MIN.@& 731°C. 4 MIN.@ 504°C.

2 MIN. HEATING (With H,5S)
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Figure 29. Rate data for Run T-99.
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6.03 Run Testing Effect of Hydrogen in Regeneration Gas at 560°C

Fiqures 30 and 31 are plots for a run similar in every re-
spect to the one plotted in Figures 26 and 27 above, except in
that 10% nitrogen was substituted for 10% hydrogen in the steam
and carbon dioxide mixture used in the regeneration step. The
substitution of nitrogen seemed to have little effect at the 560°C
temperature of the regeneration, and subsequent runs, reported in
the Section 6.04 to follow, were conducted with a 50/50 mixture
of steam and carbon dioxide.

Figure 32 gives rate data for the final cycle (the 15th) of
the run illustrated in Figures 30 and 31 alongside data for the
final cycle (the 8th) of the run illustrated in Figures 26 and 27.
Figure 32 would suggest that presence of 10% hydrogen does not
have a large effect upon the initial rate of the regeneration

reaction at 560°C.



300 PSIG (214 ATM)
ABSORPTION: REGENERATION:
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Figure 30. 2ig-Zag chart for Run T-100.
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ABSORPTION: | REGENERATION:
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Figure 31. Rate data for Run T-100.
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300 P5IG, LAST CYCLE
ABSORPTION: 731°C,"2[ MIN.”
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Figure 32, Rate data for final regeneration in runs with
hydrogen and nitrogen present in regeneration
gas at 760°cC.
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6.04 Data Showing Effect of Absorption Temperature on

Absorptive Capacity

Figures 33 through 40 give data for a series of runs in
which the regencration temperature was held at 550°C and the
absorption temperature was 7000C (Figures 33 through 36),
8009C (Figures 37 and 38), and 900°C (Figures 39 and 40).

The regeneration time was 4 minutes in the run summarized
in Figures 33 and 34, and was 21 minutes in PFlgures 35 and 36.
There was no marked imwprovement in final capacity at the longer

regencration time.



300 PSIG (21.4 ATM.)

ABSORPTION: EGE ON:
0.5%H,S, 48%H,,5%C0,,BaL.N;  50% H,0,50% CO,
13 MIN.® 700°C 4 MIN. @ 550°C
HEATING = 2 MIN. (ex H,5)

COOLING = G MIN.

Vo T T T T T T T T T

0.8 - -

Ca$S ’
CaS+CaCO, oL

(MOLAR

| l\“N, \\‘\r‘
FRACTION) >+ [Ty {1

CYCLE NUMBER

Figure 33. 2Zig-Zag chart for Run T-112,
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300 PSIG

ABSORPTION: REGENERATION:
0.5% H,;5,5%C0O,,48% H, ,BAL.N, 50%H,0,50%CO,
3 MIN.€ 700°C : 4 MIN.@ 550°C

HEATING = 2 MIN. (eX H;S)
COOLING =6 MIN.

WogTrrrrrrrrJrrrrrrrri I I B (N B S I
0.8 —'\\( -
CaCoO, oc L _
CasS +CaC0O, " -
(MOLAR o4} -
FRACTION) - -
0.2 + —

i st CYCLE 4 th CYCLE 30th CYCLE

o} NN T T IOV T T N W U N O Y T O Y O 1¢1111||1

0 1w 20 30 0O 10 20 30 0 10 20 30

TIME, MINUTES

Figure 34. Rate data for Run T-11l2.
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300 P5!G (21.4 ATM)

ABSORPT|ON: REGENERATION:
0.5%H,S,5%C0,,48%H, ,BAL.N, 50%H,0,507% CO2
13 MIN.@ 700°C. 21 MIN, € 550°C.

HEATING =2.5 MIN, (€x H,5)
COOLING = G MIN.

1.0 —r r 1.1 1 v 1 |1 1 1t 1T 17711
i T-1s |
0.8 — -
Ca$ - -
0.6 {— '\ \
(MOLAR oal I\ \‘ \\ \ \ -
FRACTION) N A - A
oz | -
0 | W N WA NS VNN N SN VN N SO S SN M B
o] S 10 -1

CYCLE NUMBER

Figure 35. 2Zig=-2ag chart for Run T-113.
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300 PSIG

ABSORPTION:

05%H,S,5% CO,,487% H, ,BAL.N,
(3 MIN. € 700°C

HEATING = 2.5 MIN. (eX H;S)
COOLING= G MIN.

REGENERATION:
50% H,0,50% CO,
21 MIN. € 550°C

.0 Fr T T T T T [ r7TrrrrrrTyrrrrrrrra
N ISP Y T-113 7
CdCO; o8 :-\o\r -
CaS+CaCO0s 0.6 . -
(MOLAR : \ - :
FRACTION) o4 \ :
0.2 |- = -

st CYCLE Tth CYCLE 104k CYCLE
oLttt it e r b

O 10 20 30 400 0 20 30 40

O 10 20 30 40

TIME, MINUTES

Figure.36. Rate data for Run T-113,
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300 P51G (214 ATM)

ABSORPTION: REGENERATION:
0.5%H,S,10% CO, ,48% Ha, BAL.N, 507 H,0, 50% CO,
13 MIN.@ 800°C. 4 MIN.@550°C.

HEATING = 2 MIN. (ex H,5)
COOLING= 8 MIN.

o r—r—T1-r—7TT7T T T T 1 [ T 1T T 17T
. ™
0.8 . ~P\ -
cas i MM~N¢~N~N‘ N
Cas +Ccaco, Oéf \J\ -
(MOLAR 0.4 \\ -
FRACTION) _ ~
0.2 |- -

0 ! S N N NN O N TR N T DU N GH GRS B

o 5 10 s

CYCLE NUMBER

Figure 37. 2ig-Zag chart for Run T-111.
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ABSORPTION:

Caco,

CasS +CacC0,

(MOLAR
FRACTION)

1.0

0.8

0.6

0.4

0.2

300 P5IG

05%H,S,10% CO,, 48%H, BAL.N,
13 MIN.@ 800°C.
HEATING = 2 MIN. (ex H,5)
COOLING = 8 MIN,

REGENERATION *
50% H,0,50 %CO,
4 MIN.@550°C.

‘( | S I A O I B

f\\.__r

— | st CYCLE

e
e

L4t 411

\ i

r1rrriJri1riuoriru

T+h CYCLE
b

Ll S

it 1 411

el -

rTr 1 rrr1
T=11 -

I5th CYCLE ]

| S T T |

O 10 20 30

Figure 38.

O 10 20 30 0

TIME, MINUTES

10 20 30

Rate data for Run T-111.
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300PS1G (2.4 ATM)

ABSORPTION : REGENERATION:
0.5%H,5,30%C0,,48%H,, BAL.N, 50% H,0, 50%C0,
13 MIN.€ 900°C. 4MIN.@550°C.

COOLING =10 MIN,
HEATING : CYCLE 1-11 = 3MIN, (exH,5)
CYCLE 12-15= 3MIN. (WithH,5)

lor—r—7 7T 7 1T T 7T T T 1T T T 7T T T 1
0.8 |- ,J-J’%J"-J‘**J‘J-J‘-J'*J‘J"J -
i T-110 i
Ca$s n T
CaS +CaC0y %¢[
(MOLAR o4 b _
FRACTION) L i
0.2 - [ ™ —
0 I IS A WO N N NS NS I DUN T N B N I
(v} S 10 : 15

CYCLE NUMBER

Figure 39. Zig-2ag chart for Run T-110.
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300 PSIG

ABSORPTION : REGENERATION:
0.5%H,S, 30%CO, , 487 H,  BAL N, 50%H,0,50%CO2
13 MIN. € 900°C. 4 MIN. @ 550°C.

COOLING = |0 MIN.
HEATING: CYCLE |~I1=3 MIN.(ex H,5)
CYCLE 12-15 = 3 MIN_.(With H,5)

.0 .\t T1T 11T 1T T3 T 11Tl 11 T1 LI L L
i T-110

s |-\ -
CaCO, | ourt’ B
CQS +CQCO3 0.6 | -—
(MOLAR - st CYCLE 7th CYCLE I5th CYCLE -
FRACTION) o4} -
0.2 * —

0 T I W /N I I I I | [ S S I S T |

o 16 20 30 o 10 20 30 O 10 20 30

TIME, MINUTES

Figure 40. Rate data for Run T-110.
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6.05 Discussion of bData Showing Effects of Regeneration and

Absorption Temperatures upon Absorptive Capacity

Table 2 lists the runs from which the effect of regeneration
temperature upon capacity may be Jjudged.

Figure 41 gives plots of absorptive capacity versus cycle
number for three runs with absorption at 731©C and with regenera-
tion at three temperature levels noted in the figqure. It is seen
that the absorptive capacity tends to approach a constant "final"”
value after about the seventh cycle.

Figure 42 shows rate data for the last cycle of absorption
and regeneration for each of the three runs of Figure 41.

A striking feature of Figure 42 is that the initial rate of
the regeneration reaction does not appear to vary with temperature;
only the capacity varies. It would appecar that the regencration
reaction at the indicated partial pressures of carbon dioxide and
steam is extremely rapid. The rate was probably diffusion con-
trolled in our exporiments.

We have discovered that the logarithms of the "final”
capacities at a given absorption temperature give a straight-line
plot versus the reciprocal of the ahsolute temperature at which
the regencration reaction is carried out. Figure 43 illustrates
this plot. Although only three points have boen used to plot
Figure 43, inspection of values from other runs in Table 2 show
that they support the position and trend of the line plotted.

The line in Figure 43 is given by

lo C = 3.,7127 - 1,974/TR (4)

930

where C = "final" absorptive capacity in percent, and TR =

regencration temperature in OK.



Table 2

Cyclic Runs with Different Regeneration Temperatures (All data at 300 psig)l’6
Absorption Regeneration
Run # Temp. °C Time, Min. Final Capacity, ? Temp. °C Time, Min.
T-94 731 15 40 (15)° 731 10
T-95 676 15 36 (15) 676 10
T-96 676 22.5 42 (15} 676 2.5
T-973 731 21 ) 32 (15) 618 4
(1.5-15-4.5}
T-994 731 21 15 (15) 504 4
{2-11-8)
T-100 731 21 22 (15) 560 4
(2-13-6)
T-114 731 21 4 22 (9} 560 4
(2-13~6}
1. All half-calcinations were made at 25% H,O0, 50% CO,, 25% N, up to 787°C, except T-94
Y 2 2 2
up to 731°C.
2. Numbers in parentheses indicate heating time, time at temperature, and cooling time
respectively.
3. After half-calcination, T-97 sample was cooled to room temperature in 50%C0) and 50%
N>. First absorption started next day after heating up in £0% CO,, S50% N, to 731°C.
4. After half-calcination, T-99 sample was cocled to room temperature in 50% CO, and 50%
N»>. First absorption started next day after heating up in 25% H30, 50% COp, 25% N»
to 731°C.
5. Numbers in parentheses indicate last cycle number.
6. 0.5% HjyS, 5% CO,, 48% H, balance N, for absorption; 50% H,0, 40% CO3, 10% Hy for
regeneration except 10% N; instead of 10% H; for T-100.
7. Ho5 not present during heating.

*Z6



ABSORPTION: REGENERATION:

731°C 21 MIN." 0.5% H, S, 504" 560, 618°C,
5% CO?_,45% Hz,BAL. N‘)_ 4 MIN’ 50% H)_O, 40% CO)_
200 P51G
ACaS 731/618%C
CGS+CGCO3
CAPAC!ITY --=-d--_--'-££'*-—'--Q.-u--r-vnT197
731°C/560°C
(MOLAR ~————e = . Lo
FRACTION) N 731°C/504°C
\ ‘hﬁx——x—x—-x—r T-99
[ NN PR NN S N SR S
5 10 15

CYCLE NUMBER

Ficure 41, Capacity versus cycle number for three runs with absorptions at
731°C ‘the first -emperature designated alongside each curve)
and regenerations at 618°C, and 504°c, and 560°C, (the second
temperature).
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300 PSIG,LAST CYCLE

ARSORPTION: 21 MIN., REGENERATION: 4 MIN,
0.5%H,5,57C0O,,487/. H, ,BaL.N, 50% H,0,40%CO,
R S 0 L A O O O
. T-97 T-100 T-99 .
0.8 _
CacCo, i B
Cas +CaCoO, *>°% -
(MOLAR 0.4 -~ 618°C -
FRACTION) i i
560°C
0.2 |- 504°C —
" 73|.C 13|'C U =
0:111111111”111117?11("111::
O 10 20 30 O 10 20 30. O 10 20 30
TIME, MINUTES
Figure 42.

Rate data for last cycle of absorption and regeneration

in three runs showing effect of regeneration temperature
upon capacity.
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REGENERATION TEMPERATURE,°C.
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Figure 43. Logarithm of "final" caéacity versus reciprocal absolute

temperature of regeneration, for absorptions at 731°c.
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Table 3 lists the runs from which the effect of absorption
temperature upon capacity may be judged.

Figure 44 gives plots of absorptive capacity versus cycle
number for four runs with regeneration at 550°C or 560°C and with
absorption at four temperature levels noted in the figure. As in
Figure 41, capacity is seen to level off to a "final" value at
about the eighth cycle.

Figure 45 shows rate data for the last cycle of absorption
and regeneration for each of the four runs of Figure 44.

It is striking that the initial rate of absorption after a
number or cycles does not appear to vary much with temperature.

We have discovered that the logarithms of "final" capacities
at a given regeneration temperature give a straight-line plot
versus the reciprocal of the absolute temperature at which the ab-
sorption is conducted. Figure 46 illustrates this plot.

The line in Figure 46 is given by
loglOC = 4,789/TA - 3.4805 {5)

where C = "final" absorptive capacity in percent, and TA =
absorption temperature in °K.

The information given in Figures 43 and 46 is perhaps the
most significant obtained in the present research. It is impos-
sible not to remark that the trends in these figures are disap-
pointing. From a process point of view, it is better to conduct
absorption at the highest temperature consistent with the partial

pressure of carbon dioxide in the gas to be desulfurized and the

desire not to convert the solid into fully-calcined material. It



Table 3
Cyclic Runs with Different Absorption Temperatures

{All data at 300 psig)l

Absorption
Temp. Time Capacity at Gases, Bal Nz Temp. Time Gases, Bal Ny

Run # °¢c min. Last cycle,%  H,8/C0,/H, °c min.  Hy0/C0,/H,
T-110 900 23 a (15)4 0.5/30/48 550 4 50/50/0

(3-13-10) 23

26

(3-13-10)
T-111 800 21

(2-13-8)° 9 (15) 0.5/10/48 550 4 50/50/0
P-112 700 19

(2-13-6)2 29 {30) 0.5/ 5/48 550 4 50/50/0
T-113 700 19

(2.5-13-6)5 33 (10) 0.5/ 5/48 550 21 50/50/0
T-114 731 19

(2-13-6)° 22 (9) 0.5 5/48 560 4 50/40/10

. All half-calcinations were made at 25% H,0, 50% CO,, 25% N, up to 787°C.
Numbers in parentheses indicate heating, at,cooling times 1n the same order.
H,S gas present during heating from twelfth cycle to fifteenth cycle.
Numbers in parentheses indicate last cycle number.

. HpS5 absent during heating.
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a & a

.Ls



CAPACITY OF 30LID
(MOLAR -RACTION)

ABSORPTION REGENERATION

900°C, 26 MIN.! 0.5% H;5, 307 CO, 48X Hy, Bac. N,y 550°C, 4 MIN, 507.H,0, 507 €O,
B500°C, 21 MIN' O.54 H;8, 107, COp 4B H,, BAL.N, 550°C, 4 MIN, SO% H,0, 50% O,
700°C," 19 MINS 057 Hy8, 57. €O, 48/ H,, BALN, 550°C, 4MIN,507% H,0,50% CO,
731°C,"19 MIN.J 0.5% H;5, 57, COp, 48%H,, BALN,  560°C, 4 MIN, 507 H,0,4 0% COg,

Q%N
T T T T T T T T T T 3
0.8 = 300 PSIG A
0.6 - . . ==
=% 700°C/S50°C -
0.4 =Wt 4 -
—_ ’(;7\‘4\5 ++ + + 1 3 | +-—++ I
:+¥Y\%;& T T '
5 - . OwDwl -
2 N Y
= 731°C/560°C B
! 00°C/550°C
C.t = h 4 » X ® / ]
0.08 — T X .
0.06 F "\ . -
0.04 - ~— S i
—_ ’ L . -
0.02 - $00°C/550°C ~
ir. -
0.01 | ! ! 1 ] ] L | ] ] ! 1 1 ) t |
0 10 20 a0

CYCLE NUMBER

Figure 44, Capacity versus cycle number for four runs with regenerations
at 550° or 560°C {the second temperature designated alongside
each curve) and absorptions at 700°9C, 7310C, 800°c, and 900°C
(the first temperature).
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300 PSIG, LAST CYCLE

RUN ABSORPTION REGENERATION
T-110 ‘26 MIN.) 0.5%H,S, 30% CO,,48%H,, BAL. N, 4 MIN.,50%H,0,507%CO,
T-111 *21 MIN."0.5%H,S, 107.C0,, 487 H,, BAL. N, 4 MIN, 507.H,0,50).Co,

T-112  “I9MIN] 0.5%H,5, 5).C0,, 48/ H,, BAL.N, 4 MIN, 30, H,0,50%CO,
T-114  “19MIN 0.5/ H,5 57.C0,, 487 H;, BAL.N 4 MIN, 507, H,0,407. CO,, 10/, H,

'O rrrr T T T T T T T T T T T T T

B T-110 T4 T4 ™12 7

o8 |- -

Cacos ’ |l see
CaS+CaCOs °“ [ el o\

~ . 7 1

(MOLAR | g 8S _

FRACTION) _ 550\'c & - -

» 600‘('. L ]

0.2 - 900°C | ‘ -

%.Lo—r. B

0 ) ¢ 1]t | I L1 .t 1. .11 I B O

0 10 20 0 10 20 0O 10 20 O 10 20
TIME, MINUTES

Figure 45. Rate data for last cycle of absorption and regeneration in four runs
showing effect of absorption temperature upon capacity.
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is better to conduct the regeneration at the lowest possible tem-~
perature that kinetic limitations will allow. [For a discussion of
the favorable process temperatures, see Section 3.03 above.] It is
unfortunate that the more favorable operating temperatures, from a
pocess point of view, are less favorable from standpoint of solid
absorptive capacity.

It is not likely that an explanation of the trends in Figures

43 and 46 will be simple.

6.06 Data Showing Effect of Varying Steam and Carbon Dioxide

Levels during Regeneration

After the trends displayed in Figures 43 and 46 had been es-
tablished, much of the remaining effort in this research was de-
voted to attempts to find conditions that might give better “"final"
absorptive capacity at a temperature around 550°C to 560°C.

Table 4 lists runs in which the levels of steam and carbon
dioxide in regeneration gases were varied over wide ranges. As
will be seen from the "final" capacities noted in the table,
changing these variables had little effect upon the final capacity,
except in that reducing the level of steam to 25%, in Run T-101,
appeared to reduce the "final" capacity significantly.

Figures 47 and 48 give zigzag charts and rate data for the
run at 25/75 steam/carbon dioxide. Figures 49 and 50 give infor-
mation for 75/25 steam/carbon dioxide. Figures 51 and 52 give
information for 90/10 steam/carbon dioxide. Figures 53 and 54 give

information for 35/25/40 steam/carbon dioxide/hydrogen.



Table 4
Cyclic Runs with Various Regeneration Gases

(All data at 300 psig)!

Abso:ption2'3

Run No. Temp. ©C Capacity at Temp. ©C Capacity Gases, Bal N

last cycle % H20/C05/H3
T-100 731 22 (15)4 560 22 50/40/0
T-101 731 16 (15) 560 16 25/75/0
T-102 731 25 (15) 560 25 75/25/0
T-103 731 25 (15) 560 24 90/10/0
T-106 731 24 (11) 560 23 35/25/40

All runs were half-calcined with 25% H,0, 50% CO,, 25% N, up to 787°cC.

All absorption times are "21" minutes which include heating and
cooling time, all regeneration times are 4 minutes.

Absorption gases are the same for all the runs; i.e., 0.5% H,S,
5% C02. 48% H2.

Number of cycles made are shown in parentheses.
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300 PSIG (21,4 ATM)

ABSORPTION: REGENERATION:
0.5%H,5,5%C0,,48%H, , BAL.N, 25 % H,0, 75% O,
13 MIN.@73)°C. 4 MIN.@ 560°C.

HEATING = 2 MIN. (With H,5)
COOLING=6 MIN.

1.0

Nmmmn :

T= 10l
CaS +Caco, ¢ n
(MOLAR sl N\ ]
FRACTION) '

™ ™
0.2 | —
- B

0 U VS U R NN NENNE NN S AN SHUN SRR SN SAE N

0 5 10 s

CYCLE NUMBER

Figure 47. 2Zig-2ag chart for Run T-10l.
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200 PSIG

ABSORPTION: REGENERATION:
0.5%H,S,5%C0;,48% H,,BAL N, 25%H,0,75%.CO,
I3 MIN.& 73(°C. 4MIN.€560°C.

HEATING = 2 MIN. (With H,5)
COOLING= 6 MIN.

o T T T T T T T T T T T T T 711 S L
\ T-10l ]
0.8 (- -
CacCo, _\ i
Cas +Cac0; 2°[ \ { 7
3 i \.-! |
R(:(?LA(? \ 0.4  |stcYCLE 7+h CYCLE I4th cYcLE -1
FRACTION i y -
A A
02| “ | i
- \. .\. -
0 | I Y T T O | L1411 1 1 Lt 11 ) ¢t 1

0O 10 20 30 0O 10 20 30 c 10 20 30

TIME, MINUTES

Figure 48. Rate data for Run T-10l.
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300 PSIG(21.4 ATM)

ABSORPTION: REGENERATION:
0.5%H,3,5%CO,, 48% Hy, BAL.N, 75 % H,0, 25 %.CO,
13 MIN.@ 731°C. 4 MIN. @ 560°C.

HEATING =2 MIN.(With H,S)
COOLING = 6 MIN.

W rT T T T T T T T T T T T
- T-102
0.8 - ~
cas R \' \I\ $ \I\J‘\J‘\‘P\I\‘r\ J\\ i
Cas +CaCO, o¢F M ‘\ \ \ -
(MOLAR A\ \ ]
FRACTION) T I\ ]
- .
0.2 |~ -
0 | [N T A W A N S (N RN S NN SN SN N ]

(o] 5 10 5

CYCLE NUMBER

Figure 49, 2Zig-Zag chart for Run T-102.
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300 PSIG

ABSORPTION: REGENERATION:
05%H,S5 5%C0,,48%H, BAL.N, 75%H,0, 25%.CO,
13 MIN.€731°C. 4MIN.€560°C.

HEATING= 2 MIN, (With H,5)
COOLING=G MiN.

O T 71T T T T rT T T T T T T T 11 T T T T T T
T-102
0.8 l. —
CaCO, L e H -
Cas +Caco °""'\| 7
? a0, " ome 7+h CYCLE 14 th CYCLE  _
(MOLAR 0.4 |- st cYCLe 1 Ve '\ r _
FRACTION) . \ ]‘ 3 l _
0.2 - \ .\. -

0 | O I [ I O [ U I O A |

o I 20 30 6 10 20 3%0 o 10 20 30
TIME, MINUTES

Figure 50, Rate data for Run T-102,

90T



300 PSIG (21 4 ATN)

ABSORPTION: REGENERATION:
0.5%H,5,5%C0, ,48% H, ,BAL.N, 90 % H,0, 10% CO,
13MIN.@731°C. 4 MIN.@ 560°C.

HEATING = 2 MIN. (With H,S)
COOLING = G MIN.

(.0 T 1 17 1 11T 751711 — 1 1 1
- T-103 7
0.8 . —
cas - \ I\ .
Cas+Caco, °¢T \I\I\\]\’]\J\j\f\ N -
MoLAR Ty [\ \ |
FRACTION) ' \
A .
0.2 |- —
. s
0 TR VRS T RN VH IO GRS B B [ T |
0 5 10 IS

CYCLE NUMBER

Figure 51. 2Zig-2ag chart for Run T-103.
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300 PSIG

ABSORPTION: REGENERATION:
0.5%H,3,5%C0,,48%H, ,BAL.N, 90%.H,0,10%CO0,
13 MIN.€ 731°C. 4 MIN.@ 560°C.

HEATING= 2 MIN. (With H,S)
COOLING = 6 MIN.

|‘01§I | SN D SR B [ G S R B B S G D S S N B M R N R |_
e T-103
o8 He * —
CaCo, B - | l
0.6 \% , ® —
CaS+CaCO; \! A\ » .
- ® ® -
(MOLAR | \ \ { _
FRACTION) i U , , ]
0.2 \° -
| Ist CYCLE Tth CYCLE I5+th CYCLE
o U I O O I A | [ I T O O | /I I S I A U |

o 10 20 30 o 0 20 30 O 10 20 30

TIME, MINUTES

Figure 52, Rate data for Run T-103.
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300 PSIG(21.4 ATM)

ABSORPTION: REGENERATION:
0.5%H15,5%C0,,48%H,, BALN,  35%H,0,25%CO0,,407H,
I13MIN.& 731°C* 4 MIN.€560°C.

HEATING =2 MIN. (With H,S)
COOLING= G MIN.

o —T—T 7T T 1T T T T T T T 7T T 1
- T-106
0.8 - —
Ca5+CaC0O, ©0¢ \ \ ]
MOLAR [ \ \ _
FRACTION) - I\ ~
0.2 1 -
0 S N N N TN N N WO N N W NN S G ]

0 5 10 15

CYCLE NUMBER

Figure 53, 2Zig-2Zag chart for Run T-106,
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300 PSIG

ABSORPTION: REG 0
0.5%ZH,5,5%C0, 48%H, BALN,  35%H,0,25%CO, ,40% H,
13 MIN.& 131°C. 4 MIN. @ 560°C.

HEATING = 2 MIN.(With H,S)
'COOLING= G MIN.

(O T T T T T T T T T T T T TV T I T 7T T T T
\ T-106
0.8 o o’ -
CaCO, N ]
L
CaS +CaCOo, %CT1™ st cvere T+h CYCLE Il th CYCLE -
- ° 4
AR .

(NOL 0.4 |- ! 'S 1 * -
FRACTION) I \ l A I |
0.2 T q-‘-.. -
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Figure 54. Rate data for Run T-106.
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It should be noted that regenerations during the run
summarized in Figures 51 and 52 were conducted at steam partial
pressures of 19.3 atmospheres. For the pressure thermobalance,
this run provided a severe test. Would it be frec from troubhles
causcd by condensation of steam on the cold quartz balance beam
near the balance housing, or even within the housing itself?
The therimmohalance passed this test well.

Figures 55 and 5¢ give rate data for the regencration
step in the first and last cycles respectively of the runs
in which the contents of steam and carbon dioxide wore varied
in the regeneration gas. In the final cycle data of Figure 56,
there appears to be some trend in the initial rate of

regenceration toward lowoer rates at lower stecam partial pressurc.
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300 P51G, FIRST CYCLE

ABSORPTION:  731°C," 21 MIN."
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Figure 55. Rate data in first cycles of runs with varying
contents of steam and carbon dioxide in regen~
eration gas.
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300 PSIG, LAST CYCLE

ABSORPTION:  731°C.,*21 MIN."
0.5%H,5,5%C0,,48% H, , BAL.N,
REGENERATION : 560° 4 MIN,
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Figure 56. Rate data in last cycles of runs with varying
contents of steam and carbon dioxide in regeneration
gas.
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6.07 Data Showing Striking Variations in Capacity with

Changes in Composition of Regencration Gas within

a Single Run of 27 Cycles

Late in the research effort, it occurred to us that there
might be a parallel between the way in which the reuecneration
reaction (B) tends to "drop dead" at 300 psig after only a part
of the calcium sulfide present has been converted to calcium
carbonate and the way in which the absorption react:ion (D) was
observed by Ruth (15) to "drop dead” at low temperatures. [See
Section 4.02 above.] 1In the casec of both reactions, the conver-
sion at which the reaction flags i1s less at lower temperatures.

Ruth had hypothesized that the tendency for the reaction
to flag at partial conversions was related to a surface blockage,
and further, that this blockagce was related to a reaction rate
that was "too fast", i.e., that some rate process conducive to
formation of a porous product layor was overwhelmrd by too fast
rate of formation of this layer.

It was therefore reasonable to suppose that the regeneration
reaction of interest here might extend to larger conversions of
sulfide to carbonate if a regeneration gas mixture could be found
at which its initial rate is slowor.

Ruth (15) had found that the initial rate of the absorption
reaction (D) at low tempcecratures was slowed by presence of a
product gas, carbon dioxide, and the reaction proceeded to com-
plete conversion. It was logical, therefore, to hope that the
regeneration reaction (B) might respond favorably to prescnoe of
the product gas, hydrogen sulfide.

A run was undertaken with the plan to explore the influonce

of hydrogen sulfide upon the regoneration reaction (B) at 5569C.
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Table 5 lists the conditions for the regeneration step in the

27 cycles of the run which resulted from this plan. The first
six cycles were conducted with our usual regeneration gas mix-
ture in order to "stabilize" the sample. The absorption tem-

perature was 700°cC.

Addition of hydrogen sulfide to the regcneration gas in
the 7th, 9th, and 13th cycles of Table 5 did not seem to improve
absorptive capacity significantly.

Howcver, reduction of carbon dioxide to 4% of the gas mix-
ture did have a pronounced effect, increasing the absorption
capacity for a succeeding absorption step significantly, i.e.,
from around 307 in earlier runs to betwcen about 45% and 50%.

Other variations in the absorption atmosphere seemed to
have relatively small effect toward improving capacity. In
particular, reduction of the steam content to 4% of the gas mix-
ture, in cycles 21 through 25, scemed if anything to reduce the
absorplion capacity.,

The final regeneration, in the 27th cycle, confirmed the

effect of reducing carbon dioxide level upon increasing capacity,
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Table 5

Details of Regeneration Conditions and Capacities of Run
T-198

(All regenerations conducted at 300 psig and 550°C. The absorp-
tion temperature was 700°C, and absorption gas was 0.5% st, 5%

CC2, 48% H2, balance Nz).

Gaseous Concentration % Absorption Capacity
Cycle Time, after Regeneration
No. min. H20/CO2/H25/Hy, Balance Nj %
1 4 50 /40 /0 /10 27.4
2 4 50 /40 /0 /10 29.4
3 4 50 /40 /0 /10 37.9
4 4 50 /40 /0 /10 32.3
5 4 50 /40 /0 /10 33.8
6 4 50 /40 /0 /10 33.9
7 7.5 50 /40 /1 / 6.1 34.8
8 6 50 /40 /0 /10 33.4
9 6.5 50 /40 /2.01 / 2.22 34.5
10 8 50 / 4 /0 /10 47.0
11 10 50 / 4 /1 /10 45.9
12 20.5 50 / 4 /2.01 /10 53.5
13 B8 40 /36 /4.82 / 5.33 37.3
14 6.7 25 /40 /0 /10 33.9
15 2 26.3 /42.1 /0 / 9.37 27.61
i6 7 25 /40 /1 /10 30.2
17 5.5 25 /40 /2.01 /10 30.5
18 9.5 25 / 4 /0 /10 37.1
19 25 25 / 4 /1 /10 43.0
20 4 25 e /2.01 /10 1.7
21 8.5 4 /25 /0 /10 29.0
22 3 4 /25 /1 /10 0.1
23 18 4 /50 /O /10 27.6
24 8 4 /50 /1 /10 24.1
25 12.5 4 /50 /2.01 /10 24.6
26 12.5 25 /25 /10 /11.1 0.0
27 34 40.8 /3.27 /1.64 / 8.18 45.1

1. Not completed.
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Figures 57 through 63 give rate data for certain regenerations
in the run summarized in Table 5. These rate data provide a
tentative indication of effects of varying the composition of
regeneration gas upon the rate of the regeneration reaction (B).

Figure 57 illustrates the effect of varying steam level in
a numbcr of regenerations in which the carbon dioxide level was
relatively high, viz., 40% and 50%. The two righthand plots in
Figure 57 show little effect upon rate of changing the steam
concentration from 25% to 50%, but the lefthand plot indicates
an appreciable decrease in rate at a stecam concentration of 4%.

Figure 57 also illustrates absence of an effect of varying
hydrogen sulfide concontration between 0% and 2% at the higher
steam levels., The figure suggests a small effect of hydrogen
sulfide upon rate at the low steam concentration of 4%,

Figure 58 is a plot of the rate data shcwn in Figure 57 for
1% hydrogoen sulfide level, and Figure 59 is a plot for 2% hydrogoen
sulfide.

Figure 60 compares rate data for a steam level of 4% with
data for higher steam levels, the carbon dioxide level being
25%. The data, like that in Fiqgures 57 through 59, suggest a
falling off in rate at low steuam level.

Figure 61 compares rate data for 4% and 404 carbon dioxid«
at two steam levels, 25% and 50,i. At both stceam levels, the low:r
carbon dioxide level appears to produce a decrease in rate of the
regencration reaction,

Figurc 62 gives rate data showing an effect of stear level
upon rate at 1% hydrogon sulfide when the carbon dioxide level is

low. [Notice that the solid curves in Figure 62 refer to the
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Figure 59. Rate data for certain regenerations in Run T-198,
with varying gas mixtures.
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Figure 61. Rate data for certain regenerations in Run T-198, with
varying gas mixtures.
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Figure 62, Rate data for certain regenerations in Run T-198, with
varying gas mixtures.

ECT



300 PSIG,550°C
REGENERATION: GASES = H,0/¢0,/H,S/H, , BALN,

TIME, MINUTES = © 3 10

- S L L L B B L A L
0.8 -
B T-198 -
0.7 = |2th CYCLE ~
_ 50/4/2/10 I7th CYCLE 1

25/40/2/10
Cuicx){ 06 I~ ’ :;t. -
0.5 |~ -
(M‘OLAR 9th CYCLE .
FRACTION) i Ik sworzye
0.4 [~ -
" 20 ;:h;:'r/c.ua # ]
- 25/4/2/10
0.3 } x—uﬁizﬁf = -
- X -
0.2 P 1.1 1 ¢t i1 11 ! [ I O I I I O 2 B B e
0 5 10 15 20 25

TIME, MINUTES

Figure 63. Rate data for certain regenerations in Run T-198, with
varying gas mixtures.

vz



125,

time scale at the bottom of the figqure, while the dashed curves
refer to the scale at the top.] The regeneration gas in the 19th
cycle contained hydrogen sulfide at about 46% of the equilibrium
concentration for 550°C, the temperature of the regeneration. It
does not appear that this is sufficiently close to equilibrium to
account altogether for the markedly lower rate in the 19th cycle
in comparison with the rate in the 1llth cycle. It would appear
from the data in Figures 61 and 62 that the dependence of rate
upon steam, carbon dioxide, and hydrogen sulfide concentrations
is a complex one.

Figure 63 is like Figure 62, save in that hydrogen sulfide
concentration in Figure 63 is 2% instead of 1%. A similar
responsc to steam level is secen, but more pronounced, At 2%
hydrogen sulfide, steam level has no effect upon rate at 40%
carbon dioxide, but a strong effect of steam upon rate is to
be secen at 49 carbon dioxide. It should be noted that hydrogen
sulfide in regenceration gas in the 20th cycle wuo about 71% of
equilibrium for reaction (B), with the assumption that the gas

comes to shift eqgquilibrium as it reacts.

6.08 Discussion of Data Showing Variations in Capacity with

Changes in Composition of Regeneration Gas

The effectss seen in Figures 57 throuygh 63 are reminiscent
of Ruth's kinctic curiosities (15) [sce Scction 4.02.7 Like
Ruth's curjosities, the new effects may reflect differences in
the way in which cryustallites of calciun carbonate or calcium

suifide grow within the solid microstructure,
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The new effects provide a strong lead for further research.
Briefly, it would appear worthwhile to obtain data on the
regeneration reaction at 21.4 atmospheres using freshly made,
fully converted samples of [CaS+Mg0], and using a wide variation
in regeneration gas atmosphere. The data should be obtained in
something like the same detail, insofar as gas composition is
varied, as the data provided by Ruth (15) for the absorption
reaction at atmospheric pressure,

The kinetic study should be paralleled by inspections of
solids produced by the regeneration reaction.

It would seem worthwhile to conduct the recommended kinetic
study without cycling until the first-cycle kinetics of the
regenceration reaction are thoroughly elucidated. Cycling runs
would then be advantagcously carried out at seclected compositions
of the regceneration gas.

From the practical point of view, the hope of the furtheor
rescarch would be to find a particular regeneration gan conposi-
tion that affords significantly greater absorplion capacity after
a number of cycles than the capacities experienced in the present

research and sumnarizoed in Figures 43 and 46,

6.09 Data Indicating an Effcct of Carbon hioxide Level on
Absorption Rate
By accident, a run was made with 29% carbon dioxide in the
absorption gas mixture, instead of the 10Y% intconded. It was sur—
prising to discover that the abhsgorption reaction was very slow

with 25% carbon dioxide, but was as fast as usunl whoen the ciarbon
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dioxide content was corrected to the 1054 level. After two short
cycles of absorption at the 10% level, a cycle was made with
carbon dioxide again at the 25% level of the first cycle. Ab-
sorption at 25% carbon dioxide was fastcr than before, although
not as fast as with 10% carbon diox:ide.

This suggecsted the experiment for which rate data are shown
in Figure 64, A largc effect of carbon dioxids upon rate of
absorption is scen. Ruth (15) saw little effect of carbon dioxide
upon absorption rate at 750°9C. He saw a similar effect to that
shown in Figure 64 at lowcr temperatures, although, as we have
noted earlier [ Scction 4.02], the lower rate of absorption at
higher carbon dioxide levels appeared to be related to a greater
conversion of calcium carbonatoe to caleium sulfide observed in
runs at 6009 and below.

The lead provided in Figure 64 was not pursucd in this
rescarch, which concentrated upon finding absorptive capacity
with cycling. Most absorptions in this rescarch woere conducted
with 5% carbon dioxide in the absorption gas,

Further elucidation of the kindctic: of the aboorption reuction
(D) as a function of composition of abrorption gos is recowns nded,

extending Ruth’s findings to high proscurc.
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6.10 Particular Cycles Conducted at Other Than

Indicated Nominal Conditions

For the record, Table 6 lists certain cycles that were
made at conditions different from the nominal conditions
noted upon the figures above. These maverick cycles revealed
no new bechavior requiring a reconsideration of our overall
conclusions concerning the half-calcined dolemite reaction

cycle.
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Table 6

Cycles at Conditions Different from Nominal Conditions

Run Cycle — Condition . -

T-96 8th regoneration 6 minutes

T-97 l4th absorption 10 minutes

T-97 l4th regcneration 9 minutes

T-97 15th absorption sutie as l4th absorption

T-97 15th regenecration same as l4th regencration

T-97 16th absorption same as l4th absorption

T-100 12th regencration initial regencration temperature
was 5950C

T-110 l1st absorption 8 minutes at 800°C

T-111 12th, 13th, l4th,

15th regoeneratio:n usec 50% }120, 40 C02, 104 E{2

T-112 6th absorption 8.5 minutes at 700°C

T--112 6th regonoration 4 minutces at 7000C

T-112 11th abhsorption 16 minu es at 5509C, 1 minute
at 700¢cC

T-112 15th reyenoration 4 minut~us with 507 H,0, 504 COj

at 550¢C, ovoeranight i N, at R.T.
and 280 p=sia, 24 miratbes wilh 257
H,0, 504 CO, at 550°C
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7.0 Summary of Findings

7.01 Devclopment of High-Pressure Thermogravimetric Analyzer

Wo have completed the development of a thermogravimetric
analyzer for usc at high pressure and cenable of rapid changes
in temperature and gas atmosphere., The TGA is capable of con-
duc ing a larqge nunber of reaction cycles in a single day where
the cycles consist of steps measured in minutes. The TGA can
function at high partial pressures of steam. Our TGA has proved

itself in this research to be rugged and reliable,

7.02  Dpependence of Absorptive Capacity upon Process Temperatures
We have found that the absorptive capacity of half-calcined
dolomite for hydrogen sulfide tends to approach a constant "final®
value after about the sceventh absorption~desorption cycle. This
value is a strong function of both ahsorption tempoerature and
regoncration tewperature, Unfortunately, the trends with both
temporaturces are contrary to what a process designer might wish
for. He would wish to operate the absorption at the highest
possible teaporature, short of that temperaturce at which calcium
carbonate would decompose in the gas to be desulfurized. We
would wish to opcrate the regeneration at the lowest pousible
temporature,.  Tho troends of capacity are toward lowor capacities

at both higher abrorption and lowver regencration temporatures,

7.03 Effcerta of Cas Composition upon Rogencoration

Exploratory work has showin striking effects of variation in

gas compo. itior upoin the rate and extent of the regoneration
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reaction. There 1s some tentative evidence indicating that
certain gas compositions in which the regeneration gas already
conteins hydrogen sulfide at an appreciable fraction of
equilibrium may slow down the regeneration reaction but at the
same time allow the reaction to proceed to greater completion.

This is a stroiny lead for further rescarch.

7.04_ Effects of Gas Composition upon Absorption

An accidental discovery that absorption proceeds more
slowly with 25% carbon dioxide present instead of our usual
10% also provides a lead for further research that may lead

to better understanding of reaction mechanism.
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8.0 Recommendations_ for Further Rescarch

(1) An understanding of the kinetic curiosities of Ruth
may provide a strong lead toward future work to improve the
absorptive capacity of half-calcined dolomite in the cycle for
absorption of hydrogen sulfide. Work has been undertaken at
McCrone Associates in Chicago as a step toward achieving such
understanding, and their results will be reported in The City
College Clean Fuels Institute's final report to Empire State
Electric FEnergy Research Corporation,

{(2) Our run T-198 (sce Scctions 6.07 and 6.08) provides
a strong lead for further research to identify a composition
of regencration gas that might promote significantly higher
final absorptive capacities after repeated cycles than this
rescarch has achieved.

{3) Further work should be acconpanied by solid inspections
that attempt to identify reasons for the curious effects of
temperatures of ahsorption and regeneration upon final absorptive
capacities revealed in this rescarch, as wcll as variations of

capacity with regeneration gas composition.
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Part II: CYCLIC USE OF MAGNESIUM OXIDE FOR
REMOVAL OF SULFUR DICXIDE FROM
COMBUSTICON GASES AT ELEVATED PRESSURE

9.0 Introduction to Part II

Workers at The City College conducted exploratory
experiments a number of years ago on the absorption of
sulfur dioxide from combustion gases by half-calcined
dolomite. The work was undertaken to explore the possibility
of using half-calcined dolomite in cyclic fashion, with regen-
eration of the absorbent from the sulfate form by reduction
and treatment with steam and carbon dioxide (36, 37).

Results reported subsequently by Argonne National Lab-
oratories were unfavorable for the proposed regeneration cycle,
since capacity of the absorbent for sulfur dioxide fell
drastically after a very few cycles (38).

Other data appeared, however, indicating that half-calcined
dolomite is an unusually effective absorbent for sulfur dioxide
produced during fluidized-bed combustion of coal at elevated
pressure (39). That is to say, the calcium values in the solid
reacted almost gquantitatively at elevated pressure, whereas
calcium values in either calcined dolomite or limestone react
appreciably less than stoichiometric conversion to calcium

sulfate in fluidized-bed combustion at atmospheric pressure (3).



135,

With these facts as background, our original plan in the
present research was to conduct exploratory experiments hoping
to elucidate the improvement in performance of half-calcined
dolomite when pressure is increased.

We also hoped to obtain data bearing upon the operability
of the cycle for regenerating half-calcined dolomite from
sulfated product.

Tests of the absorption of sulfur dioxide by half-calcined
dolomite at elevated pressure confirmed what we had already
suspected from Narayanan's results {37), viz., that magnesium
oxide as well as calcium carbonate in half-calcined dolomite
reacts with sulfur dioxide in presence of oxygen. Moreover,
our data for the half-calcined dolomite cycle strongly suggested
that the reactivity of magnesium oxide toward sulfur dioxide was
greatly enhanced at elevated pressure. This suggestion is con-
sistent with the view that the better absorptivity of the half-
calcined dclomite in fluidized-bed combustion at elevated
pressure (39, 3) is a conseguence of an improved absorptivity
of the magnesium oxide portion of the solid.

Our tests of the half-calcined dolomite cycle at elevated
pressure also tended to confirm Argonne's report (38) of a
drastic decline in capacity of the absorbent following only a
few cycles of regeneration.

These developments made it appear that a better research
plan might be to explore the absorption powers of magnesium
oxide toward sulfur dioxide at elevated pressure. In any event,
these powers would need to be understood before much headway

could be made in understanding the half-calcined dolomite cycle.
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More important, however, was the consideration that a cycle
based upon magnesia would be simpler from a process stand-
point. It was also possible to hope that a magnesia cycle
might not display a drastic loss in absorptivity upon repeated
cycling of the absorbent.

As will appear in the Section 10.0 to follow, a cycle
based upon magnesia would involve the following sequence of
reactions:

MgO + SO_ + 1/2 02 = MgSO4 (F)

2

MgsO, + H = MgQ + H.O + SO (G)

4 2 2 2

It should be emphasized that limited time was available
for exploratory research on the magnesia cycle. Data reported
here are best regarded as leads to further study rather than

as bases for drawing a final, definite picture.
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10.0 Supporting Data

The equilibrium decomposition pressure of magnesite,
MgCOB, is one atmosphere at about 410°c. but the rate of
decomposition at this temperature is slow. Practicably,
the solid must be heated to a higher temperature for decom-
position to magnesium oxide. It is also to be noted that the
recarbonation of magnesium oxide, perhaps because of its
remarkably small molecular size and high specific gravity, is
difficult (5). Even at 100 atmospheres, recarbonation at SOOOC
is extremely slow.

It would appear that the reaction of magnesium oxide with
sulfur dioxide at elevated temperature is also intrinsically
very slow. Wickert (40) stated that Mg0 will react with SO2
only if oxygen and from 1% to 2% of iron oxide are present, i.e.,
according to reaction (F) on the preceding page. Wickert (41)
cbtained a patent for desulfurization of flue gases at 850°c
by a mixture of 100 parts of Mg0 and 1 part of Fe203 in form
of dust. He described the reaction mechanism as involving
catalytic conversion of sulfur dioxide to sulfur trioxide,
followed by fixation of the latter by Mg0 to form MgSO4.

Pechkovskii (42) reported that the reaction of MgO, 502,
and 02 is small by comparison with reaction of CaCO3 with the
gaseous species. He studied the reaction of Mg0 and Ca0 with
sulfur dioxide at temperatures from 500o to 800°c and with
catalysts on the solids. The level of sulfur dioxide was

varied from 2.5% to 20%, and this had a pronounced effect upon
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conversions obtained. 1In all circumstances, far less Mg0
reacted than Ca0. At 2.5% sulfur dioxide and SOOOC, conversions
of MgO even in runs where iron oxide catalyst was present did
not exceed 22%, and uncatalyzed conversions were far smaller.

In a British patent, Moss (43) reported use of fluidized
limestone and magnesia to remove sulfur dioxide from flue
gases. The effects of variation in temperature, oxygen, sulfur
dioxide level, and residence time are reported. Results indi-
cated reactivity of Mg0 to be more sensitive to temperature
than the reactivity of Ca0. Maximum reactivities for Mg0 and
Ca0 occur at 760°c and 875°C respectively. Desulfurization
efficiency was reported for different levels of sulfur dioxide
and oxygen, as well as a function of percentage of bed reacted.
The reactivity of Ca0Q was supericr to that of MgO.

Marier and Dibbs (44) studied capture of sulfur dioxide
by Mg0 and Ca0 in situations with and without iron oxide
catalyst. They confirmed Wickert's view of the reaction mech-~
anism, whereby SO2 is converted to 803 before its absorption by
the solid. Iron oxide catalyzed the conversion to 503.

Borgwardt and Harvey (24) found that sorption of sulfur
dioxide by pre-calcined magnesite between 540° and 980°C could
be attributed to its calcium oxide impurities. Magnesite
calcined in situ, however, could absorb some sulfur dioxide.
In 100 seconds, 30 milligrams of Mg0 powder (0.0096 centimeters
in size) can absorb 1, 6.5, 2.6, and 1 milligram of sulfur
dioxide at 540°, 650°

by other authors, they found calcined magnesite to be less

. 7600, and 980°C respectively. As reported

reactive than other calcined species that they studied.
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Hartman (45) used a differential reactor similar to
Borgwardt's to study sulfate of magnesite by flue gases.
He found sulfate contents determined by titration to agree
with those calculated from a gain in weight of the solid
sample.

To our best understanding, nc one has studied reaction
(F), the absorption of sulfur dioxide, under pressure. No
data are available for reaction (G}, and so no data exist that
would provide a lead as to the fate of absorptive capacity of
magnesium oxide toward sulfur dioxide after a number of cycles

in which reactions (F) and (G) are conducted repeatedly in turn.



140.

11.0 Experimental Technigues

Overall experimental arrangements for study of absorption
cf sulfur dioxide from oxygen-containing gases by magnesium
oxide and for regenerating the resulting sulfated solid were
generally similar to the arrangements already described in
Section 5.0.

Runs were made with magnesium oxides produced from pure
chemicals, as noted in sections on results, and also from a
single sample of magnesite (see Section 11.03 below). In most
of the runs starting with magnesite, the solid was used in form
of a powder of -250+270 mesh and about 8 mg each run. One run
each was made with a disc and a sphere fabricated from chunks
of the same stone.

Gas compositions were varied as noted in sections on results.
Some runs were made with nitrogen dioxide present to see if this
had an effect. Runs were made with catalytic admixtures to the

oxide.

11.01 cCatalytic Role of Platinum

Unfortunately, a number of runs were made before the
question was raised, is platinum in our TGA catalytic toward
the sulfur dioxide absorption? Platinum appeared in our TGA
set-up in two places: in a gauze toc retain Vycor chips
upstream of the sample pan and in the sample pan itself.

Once the gquestion was raised, tests with and without
platinum gquickly demonstrated that platinum had exercised
catalytic effect upon our earlier data. Figure 65 illustrates

the effect. The three runs for which absorption rates during
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each run's last cycle are plotted were made at 300 psig under
identical conditions, except run T-168 used a guartz balance
pan, run T-169 used a platinum pan, and both platinum pan and
gauze appeared in run T-170. Reaction conditions are summarized
in Table 7.

Figures 66, 67, and 68 are "zig-zag" plots for runs T-168,
T-169, and T-170 respectively.

The catalytic effect of platinum is easily understood.
Historically, it was used as a catalyst for the contact process
for sulfuric acid production, i.e., as a catalyst for conversion
of sulfur dioxide to the trioxide. The trioxide, as might be
expected, is far more reactive than the dioxide (46, 47), and

so higher capacities are achieved in runs with platinum present.

11.02 Level of Sulfur Trioxide in Exhaust from TGA

We became curious as to the level of sulfur trioxide in
exhaust from the TGA. Accordingly, we used Flint's method
(47, 48) to determine this level. We found it difficult to
collect the misty steam droplets that appeared in the TGA

effluent during our S0_, studies, and we adopted an arrangement

with a large primary czndenser and a small secondary condenser
having a scrubbing action. We were able with the arrangement
to increase the efficiency of steam collection from about 70%
to over 90%. From a titration of the condensate, we could
measure the level of sulfur trioxide seen by the sample in the
TGA. For five runs with a quartz pan, the trioxide levels were
48, 61, 42, 43, and 46 parts per million.

We obtained tentative data indicating that the trioxide
level was higher than 11l parts per million in work with the

platinum pan.



Table 7

Runs Made to Probe Catalytic Effect of Platinum Upon

Calcined Magnesite as S0Oq Acceptor at 300 Psig

Absorption Regeneration
. Temp. Time Last-Cycle Gases Temp. Time Capacity Gases
Run # oC Min. Capacity % (Bal N,) O¢ Min. % (Bal N,)
T-168 800 19 16 0.23% S0, 800 3 13 40 % H»
5.7 % Hy0
12 % COy
307 ppm NO,
T-169 800 19 31 same as 800 3 30 same as
T-168 T-168
T-170 800 19 38 same as 800 3 36 same as
T-168 T-168
Notes:
l. Calcinations were done with 25% H,0, 50% CO,, 25% N up to 800°c.
2. T-168 and T-169 had 15 cycles; T-170 had 10 cycles.

tvl
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Figure 66. 2ig-Zag figure of T-168.
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ABSORPTION: 19 MIN.

300 Psig, 300°C, Pt FPan

REGENERATION: 3MIN.

0- 23% 501,7-7% Oa., ,2% CO; 4'0% H;,s--,%HzO, BAL N;_
5.1%H.0,307 PPM NO,,Ba. N,
|.° T T ' ! T T [ T T 1 T
-169 |
¥
03 i \ -
Oq } '\\ \ \\ Y\ 1
Mg S04 X AN AN \
06 "W O A AN IR IR A VS
MO T M EAA Y Y v _
(MOLAR sl | \ y i
FRACTION) \ {
\
aaf | ¥
ol ) | | L | i 1 1 1 | 1
0O 5 |0 15
CYCLE NUMBER
Figure 67. 2Zig-Zag figure of T-169.

"SHT



300 Psia, 300°C, Pt Pan_and Gauze

ABSORPTION: 1% MIN. REGENERATION: 3 MIN.
0.23%50,, 7.7% 0., 12% CO, 40% H.,57% H.0, BaL N,
5.7%H.0, 307 PPM NO, Ba. N,

l-o T T T T | T L I T —[ T T T T —] T
| T-170 |
03[
. y 11
MySO. c R R I
MOTMySos SET W \ \\ VAT
i | S AR VYV vy Ty
\ \ \
(MOLAR aal 'l\ \ \\ \ \\& | RS \\
FRACTION) VY \ 4
\ \ \
0.3} \ \
b
- )
0 41 1 L L L L 1 ] i ] i L i 1 l L.
0 Y lg 15
CYCLE ML_)MB R

Figure 68. Zig-Zag figure of T-170.

9P



147.

We further investigated to test the possibility that a
catalytic effect of the stainless steel tubing upstream of
the TGA might create an abnormally high level of sulfur tri-
oxide. We conducted run T-174 at BOOOC with a quartz pan,
and after stabilizing the solid with six cycles, the seventh
cycle was made with no steam in the absorption gases. The
capacity of the so0lid and rate of absorption were not affected
by omission of steam. An eighth cycle was conducted without
steam and with no heat supplied to the stainless steel tubing
(which is normally kept at a temperature well above the dew-
point of steam). Again, there was no sign of a change in rate
between seventh and eighth abscorption, and so it may be con-
cluded that hot stainless steel has not provided an appreciable

catalyzing effect during our other experiments.

11.03 Experimental Solids

Richard Harvey of the Illinois State Geological Survey
supplied our sample of magnesite, and reported its composition

as follows (49):

Oxides Weight Percent

Mg0 44 .2

ca0 2.93

CO5 50.96

A1203 0.08

FeO 0.07

K20 0.03

NajZ0 0.026

ot a.01

Sr -

P304 approx. 0.005

Fe203 less than 0.01
MnO less than 0.01
Ti02 less than 0.0l
Ccl less than 0.02

The sample is from the Red Mountain District of Santa Clara

County in California.
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The capacity of the magnesium oxide for absorption of
sulfur dioxide was calculated for each run from the weight
loss observed during a calcination step. Calcinations were
usually conducted in a 25/50/25 mixture of steam/coz/nitrogen
with heating at about 20°% per minute to 800°C. From the
weight loss, the percentage of M,gCO3 in a given sample of
magnesite can easily be calculated. Typically, the value
is 93% ¥ 2%. The percentage MgCO3 calculated from the analysis

given above is 92.5%, which is close to values obtained from

weight loss.
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12.0 Results

As we mentioned in Section 11.0, many runs were performed
with platinum present in the TGA before we learned that
platinum aided the absorption reaction by converting sulfur
dioxide to the trioxide. Some of the early results are never-
theless worth reporting for qualitative indications which they
provide. In what follows, we will repeat as necessary the

information concerning presence or alsence of platinum.

12.01 Effect of Pressure

Early runs, summarized in Figure 69, with platinum present
revealed a striking effect of pressure upon the absorption of
sulfur dioxide by reagent grade magnesia powder, and the course
of a subsequent regeneration. Also shown is an absorption step
for a powder obtained by calcining the Red Mountain magnesite
of Section 11.03. The effect of pressure, not only upon reaction
rate, but also upon the final degree of reaction, is striking.
These datﬁ taught us that understanding the absorption of sulfur
dioxide by half-calcined dolomite at elevated pressure would be
a complicated business, and were a factor in our decision to

study absorption by magnesia alone.

12.02 Reproducibility

Figures 70 and 71 show that the reproducibility of both
absorption and regeneration steps -- i.e., reactions F and G
respectively -- is good. Figure 70 is for two runs with
platinum present, and Fiqure 71 is without platinum. Figure 72

is a zig~zag plot for one of the runs of Figure 70,
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The figures also illustrate the great speed of the
regeneration reaction G in comparison with the absorption

reaction F.

12.03 Effect of Catalyst on Absorption Rate

After the discovery of the catalytic effects of platinum
gauze and balance pan, we wondered if even more striking
catalytic effects might appear with a magnesite intimately
associated with a catalytic substance. We impregnated
magnesite with palladium chloride, so that we obtained upon
subsequent calcination a magnesium oxide impregnated with
palladium metal. Figure 73 compares absorption and regeneration
at atmospheric pressure for the impregnated oxide and an oxide
free of catalyst (runs T-189 and T-188 respectively). Figures
74 and 75 are zig-zag plots of the two runs. The faster rate
of absorption of the catalyzed oxide is evident, and this leads
of course in a nineteen-minute absorption step to a greater
uptake of sulfur dioxide by the solid.

The regeneration step appeared to proceed equally fast
for both catalyzed and non-catalyzed solids, and regeneration
proceeded essentially to completion for both solids in a three-
minute regeneration step.

Table 8 lists reaction conditions for runs T-188 and T-189,
as well as for other runs discussed in this Section 12.03,

Further runs were made comparing performance with and
without platinum pan and gauze, and with and without intimately

associated catalyst for magnesium oxides of various origins.
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Table 8

Runs Made to Probe Catalytic Effects Upon

calcined Magnesite as SO, Acceptor at 800°¢ 3

Absorption Regeneration
Starting Solid
and Catalytic Last cycle Gases Last cycle Gases
Run #  Material? Capacity % (Bal N,) Capacity % (Bal N,)
T-188 7 (10)1 0.4 % SO, 7 40% H,
3 %0, 6% H,0
6 % H,0
13 % CO,
T-189  3.619 pdcl, 36 (3) 0.4 % S0, 36 40% Hy
per 1009 MgCo, 3 % 05 6% H,0
6 % H,0
19 % co,
T-168 16 (15) 0.23% so, 13 40% H,
6 % H20
12 % C02
307ppm NO,
T-169 Pt pan only 31 (15) 0.23% SO, 30 40% H,
6 % H,0
12 % COy

307PPM Nooy
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Table 8 {(continued)

Absorption Regeneration
Catalytic Last cycle Gases Last cycle Gases
Run # Material Capacity % Bal N, Capacity Bal N,
T-170 Pt pan and Pt
gauze 38 (10) 0.23% s0, 36 40% H,
6 % H,0
12 % COy
307ppit N02
T-177 14 (6) 0.4 % 50, 13 40% H,
6 % H,0
19 % €O,
T-182 4.29 pt per 32 (8) 0.4 % SO, 28 40% H,
1009 MgC03 3 % 02 6% H20
b % H20
19 % CO2
T-183 1.69 P4 per 97 (6) 0.4 % SO, 96 40% H,
1009 Mgso, 3 %0, 6% H,0
6 % H,0
19 % cb,
T~186 3.69 pdcl, per 78 (10) 0.4 % SO, 78 40% Hj
g
1009 Mgco, 3 %0, 6% H,0
6 %
9 %

'—l
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Table 8 (continued)

Absorption Regeneration
Catalytic Last cycle Gases Last cycle Gases
Run # Material? Capacity % Bal N, Capacity Bal N,
T-187  2.39 pdcl, per
1009 MgsoO, -H,0 84 (10) 0.4 % SO, 84 40% H,
3 %0, 6% H,0

6 % H,0
19 % cb,

Numbers in bracket indicate last cycle number.

Unless otherwise noted, quartz pan and quartz wool support for Vycor chips
were used. T-183 solids was -270 mesh. Other runs were started with
-250+4270 mesh solids.

All absorption times were 12 minutes.

All regeneration times were 3 minutes.

All calcination was done with 25% H,0, 50% Co,, 25% N, up to 800°c.

An initial regeneration is needed for MgSO, as starting material.

All runs were made at 800°C. Runs T-188 and T-189 were made at

0 psig; other runs were made at 300 psig,

"09T
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Figure 76 gives data for first and last cycles of run
T-168, which used a gquartz pan. Figure 77 shows the faster
rates and larger capacities of run T-169 using a platinum
pan. Figure 78 is for run T-170, in which a platinum gauze
was present as well as platinum pan. The catalytic effect
of the platinum pan upon the first absorption step is evident
upon comparison of Figures 76 and 77. Addition of the platinum
gauze in Figure 78 had little further effect upon the rate of
the first step.

The differences in regeneration rate in Figures 76 and 77
are believed not to be due to presence or absence of catalyst,
but to lack of the hest possible control of temperature in the
regenerations at the time of these runs. Later, as we will
see in Section 12.08 below, we discovered that the temperature

of the regeneration step has a marked effect upon its rate.
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Runs T-177, T-182, and T-186 were made to explore effects
of different catalysts in a more guantitative way. Conditions
for the three runs were nominally identical and are listed in
Table 8 (although the slower regeneration in run T-182 suggests,
together with evidence to be given in Section 12.08, that the
temperature may have been a bit lower in this run).

Run T-177 used ordinary magnesia made by calcining our
Red Mountain magnesite. Run T-182 started with a magnesite
upoen which platinum black had been deposited. Run T-186 used
palladium~impregnated magnesite, as described earlier.

Figures 79, B0, and 81 give results for first and last
cycles of the three runs, and illustrate the higher absorption
rates which the presence of catalyst provides. The more finely
dispersed form of the palladium catalyst in run T-186 is
evidently responsible for the higher rate in this run when it
is compared with run T-182.

Figures 82, 83, and 84 are zig-zag plots for the three

runs.
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Or T T T T T T T T T T T T [T T P T T T T T T T T 11¢
o T"lﬁG..

0.8 (— -
Mg504 —~ / -
MgO+Mg50,°¢ [~ 1 .

(MOLAR [ ' .
FRACTION) °*  / /
10th CYCLE

‘
- ® -
/lSi‘CYCLE
o2l \ i
OKIIIIIJIIII‘.LIYIll,llllilll?lL

o 10 6 3 0O 0 o 3

TIME, MINUTES

Figure 81. Cyclic rates of T-186, with magnesia impregnated with palladium.
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300 Psig, 800°C, 4.0% Pt

ABSORPTION: 19 MIN. REGENERATION: 3 MIN.
0.4% S0,,3%0,, % H.O, 40% H., 6% H .0, BaL N,
IBJS%(ZCL,Eku.PJ; '
lO L] I T T l L} ' T L l L] | 4 T ‘{ T
T-182
5 |
0.8 . ‘i\ \\ \ —

MySQy ooy | VN

\{ » _
Ma 0 + M&SO4 - \ \ -
04t |\ -
(MO LAR \\i '
FRACTION) ,,

(V] T i ) i 1 N 1 | } ) 1 ! | 1

5 o 10
CYCLE NUMBER

Figure 82, 2ig-Zag figure of T-182.
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300 PSIG,800°C

ABSORPTION: 19 MIN, REGENERATION: 3 MiN.
0.4%50,,3%0,, 6%H,0 40%H,, G%AH,0, BaL.N,
18.6% CO,, BAL. N,
Wo—T—TT 7T 1T T 7 T T ] 7T 17T 1711
- T-177 -
0.8 |- l -
MgS04 0.6 |- =
MgO +Mg504 B i
(MOLAR 0.4 |- -
FRACTION) _ -
0.2 P~ -
B -
0o L— N o gt
0 S 10 IS5

CYCLE NUMBER

Figure 83. 2Zig-Zag figqure of T-177.
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300 P5IG, 800°C, 2.12 % Pd,

ABSORPTION : 19 MIN. REGENERATION : 3 MIN,
0.4%50,,3%0,,6%H,0,  40%H, 6% H,0, BarN,
18.6% CO, ,BAL.N,

o~ T T 1T T T 1T 1T T T T T 1T 11
i T-186
0.8 |- X ,L I K F ’i ? -
~ X \ -
MgS04 oo} I ’\ k\ k\ \ \ \\ \ \ \ —
w0k ELRAL :
| (MOLAR 0.4 |- \\ \‘ \\ Ui \‘ \ \\ \ }
FRACTION) BE \ ‘ i\ |\ \ \ \\
o2 ALl \ ‘ \i ¥ | \ .
o) Lu __!__U i ; ! T
0

S 10 IS

CYCLE NUMBER

Figure 84. 2Zig-Zag figure of T-186,
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Runs T-183 and T-187 used magnesium oxide prepared from
epsom salt, MgSO4-7 H,0. The salt was dissolved in water
together with palladium chloride to make a homogeneous soclution.
This was dried in an oven and the product was sized and used as
a starting material. The first step of a run with this material
was a "regeneration" step, using reaction G, in order to obtain
magnesium oxide for a first absorption step.

Figures 85 and 86 illustrate the striking results obtained
with this specially prepared oxide. The performance is little
short of amazing when compared with other materials, and is
probably to be credited to the intimate mixture of catalyst
and magnesium oxide that resulted from the wet methed of prep-
aration.

It may reasonably assumed that catalyst was present on
surfaces of inner pores of the magnesium oxide particles. The
higher conversion in the last cycle of Figure 86, in comparison
with the last cycle of Figure 85, is to be attributed to the
finer solid used in run T-183 -- minus-270 mesh in comparison
with -250+4270 mesh used in run T-187,

The regeneration reaction was fast in both Figures 85 and 86.

Comparison of Figure 86 with Figure 81, where no catalyst
was present, dramatically illustrates the potential for using
a catalyst to promote absorption of sulfur dioxide by magnesium
oxide in a cyclic operation at 300 psig.

Figures 87 and 88 are zig-zag plots for runs T-18l1 and

T~183 respectively.



300 P5iG,800°C, 2,39 Pd Cl, /1009 MgS0,-H,0

ABSORPTION : I9 MIN, REGENERATION: 3 MIN.
0.4%50,,3%.0,,6%4H,0 40%H, ,6%H,0,BaL N,
lS.G./OCO,.,BAL.NI

O T T T T T T T T I T T T T T Y T T T T T T 7T I T
i T-187 _
ol /l :
h‘g:S()4. — o B
MgO +Mg¢SO, *¢ / / B
(MOLAR T ¢ i
FRACTION) i /1:.t CYCLE \ [2+h CYCLE @ i
0.2 —/ —

OllllllllIIII\.I!IIIIIIIIIII Ll

10 6o 3 O |0 o 3

TIME, MINUTES

Figure 85. Cyclic rates of T-187, using magnesia from Epsom salt.
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300 P51G,800°C, 1.6 ™9 Pd./100™9 MgS0O4, (270 MESH)

ABSORPTION : 19 MIN, REGENERATION: 3 MIN,
0.4°%4 50,,3%40,,6% H,0, 40%H,,6% H,0,BaN,
18.6% CO,,Bar Ny

1.0 T 1T T T 0 F 71T Ebal ¥ ¥

0.8

Mg S04 0.6
MgO +Mg30,

(MOLAR  o.4
FRACTION)

| 0.2

| ST CYCLE

eTH CYCLE

N j
Fed 1ot raly i Lttt a1t g o qali™a

o I0 ‘0 3 O 10 o 3

TIME, MINUTES

Figure 86. Cyclic rates of T-183, using magnesia from Epsom salt.
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300 Psia, 800, 2311 % PaLCEz/IOOWMgsO.,-H,o
ARSORPTION: I9MIN.

REGENERATION . 3 MIN
0.4%S0;,3%0,, 6%H.0, 40%H., 6% H.0,BaL N,
'86%(:0;, BAL Nz
S ! T et T
1 l’! '[ ! 7‘ I ¥ r =7
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Figure 87. 2ig-2Zag figure of T-187.
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300 P5IG 800°C, 1613 ™9 Pd./100™3 Mg S04 270 MESH)

ABSORPTION : 19 MIN.
0.4% 50,,3%0, ,6%H,0,

18.6 % COI, BAL.N)_

REGENERATION: 3MIN.
40%H, ,6%H,0,BaLN,

{.0 B LI L O L . D AL B L
- I I rl H T-183 -
0.8 - i -

VR

MgS04 - \ At \ ‘ i
MgO +Mg50, o.e: ‘ \ Ly |‘ -
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0 5 10 15

Figure 88,

CYCLE NUMBER

Zig-Zag figure of T-183.
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12.04 Distinguishing between Effects of Pressure and Catalyst

Figure 69 (see Section 12.0l) has shown an effect of
pressure on performance of reagent grade magnesium oxide power.
Since the two runs compared in Figure 69 were made with
platinum pan and gauze, we felt that the rate increase might
be related to a catalytic effect of platinum as well as to
the change in pressure.

In order to separate these two factors, we made two runs
with calcined magnesite using quartz balance pan. The first
cycle rates are compared for a run at 0 psig and a run at
300 psig in Figure 89, and the effect of pressure upon rate
is evident.

A further test was made using magnesite impregnated with
palladium as described earlier. Figure 90 compares an
atmospheric pressure and high pressure run with this solid.

Again, the effect of pressure upon rate is seen.



ABSORPTION: 19 MIN.
0.4%50,,3%0,,6H,0
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18.6%CO;, , BALN,
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Figure 89.
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Effect of pressure on cyclic rates without catalyst.
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800°C, Ist.CYCLE 3.6™3 Pd Cl,/100™S MgCO,_

ABSORPTION: 19 MIN. REGENERATION: 3 MIN.

0.47%.50,,3%0;,6% H,0, 407 Hy, 6% H,0, BaL. Ny
l&.G%COI.: BAL.N)_
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Figure 90. Effect of pressure on cyclic rates with catalyst.
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12.05 Effects of Gas Composition on Absorption Step

We were not able to conduct a thorough investigation of
the effect of level of each component of our gas mixture
upon absorption rate. Our objective in the limited time
available was to try to see if there is a "big" effect on
reaction rate brought about by changing the concentration
of some one gas component.

Two runs were made to study effect of nitrogen dioxide
upon the rate: run T-148 was made without this constituent,
and run T-162 used a gas containing nitrogen dioxide at 307
parts per million. The details of the operating conditions
for these two runs, as well as for other runs discussed in
this Section 12.05, are set down in Table 9. Comparison of
the absorption with and without nitrogen dioxide is given in
Figure 91, and it may be concluded that this constituent has
no pronounced effect upon absorption rate.

Figures 92 and 93 are zig-zag plots for the runs of

Figure 91.



Table 9

Runs Made to Probe Effects of Gaseous Partial

Pressure on Absorption Rate - Calcined

Magnesite as SO, Acceptor at 750°C and 300 Psigl

Time Capacity at Gases Time Capacity at Gases
Run # Min. Last cycle% (Bal Nz) Min. Last cycle% (Bal N,)
T-145 18 44 (12)° .31% SO, 15 44 40% H,
9.2 % 0, 6% H,0
14 % €Oy
2] % H70
T-148 19 10 (15) . 23% 802 3 9 40% H2
9.2 % 0y 6% H,0
13 % CO,
6 % H,0
T-157 19 11 (15) .31% SO, 3 8 40% H,
1.8 % 0, 6% H20
10 % CO,
6 % H,0
T-159 19 10 (13) -31% SO, 3 8 40% H>
1.8 % 0, 6% H,0
10 % 002
46 % H.,0

2
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Table 9 (continued)

Time Capacity at Gases Time Capacity at Gases
Run # Min. Last cycle (Bal N2) Min. Last cycle (Bal Nz)
T-162 19 13 (15) . 23% SO2 3 8 40% H,
7.7 % 04 6% H,0
12 % CO
6 % B0
307PP™  NO,

All runs were made with platinum pan and gauze. Starting material was
~250+270 mesh MgC03.

All calcination was done with 25% H,0, 50% CO, and 25% N, up to 750°c,
except T-157 was done with 67% CO5, 33% N, up to 750°cC.,

Numbers in bracket indicates last cycle number.
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300 PsiG,750'c, Pt Pan avp GAu2E

ABSORPTION. 19 MIN.
T-4%,083% S0, 9.2% 04,51% Ha, 13.1% COx, BAL Na
T-162: 0.23% S0, 11% 0, $% KO, 12% CO,, 367 PPM NO., BAL N,
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Figure 91. Effect of NO, on absorption rate,
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300 Psia, 150% Pt An and Gauze

ABSORPTION: 18 miNuTES REGENERATION: 3 MminuTES
023% 50, ,3.3% 0., 131% €0, £THHD, Rl ), 4% Ha, SN0 R N,
\\0 T T T T l T T T T ]' Y T T T ‘l |
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° o] LY 10 15
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Figure 92, 2Zig-2ag figure of T-148.
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300 Psig, 150, P» Pan ond Gawze

ABSORPTION: 19 MIN. REGENERATION: 3 miA.
6.23% S0, 1.1% 0, 8.1% Ho 40% Hi, £ 7% Had, Bau N,
12% CO,, 367 ppm N Oy, Bac Nu
.0 T I L T [ ! T Y T T T T T T | T.I.l‘)_
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a \ \I\I \\I\
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Ma30+ ol \ \\I\ ]
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d d A
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Figure 93, 2ig-2ag figure of T-162.
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To explore a possible effect of steam, runs T-157 and
T-159 were made using 6% and 46% steam respectively. First
cycle absorption rates are plotted in Figure 94. We may,
cautiously, conclude that steam has a small enhancing
effect upon rate, but more work would be needed to establish
the effect and define it accurately. Figures 95 and 96 are
zig-zag plots for the runs of Figure 94.

Runs T-145% and T-157 were made with 9.2% and 1.8% oxygen
respectively. Figure 97 shows that this five-fold change in
oxygen concentration seems to have only a small accelerating
effect upon the absorption step. This range of oxygen level
covers subustantially any range that might be encountered in
practicable fluidized-bed combustion. Figures 95 and 98
are zig-zag plots for the runs of Figure 97.

Runs T-148 and T-145 were made using 0.23% and 0.31%
sulfur dioxide respectively. Figure 99 reveals that variation
in level of sulfur dioxide over this range has, surprisingly,

little effect upon absorption rate at 300 psig total pressure.



300 PsiG, Is0’e, Px Pan anp &GAuzE

ABSORPTION: !9 MIN.
Y- 157 0.31% S0, 1.3% 01, 51% M0, 10.3% €Oy BAL Ny

T-159: 0.31% SOu, 18% Oa, 4C4% H0, [0.3% €O, BAL N,
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Figure 94. Effect of H,0 on absorption rate.



300 Psi,150% , Pt Pan and Guuze

ABSORPTION: 1§ M. REGENERATION: 3 MmN
0-31% S0, 18% 0. ,£1%Hso 40% Hi, 57% H.0
103% €0, BAL Na BaL N,
I-o T T T T l 1 1 T 1 l 1 1 I 1 _I_ LY
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Figure 95. 2ig~-2ag figure of T-157.
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3po Pair, 150°C, Pt Pan and Pt Gouzk

ABSORPTION: 19 MmN REGENERATION: 3 miN.
0% S0, 1.8% 0., 4€.4% Had ~ 4o% H. 7% Mo
037, by, BAL N, Bac Nu
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Figure 96, 2Zig-Zag figure of T-159.
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300 PS1G, 150%, Pt Pom and Pe Gauze

ABSORPTION: 13 MIN, ISt cYclE
T-145: 0.31% SO0., 9.2% 0y, §:1% Huo, 14.4% €0y, BAL Ny

T-157: 0.3(% S0., 1.8% 0.,57% Hao, 10.3% CO., BAL N.
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Effect of 0, on abgsorption rate.
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300 PSla, 150% , Pt Pan, Pt Gauzge

ABSORPTION: 18minuTES REGENERATION. 15 mMialurEs
0.31% 30,,3.2% 0., 144% CO, £.7%H.0, Bac Na 40% H .74 Hao, Bac N
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Figure 98, 2ig-2ag fiqure of T-145.
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300 Ps|&,150%c, Pt Pan and Pt Gauze

ABSORPTION: 194 MIN., 15t Of CLE
T-4R . 6.23% SO;,‘? 2% 0, ,£.1% H.0,13.1% cox BAL N,
T-145 . 0-31% SO0, %2% 0;,4-.7% .0, 14 ¢°/.c,o; RAL N,
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Figure 99, Effect of SO, on absorption rate.
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12.06 Effects of Gas Composition on Regeneration Step

As in work reported in Section 12.05 above, work to look
for effects of gas composition upon the regeneration step
also pointed toward finding existence of "big" effects of
change in one constituent.

In run T-165, the hydrogen that we ordinarily used in
the regeneration gas was replaced with carbon monoxide for
the eighth cycle. Table 10 gives details of the operating
conditions for this run and for other runs discussed in
this Section 12,06.

Figure 100 shows the course of regeneration in the 7th
and 8th cycles of run T-165, with hydrogen and carbon
monoxide respectively. Regeneration by the latter gas seemed
to be more effective.

Figure 100 also compares the sixth cycle of run T-177,
which used hydrogen, with the first cycle of run T-179, which
used carbon monoxide. The purpose of selecting these particu-
lar cycles for the respective runs was to obtain a comparison
starting from approximately the same level of MgS0, in the
solid, about 13%. The comparison again indicates carbon
monoxide to be slightly better as a regeneration gas. Indeed,
what is not possible to show in the figure, carbon monoxide in
run T-179 accomplished 80% of the regeneration finally achieved
in just six seconds. Figure 101 is a zig-zag plot for run

T-179.



Table 10

Runs Made to Probe Effects of Gaseous

Partial Pressure on Regeneration Rate for

Calcined Magnesite as SO, Acceptor at 300 Psig1

Absorption Regeneration
Final Gases, %, Bal N3 Gases, %, Bal Nj

Run # Capacity % §0,/0,/H,0/C0, Capacity % Hp/H,0
T-145 44 (12)%  .31/9.2/ 5.7/14 44 40 / 5.7
T-148 10 (15) .23/9.2/ 5.7/13 9 40 / 5.7
T=154 11 (15) same as above 9 11.4/ 5.7
T-155 11 (9) same as above 8 11.4/45.6
T-157 11 (15) .31/1.8/ 5.7/10 8 40 / 5.7
T-159 10 (13) .31/1.8/46 /10 8 40 / 5.7
T-161 11 (20) .31/1.8/ 5.7/10 11 40 /0
T-162 13 (15) .23/7.7/ 5.7/12 11 40 / 5.7

307PPM NO,
T-165 20 (5) .18/6 / 4.5/ 9.4 16 31.5% co

242PPR NO,, 4.5% H50
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Table 10 (continued)

Absorption Regeneration
Final Gases, %, Bal N2 Gases, %, Bal Nj
Run # Capacity % $0,/0,/H,0/C0, Capacity % H,/H50
T=177 14 (6) 4 /3 /6 /19 13 40 / 6
T-179 9 (6) same as above 9 4% CO
6% HyO

1. All calcinations were done with 25% H,0, 50% CO,, 25% N, up to 750%c,

except T-165, T-177, T-179 up to 800°C. T-157 was done with 67% CO,
and 33% N, up to 750°C.

All runs were made with platinum pan and gauze except Runs T-165,

T-177 and T-179 with guartz pan.

T-165, T-177, T-179 were made at 800°C; other runs were made at 750°C.
T-145 has 18 minutes absorption time and 15 minutes regeneration time;
other runs have 19 minutes for absorption and 3 minutes for regeneration.

2. Numbers in bracket indicate last cycle number.
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300 Psig, B00°C

RE GENERATION:
T-165: T CYCLE, 32% Hy 454 H.O0, BAL N,

T-165: 8t CYCLE, 32% €0,45% Hi0 BALN,
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Figure 100,

Effect of CO on regeneration rate.
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300 PSIG, 800°C

ABSORPTION : 19 MIN, REGENERATION: 3 MIN.
0.4°.50.,3%0;,6%H,0 40%C0O,6%H,0,BaL.N,
18.6% CO, , BAL.N 3 |
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Figure 101. 2ig-zag figure of T-179.
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Figure 102 gives data from two runs indicating the change
in hydrogen concentration from 11% to 40% has relatively little
effect upon regeneration rate. Figure 103 is a zig-zag plot
for run T-154.

Figure 104 gives data from four runs in which steam was
varied from nil to 46%. Although not too conclusive, it
appears that steam has a somewhat inhibiting effect upon the
regeneration reaction, perhaps because steam is a product of

the reaction.



300 Psig, 150'C, Pt Pam omd Pt Gauze
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Figure 102, Effect of H, on regeneration rate.
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300 Psig, 150°C, Pu Pan. amd Pt Gauze

ABSORPTION: (Q minuTes REGENERATION: 3w,
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Figure 103. Zig-Zag figure of T-154.
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300'Pslq-, 150°% ,?t ?m.} Pe Gawze
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12,07 Effects of Temperature on Absorptiocn

To determine effects of temperature expeditiously,
advantage was taken of the fact that regeneration at 900°C
seems always essentially to go to completion. To study
effect of temperature on the absorption step, therefore, it
was only necessary to vary the temperature during this step
in several cycles of a given run, while keeping the regeneration
temperature fixed at 900°C. we appreciate that a more careful
study might conduct a series of runs with constant conditions
through the cycles of each individual run, but the time
available recommended to us the shorter procedure, which ought
to reveal at least the gross effects of temperature,

Run T-165 was conducted under constant temperature condi-
tions (800°9C absorption and 900°C regeneration) for 10 cycles
in order to reach stable conditions. The run used a quartz
pan and no catalyst. The effect of temperature upon
absorption was explored in the eleventh through fifteenth
cycles to obtain the results plotted in Figure 105. The
data appear to show a slight deactivation trend from 900°C
down to 650°C for the absorption. The remarkable repro-
ducibility of the five regeneration cycles can be seen from

the figure.
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12.08 Effects of Temperature upon Regeneration

A short-cut was also taken to determine gross effects of
temperature upon regeneration. The procedure is illustrated
in Figure 106, which gives data for run T-173. Each absorp-
tion was conducted at 800°C to the same level of magnesium
sulfate -~ about 30% of the solid. Regeneration temperature
wasg varied from 9509C to 650°C to show a striking effect of
this temperature upon the degree of regeneration achieved in
3 minutes. After three minutes of regeneration at the selected
temperature, further regeneration was practiced at 900°C in
order to complete the regeneration and prepare the solid for
the next absorption step.

The data of Figure 106 suggest that no amount of regenera-
tion time would produce much regeneration of magnesium oxide
at 650°C. It is unlikely, from the trend of the data at 750°C,
that even a long time at this temperature would produce the
degree of regeneration achieved at 900°9C. One may even doubt
that this degree would be achieved at 800°C. The degree of
regeneration in 3 minutes at 850°C is essentially the same as
that obtained at 900°C, but the rate is slower. Data at 900°
and 950°C are indistinguishable.

Figure 107 is an Arrhenius plot of the initial rates of
regeneration from Figure 106. Figure 107 also shows results
obtained from another run (T-178) made using similar procedures.
The agreement between the two runs is good. The initial rate
at 6500C is not very reliable, because it is hard to distinguish
the slow rate at this temperature from a baseline shift on the
thermogram. The Arrhenius plot of Figure 90 suggests a high
activation energy for the reaction, perhaps on the order of

90 kilocalories per gram-mole.
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12.09 Effects of Calcination History

Figure 108 gives results of two runs undertaken to see if
a substantial change in calcination history would have an

effect upon absorption rate. Little effect was seen.

12.10 Effects of Absorption and Regeneration Times and

Number of Cvcles

Data for runs T-145 and T-148 illustrate the importance
of choosing appropriate times for the absorption and regenera-
tion steps. The two runs were made under otherwise almost
identical conditions (shown in Table 10) except that T-=145
used fifteen minutes for regeneration while T-148 used only
3 minutes.

Figure 109 shows first and last cycle absorption rates for
the two runs. After twelve runs, the rate for T-145 shows no
sign of flagging -- if anything, there is a slight increase
in rate. This is not so for T-148, where absorption rate
after 15 cycles has dropped significantly.

The reason for this is clearly seen in Figure 110, which
gives the first and last cycle regeneration rates for the two
runs. Regeneration rates for both runs did not flag, but in
run T-418 there was too little time for regenerating the stone.
The MgSO4 level increased with increasing cycle number, and the
absorption rate flagged with increasing MgS0, level because of
diffusional difficulties.

Figures 98 and 92 are zig-zag plots for runs T-145 and
T-148 respectively.
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Figure 111 gives results for run T-175, which used 100
minutes for abscorption and 20 minutes for regeneration. The
former reaction increased in rate and extent through the sixth
cycle, while the regeneration reaction is fast, generally
reaching 95% of full regeneration in less than 10 minutes.

Figure 112 is a zig-zag plot for T-175.

12.11 Diffusional Effects

The effect of gas flow rate was explored by using different
flow rates in two successive cycles of a run. The first three
cycles of run T-173 were made using 100 cubic centimeters per
minute flow of reaction gases in both absorption and regenera-
tion steps, while the flow was reduced by one-half in the fourth
and f£ifth c¢ycles. Figure 113 shows that the change from 100 to
50 cm3/min produced little change from the third to fourth cycle.

Most of our runs were made with a sample size of about 8
milligrams. A run with 40.7 milligrams was made tc compare
with an otherwise identical run with 8.4 milligrams (runs T-176
and T-177 respectively). The first and sixth cycles are shown
in Figure 115, The figure makes it clear that bed diffusion
cannot be ignored, and the smaller sample ought to give better
information on rate,

Figure 115 is a zig-zag plot for run T-176.
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Some idea of the importance of diffusion within magnesium
oxide particles had been provided by the data shown in Figure 69
where absorption rate for magnesium oxide produced by calcining
magnesite rock is compared with reagent grade magnesium oxide,
probably a precipitated and less porous structure, explaining
its slower reaction rate.

To get some feeling for the problem of intraparticle
diffusion, a run was made using a disk of 0.44 cm diameter and
0.25 cm thickness made from a chunk of our Red Mountain magnesite
rock placed in the guartz pan. The first cycle rates are given
in Figure 116. The disk required 130 minutes to achieve a
conversion reached in nineteen minutes by a sample of powder
-2504270 mesh. The regeneration, however, seems to be very
fast for the disk, reaching completion in two minutes.

A sphere of 0.325 cm diameter was made from a chunk of
rock in an attempt to secure data giving an effective diffusivity
for the MgS04 product layer formed in the absorption step.
Figure 117 gives data for four cycles conducted with the sphere
placed in the quartz pan. One striking feature of the data is
that both absorption and regeneration rates appear to increase
slightly with cycle number.

Data from the fourth cycle were treated to determine
intraparticle diffusional resistance. Figure 118 is a plot of
time versus the "diffusion statistic" (12, 14), and indicates
an effective diffusivity on the order of 0.0001 cm?/sec. When
this is compared with the diffusivity in open space, we obtain
a ratio of about 0.0017. This small ratio is not unexpected
for a product layer of MgsG, upon Mg0O, in view of the far

larger molecular volume of the former species.
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12.12 DpDiscussion of Effects Relating to Absorption Capacity

A major consideration for the designer of a process to
employ magnesium oxide as an absorbent for sulfur dioxide will
be the capacity of the solid after it has undergone a number
of reaction cycles. The information available from this research
do not allow, at this time, a precise definition of capacity
for a variety of possible process conditions. Valuable
gualitative conclusions, however, may be drawn.

The reason our work has not given sufficient information
relating to capacity in a practicable process is worth mention-
ing, as a guide to planning future research. At the outset of
the work on magnesium oxide, we were impressed with the decline
in reactivity of half-calcined dolomite in the cycle for
absorption of hydrogen sulfide. Our initial plan, therefore,
emphasized obtaining as many cycles as possible in a given run
with magnesium oxide in order to expose such a decline in
reactivity, if it exists. To this end, we usually set the
respective times for the absorption and regeneration steps
fairly short, so that a large number of cycles could be run
off in a given day.

This plan did not always allow the solid to display as
much capacity at a given set of operating conditions as it
might have done if longer times had been chosen and fewer cycles
settled for. For example, zig-zag plots like those seen in
Figures 93, 94, 96, and 97 display poor capacity because of the
low regeneration temperature, which is accompanied by a low rate
of regeneration, so that the degree of regeneration was tooc

little in the short regeneration time allowed.
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The weight of the evidence from our work now points to a
conclusion that the reaction cycle has little if any effect
upon reactivity of the magnesium oxide in successive cycles.
Further work could be planned choosing regeneration tempera-
tures or times, for example, toc obtain substantially complete
regeneration. Our work suggests that a process might preferably
use a high regeneration temperature, such as 900°C, in order to
achieve full regeneration in a few minutes., The process could
employ an absorption temperature over a relatively wide range,
say from about 750° to 900°cC.

The preceding Section 12,11 gave data pointing to diffusional
resistance in a product layer of MgS0O4 as the rate-determining
step in absorption. This is consistent with the weak dependence
of the absorption rate upon temperature (see Figure 105}.

The weak dependence of absorption rate upon sulfur dioxide
concentration remains a puzzle.

The effective diffusivity of reactant gas species in the
product layer of MgSO4 is s0 low, less than 0.2% of the
diffusivity in open space, that the proposed cycle for magnesium
oxide may well not be practicable except for particles of
relatively small size. OQur 0.325 cm sphere took nearly 800
minutes to achieve 35% conversion to MgSO4. It would appear
that the coarse particles, generally around 1l0- to 40-mesh,
used in fluidized-bed combustion boilers of the type built by
Pope, Evans and Robbins and Foster-Wheeler Corporation at
Rivesville, West Virginia, may be too large for practicable

application of the magnesium oxide cycle.
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Accordingly, the magnesium oxide cycle appears to be
limited to small particles, for example, particles on the
order of 50 micrometers in size.

For such particles, good absorptive capacity may be
achieved at practicable residence times in a fluidized-bed
combustion step and a supporting regeneration step.

The fast fluidized bed (2) is a unit operation suitable
for handling such small particles, and is also well suited
for combustion. This possibility will be discussed further
in Section 13.03 below.

Our work shows that higher capacities can be achieved
if the particles are intermingled with a catalyst for conversion
of sulfur dioxide to the trioxide, or better still, if the
particles are impregnated with such a catalyst. Although our
work to demonstrate this fact has used substances, platinum
and palladium, that are far too expensive for use in a
practicable combustion device, other catalytic agents based
upon iron, vanadium, and chromium and the like might be

developed for this purpose,
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12.13 Decomposition of Magnesium Sulfate at High Temperatures

By chance, we discovered that magnesium sulfate decomposes
at an appreciable rate at temperatures beyond about 750°C. Run
T-135 used Fisher reagent grade (Lot 7366111) Mg0 powder as a
starting material. After it had been partially converted to
Mgs0,, it was exposed to a 50/50 mixture of steam and carbon
dioxide at 750°C, and we were surprised to observe a decline in
weight, as seen in Figure 119, We then conducted additional
runs T-144 and T-183 exposing partially sulfated solids to
nitrogen and 25/50/25 steam/coz/nitrogen respectively. Results
of these runs are also shown in Figure 120. The so0lid in run
T-144 was sulfated reagent grade Mg0 powder, and that in run
T-183 was <270 mesh powder obtained by dissolving palladium
chloride and epsom salt in water and evaporating, as described
in Section 12.03. The data in Figure 119 illustrate an effect
of temperature upon the rate of decomposition of magnesium
sulfate. -

This rate is far slower than the rate of regeneration of
MgSO4 by reaction G with hydrogen to form Mg0. However, the
sharp dependence of the latter rate upon temperature (see
Figure 106) may well be related to the decomposition of MgSO,.
The decomposition may open up cracks in the product layer of
MgSO4. allowing hydrogen to enter and penetrate throughout the
layer more easily. Another possibility is that the decomposition
of MgSO4 provides three-dimensional nucleating sites for the
regeneration reaction G instead of two-dimensional sites
restricted to crystallite surfaces.

Although the data at 650°C in Figure 107 are less reliable
than data at higher temperatures, the S-shaped curve drawn in the
figure is nevertheless credible, since the sharp increase in slope

between 650°C and 7509C may reflect an increase in the available

surface for reaction.
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13.0 Summary of Findings

13.01 Temperatures for Application of Magnesium Oxide Cycle

We may tentatively conclude that any temperature between
about 750°C and 900°C is suitable for use of magnesium oxide
to absorb sulfur dioxide from combustion products in fluidized-
bed combustion. The rate of absorption and final capacity do
not appear to depend strongly upon temperature. This is con-
sistent with evidence we have developed that the rate of
absorption is limited by diffusion of gaseous reactants through
a product layer of magnesium sulfate.

We have found the rate of regeneration of magnesium oxide
by reduction of magnesium sulfate with hydrogen and release of
sulfur dioxide to depend markedly upon temperature. We may
tentatively conclude that a temperature of 900°C is suitable
for regeneration.

We have tentative evidence that carbon monoxide may be a
better reductant for magresium sulfate than hydrogen.

We attribute the marked dependence of the rate of regen-
eration upon temperature to the tendency for magnesium sulfate
to decompose even in absence of a reducing gas such as hydrogen
or carbon monoxide. Indeed, there is a possible that a process
could be worked out for regeneration without use of a reducing

gas, and this should be explored.
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13.02 Particle Size for Application of Magnesium Oxide Cycle

The effective diffusivity of gases through the product
layer ¢of magnesium sulfate appears to be 80 slow ~- less than
about 0.2% of the diffusivity in open space -- that the
magnesium oxide cycle would be restricted in practice to small
particles, for example, on the order of 50 microns in size.
This probably rules out its use in fluidized bed boilers of
the more "conventional" type under development in recent
years, for example, by Pope, Evans and Robbins in the United

States and by the National Coal Board in England.

13.03 Use of Magnesium Oxide Cycle in Fast Fluidized Bed Boiler

The first application of Lurgi's modern design for a fast
fluidized bed device was a combustion process for calcining
aluminum hydroxide (3). This is now thoroughly accepted by the
aluminum industry, and is operating in five or six large units
built since 1970.

Battelle Memorial Institute has a program for development
of a fast fluidized bed boiler to burn coal (50). We understand
that the Electric Power Research Institute has also taken up
study of such a boiler, although to our knowledge testing is not
yet underway. We also understand that Lurgi itself has serious
plans for development of a fast fluidized bed boiler for coal
in cooperation with German boiler firms, and that Lurgi has
already conducted extensive testing of a variety of fuels
including several coals,

The trand of thinking is toward exploitation of the fast

bed's flexibility in rate of heat removal th ough variation in
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solid circulation rate. This rate is varied simply by varying
the inventory of solid in the fast bed.

The small particle size used in the design developed by
Lurgi for the fast bed -- something on the order of 50 microm-
eters -- allows the designer to expleit the conventional
standpipe-and-riser arrangement of the catalytic cracker of
the petroleum industry for moving powder into and away from
the fast fluidized bed itself. Figure 120 illustrates a
suitable arrangement. The storage bin at the upper middle of
Figure 120 would hold solid when it is not needed in the fast
bed. An increase in load would call for transfer of solid
from the bin to the fast bed circulation loop, in order to
increase the heat transfer coefficient. Notice that the
storage bin does not need to be fluidized throughout its
extent: fluidization of a trough at the bottom of the bin is
sufficient to provide mobility of sclid in the trough and to
cause the solid to enter the standpipe that returns powder to
the fast bed loop.

Only one coal feed need be provided for a relatively
large bed, since the height of the unit guarantees that
volatile matter will be burned ocut before the combustion

products leave the fast bed's cyclone.

13.04 Potential Role for a Catalyst in the Maghesium (Oxide Cycle

Our work has shown dramatic effects of palladium and platinum
upon the capacity attained in the magnesium oxide cycle. These
materials are of course too expensive for practicable use in
coal combustion, but our data provide a lead for further work to

identify cheaper catalytic substances, such as an iron oxide.
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14.0 Recommendations for Further Research

(1) Better measurements of the effective diffusivity of
the product layer of magnesium sulfate should be made at
several particle diameters. It would be good to relate
measurements based upon rate of uptake of sulfur dioxide at
high temperature to measurements made at room temperature by

the technigue of Weisz {51).

(2) Results from (1) will permit selection of particle
sizes for practicable use over a practicable range of particle
residence times in an absorption step. After such selection
is made, cyclic runs should be conducted to confirm the
capacities predicted for several operating conditions in

light of the effective diffusivity data.

(3) Further research might establish the rcle of mag-
nesium sulfate decomposition in promoting the strong tempera-

ture dependence of the regeneration reaction.

(4) Further research on the rate of magnesium sulfate
decomposition might establish this reaction as a viable way
to regenerate, obviating need for reducing gases. Are the
products of the decomposition primarily sulfur dioxide and
oxygen? Primarily sulfur trioxide? A mixture of all three,
and if so, in what proportion? BAnswers to these gquestions

are needed before process layouts could be attempted.

(S} A search for a cheap catalyst to promote the absorption

might prove rewarding. 1Iron oxide is a candidate for early study.
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(6) PFurther work to understand the dependence of the
abzorption reaction upon both pressure and sulfur dioxide
concentration is needed. If a catalyst emerges from (5),
it is possible that the magnesium oxide cycle will be
attractive at atmospheric pressure as well as at elevated

pressure,
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