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ABSTRACT

Several interrelated problems in connection with the treatment of sulfur
dioxide at temperatures between 700 and 800°C were studied. The interaction
of SO, with Al;03 was studied experimentally using B.E.T., thermogravime-
try and temperature-programmed desorption. Adsorption takes place through
a wide range of binding energies, with some SO, adsorbing irreversibly at tem-
peratures below 800°C. The amount adsorbed depends on the surface history
and thermal treatment. An adsorption isotherm based on a bimodal energy

distribution provides an adequate description of the equilibrium process.

The chemical composition, sulfation and regeneration of an alkali-alumina
sorbent for sulfur dioxide were studied using thermogravimetry, gas chromatog-
raphy, and X-ray photoelectron spectroscopy. The active sorbent consists of a
thin layer of sodium and lithium aluminates supported on alumina. The rate
of sulfation is proportional to the SO; concentration in the gas, up to [SO;]| =
5000 ppm. The activation energy of the sulfation is £ = 21.6 kcal/mole. The
sulfated sorbent was regenerated by reduction with CO at 700-800°C. Sulfur
removal from the sorbent and distribution of gaseous products were measured
at different alkali loadings, temperatures and CO concentrations. The reduc-
tion takes place in two consecutive stages through a complex reaction network
in which the alumina support plays a decisive role, both as a reactant and as
a catalyst. A simplified reaction network is used as a basis for a kinetic model
that provides an adequate description of the reduction process at moderate

sorbent loadings.
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1. INTRODUCTION

The combustion of coal constitutes the major source of sulfur dioxide emis-
sions into the atmosphere, with smaller contributions from petroleum combus-
tion, ore smelting and petroleum refining [5,15]. Efforts to abate atmospheric
pollution have led to research and development of a large number of desulfuriza-
tion processes, following two basic approaches. The first is fuel desulfurization,
which can be accomplished by physically cleaning or washing the coal prior to
combustion, or through chemical desulfurization [10]. The second approach is
the desulfurization of combustion gases, and is currently employed in various

fluidized-bed combustion (FBC) and flue gas desulfurization (FGD) processes.

Nonregenerable FGD processes generally involve wet or dry scrubbing with
alkaline slurries or a dry alkali powder. Typical reagents used are limestone,
dolomite, lime, and soda ash. In order to avoid the solids disposal problem as-
sociated with nonregenerable processes, several regenerable sorbents have been
proposed. Some of the materials that have been investigated are alkalized alu-
mina (an active form of sodium aluminate) [1,14,16], molten alkali carbonates
[11], calcium silicates [19], and metal oxides supported on alumina [2,4,17,18].
These sorbents react with SO, at temperatures between 400 and 800°C to form

stable sulfates :
2NaAlOy + SO, + —;-02 — Na3 S04 + Al303

K;,CO3 + S0, + %02 — K504 + COq
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CaSi103 + S0O; + %02 — CaS04 + S10,
etc.

Regeneration can be accomplished by reducing the sulfated sorbent with CO
or Hs. Under suitable conditions the reduction may lead to the production of
elemental sulfur, a useful by-product which can be commercialized or converted
to other sulfur products such as sulfuric acid. In most cases the detailed re-
action pathways involved in the regeneration remain unknown or very poorly

understood.

The direct reduction of SO; to elemental sulfur on alumina or alumina-

based catalysts at temperatures between 400 and 600°C according to :
1
S0O; + 2C0 — 552 + 2C0, (1.1)

has recently received increasing attention [7,12]. This attractive alternative
would accomplish the simultaneous removal of SO; and NOx [13] through a
dry, simple process. Considerable effort has been devoted to understanding the

mechanism of reaction 1.1 [8,9], as well as that of the Claus reaction [3,6] :
3
SO, + 2H;S — 552 + 2H,0. (12)

This reaction constitutes a widely used commercial process for sulfur recovery
from concentrated (> 20%) H,S streams at 200 to 250°C. In both cases the
complex nature of the active sites on the alumina surface was found to play a

decisive role.

The present thesis is centered around the use and regeneration of an alkali-

alumina sorbent for the removal of SO at high temperatures. Preliminary work
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[18] indicated that this sorbent can be repeatedly regenerated by reduction with
CO at temperatures between 700 and 800°C. The objectives of the present
work were to study the effect of sorbent composition and operating conditions
on the regeneration, and to gain insight into the detailed chemistry of the
regeneration and the role of the alumina surface. The thesis was divided into
two parts. In Part I (Chapters 2 through 6) the interaction of SO, with alumina
is studied experimentally. This problem is relevant to the mechanism of sorbent
regeneration and also of reactions 1.1 and 1.2 [3,6]. This part constitutes a self-

contained unit, but its results are used in subsequent chapters.

In Part II (Chapters 7 through 11), the preparation, chemical composition,
sulfation and regeneration of the sorbent are analyzed and discussed. Chapter
10 deals with the problem of sorbent regeneration: the nature of the species
involved, reaction network and effect of operating conditions are discussed,
and a simple kinetic model is proposed. The problems are presented in order
of increasing complexity, which does not necessarily correspond to the one in

which they were attacked.

Two microprocessor-based systems were developed to carry out the data
acquisition and processing and to program and control the reaction tempera-

ture. These systems are described in the appendices.
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PART I

THE HIGH-TEMPERATURE ADSORPTION
OF SULFUR DIOXIDE ON ALUMINA
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2. BACKGROUND INFORMATION

In an effort to understand the mechanism of the Claus reaction several in-
frared studies on the interaction between S04, and Al,03 have been conducted
[1,3,4,5,8,9,11]. Even though up to five different types of sites for SO, adsorp-
tion have been identified [4], their exact nature has not yet been established
with certainty. It is known, however, that the amount of SO, chemisorbed and
its adsorption energy are strongly influenced by the pretreatment, acidity, and

extent of hydration of the alumina surface.

2.1. The Alumina Surface

The term alumina designates the aluminum oxides and hydroxides. Alu-
minum hydroxide gels, some of which are amorphous, are usually obtained by
precipitation from solutions of aluminum salts or alkali aluminates [12]. Ag-
ing of these gels leads to the formation of crystalized aluminum trihydroxides
(gibbsite, bayerite, nordstrandite) and aluminum oxide hydroxides (boehmite,
diaspore). The activated aluminas are obtained by elimination of H;0 of con-
stitution from these hydrated aluminas through controlled heating. At least
six different transition phases may be obtained in the heating process, namely
X-, -, Y-, k-, and 6-Al,03. The sequence of phases is a function of the struc-
ture of the starting material, pressure, water vapor pressure, heating rate and
particle size. Although these phases are thermodynamically unstable they have
reasonably reproducible structures [18]. The best-known transition form is ~-

Al203, which possesses a well-ordered 0%~ sublattice. Corundum (or a-Al303)
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is the stable form of anhydrous alumina, obtained by heating any of the tran-

sition phases to 1100-1200°C. This transformation is irreversible, i.e., it is not

possible to obtain transition aluminas by hydration of a-Al,Os3.

While the stable hydroxides have little porosity and low surface area, evac-
uation and heating causes the development of pore structure and an increase
in surface area, which reaches a maximum at approximately 400°C [18]|. The
surface area of ¥-Al303, for example, may be as high as 500 m? /gram. Dehy-
dration of transition aluminas is accompanied by loss of both surface area and

pore volume. The surface area of a-Al;03 is typically 2 to 4 m?/gram.

The surface of transition aluminas exhibits a complex structure, character-
ized by the exposure of many different crystal planes [13] and by the presence
of hydroxyl groups that can be eliminated by heating. This dehydroxylation
process takes place through the combination of neighboring OH groups leading
to the loss of H20 and possibly to the formation of strained Al-O-Al linkages
on the surface. Although the AI3*T and O?~ ions do have catalytic activity
in some chemical reactions [15] , the hydroxyl groups and the defect sites cre-
ated upon dehydroxylation are largely responsible for the high adsorptive and

catalytic activity of transition aluminas.

These defect structures in the Al,0O3 lattice appear to be concentrated
at a relatively small number of sites [13], thus creating patches of localized
catalytic activity. The chemical properties of these localized regions appear to

be influenced by the presence of adjacent O H groups and underlying A/37 ions.

Five different types of surface hydroxyl groups have been identified [13],
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depending on the nature of their interaction with the Al O3 substrate, giving
rise to at least five distinct types of catalytic sites [2]. The catalytic activity is
strongly influenced by the acidity of the surface. Abnormally exposed Al3+ ions
may behave as strong Lewis acids, whereas the various types of surface hydrox-
yls constitute Bronsted acids of varying concentration and strength. Although
a-Al;03 is almost completely dehydroxylated it exhibits certain catalytic ac-

tivity due to its high Lewis acidity.

The surface properties and, therefore, its catalytic activity are strongly
influenced by the method of preparation of the alumina catalyst: the nature of
the precursor, precipitation conditions, aging, and preheating and calcination
temperatures are all factors to be taken into account. Current catalyst technol-
ogy is concentrating on the control of these variables to obtain a catalyst with
the desired characteristics. Efforts are being made to tailor the pore structure
by controlling the kinetics of the dehydroxylation process (micropores) and the
agglomeration technique (macropores) [17], and also to modify the acidity of

existing transition aluminas [7,14].

2.2. Sulfur Dioxide Adsorption

The industrial importance of the Claus reaction, whose mechanism remains
largely unknown, has motivated a substantial amount of work aimed at eluci-
dating the structure of the alumina and the nature of the chemisorbed species.
As most of that work has relied on infrared techniques progress in the area

has been closely tied with the development of more refined equipment, such as
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computer-supported [8] and Fourier transform [4] spectrometers.

The first thorough investigation of sulfur dioxide adsorption on 4-alumina
was reported in 1971 by Deo et al. [5]. In an effort to understand the catalysis of
the Claus reaction by alumina and zeolites they employed infrared spectroscopy
to study the interaction of SO, and H;S with those substrates at temperatures
below 400°C. They found that both reactants adsorb physically and chemically.
According to their interpretation, physical adsorption takes place through hy-
drogen bonding between SO, or H2S and the hydroxyl groups present on the
alumina surface, as shown in Fig. 2.1(a). Chemisorption was attributed to the
formation of a sulfate-like structure with surface O~ ions (Fig. 2.1(b)). This
chemisorbed species was considered to behave as an intermediate in the Claus
reaction. Pretreatment of the alumina with NaOH followed by exposure to

SO3 led to the irreversible formation of a sulfation product.

The heat of adsorption of SO; on heat-treated v-Al;03 at 150°C was
measured by Glass and Ross [6]. Their results appeared to confirm the in-
terpretation given by Deo et al. (5] (Fig. 2.1 (a) and (b)). A high heat of
adsorption was encountered at low coverages, and was attributed to a strong
interaction between the SO; molecules and defect sites created by the high

temperature treatment.

Adsorption measurements at higher temperatures than those involved in
the Claus reaction were reported by Chang [1], in connection with the sulfation
of automotive emission control catalysts [16]. Using a BET technique he mea-

sured adsorption isotherms of a single sample at temperatures between 25 and
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500°C. Each run was preceded by a heat treatment at 700°C. Chang’s BET
results suggest that the SO; uptake increases with increasing surface dehydrox-
ylation at a given temperature, but decreases with increasing temperature. His
data provide values of the isosteric heat of adsorption that are in general agree-
ment with those of Glass and Ross [6]. In the same study Chang presents IR
data that prove the existence of two forms of adsorbed SO;. The species that
adsorbs first is very firmly bound and only desorbs by heating at high tempera-
tures. He suggests that this species is a surface S 0§_, although the IR spectra
do not provide conclusive evidence. Oxidation of this species seems to lead to
the formation of aluminum sulfate. The second species, more weakly bound,
would be associated with the surface hydroxyls through hydrogen bonding, as
described by Deo et al. [5] (Fig. 2.1(a)).

According to the models proposed by Deo et al. [5] and by Chang [1], sur-
face dehydroxylation would cause ﬁn increase in the amount of SO, chemisorbed
due to the formation of new active sites from their harbingers. At some point
in the heating process the total surface area would start to decrease, causing
the SO; uptake to reach a maximum. Karge et al. [9] showed that this maxi-
mum occurs at approximately 700°C. They also identified the presence of two
types of adsorbed species. In their interpretation SO; chemisorbs through the
irreversible formation of a SO, anion radical. Although hydrogen bonding also

takes place, SO; would react preferentially with basic OH groups.

Direct evidence of the correlation between the total amount of SO, that
adsorbs irreversibly and the extent of surface dehydroxylation was first pre-

sented by Lavalley et al. [10]. Their gravimetric results also provide conclusive
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evidence that the SO, uptake increases with increasing temperature, contra-
dicting Chang’s results [1]. This issue will be addressed in Chapter 3. Ruling
out the possibility of hydrogen bonding, Lavalley et al. proposed that adsorp-
tion takes place through the formation of a hydrogen sulfite species —SO3H,
as shown in Fig. 2.1(c) [10], and used this concept to provide a mechanism for

the Claus reaction [11].

The use of probe molecules [8] and recent advances in IR spectroscopic
techniques [3,4,8] have helped reveal new complications, such as for example
the role of the Lewis acid and basic sites [4,8] and the possible existence of up
to five different adsorbed species [4] (Fig. 2.1 (d) and (e)). Although many

questions remain open, it is possible to draw some useful conclusions :

(i) Adsorption takes place through the formation of several surface species
with varying binding energies, which can be divided into two groups :

strongly chemisorbed, and weakly adsorbed SO,.

(ii) The strongly chemisorbed species are associated with Lewis acid or basic
sites existing on the surface or created upon dehydroxylation, and can only

be desorbed by heating at high temperatures.

(ili) The weakly adsorbed species are associated with the existence of surface

hydroxyls on the surface of transition aluminas.

Whereas the work carried out so far concentrated mainly on the nature of
the SO2-Al;03 interaction, and measurements of uptake and heat of adsorp-
tions were limited to temperatures below 500°C, the objective of the present

study was to determine adsorption isotherms, heat of adsorption, and adsorp-
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tion/desorption kinetics at 700 to 800°C. In Chapter 3 equilibrium adsorp-
tion and heat of adsorption data are presented, and an adsorption isotherm
is proposed. Chapter 4 centers around the adsorption/desorption dynamics.

In Chapter 5 some results using temperature-programmed desorption are pre-

sented and discussed.
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3. EQUILIBRIUM ADSORPTION

3.1. Experimental

3.1.1. Materials Two types of materials were used. ~-Al203 particles,
210 < dp < 420 um, were obtained by crushing and sieving UC-T-2432 ~-
Al 03 pellets (from United Catalysts Inc.). The second material was obtained
by treating v-Al;O3 powder with NaOH, following the procedure described in
Ref. [3]. A slurry was prepared by mixing T-2432 powder with 2% by weight
of NaOH, and adding H,O. This slurry was dried and the resulting cake was
crushed and sieved (210 < d, < 420 pm). The samples were degassed at 500°C
for 24 hours and then exposed to oxygen at 700°C for 5 hours. Measurements
of the adsorption of SO; on a-Al;03 were not possible with the techniques

described in Secs. 3.1.2 and 4.1 due to its low surface area.

After the pretreatment, BET N, adsorption isotherms of both materials
were obtained, as described in Sec. 3.1.2, yielding a surface area of 102 m?/gram
for pure v-Al;03, and 69 m? /gram for the doped material. The adsorbate was

high purity SO;, obtained from Matheson Research Grade lecture bottles.

3.1.2. Apparatus and Procedure The adsorption isotherms were obtained
using a modified BET apparatus [7]. The adsorbate is admitted into a vacuum
chamber of known volume at a known flow rate through a small orifice. In
the experiments described here the gas flow rate was typically 3 to 5 x 1074
moles/hour. The sample is located in a sample tube attached to the vacuum

chamber. System pressures in the range 10™* to 102 torr are measured using a
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baratron gauge. The sample tube is surrounded by an electric furnace powered
through a temperature controller, allowing operation at up to 1000°C. The
sample tube can also be immersed in a Dewar flask containing liquid N, for

surface area determinations.

The baratron gauge was interfaced to a microcomputer equipped with a
data-acquisition board for real time collection of pressure vs. time data. A set
of computer programs was developed for data collection and file manipulation

and reduction.

The samples were weighed, loaded in the sample tube, and degassed at
low pressure (=~ 0.01 torr). Pressures as low as 104 torr may be attained
by means of a diffusion pump. Once the system reached thermal equilibrium
at the desired temperature the chamber was isolated from the vacuum system
and the adsorbate admitted while the pressure was recorded. Each run was
repeated twice in order to ensure reproducibility of the results. The amount of
gas adsorbed can be determined by the difference between the amount of gas
which has passed through the orifice and the amount that occupies the dead

volume :

P = [ ey e - 28 [, (3.1)

where :

moles ) ,

Q : molar gas flow rate (=22

t : time (sec),

P(t) : system pressure (torr),
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3
R : gas constant (%‘mtf—g), and

‘{ i‘% : effective volume/temperature ("O"I‘:).

Calibration runs with helium are required in order to determine the effective

volume/temperature and the gas flow rate.

Using pressure vs. time data and information obtained from the calibration
runs the adsorption isotherms were obtained using eq. 3.1. These data were
then stored on magnetic disks for further calculations and plotting. A more

detailed description of this system and its operation are given in Ref. [7].

In order to obtain true equilibrium isotherms it is essential that the gas
flow rate be small enough when compared to the rate of adsorption so as to
allow the pressure to be near equilibrium at all times. The occurence of slow
physical or chemical processes involving some species present in the gas phase,
such as intraparticle diffusion or slow chemical reactions [2] would also lead to
errors in the resulting curves. In order to investigate these issues, the gas flow
into the chamber was suddenly cut off at different points during several trial
runs, and the pressure recorded for 1 hour thereafter. No noticeable pressure
change was recorded in any of the runs, indicating that for all practical purposes
the surface may be considered to be at equilibrium with the gas. Some of the
runs described in Sec. 3.1.3 were duplicated using a lower gas flow rate. Again,

the isotherms obtained at both flow rates were almost identical.

3.1.3. Results Fig. 3.1 shows a set of adsorption isotherms obtained by

repeated exposure of a single y-Al;03 sample to SO, at pressures below 100
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torr. The amount adsorbed has been divided by the sample weight. Every run
was preceded by a 2-hour treatment under vacuum, at the temperature of the
run. Curve (a) was obtained using a fresh sample at 700°C. At 100 torr the total
S0O3 uptake was approximately 28 umole/gram, and the surface did not appear
to be saturated. After run (a) the sample was degassed at 700°C and 0.04 torr
for 2 hours, and a new isotherm (b) was recorded. The total amount of SO,
adsorbed was now 17 pumole/gram. Only 60% of the original adsorptive capacity
was restored after degassing, indicating that either the surface properties were
affected by the first exposure or some SO, has remained on the surface. In an
effort to remove the remaining adsorbate by reduction to elemental sulfur the
sample was exposed to pure CO at 300 torr and 700°C for 3 hours. After this
treatment a new run was performed at 700°C. The resulting curve (c) indicates
that only a small fraction of the adsorptive capacity has been recovered, while
the uptake at low pressures has decreased. Finally, curves (d) and (e) were

obtained at 750 and 800°C, respectively.

A similar series of experiments was carried out with a NaO H-treated alu-
mina sample. The corresponding isotherms at 700°C before (a, b) and after
(c) the CO treatment and those at 750 (d) and 800°C (e) are presented in Fig.
3.2. A comparison with Fig. 3.1 reveals that the uptake has approximately
doubled as a result of the alkali treatment. In this case 32% of the adsorptive
capacity was lost after the first run. As before, the isotherm obtained after the
treatment with CO (curve c) exhibited a reduction in the amount adsorbed at

low pressures.

The effect of the temperature of pretreatment on the amount adsorbed



-921 -
was examined. A fresh 4-Al203 sample was subjected to a 2-hour treatment
under vacuum at 800°C. The temperature was then lowered to 700°C and the
adsorption isotherm recorded (Fig. 3.3, curve a). The amount adsorbed at
100 torr was now 36 umole/gram. Three more isotherms were obtained at 700
(b), 750 (c), and 800°C (d), preceded by 2-hour treatments at 800°C. In all
the cases the amount adsorbed was higher than obtained previously (Fig. 3.1).
At 800°C (curve d) the surface exhibited approximately 90% of the original

adsorptive capacity.

3.1.4. Discussion The amount of SO, adsorbed on y-Al;03 at 100 torr
varied between 17 and 36 pmole/gram (1017 to 2.1 x 107 molecules/m?), de-
pending on the temperature and surface pretreatment. These values are of
the same order of magnitude as those reported by Chang [2] at temperatures
below 500°C. When treated with NaOH alumina can adsorb as much as
60 pmole/gram, or 0.4% by weight. An estimate of the surface concentra-
tion of a SO2 monolayer can be obtained by means of the Emmett-Brunauer

equation :

cofn

C, ~ 0.92 {NAA/ ] , (3.2)
where :
C, : surface concentration (m%i),
N4 : Avogadro’s number,

p : liquid density (22%™), and

M : molecular weight (M)

mole
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In the case of SO; eq. 3.2 yields C,; ~ 5 X 101® molecules/m2. A calculation
based on the spacing between 02~ and AI3% ions on the (110) plane of the
~-Al3 03 lattice yields C, = 4.7 X 10'8 molecules/m? [1]. Thus, the fraction of
the surface covered by SO2 molecules is 0.02-0.04 for 4-Al203, and 0.08-0.10

for alkali-treated v-Al;O3.

The adsorptive capacity of fresh 4-Al,03 depends on the temperature of
the thermal pretreatment. An increase in this temperature from 700 to 800°C
causes a 29% increase in the amount adsorbed at 100 torr (Figs. 3.1(a) and
3.3(a)). As higher temperatures are attained, more sites for chemisorption are
formed by dehydroxylation at the expense of the disappearance of weaker sites
constituted by surface OH groups. The net effect at temperatures above 300°C

is an increase in the total amount adsorbed [6].

The results obtained by Chang [2] would suggest that the amount ad-
sorbed decreases with increasing temperatures. It is known, however, that as
the temperature increases the surface is activated by dehydroxylation. This ap-
parent contradiction is resolved by noting that a fraction of the adsorbed SO,
chemisorbs very strongly, and can only be removed by heating at temperatures
above 800°C. As much as 30 to 40% of the SO, adsorbed at 700°C may be
present as a strongly chemisorbed species. While the total adsorptive capacity
actually increases with increasing temperature, pretreatment at 700°C only re-
moves part of the previously adsorbed SO;, causing a decrease in the observed

uptake.

After the first exposure to SO, part of the adsorptive capacity can be
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recovered by heating at 800°C, due to desorption of some of the chemisorbed
species (Fig. 3.3 (b),(c),(d)). The stability of that species may explain its

resistance to reduction by CO according to :
S0} +2C0O — §* 4+ 2C0,, (3.3)

where the superscript * denotes chemisorbed species. Reaction 3.3 is known
to proceed under the prevailing conditions [8] and may be taking place to a
small extent, accounting for the slight increase in the amount adsorbed and the
decrease in the availability of high-energy sites (Figs. 3.1 and 3.2 ¢). A second
possibility that cannot be confirmed with this technique is that elemental sulfur

is produced in substantial amounts, but remains attached to the surface.

According to Deo et al. [3], the effect of the NaOH treatment on the

7-Al203 is the substitution of surface —OH groups according to :
—OH 4+ NaOH — —ONa + H,O.

In our case, the surface area decreased to 2/3 of its original value as a result of
the NaOH treatment (Sec. 3.1.1), while the adsorptive capacity was doubled
(Fig. 3.2). These results suggest that the treatment is causing more drastic
changes than the mere displacement of H* ions. The alkali treatment may

actually comprise the formation of sodium aluminate :
Al303 +2NaOH — 2NaAlO, + H,0.
When exposed to SO, this aluminate would then react to form sodium sulfite :

2NaAlOgy + SOy — Nagy SO3 + Al,03,
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accounting for the enhancement of the adsorptive capacity, and also for the

formation of the chemisorbed species reported by Deo et al. [3].

3.2. Adsorption Isotherm

The equilibrium data presented in Sec. 3.1.3 could not be adequately
described by any of the well-known equilibrium isotherms. The Langmuir
isotherm provided reasonable fit up to fractional coveréges 0 =~ 0.3, and gave
better results than the Freundlich, Temkin and Sips [11] equations. Whereas
these equations assume that the distribution of adsorption energies is either
monotonic (Freundlich, Temkin), or posesses only one maximum (Langmuir,
Sips), in the case under study there are two groups of active sites involved, and
possibly a wide range of binding energies. Assuming that all the strong sites
have an energy of adsorption ¢, all the weak sites have an energy of adsorption
g2, both groups of sites behave independently, and that the traditional Lang-
muir assumptions apply to each type of sites, a simple bimodal isotherm can

be written :

0=z [%} +(1-2) [-1-%] (3.4)

where :

0 : fractional coverage = ",

sat

z : fraction of (strong) sites with energy ¢,
K, K : equilibrium constants for sites of type 1 (strong) and 2 (weak), and

D . pressure.
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The constants K; and K are related to the heats of adsorption by :

K; =k exp [%] , Ko =ky exp [%] .

In order to rescale the data in terms of fractional coverage it is necessary
to obtain an estimate of the maximum amount adsorbed, n,.:. This can be

accomplished by extrapolation from the data at higher pressures :

n 1 1
Ngat 1+ E.p 1+ Eap
T 1-z|1
~]1—-|—+ - as p — o).
24122l (o)
Hence,
n s — [z+1—le
sat sat Kl Kz pa

correct to order p~1,

The data shown in Fig. 3.3 (b, ¢ and d) are redrawn as n vs. % in

Fig. 3.4. The values of maximum coverage obtained by linear regression are :
nsat = 28.5, 32, and 35 umole/gram, at 700, 750, and 800°C, respectively.

Using these values, the coverage attained at 100 torr is § ~ 0.92.

Once the data have been rescaled as 6 vs. p they can be used to obtain
the parameters z, K; and K,. After some algebraic manipulation eq. 3.4 can

be rewritten as
_ pi+ap
p2+bp+ec

= p?(1—0) = bpf + cf — ap, (3.5)
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where :
o= (K1 — K2)z + Ko
- K1K2 ’
b= K1 + K,
T KKy '
c= !
T KK,

The parameters a, b, and ¢ could in principle be obtained by linear regres-

sion from the experimental data, solving the system of equations :

(57) - (Sr)s- (Sw)e=-Sr -0
(3or%0) a— (3or0?) b (3 w?)c=-3 s (1-0)
(Zpﬂ) a— (ZPHZ) b— (202) c= —szﬂ(l—ﬂ) .

The solution of this system using the data shown in Fig. 3.3 led to unreallistic
values of z, K; and K;. This may be due either to the fact that eq. 3.4
cannot adequately describe the data, or to errors in the minimization of the

error function by linear regression.

If K, > K, adsorption will take place preferentially on sites of type 1 at
very low pressures and on sites of type 2 at very high pressures. In that case it
may be possible to obtain the constants K; and K, from suitable asymptotic
forms of eq. 3.4, an attractive alternative to a nonlinear regression approach.
After some algebraic manipulation, eq. 3.4 can be recast in the following useful
form :

————-—-Kl _ Kz} z (3.6)

0 = Kop(1—-6) +
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If K; = K, (or, equivalently, z = 0) eq. 3.6 becomes the Langmuir
isotherm :

6 = Kp(1-0). (3.7)

In the particular case p — 0 eq. 3.6 approaches the Langmuir equation 3.7 after

a Taylor expansion to order p, with

K= (K1 - Kz)z + K. (38)

There are two cases of interest in which all sites of type 1 are occupied,

with eq. 3.6 approaching the form :
0 = Kop(1 — ) + 6. (3.9)

The first such case occurs when all sites of type 1 have an infinite binding energy
(i.e., ¢ = z). The second case corresponds to p — oo, with :

= [E—I—I—;:l—}fz} z. (3.10)

A comparison between the experimental data from Fig. 3.3(d) and eqgs. 3.7
and 3.9 is shown in Fig. 3.5. The data follow the Langmuir equation only at
very low coverages (6 < 0.3), and eq. 3.9 when 6 > 0.5. The uncertainty in the
value of p(1—6) at high coverages causes scatter in the data above § ~ 0.8. The
constant K3 is obtained by linear regression from the slope of the data points
at high pressures (eq. 3.9), while K; and z are calculated from the intercept

of those points (¢), and the slope of the low pressure data (K), together with
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egs. 3.8 and 3.10:

K- K
K1= ¢ 27

K - K,
T=—>".

K, - K,

Table 3.1 lists the values of K3, K2 and z obtained by linear regression
from the data at 700, 750 and 800°C. Using these constants eq. 3.4 fits the
data on Fig. 3.3 within +5%. The values of these constants vary as much as

10% as a result of small changes in the value of n,,; obtained by extrapolation.

3.3. Heat of Adsorption

Assuming that the Langmuir assumptions hold for all sites with a given

binding energy g, the surface coverage is given by :

0=/0°°N(q){ k p ezp [ 7] ]}dq, (3.11)

1+kpexp[ﬁ%—,

where N(g) is the distribution function of adsorption sites with respect to the

adsorption energy, which satisfies :
oo
| N@dg=1
0

In principle, it would be possible to obtain the distribution function N(q)
from @ vs. p data by inversion of the integral 3.11. Although this task poses
great numerical difficulties, it is possible to carry out the inversion using Stieltjes

transforms, when a mathematical expression § = f(p) is given [11]. Some
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mathematical techniques have been developed [9,10] to simplify the inversion
when ¢min > RT. Unfortunately, in our case the temperatures are high and a
substantial amount of SO, adsorbs with fairly low binding energies, rendering

this approach inapplicable.

While the distribution function associated with eq. 3.4 is simply
N(g)==z6(g—aq1) +(1-z) (¢~ a2),

the true function N(g) is probably a superposition of two broad peaks (see Sec.
2.2 and Chapter 5). The adsorption energies ¢; and ¢z could be found by linear

regression from

. .
an,——lnk,—l-RT (t=1,2)

using Ky, K3 and T from Table 3.1. The values of ¢; and g, obtained using
this procedure vary widely with K, K, and z, which in turn depend strongly

On ngq¢. Furthermore, it is found that K; and K, are not linear functions of

Tt

A widely used approach is the use of the Clausius-Clapeyron equation

q(6) = RT* (i%—p% (3.12)

to calculate the isosteric heat of adsorption from experimental 8 vs. p data. The
function ¢(f) is usually found to decrease with increasing 6 [4]. Even though

isotherm 3.4 does not take into account any adsorbate-adsorbate interaction it
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does predict a decrease in the isosteric heat of adsorption with surface coverage:

RT? (%%
) = ———+~7
q ) P (g%)T
P (%),

_ zK1q1 [14 Kap” + (1 — 2) Kagz [1 + Kip)?
2Ky [1+ Kap)® + (1 — 2) K2 [1 + Kqp)*

Given that Ky > K5 and ¢; > g2 this expression decreases monotonically with

p and, therefore, with 6.

The isosteric heat of adsorption as a function of surface coverage was cal-

culated using eq. 3.12 and the data shown in Fig. 3.3. The derivative

dinp
or /,

was approximated by means of a least-squares regression at every value of 4.

The resulting curve is shown in Fig. 3.6. The values of ¢ below § = 0.25 and
above 8 = 0.9 were not included as the corresponding least-squares correlation
coeflicients were very low. The heat of adsorption remains approximately con-
stant at about 18 kcal/mole up to 6 = 0.5. It then starts to decrease steadily,
reaching 8 kcal/mole at 6 = 0.9. These values are lower than those reported by
Glass and Ross [5] and by Chang [2] at lower temperatures. At low coverages
the SO, molecules adsorb preferentially on sites with a high energy of adsorp-
tion. Therefore, Fig. 3.6 only shows the isosteric heat of adsorption of the weak

sites.
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Table 3.1. Constants for the Two-Site Isotherm.

Temperature Ky ¢ K K, T
°C torr—1! torr~!  torr—1
700 0.064 0.15 0.12 0.37 0.18
750 0.069 0.16 0.13 0.38 0.20

800 0.071 0.17 0.14 0.41 0.20
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Figure 3.5. Comparison Between the Data at 800°C and

(a) the Langmuir Isotherm, (b) Eq. 3.9.
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4. ADSORPTION AND DESORPTION KINETICS

4.1. Experimental System and Procedure

The isothermal adsorption and desorption of SO; on 4¥-A4l,03 and NaOH-
treated v-Al;03 were studied using the system depicted in Fig. 4.1. The sample
weight was measured as a function of time using a Du Pont 951 Thermogravi-
metric Analyzer (TGA). This instrument provides analog outputs proportional
to the weight and rate of weight change of samples below 200 mg., with an ap-
proximate accuracy of £10ug. The TGA reaction chamber consists of a cylin- |
drical quartz tube surrounded by a furnace assembly and housing a horizontal
balance arm and platinum sample pan. Power to the furnace is controlled by a
temperature programmer, allowing operation at temperatures between ambient
and 1000°C (see Sec. 5.2 and Appendix B). A Type K thermocouple located
inside the reaction chamber near the sample pan measures the sample tem-
perature, while a Platinel II thermocouple imbedded in the furnace assembly

measures the heater temperature for control purposes.

Prepurified N; was used as an inert diluent for the desorption experiments.
The adsorbate was a mixture of 20% SO, and 80% N,. Air was also available
for sample pretreatment. The gases flowed from pressurized cylinders through
pressure regulators, H,O and O; traps, a set of valves and pressure gauges,
a multiport valve and into the TGA through a side arm. A purge stream of
N, diluent was fed continuously from the rear end of the reaction chamber to
protect the balance mechanism from corrosive gases. The flow rates of both

streams were measured using calibrated mass flowmeters.
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The exit gases from the TGA were sent into a Miran-IA gas analyzer,
manufactured by Foxboro Co. This analyzer is a single-beam, variable filter
infrared spectrometer equipped with a gas cell, and was used to monitor the
S04 absorption band at 7.4 um. The instrument was calibrated to measure

SO, concentrations in the exit stream between 0.5% and 10%.

A data acquisition system was assembled and programmed to collect and
process the data from the TGA and the IR spectrometer. Data files containing
weight, rate of weight change, temperature and gas concentration vs. time were
created at run time and sent to a remote mainframe computer for reduction

and plotting. This system is described in Appendix A.

The materials used were the same as in the equilibrium experiments (Sec.
3.1.1). A 30-50 mg. sample was spread evenly on the sample pan forming a
thin, even layer, to minimize diffusional resistances in the particle bed. The gas
pressure and flow rates were then adjusted to the desired total flow rate and
adsorbate concentration and to ensure a total pressure of 3 psig in the TGA.
The samples were pretreated at a constant temperature of 700°C for 5 hours
under an air stream, and then heated to the temperature of the run. Before
each run the samples were exposed to a stream of pure N; for 2 hours. At time
t = 0 a gas stream containing SO, with the desired concentration was admitted
into the TGA using the multiport valve, while the weight and the output from
the IR spectrometer were logged every 10 seconds. Once the weight reached
a plateau, SOz was desorbed by switching back to a flow of pure N;. Both
adsorption and desorption were carried out at a constant temperature. This

procedure was repeated with various samples and at different temperatures,
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duplicating each run. The concentration curves from the gas analyzer had the
same general shape as the thermogravimetric data. However, they were always
somewhat higher, probably due to SO, desorption from the TGA walls. The
IR data were also noisier due to the low SO, concentrations in the exit stream.

Only thermogravimetric results will be presented here.

4.2. Heat and Mass Transfer in the TGA

Two questions of concern are :

(i) the possibility that diffusion of SO; to and from the gas stream may de-

crease the overall rate of adsorption and desorption, and
(ii) the error involved in the measurement of the sample temperature.

Under typical operating condition the gas flow inside the TGA is laminar,
with Re = 5 to 10. For a gas containing mostly N, and assuming that the
sample behaves as a flat plate parallel to the direction of the flow a boundary
layer calculation leads to

Nu, =~ Nu,, ~ 1,
where Nu, and Nu, are the Nusselt numbers for heat and mass transfer.
Calculations based on other geometries lie within 20% of this value. The cor-
responding mass transfer coefficient is kps &~ 2 cm/sec, and the characteristic
time for external mass transfer is only a fraction of a second. On the other
hand, adsorption and desorption times are of the order of several minutes to 1
hour (Sec. 4.3), indicating that external diffusion is much faster than ad- and

desorption. A set of experiments was carried out to measure the overall rate
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of adsorption at a given temperature and with varying gas flow rates. No ap-

preciable difference was found between runs, confirming that the measurements

correspond to the true rates of adsorption and desorption.

When the furnace temperature is 700-800°C the gas stream enters the TGA
at ambient temperature, is slightly heated by convection from the chamber
walls and sample pan, and leaves the reaction chamber at 60-120°C. Both the
sample and the thermocouple are heated by radiation from the heating element
and cooled by convection to the gas stream, and are likely to be at similar
temperatures. Heat transfer calculations and temperature measurements show
that the rate of heat transfer to the gas is much lower than that from the
furnace, so that the sample temperature is only 30 to 60°C lower than the

heater temperature.

4.3. Results and Discussion

Fig. 4.2 shows the adsorption and desorption cycles of SO; on v-4/2,03 and
NaOH-treated y-Al;03 samples at 750°C with [SO;] = 15%, corresponding
to a SO, partial pressure of 137 torr. These samples had not been exposed
to §O; before the runs. Adsorption takes place very rapidly in both cases,
reaching 90% of the maximum uptake in less than 5 minutes. The amount of
S0; adsorbed on pure alumina after 70 minutes was 36% higher than in the
equilibrium experiments. In the case of treated alumina that amount was 30%
higher. This enhancement is probably caused by the presence of O, traces in

the gas stream [1,5].
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Out of the total amount of SO, adsorbed 18% remained bound to the
~-Al;03 surface after 2 hours of exposure to N,. That amount was 29% in
the case of the NaOH-treated sample. In both cases desorption was slow :
after 1 hour of exposure to the N, stream 9% of the adsorbate that would
eventually desorb was still attached to the pure Al;03 surface. In the case of

the alkali-treated Al,03 that figure was 15%.

4.3.1. Isothermal Adsorption The effects of a previous exposure to SO,
and the operating temperature on the adsorption kinetics are illustrated in Fig.
4.3. Curve (a) shows the amount adsorbed on a fresh sample at 700°C, as a
function of time. The run was repeated after desorption under N, for 5 hours
at 700°C (curve (b)). The temperature was then raised to 800°C, SO, was let

to desorb for 5 hours, and SO, was admitted at that temperature (curve (c)).

The initial exposure to SO, causes a 36% decrease in the adsorptive ca-
pacity after 1 hour. After the first exposure the adsorption process takes place
in two steps. During the first minute 25% of the total uptake adsorbs very
rapidly. After the first minute the adsorption becomes slow (curve b). Both
the rate of adsorption during the second step and the amount adsorbed after
a one-hour exposure to SO; become slightly higher at 800°C (curve c¢). The
amount adsorbed during the second exposure at 700°C was only 80% of the
amount desorbed during the N, purge that followed the first exposure. These
observations indicate that the effect of the first exposure to SO; is not only the
blockage of strong sites but also a modification of the adsorptive properties of

the surface.
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In order to interpret these results it is useful to formulate a simple mathe-
matical description of the adsorption/desorption process. If all the adsorption

sites had constant activation energies for adsorption and desorption, and as-

suming that both processes are of first order, the adsorption rate would be

given by :
dé
— =k —0)p— kgt
dt a(l )P kq
=kop — (kop + kq) 0,
-~ ) (4.1)
9 =20q att =0

where kg = kS exp [—%] y ka=kgezxp [—R{g—%] . Eg4 and Ej are the activation

energies for adsorption and desorption, related by

Ed—Ea=q.

At constant temperature, the solution of eq. 4.1 is

__HBp _|_Ep _
=1k [l-i-Kp 60] ezp{— (Kp+1) kat}, (4.2)
where
_ ka
K:k—d.

At steady state eq. 4.2 approaches the Langmuir isotherm. In the cases pre-
sented in Fig. 4.3 we have 6y = 0 and i—_%%p ~ 1, since we are on the plateau

of the isotherm (Figs. 3.1 and 3.3). Thus, eq. 4.2 reduces to

In(1—6) = —kapt. (4.3)
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The data from Fig. 4.3 are redrawn as In(1—0) vs. ¢ in Fig. 4.4. The
assumption of a constant activation energy for adsorption does not hold in the
case of a fresh sample, particularly at low coverage (a). On the other hand
that assumption becomes more plausible in the cases of curves (b) and (c),
after the initial period of rapid adsorption. When first exposed to SO; a large
proportion of the sites exhibit a low activation energy for adsorption. The
effect of the first exposure is to block those sites, leaving weaker sites with a
narrower energy distribution available for reversible adsorption and desorption.
This explanation, however, fails to account for the large fraction of the sites
that exhibit a low rate of adsorption after the first exposure (Fig. 4.3 (b) and
(c)). An approximate value for the activation energy obtained from curves (b)

and (c) is Eq = 1 kcal/mole.

4.3.2. Isothermal Desorption As discussed in Sec. 4.2, readsorption can
be neglected during desorption under N;. Setting p =0 and 6y = 1 in eq. 4.2,
we obtain

In 6 = —kgt. (4.4)

Fig. 4.5 shows three In 6 vs. t curves for a single ¥-Al;03 sample at three
different temperatures. The sample had been exposed to SO; at 700°C prior
to the runs, and subjected to intermediate heatings at 800°C between runs. The
difference between the first and second runs at 700°C was not very significant.
As expected, the desorption rate increases with increasing temperatures. Eq.
4.4 provides an adequate description only at low coverage, when SO, desorbs

from sites with large values of Eg. Linear regression of the slopes of curves (a),
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(b) and (c) at low coverage yields an upper bound for the activation energy,
Eg4 < 22 kecal/mole. Thus, ¢ = Eq — E, < 21 kcal/mole for the weaker sites, in

agreement with Fig. 3.6.
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5. TEMPERATURE-PROGRAMMED DESORPTION

5.1. Introduction

Temperature-programmed desorption (TPD) is a technique wherein an ad-
sorbed gas is released from a surface by a continuous increase of the surface
temperature. Because the amount desorbed is measured over a wide range of
temperatures, thermal desorption spectra provide information about chemisorp-

tion phenomena that would require several isothermal experiments.

The method was originally called flash filament technique, and was used
to measure Ny adsorption on tungsten. In the early stages the adsorbate was
preadsorbed on a metal surface in a vacuum system and rapidly desorbed (i.e.,
flashed) by heating, while the pressure was recorded using a sensitive gauge
(1,2,9,10,11]. It was soon recognized that the information obtained from the
pressure bursts could be used to identify different adsorbed species, and even
quantify their binding energies [9-11]. Through later improvements it became
possible to study desorption from nonmetals and surface reactions, and more
sensitive detectors such as thermistor sensors, thermal conductivity detectors

and mass spectrometers were used [6].

Redhead [19] and Carter [3]|, working independently and simultaneously,
developed a simplified mathematical analysis to determine the order of the des-
orption process, the activation energy of desorption and the initial site popula-
tion from the desorption spectra obtained under typical temperature schedules.

It was found that the temperature at which the desorption peak reaches its
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maximum value, T, may shift as a result of surface heterogeneity, second-
order desorption, or readsorption. On the other hand, in the simplest case of
first-order kinetics T}, is independent of the initial coverage. It became appar-
ent that the existence of a continuous distribution of binding energies renders
the interpretation of the spectra very difficult [16]. In recent years the mathe-
matical theory of temperature-programmed desorption has been greatly refined
[4,5,8,13,25,26] and applied to many problems of practical interest [4,6,24]. Re-
views of applications of the method and its theory are given in Refs. [6], [17],

and [21].

In the present work TPD was used to study the adsorption of SO, on
~v-Al203. Given the high surface area of the substrate and its considerable ad-
sorptive capacity it was possible to measure the amount desorbed as a function

of temperature using a thermogravimetric technique.

5.2. Experimental Method

The experimental system was the same as the one used for the isothermal
adsorption/desorption experiments (Sec. 4.1 and Fig. 4.1). The temperature
programmer allows isothermal operation, a temperature increase at constant
heating rates between 1 and 100 °C /min, or a pre-programmed heating schedule
(see Appendix B). Several blank runs revealed an apparent weight increase with
temperature, mainly due to thermal expansion of the balance arm. The total
increase was less than 28 pg and was found to be almost independent of the

heating rate. An average file from these runs was stored and substracted from
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the data files.

As before, the substrates were pure and NaOH-treated aluminas (Sec.
3.1.1). A mixture of SO3/N; and pure N2 were used as adsorbate and diluent,
respectively (Sec. 4.1). A thin bed of 40 to 60 mg. of sample particles was
placed on the sample pan and pretreated under air and N; for 7 hours at
700°C. The total system pressure was kept at 3 psig at all times. After the
sample pretreatment the system was cooled under IV, to the initial temperature
of the run, usually 200 to 500°C. Once thermal equilibrium was reached, SO,
was admitted into the system and the weight increase recorded. Adsorption was
allowed to proceed until no further weight change was observed. At that point
the SO, stream was replaced by a pure N, stream and a linear temperature
increase was programmed, with final temperatures between 900 and 1000°C,
and heating rates of 4 to 12 °C/min. The effects of SO, readsorption may
become significant when the pumping speed is very small or the heating rate
is very large. The above heating rates were chosen to minimize the effects of
S O3 readsorption, according to the criterion derived by Chan and Weinberg [5].
Weight, rate of weight change, sample temperature and exit gas concentration

were recorded using the data acquisition system described in Appendix A.

After the completion of the experiments the raw data were reduced to files
containing values of the rate of desorption vs. temperature. The data were
smoothed and numerically differentiated using a 15-point, weighted coefficient
routine [20,23]. This procedure provided spectra that were less noisy than
the W signal from the TGA. Again, the IR data were somewhat noisy and

subject to error due to desorption from the TGA internal walls. TPD spectra
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were obtained with various values of initial coverage, initial temperature, and

heating rate.

5.3. Results and Discussion

A typical TPD spectrum from an initially saturated (i.e., 0o = 1) v-Al203
surface is shown in Fig. 5.1. Preadsorption was carried out at Tp = 500°C and
desorption took place between that temperature and 1000°C, with a heating
rate § = 8 °C/min. Some SO, desorbs immediately after switching to N, but
most of it desorbs in one single, broad peak at temperatures between 700 and

1000°C, with a maximum desorption rate at 825°C.

The position and shape of this peak exhibited great reproducibilty under
different heating rates, initial temperatures, and initial amounts preadsorbed.
Fig. 5.2 (curve a) shows a desorption spectrum obtained using a ~-Al;03
sample with Ty = 300°C, B = 4 9/min, and 6y = 0.7. The peak shown in
Fig. 5.1 was plotted again for comparison (curve b). A larger percentage of the
total SO, desorbs now at lower temperatures, between 300 and 500°C. The
high-temperature peak appears slightly shifted to the low-temperature region
(T = 800°C).

TPD spectra obtained from the alkali-treated material appeared to vary
widely with the sample batch and initial temperature. The peaks were broad
and the temperature of maximum desorption rate Tp varied between 750 and
850°C. A typical spectrum is shown in Fig. 5.3. The treated sample (a)

exhibited a broader peak than the untreated one (b). Desorption began at
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650°C and did not appear to have ended at 1000°C. In this particular case the

maximum rate occured at Tp = 780°C. Some desorption at the lowest end of

the spectrum is observed in both cases.

The TPD spectra confirm the existence of two groups of adsorption sites,
covering a broad range of binding energies. Weakly held SO, desorbs at temper-
atures below 550°C, while complete desorption requires heating to 900-1000°C.
TPD/mass spectrometry studies on used Claus catalysts are in qualitative

agreement with the spectra shown in Fig. 5.2 [7,15].

The skewness of the TPD peaks was measured following the definition given

by Chan et al. [4] :

[Tl +T; - 2Tp
X:

100
T, — Ty ] x5

where x = skewness parameter, T}, T;: lowest and highest temperatures at % X
peak height, Tp = temperature at which the desorption rate is maximum. The
skewness parameters varied between —16 and —20. Assuming that the criteria
derived for the case of constant activation energy hold in our case, these values

would indicate that desorption is a first-order process [4].

A calculation of the activation energy Eg4 from the peak width AW =
T; — T based on the analysis by Chan et al. [4] yields Eq = 26-30 kcal/mole.
Since the analysis assumes E4 = constant, these values can be interpreted as a

mean activation energy for desorption from the strong sites.
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6. CONCLUSIONS AND RECOMMENDATIONS

The results presented in Secs. 3.1.3, 4.3 and 5.3 confirm the existence of
two types of adsorbed species at 700-800°C, in agreement with IR observations
at lower tempertures [2,4]. Depending on the surface treatment and operat-
ing conditions, 20 to 40% of the adsorbed SO, may be present as a strongly
chemisorbed species below 800°C. Complete desorption of this species requires
heating to 900-1000°C. The remaining SO, adsorbs more weakly, with adsorp-

tion energies between 8 and 21 kcal/mole.

Both the equilibrium and adsorption experiments show a loss of adsorptive
capacity after the first exposure to SO;. This is partly due to blockage of
the strong sites. Adsorption on the remaining sites, however, is much slower
after the first exposure, indicating that the adsorptive properties of the surface
have been modified. Several electron-donor adsorbates have been reported to
attach very strongly to special sites present in 4- and n-Al,03 [7]. These sites,
which have been designated X-sites, consist of aluminum cations adjacent to
basic OH groups, and exhibit strong Lewis acidity. IR studies revealed that
adsorption on X-sites strongly perturbs the neighboring OH groups [7]. In the
case of §O;, FTIR studies have shown that the most strongly chemisorbed
species result from unidentate S — Al bonds, while the weakly held species is
directly attached to the hydroxyls. It is then reasonable to conclude that strong
adsorption of SO; on the X-sites would alter the adsorptive properties of the

weaker sites.

The adsorptive capacity of the alumina surface was found to be very sen-
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sitive to its history and thermal treatment. The effect of the temperature is
threefold. As the temperature increases the amount of SO, adsorbed per unit
surface area increases as a result of surface activation and desorption of previ-
ously adsorbed SO;, whereas the specific surface area decreases. The net effect
depends on the extent and kinetics of these competitive processes. The surface
area of ¥-Al;03 decreases rather slowly below 150 m?/gram [1], and did not
change significantly during the time span of our equilibrium experiments. On
the other hand, an increase in the temperature of the thermal treatment caused

a substantial enhancement in the adsorptive capacity.

The treatment of v-Al;03 with NaOH causes a sharp increase in its ad-
sorption capacity, as a result of the formation of sodium aluminate on the
surface. Although desorption from the treated alumina comprises the decom-
position of the sulfite, the overall desorption rate did only appear to be slightly
smaller than that of pure 4-Al,03. The fraction of adsorbate that remains on

the surface at 700-800°C is comparable in both cases.
Several questions remain open for further investigation :

(i) The role of O, : It has been suggested that the SO, uptake may increase
substantially in the presence of oxygen [1,8]. Some chemisorbed species
could become more stable upon oxidation to sulfate, particularly in the

case of alkali-treated alumina :
1
Nay 503 + 502 — Naq3S504.

At high SO; concentrations, the formation of aluminum sulfate becomes
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possible [2] :

3
Al,03 + 3505 + 502 - A12(504)3.

The effect of changes in the alumina structure : As the calcination of a
transition alumina proceeds at a given (constant) temperature, its spe-
cific surface area, hydroxyl content, and y-Al;03/a-Al; 03 ratio decrease.
All these processes can be followed as a function of time using BET N,
adsorption, thermogravimetry and X-ray diffractometry, respectively. By
measuring the SO, adsorption at different stages of the process it would
be possible to correlate changes in the adsorptive properties with changes

in the structure of the alumina.

The reaction of strongly chemisorbed SO2 with CO : It was found that
the chemisorbed species could not be removed by reduction with CO.
The possibility that reduction does take place, leading to the formation

of chemisorbed sulfur needs to be investigated (e.g. FTIR spectroscopy).

The effect of SO5 on the surface properties : The effect of the strongly
held species on the adsorptive properties of the remaining sites should be

studied using FTIR spectroscopy.

The heat of adsorption of the strongly chemisorbed species : Although the
equilibrium isotherm 3.4 gives an adequate description of the equilibrium
adsorption, the values of the parameters are more sensitive to the regression
technique than to the temperature, precluding the calculation of q; and ¢
from K; and K,. Similarly, calculations of the isosteric heat of adsorption

were not possible at very low coverage, when adsorption on the strong
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sites is more likely to occur. Glass and Ross [6] showed that the heat of
adsorption of $§O3/Al;03 can be measured calorimetrically, and can be as

high as 85 kcal/mole.
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PART II

STUDY OF A HIGH-TEMPERATURE
SULFUR DIOXIDE SORBENT
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7. INTRODUCTION AND BACKGROUND

Although more complex in nature, regenerable flue gas desulfurization
(FGD) processes eliminate the problems associated with the handling and dis-
posal of the sulfated sorbent, and may produce elemental sulfur as a by-product.
The U.S. Bureau of Mines has conducted an extensive study of the use of alka-
lized alumina as a dry, regenerable sorbent for SO, [2,15,16,19]. This material
is an alkali deficient sodium aluminate obtained by coprecipitation of aluminum
sulfate and sodium carbonate, followed by calcination of the dawsonite. The
sorbent can be repeatedly regenerated with natural gas, hydrogen [2], carbon
monoxide [16] or propane [19] at 600-730°C. Reduction by carbon monoxide at
680°C removes only 30% of the sulfur {16]. The rigors of recirculation through
moving and fluidized beds cause severe losses of the sorbent by attrition [19],
specially at high concentrations of sodium in the solid [16]. Attrition losses
were found to be substantially lower when the sorbent was prepared by impreg-

nation [13].

Limited effort has been devoted to using calcium-containing bulk materials
as regenerable sorbents. Regeneration of lime or limestone sorbents employed
in FBC and lime injection processes is very difficult due to the high chemical
stability of the calcium sulfate [4]. Some calcium silicates are reactive towards
S O3 and reduction of the sulfation products is more favorable thermodynami-

cally than the reduction of calcium sulfate [22].

One of the problems associated with the use of bulk dry sorbents is that

both sulfation and regeneration may proceed at low rates at moderate temper-
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atures. Only a small portion of a material obtained by coprecipitation may be
available for reaction on the pore surface. Since the rest of the active compo-
nent is buried within the support material the overall rate of reaction is limited
by slow diffusional processes. In order to improve the mass transfer charac-
teristics several processes using supported [9,17,18] or unsupported [14] molten
salts have been proposed. Regeneration of a sorbent consisting of a mixture
of molten alkali carbonates, for example, was reported to proceed very rapidly
at 427°C [14]. The use of an unsupported melt, however, would pose serious

corrosion problems to process equipment.

The rate of mass transfer to and from the sorbent can be substantially
increased by distributing the active material as a thin layer over the pore surface
of a support, such as silica or alumina. Although the capacity of such system per
unit volume of sorbent may or may not be greater than that of the corresponding
bulk material, the reactivity is significantly higher [20]. Screening of a number
of metals and metal oxides supported on alumina showed that Na20O has a
particularly high reactivity towards SOj3, and a higher sorption capacity than
alkalized alumina [20]. A process using alumina-supported copper oxide has
already been commercialized [6,10]. Regeneration of this sorbent can be carried
out with Hy or a H/CO mixture at 400°C in a fixed [6,10] or fluidized bed

[1,23].

The present work concentrates on the behavior of a sorbent consisting of
a mixture of Na and L7 aluminates supported on porous alumina. Preliminary
work on Na, Li, and Na-Li mixtures supported on alumina showed that these

sorbents can be repeatedly regenerated using CO at 700-800°C [21]. Reduction
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in that temperature range leads to formation of gaseous S, COS and SO,
and possibly sulfide, aluminate and/or carbonate, through a complex network
of catalytic and noncatalytic chemical reactions. The rate of sulfur removal and
the selectivity towards elemental sulfur are higher when both Na and L7 are
present, probably due to the presence of a molten layer on the surface of the
support. The mixture of sodium and lithium sulfates is molten at 700-800°C.
Silica supported sorbents do not react with SO;, and sulfated 4-Al303 sorbents
decompose irreversibly. Therefore, a-Al;03 was found to be the most suitable

support for these sorbents [7,21].

The main objective of this investigation was to elucidate the nature of
the species and chemical reactions involved in the regeneration stage, with
emphasis on the effect of sorbent, support, temperature, CO concentration,
and sorbent loading on the product selectivity and kinetics. Thermogravime-
try, temperature-programmed reaction, gas chromatography, scanning electron
microscopy, and X-ray photoelectron spectroscopy were the experimental tech-
niques employed. The preparation and chemical composition of the sorbent, and
its reaction with SO, and O; are discussed in Chapters 8 and 9, respectively.
The problem of sorbent regeneration is addressed in Chapter 10, the most ex-
tensive one. The chemical reactions involved in the reduction of the supported

sulfates are discussed in detail, and a simple kinetic model is proposed.
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8. SORBENT PREPARATION AND CHARACTERIZATION

8.1. Sorbent Preparation

Various samples consisting of supported and unsupported mixtures of sodi-
um and lithium salts were used in the sulfation and reduction experiments. A
description of the samples is given in Table 8.1. All sorbent materials were ob-
tained by precipitation from solutions containing 60% Na and 40% L: (molar),
the composition of the Na; S04 + L1250y, eutectic. In all samples except ST,
ST2, AC1 and AL the salts were deployed over the pore surface of a support
by impregnation. The sorbents designated ST were prepared in the sulfated
form, whereas those termed AC were obtained from a solution of alkali acetates.
The latter are more soluble than the former, thus facilitating the impregnation
of high loading sorbents. Two samples consisting of supported alkali sulfides

(SDa) and carbonates (CTa) were prepared for specific experiments.

The porous supports used were SP-100 x-Al303 from Alcoa Chemicals
(sample ACx), T-2432 v- Al;03 from United Catalysts (sample ST), and AL-
3980 a-Al;03 from Harshaw/Filtrol (all other samples). One sorbent (ACal)
was made by impregnation of 4 mm diameter AL-3980 pellets. In all other
cases the pellets were ground and sieved prior to impregnation. The size of the
particles is indicated in the third column of Table 8.1. Samples ACal and ST al
to 3 have approximately the same loading, but different particle sizes. The rest

of the samples have the same range of particle sizes : 210 < dp < 420 pm.

Because the particles were not suitable for X-ray photoelectron spectros-
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copy (XPS) experiments, two samples (AC1 and ST2) were prepared by pre-
cipitation on nonporous, smooth Al,03 films. Plates of ADS-996 microrel
substrate supplied by Coors Ceramics were cut into 1 ¢cm? squares. A dilute so-
lution with a known concentration of the corresponding salt was spread evenly
on the substrate using a microsyringe. The samples were then dried at 90°C.
The procedure was repeated several times to ensure homogeneity in the surface

concentration.

A pure eutectic mixture (ST1) was prepared by precipitation and drying
from a NazS04 + Li3 S0, solution, for use in unsupported reduction experi-
ments. Na and L7 aluminates (sample AL) were obtained by reacting equimolar

quantities of a~-A4l,03 and the alkali carbonates :
Ales -+ MzCOg — 2MA102 + 002, (81)

where M = Na, Li. The alumina particles were ground and sieved to dp < 400
mesh, to ensure complete conversion to aluminate [2]. The reacting mixture
was placed in a Leco furnace at 1000°C, for 24 hours. The aluminates were

then crushed and stored.

Impregnation of samples ACal and 2 was carried out using a standard
excess solution technique. Since the resulting loading was somewhat unpre-
dictable [13], all other samples were impregnated using an incipient wetness
method, either under vacuum (STod4, ACa3, ACk, ST~), or at atmospheric
pressure (STal to 3, CTa, SDa). In both cases a measured amount of the
impregnating solution was slowly added to a known amount of dry particles,

while the sample was stirred vigorously. The impregnation was stopped when
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the solution completely filled the pores, indicated by particle clustering. The
samples were dried at 90°C and weighed. The process was repeated until the
desired loading was achieved. Impregnation under vacuum resulted in a 15 to
25% enhancement in the loading. After the impregnation was completed, the
samples were washed and dried at 90°C. The sorbents prepared in the sulfated

form were calcined at 700°C for 5 hours in the Leco furnace.

The sorbent loadings based on the sulfated form are listed in the last
column of Table 8.1. The loadings of the samples prepared by excess solution
impregnation were calculated from the weight change upon sulfation of the
calcined samples. That amount differed by 20-30% from a calculation based on
the concentration of the impregnating solution, and assuming no adsorption of
the solutes during impregnation. The loadings of the samples prepared using the
incipient wetness techique were obtained from the volume of the impregnated
solution and from the weight change upon impregnation. The loadings of the
samples prepared from M;C O3 and C H3 — COOM were also obtained from the
weight increase associated with the sulfation of the calcined samples according
to :

2MAlO, + SO, + -21102 — M;S04 + Aly0s. (8.2)

The sorbent loading is :

)\ = 16.81 (M) ,
Wy

where A = sorbent loading (mmole M2S04/gram), W;, Wy = sample weight

before and after sulfation (mg). The sorbent loadings obtained using these
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three methods agreed within +10%. Barium sulfate precipitation and atomic

absorption analyses [13] of some of the samples were also in agreement with

those values.

8.2. Sorbent Characterization

Given the small size of the particles, the open pore structure of a-Al;03,
and the fact that the samples were dried prior to impregnation, both the liquid
imbibition and the diffusion of the solutes into the particles during impregnation
are very fast, leading to a homogeneous concentration of solute over the entire
pore volume [9]. The drying process causes the precipitation of small NaLiSO,
crystallites, which melt at T' = 630°C [11]. The molten mixture wets the pore

surface forming a thin layer.

The BET N, surface area of the sorbent materials was determined before
and after impregnation, using the technique described in Sec. 3.1.2. The surface
area of the v-Al;03 particles before impregnation was 95 m?/g, and that of
sample STy was 86 m2/g. The x-Al;03-supported sample ACy exhibited a
more dramatic decrease in surface area, from 153 to 59 m?/g. The surface area
of the a-Al;03-supported sorbents varied between 4.5 and 5.2 m? /g, and was

almost unaffected by the impregnation process.

The effect of impregnation with Na/L:¢ SO4 on the physical structure of
the a-Al203 support was examined qualitatively using scanning electron mi-
croscopy (SEM). Fresh and impregnated pellets of a-Al2O3 were split in half,

mounted on aluminum discs and coated with a thin layer (~ 100 A) of gold
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to prevent charging. The internal surface of the pellets was examined under
a ETEC-Autoscan scanning electron microscope. The micrographs shown in
Fig. 8.1 indicate that the texture of the a-Al203 surface was not altered by
the impregnation and heat treatment. The surface area measurements and
SEM observations indicate that while the stable structure of a-Al;03 remains
unchanged after the impregnation and heat treatment, the more unstable tran-

sition aluminas may undergo structural changes and, possibly, pore blockage.

Calcination of the acetates and carbonates and reduction of the sulfates
lead to the formation of alkali oxides or, more likely, aluminates and/or carbon-
ates which constitute the active sorbent. Assuming a homogeneous distribution
of alkali aluminate over the entire pore surface, the active layer of a medium-
loading sorbent (ST'al, ACal, CTa) is only 20 molecules thick (<100 A). In
the cases of low (ST'a4) and high (ACa3) loadings the thicknesses are 10 and
300 A, respectively. As shown in Fig. 8.2, the active layer occupies a small

fraction of the pore volume.

8.2.1. Acetate and Carbonate Decomposition In order to obtain infor-
mation about the sorbent composition from the weight loss that accompanies
the regeneration it is necessary to know what fraction of the active sorbent, if

any, is in the carbonate form.

Any pure alkali oxides formed during reduction would react with CO; pro-
duced or present in the gas stream to form more stable carbonates, as predicted
by the thermodynamic data shown in Fig. 8.3 (c) and (d). However, pure solid

alkali carbonates decompose in the presence of Al;03 at T' > 700°C if the CO;
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partial pressure is less than 1 atm. (Fig. 8.3 (a) and (b)). Since the Na;COs-
L13C O3 eutectic has almost the same composition as the sulfates (58/42), with

a eutectic temperature of 510°C [5], the carbonate mixture would be molten at

the operating temperatures of the sorbent.

The decomposition of alumina-supported alkali carbonates and acetates
was studied using the TGA system and method described in Secs. 4.1 and
5.2. Fig. 8.4 shows temperature-programmed decomposition spectra obtained
by heating samples CTa and AC a2 under pure N> at a constant heating rate
f = 8 °C/min. In both cases the decomposition is complete at 750°C. The
total weight losses agree well with those calculated from the corresponding sam-
ple loadings (Table 8.1), assuming complete conversion to aluminate. Duplicate
runs at 8 = 4 °C /min yielded similar results. The rate of carbonate decompo-
sition becomes significant at 400°C, and attains two maxima at 480 and 640°C.
Based on previous studies on similar systems [3,6,8] it can be concluded that
these two peaks correspond to the decomposition of Li;CO3 and Na,COs,

respectively.

The decomposition of the alkali acetates begins at 200°C. The shape of

the spectrum suggests that carbonate formation according to :

2CH3-COOM + 40, — M,CO3; +3CO, + 3H-0, (8.3)

first takes place at 200 < T < 300°C, followed by :

M;COs + Al,03 — 2MAlO; + COas. (8.4).

The area under the first peak accounts for 61% of the total weight loss, compared

to 57% predicted by reactions 8.3 and 8.4.
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The reaction of M AlIOy/Al203 with CO,; was examined. A sample of
supported carbonates (CTa) was decomposed by heating at 800°C and then
exposed to a gas stream containing CO, (Pco, = 532 torr) and NV, at temper-
atures between 200 and 800°C. Formation of carbonates was only observed in
the range 400 < T < 500°C. The rate of reaction was very low : 2 x 10—4
moles/mole-min at 400°C. The lack of reactivity at high temperatures may be
due to thermodynamic limitations (Fig. 8.3). This explanation is consistent
with the fact that both supported (CTa2, calcined) and unsupported (AL)
aluminates began to react with pure CO; at T' = 600°C and p = 750 torr in
the BET system described in Sec. 3.1.2. Although carbonate formation is ther-
modynamically favorable at lower temperatures the reaction may be kinetically

limited.

The isothermal decomposition of the supported carbonates (CTa2) was
observed by heating the sample to 500°C under C O, and then switching over to
N;. A shown in Fig. 8.5., the decomposition rate is high, but does not proceed
to completion. Only 30% of the carbonates decomposes at that temperature.
The reaction of alumina with molten carbonate is known to be controlled by
diffusion through the aluminate product [2]. In our case, however, the aluminate
layer is very thin (Fig. 8.2). Fig. 8.4 provides a more plausible explanation :

only the lithium carbonate decomposes at a significant rate at 500°C.

Taking into account that CO; is present in small concentrations during
sorbent regeneration, the above observations indicate that the sorbent consists
primarily of supported alkali aluminates at 700 < T < 800°C, although the

possibility of transient accumulations of (sodium) carbonate cannot be ruled
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out. It is not possible to determine at this point whether there is a sharp inter-
face between the aluminate layer and the alumina substrate, or there exists a
transition region with some penetration of sodium oxide into the alumina lat-
tice. Both sodium oxide and lithium oxide are known to form stable compounds
with alumina, with molar ratios varying between 1:1 and 1:11. The so-called
beta-aluminas, for example, represent a group of sodium aluminates with com-
position NazO - 541303 to Nay0 - 1141503 and similar crystalline structure.
Lithium oxides form similar compounds, termed lithium zeta, with composition
L2120 -5Al303 to Liy0 - 8Al;03. Formation of these phases, however, has only

been reported at temperatures above 1000°C [4,10,12].
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Table 8.1. Composition of Sorbents.
Sample Salts Support Sorbent Loading
mmole M+ mg M;S04

m3 gram
STal Na/L: SO4 a-Aly 03 (-35+65) 0.582 130.8
STa2 Na/Li SO4 a-Al,03 (-65+80) 0.556 125.6
STa3 Na/Li SO4 o-Al;03 (-120+150) 0.536 121.7
ST a4 Na/Li SO4 a-Al, 03 (-35+65) 0.050 12.8
ACal Na/Li Ac a-Al;03 pellets 0.490 112.4
ACo2 Na/Li Ac a-Aly03 (-35+65) 0.539 122.2
ACa3 Na/Li Ac a-Al203 (-35+65) 1.814 319.1

AC1  Na/Li Ac Al,03 film 0.576 —
ACx Na/Li Ac k-Al203 (-35+65) 0.099 377.1
CTa Na/Li CO3 a-Aly03 (-35+65) 0.577 129.8
SDa Na/Li S a-Aly03 (-35+65) 0.595 133.3
ST~ Na/Li SOy ~N-Al;O3 (-35+65) 0.018 107.3

ST1 Na/Li SOy none — e

ST2 Na/Li SO4 Al;03 film 0.521 —

AL Na/Li AlO, none — —




Figure 8.1. Scanning Electron Micrographs of a-Al

2O3 Sorbent (a,c)
Before, and (b,d) After Impregnation; (a,b) 4500X,

(c,d) 18000X.
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Figure 8.2. Physical Structure of the a-Al;03-Supported Sorbent.
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(a) Li2COs + a-Al,03 = 2LiAlO; + CO,
(b) NagCOs + a-Ala0O3 = 2NaAlO; + CO,
(c) LizCOs = Li0 + CO,

(d) Na2;CO3 = NaO + CO;

Figure 8.3. Decomposition of Alkali Carbonates.

(Data from JANAF [7] and Barin and Knacke [1])
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Figure 8.5. Carbonate Decomposition at 500°C.
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9. SORBENT SULFATION

At temperatures above 230°C the alkali aluminates react with SO, and

O; to form alkali sulfates [4] :

1
2MAIO; + SOz + -0y — MyS04/Aly0s, (9.1)

where M = Na, L:. Sulfite formation according to :

2MAlO; + SO, — M;S03 + Al,03

is only significant at temperatures below 230°C [4]. If carbonates are present,

sulfation encompasses the evolution of CO; :

M,CO3 + SO, + -;—Oz — My;S804 + COa,. (9.2)

Reactions 9.1 and 9.2 are very favorable thermodynamically (Fig. 9.1).
In our case, most of the active sorbent is in the aluminate form at 700-800°C
and, therefore, reaction 9.1 is the prevailing one. The sulfation of alumina-
supported sodium aluminate was found to proceed at a considerable rate at
343°C [6].' The reaction rate is proportional to the SO; concentration and six
times greater than the rate of sulfation of alkalized alumina [6], indicating that
deploying the aluminate over the alumina surface increases the reactivity at
that temperature. Sulfation of the supported sorbent entails pore diffusion of
S0,, diffusion through a growing layer of alkali sulfates, and reaction at the
receding M3S04/MAlO; interface. The sulfate layer is only a few hundred
A thick and is probably molten at the operating temperatures of the sorbent.

Hence, all diffusion processes are expected to be fast under the given conditions.
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9.1. Kinetics of Sulfation

The rate of sulfation of sorbents STal-4, ACal-3, ACx, and ST~ (Table
8.1) was measured thermogravimetrically at 700, 750 and 800°C, and [SO;] =
800, 2500, 5000, and 10000 ppm, using the experimental technique described in
Sec. 4.1. The sorbents prepared from alkali acetates were calcined for 3 hours
in a Leco furnace at 800°C. Those prepared in the sulfated form were first
calcined and then reduced with CO for 1 hour at 800°C. The reacting gas was
a mixture of 1% SO; in air, which provided an excess of O,. This stream was
diluted with enough N, to attain the desired SO; concentration in the TGA

chamber.

In all cases the reaction proceeded to completion. Some excess SOy was
retained by the sorbent and eliminated during the N, purge that followed the
sulfation. The amount retained increased with increasing loading, suggesting
that the excess SO, may be dissolved in the sulfate melt. The results for sorbent
STal (loading A = 1.01 mmole M50,/ gram) are shown in Fig. 9.2. The rate
of sulfation increases with increasing temperature and SO, concentration. The
extent of sulfation attained after 30 minutes with [SO3] = 2500 ppm is 80% at
700°C and 97% at 800°C. The initial rate of sulfation is proportional to the
concentration of $O; in the gas stream up to [SO2] ~ 5000 ppm. The sulfation
rate of calcined sorbent AC o2 under similar conditions was approximately the
same as that of reduced sorbent STal (Fig. 9.2), and was not affected by
successive sulfation/reduction cycles. No difference was observed between the

sulfation rates of sorbents ACal and STal to 3, indicative of the absence of
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intraparticle diffusional limitations.

No decomposition of sulfated sorbents supported on a-Al;03 or x-Al;03
was observed during the Ny purge that followed the sulfation at 700-800°C.
However, 7-Al;O3-supported sorbent ST~ decomposed partially and irreversi-

bly at temperatures above 450°C.

The effect of sorbent loading on the rate of sulfation is illustrated in Fig.
9.3. After a 10-minute exposure to SO, (2500 ppm) at 800°C, low-loading
sorbent ST a4 (0.10 mmole/gram of sorbent) was completely sulfated, medium-
loading sorbent STal (1.01 mmole/gram of sorbent) reached 93% sulfation, and
high-loading sorbent ACa3 (2.47 mmole/gram of sorbent) reached 75% sulfa-
tion. The initial rates of reaction are 0.42, 0.54, and 0.50 mmole/g sorbent-min,

respectively.

9.2. Discussion

The sulfation rate of the sorbent under study is compared to that of cal-
cined lime and a commercial monocalcium silicate in Fig. 9.4 (data from [7]).
The temperature was 800°C in the case of Na/Li AlO;/Al,03 and 900°C in
the cases of CaO and CaSi03;. The SO, concentration was 2500 ppm in all

three cases. In the case of the alkali-alumina sorbent, conversion is defined as :

2
X (%) = —[—S—%—]- x 100,

where [S Oi_] and A are the sulfate concentration in the sorbent and the load-

ing, in mmole SOi_ /gram. While the alkali-alumina sorbent attained 92%
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conversion after 40 minutes, the calcium oxide and silicate only reached 16 and
36%, respectively. The volume expansion caused by sulfation of bulk materials
such as calcium oxide and silicates leads to slow pore diffusion and, eventually,
pore blockage [5]. On the other hand, the total capacity per unit weight of
both types of sorbents is similar : after 30 minutes of exposure alkali-alumina
sorbents can hold 16% SO, by weight, approximately the same as the bulk

materials.

The previous results suggest that under the prevailing conditions all diffu-
sional limitations are negligible, and the sulfation is controlled by reaction 9.1.

Thus, the overall rate of sulfation is given by :

d[s0%~
r= _[_.C_lt_‘*_]_ =k [SO;] a, = k° e /BT [S0,] a,,

where ap is the exposed surface area of aluminate, available for reaction, in
m?/gram (agr < a). In most cases, the experimental rate of sulfation remained
approximately constant in the range {0 < [SO3~] < 0.4X to 0.6)}, after which
the rate began to decrease as the exposed aluminate area diminished. This
interpretation is consistent with the fact that the initial rate of sulfation of

sorbents of medium and high loadings differed by only 10% (Fig. 9.3).

The activation energy for sulfation can be obtained from :

E

In ro =In{k%,[S0;]} — BT

22—
where r, = [ﬁl} , and a, = [ag],_o-
t=0

dt

A linear regression calculation from the experimental data yields £ = 21.6

kcal/mole.
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10. SORBENT REGENERATION

10.1. Chemistry of Regeneration'

ABSTRACT

The high-temperature removal of SO, by sorbents consisting of sodium
and lithium salts supported on a-Al;03 has been investigated with empha-
sis on the chemistry of regeneration. The sulfated sorbents were regenerated
by reduction with CO at 700-800°C in a thermogravimetric analyzer and a
packed-bed microreactor. Sulfur removal from the sorbent and distribution of
gaseous products were measured at different alkali loadings, temperatures, and
CO concentrations. The results are interpreted in terms of a network of re-
actions wherein alumina is important as a catalyst and as a reactant. During
regeneration sulfate is converted to aluminate and sulfide, the fraction of alumi-
nate defining the extent of regeneration. The rate and extent of sulfur removal
increase with the ratio of alumina to alkali and are higher in the presence of
lithium. The product gas consists of SO2, COS, and elemental sulfur, the

latter compound constituting up to 35% of the sulfur removed.

v Alkali-Alumina Sorbents for High- Temperature Removal of SO;, by G.
R. Gavalas, Sergio Edelstein, M. Flytzani-Stephanopoulos and T. A. Weston,
AIChE Journal, in press.
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INTRODUCTION

Dry desulfurization of flue gas from coal combustion or sulfide roasting can
be carried out using nonregenerable (throwaway) or regenerable sorbents. Lime-
stone and dolomite are essentially the only economical sorbents for throwaway
use. These sorbents are employed in calcined form in industrial fluidized boilers
and will certainly be utilized when utility fluidized combustion boilers become
commercial. Application to pulverized coal boilers is also being investigated in

a variety of configurations.

Regenerable sorbents eliminate the extensive solids disposal requirement
associated with throwaway sorbents and, under suitable conditions, produce
elemental sulfur as a salable by-product. So far the only regenerable sorbents
that have been investigated in some depth are alumina-supported copper oxide
(Groenendaal et al., 1976; McCrea et al., 1970; Cho and Lee, 1983) and “alka-
lized alumina” (Bienstock et al., 1958; Town et al., 1970; Schlesinger and Illig,
1971). Alumina-containing sorbents are also being seriously considered for SO,
removal in catalytic cracking regenerators (Wall, 1984). Limited effort has been
devoted to using calcium-containing materials such as calcium silicates (Yang

and Shen, 1979) as regenerable sorbents.

The regeneration of sulfated sorbents requires reduction by hydrogen or
carbon monoxide and produces a mixture of gaseous sulfur compounds including
S0z, COS (or HyS) and S;. This off-gas will have to be treated further, e.g.,
by the Claus process, for final sulfur recovery. The cost of using a regenerable

sorbent depends largely on the composition of the off-gas, as well as on the
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resistance of the sorbent to attrition, especially when used in fluidized reactors.

Among regenerable sorbents, so-called alkalized alumina has been exten-
sively investigated for in situ SO; removal in fluidized coal combustion (Bien-
stock et al., 1958; Town et al., 1970; Schlesinger and Illig, 1971). This mate-
rial is an alkali-deficient sodium aluminate obtained by calcination of sodium
aluminum carbonate. Reduction of the sulfated sorbent at 680°C with hydro-
gen removed over 80% of the sulfur in the form of H,S. Reduction by carbon
monoxide at 680°C produced COS and removed only about 30% of the sulfur in
the solid (Schlesinger and Illig, 1971). Successive sulfation-regeneration cycles
resulted in sorbent attrition as high as 2.5% per cycle depending on the form
of the sorbent and the operating conditions employed. The costs associated
with regeneration, final sulfur recovery, and sorbent loss by attrition discour-
aged further development of this sorbent, at least for application to fluidized

combustion.

Instead of using the alkali and alumina components in the form of a ho-
mogeneous compound, i.e., sodium aluminate, one can deploy the alkali in sup-
ported form, i.e., as a thin film over the pore surface of the alumina. Although
at reaction temperatures the two components combine to form aluminate, this
compound might be confined to a layer near the pore surface, at least when the

alumina employed is of the less reactive alpha form.

The purpose of this work was to investigate sorbents consisting of sodium,

lithium, or sodium-lithium mixtures supported on a-Al;0;. Sulfur dioxide
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removal by such sorbents involves the oxidative sulfation
M0 + (502,02) — M3S0y4 (1)
and the reductive regeneration

M;804 + (COorHjy) — M30,M32S + (S2,502,C0OS or HyS,CO, or H,0)
(2)
where M is the alkali metal and M;O represents oxide, carbonate, or aluminate.
Sulfation is very rapid and proceeds to completion, but regeneration is complex,
involving catalytic and noncatalytic reactions influenced by slow desorption
steps. The focus of this work was on elucidating the reaction network and the

role of the alkali and alumina components in regeneration.

The results show the profound role of alumina as a reactant and catalyst
during regeneration. Increasing the alumina surface area per unit mass of alkali
results in faster and more complete regeneration. It is also found that sorbents
containing lithium or sodium-lithium mixtures are superior to those containing
sodium alone in terms of rate and extent of regeneration. Sulfur is removed as
50,, COS, and elemental sulfur, §;. The fraction of elemental sulfur in the sul-
fur gases decreases with the alkali to alumina ratio and the CO concentration,
and increases with the temperature. Under the conditions of a thermogravi-
metric analyzer experiment this fraction reached 0.35 with 10% CO. As the
concentration of CQ is lowered SO; and S5 increase at the cost of COS. When
produced in substantial yield, elemental sulfur can be removed by condensa-
tion and COS and SO; can be recycled to the regeneration stage obviating

the need for further sulfur recovery steps. A conceptual fluidized combustion
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scheme incorporating this concept has been described by Gavalas et al. (1985).
To be economical, the sorbent must possess good resistance to attrition in suc-
cessive sulfation-regeneration cycles. The present study did not consider the

mechanical properties of the sorbents.

EXPERIMENTAL
Sorbents

Table 1 lists the composition of the sorbents investigated. The sorbents
were prepared by impregnation of the porous support, which had previously
been ground and sieved. One sorbent (N La2) was also made by impregnation
of 4-mm diameter cylinders of a-Al;03. All sorbents except NLa2 and NLa3
were prepared in sulfated form. Those two sorbents were prepared by impreg-
nation with a solution of alkali acetates, followed by calcination at 800°C. The
Na3S504/a-Al,03 sorbents were prepared by impregnation either at incipient
wetness or in excess solution. All other sorbents were prepared using the incipi-
ent wetness technique. Most sorbents were analyzed for sodium and lithium by
atomic absorption spectroscopy and some were analyzed for sulfate by barium
precipitation. The surface area of a few sorbents was measured by the BET
method. Results show little difference in total surface area between sorbent
and support material. Typical values are 4-5 m? /g for o-Al303 sorbents and
90-100 m? /g for 4-Al303 sorbents. At reaction temperatures of 700-800°C,
sodium sulfate and lithium sulfate are both solid, while the sodium-lithium

sulfate mixture is molten.
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Apparatus

Experiments were carried out with a thermogravimetric analyzer (TGA)
and a packed-bed reactor. A DuPont 951 thermogravimetric analyzer interfaced
to a data acquisition system was used for continuous logging of the weight,
the rate of weight change, and the temperature during reaction. The TGA
was furnished with a temperature programmer, allowing linear temperature
increase or isothermal operation. Gaseous reactants were introduced through a
side arm directly into the TGA reaction chamber, while nitrogen diluent flowing
through the bulb housing the balance mechanism insured that no corrosive gases
would contact the balance mechanism. The flow rates of both gas streams were
measured with mass flowmeters. The elemental sulfur in the gaseous product
was removed by a glass wool filter placed in the exit line of the TGA. The
remaining gas phase products were collected by means of a multiport sampling
valve and analyzed with a Varian series 3700 gas chromatograph equipped with
a flame photometric detector. SO, and COS were separated isothermally at
60°C using a Supelco 183 cm x 0.318 cm Chromosil 310 column with a helium
carrier flow rate of 30 ¢m3®/min. Due to the small size of the samples, the

elemental sulfur produced could not be measured directly.

The other experimental system was a packed-bed reactor consisting of a 0.8
cm ID quartz tube mounted vertically in an electric tube furnace. The sample
was held in place by a quartz frit and quartz wool. The temperature of the bed
was monitored with a thermocouple inserted within a thermal well imbedded
in the solid sample. The flow of reactant gases was measured using calibrated

gas flowmeters. Elemental sulfur was condensed in traps immersed in an ice
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bath, and could be measured by weighing. All lines between the reactor and the
sulfur traps were heated to prevent condensation of sulfur. Gaseous products
were analyzed using a Hewlett-Packard 5750 gas chromatograph equipped with
a flame photometric detector and a Supelco 183 cm x 0.318 ¢cm Chromosil 310
column. The column was used isothermally at 60°C with a helium carrier flow

rate of 60 ¢m®/min.

Procedure

The majority of the experiments involved the reduction of sulfated sor-
bents, either freshly prepared by impregnation or after one or more cycles
of reduction and resulfation. The reducing gas compositions were 2.5% CO
0.15% CO3, 6% C0-0.3% CO,, and 10% C0-0.5% CO; in N;. The CO; was
added in sufficient concentration to prevent carbon deposition. After reduction

the sorbents were resulfated using a mixture of 1% S03-10% air in Nj.

The sample size in the TGA experiments was 30 to 40 mg. A platinum
pan was used for supported-sorbent measurements and a gold-coated platinum
crucible was used for a few reference experiments with unsupported alkali salts.
The samples were heated to the desired temperature in N, and the weight loss
during the heating period was monitored to observe any sulfate decomposition.
During reduction the weight loss of the sorbent was monitored continuously
and gas samples were taken and analyzed for SO and COS. The analysis of
each sample required approximately 4 min. At the beginning of the reduction
period, the product gas composition was found to change rapidly within the

4-min time span of a gas chromatogram. Therefore, samples were initially
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collected every 15 to 30 sec using a multiport valve. During the remainder of
the period samples were injected on-line. The collected samples were analyzed

at the conclusion of the reduction period.

The sulfur and oxygen contents of the sorbent at the end of a reduction
period were determined by measuring the weight gain when the reduced sor-
bent was exposed to oxygen. All oxygen-deficient sulfur species present were
thus oxidized to sulfate. The sorbent was then fully resulfated by exposure to
SO; and air, and another experiment with different reduction time could be
performed. Interpretation of the successive weight changes provides the amount
of sulfur, in any form, removed from the sorbent during reduction. Comparison
of the total sulfur removed with the total amounts of SO, and COS produced,
found by integration of gas analysis data, yields the amount of elemental sulfur

produced during a reduction period.

For the microreactor experiments 1.5 to 2 g samples were used. As concen-
trations of the product gas exiting the reactor were at times in excess of those
the detector was able to handle, the exit stream was diluted with N, prior to
injection into the chromatograph. Elemental sulfur collected in the traps was

measured gravimetrically after the conclusion of the reduction.

In both the TGA and microreactor experiments the reductions were carried

out at 700, 750, or 800°C and at a pressure slightly above atmospheric.
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RESULTS

Thermogravimetric Experiments

Sulfate and Carbonate Decomposition

Figure 1 shows the standard free-energy change for the decomposition of
sodium and lithium sulfate and sodium carbonate by reaction with alumina.
While the decomposition of the sulfates to form aluminates is highly unfavor-
able, the carbonate decomposition is favorable at temperatures between 700
and 800°C. In agreement with these predictions, no decomposition of sulfated
sorbents supported on a-Al303 was observed during the sample preheating in
a stream of nitrogen. However, all sorbents supported on y-Al303 decomposed
partially and irreversibly. In each case, decomposition became evident at 450°C
and continued with further heating. Sulfation after reduction renewed only the
sulfate lost during reduction, but not that lost during heating in nitrogen prior

to reduction.

The interpretation of the thermogravimetric experiments used to deter-
mine the oxygen content of the sorbent requires making a distinction between
carbonate and aluminate formed during reduction. To estimate the rate of con-
version of carbonate to aluminate, samples of alumina impregnated with vari-
ous carbonates were heated in the TGA at a constant rate of 100°C /min until
reaching 700°C, after which the temperature was held constant at 700°C. The
results are shown in Figure 2. In agreement with the equilibrium calculations,
sodium-lithium carbonate and lithium carbonate were completely converted at

700°C. The rate of aluminate formation in these cases was comparable to the
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rate at which carbonate would be formed during reduction. Sodium carbonate
begins reaction with alumina between 650 and 700°C. When «-Al;03 impreg-
nated with sodium-lithium carbonate was heated in IV, decomposition began

at temperatures about 100°C lower than that encountered with a-alumina.

Reduction Experiments

Reduction of a Na;S04/a-Al203 sorbent (Na3) at 700 and 800°C with
10% CO yielded the results shown in Figure 3. The weight was adjusted for
the amounts of metal present in the sorbent to represent weight loss per initial
weight of sulfate. Reduction takes place in two stages at both 700 and 800°C.
During the first stage the weight decreases very slowly with SO, as the chief
gaseous product. After approximately 1 min at 800°C or 3 min at 700°C, SO; is
replaced by COS as the major gaseous product, accompanied by an acceleration
of the weight loss. This general pattern repeated itself for all sorbents and
reaction conditions, both in the TGA and the microreactor. Figure 4 shows
similar results for the sorbent containing a sodium-lithium mixture. Under the
same temperatures and CO concentrations, the mixed-alkali sorbent is reduced
more rapidly than the sorbent containing pure sodium. Figure 5 shows the
weight-loss curves of sorbents prepared with different alkali loadings. As the
alkali loading increases, the reduction rate decreases and the transition from

S0z to COS production becomes more gradual.

The effect of reductant concentration is depicted in Figure 6. As the CO
concentration decreases, the reduction becomes slower and the period of SO,

production is prolonged. The duration of this period increases dramatically
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at CO concentrations below 5%, and for 1% CO switchover to COS was not
observed. A longer SO; production period was also observed when (1) o-
Al303 rather than 4-Al203 was used to prepare the sorbent, (2) Li was one of
the alkali constituents, (3) the alkali loading was higher, (4) the temperature
was lower, and (5) when the sorbent had been sulfated at high temperatures

prior to reduction.

The cumulative yield of various products after 20 min at 700 and 800°C
with 10% CO is shown in Table 2 for several sorbents. Sulfur removal from
the sorbent (extent of regeneration) is favored by higher temperature, by using
a-Al;03 rather than v-41,03, and by using lithium as one of the alkali com-
ponents. The yield of elemental sulfur in the gaseous products is favored by
higher temperature, by using a sodium-lithium mixture rather than sodium or
lithium, by using a-Al,03 rather than 4-Al303, and by decreasing the alkali

loading.

Reduction-Oxidation Experiments

The reduction of Na3; S04/ a-Al;03 and NaLiSO4/a-Al,03 sorbents was
examined in greater detail by following sorbent composition as a function of
time during reduction. By interrupting the reduction at different times and
measuring the weight increase associated with oxidation in air and subsequent
exposure to SOz and air, the total sulfur and total oxygen in the sorbent could
be determined as discussed earlier. The results of the reduction at 800°C with
10% CO of a Na3S04/0-Al303 sorbent and of a NaLiSO4/a-Al203 sorbent

are shown in Figures 7 and 8, respectively. During the first stage of reduction,
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oxygen is removed from the sorbent at a higher rate than is sulfur. During the
second stage, the oxygen content remains almost constant while sulfur continues
to decline at a substantial rate. Differences in the reduction of the two sorbents
are more prominent in the initial period, during which the sulfur content of
the sodium-lithium sorbent ,Figure 8, decreases to a much greater extent than
that of the sodium sorbent ,Figure 7. The rate of sulfur loss during the second
half of the reduction appears to be approximately the same for both sorbents.
At 700°C similar variations between the two sorbents are exhibited, but sulfur

removal during the later period is much slower than at 800°C.

Microreactor Experiments

Sorbents with various alkali components and supports were reduced at
different temperatures and CO concentrations using the microreactor system.
Gas production exhibited behavior similar to that in the TGA experiments in
that the major gas product switched from SO to COS, the switchover time
varying with reaction conditions. Significant amounts of elemental sulfur were

produced during the nitrogen purge that followed the reduction.

Sorbents containing lithium-sodium mixtures supported on S:0; and Zr0,
were also studied in the microreactor. SO; was the major gas product during
the entire reduction of the silica sorbent. Very little sulfur was produced during
the N3 purge and, more important, the reduced sorbent was unable to reabsorb
S0;, thus making silica an unacceptable support. ZrO; on the other hand

exhibited a pattern similar to that of a-alumina.
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Infrared Spectrometry

Samples were prepared by reduction in the TGA for the desired length of
time, cooling in nitrogen, grinding, and forming a mull that was pressed between
KBr windows. Fourier-transform infrared spectrometry (FTIR) was carried out
on a Mattson Sirius 100 instrument using a TGS detector. Each spectrum was
generated by averaging 512 scans in the range 400-4000 ¢cm~1. The spectra
were reduced by subtraction of the spectrum of the alumina substrate and the
reduced spectra were compared to known absorption bands (Weston, 1985).
Shifting baselines and variations in mull preparation caused difficulty in ex-
tracting quantitative information. In view of the large fraction of alumina
in the sorbent (approximately 90%) and the strong absorption of alumina in
the spectral region below 900 ¢m ™!, the spectra contained useful information

mainly in the region above 900 ¢m~1.

A typical series of spectra for sorbent
NLal (NaLiSO4/a-Aly;03) reduced for different periods is shown in Figure 9.
The region above 900 ¢cm ™! contains strong absorption bands for OZ" around
1150 em~1. An SO%" band around 980 ¢cm™! appears in the 1-min sample but

is absent from the other samples.

DISCUSSION

Background Information

In this subsection we review thermodynamic data and experimental results

from the literature useful to the interpretation of our results.
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Homogeneous reactions

Figure 10 shows the free energy of various reduction reactions. While re-
duction of sulfate to sulfite is marginally feasible, reduction of sulfate or sulfite
to sulfide is highly favorable thermodynamically. In previous work, reduction
of bulk (unsupported) sodium sulfate by CO at 900°C gave a mixture of sul-
fide, carbonate, and smaller amounts of polysulfides (Ahlgren et al., 1967).
The reaction time was on the order of 1 h under mass-transfer-limited condi-
tions. Sodium sulfate dissolved in molten sodium carbonate was reduced with
H; and CO at 600 to 840°C also producing sulfide and possibly polysulfides
(Oldenkamp and Margolin, 1969; Birk et al., 1971). The reaction time was on
the order of 1 h at 840°C and 6 h at 700°C. Reduction with hydrogen was

approximately three times faster than reaction with carbon monoxide.

Although sulfite has not been identified in these previous studies, it is a
likely intermediate in sulfate reduction. This compound could then be reduced
further or disproportionate. An early study of sulfite disproportionation (Fo-
erster and Kubel, 1924) showed conversion to sulfate and sulfide according to

the stoichiometric reaction

4NayS03 = NazS +3Nay, S04 (3)

with reaction time on the order of 0.5 h at 700°C. In the presence of S0,
sodium sulfite formed sodium silicate, with the release of SO, (Manring et al.,
1967). Reactions of sodium sulfide and sodium sulfite dissolved in the ternary
eutectic Naz2S04-K2504-Li3S04 were studied at 600°C by Dearnaley et al.

(1983). The disproportionation of sulfite in this eutectic followed the stoichiom-
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etry of reaction 3 but the rates were significantly higher than for the pure sulfite.
Disproportionation of sulfite in the presence of SO, produced sulfate (but not
sulfide) and elemental sulfur. The measured product distribution was explained

by the reactions

1
S50, +280% = 552 + 25032~ (4)
250, + 8%~ =S, + 502~ (5)

Under the conditions used in our TGA experiments, the reduction of un-

supported sulfate would follow the sequence
S02~+CO =802 +CO0, (6)
4507~ = §*~ 4+ 3502~ (7)
leading to sulfide as the final product. Direct reduction of sulfite to sulfide,

SO~ +3C0O=S%* +3C0, (8)

is favorable thermodynamically, as shown in Figure 10, but has not been studied

directly.

Heterogeneous reactions

In the presence of alumina, the sulfite formed by Eq. 6 could decompose
by the reaction

SO3™ + Al,03 = 50; + 24105 (9)

Figure 11 shows the Gibbs free energy of the reaction between sodium sulfite

and alumina with §O; produced in the gas phase. The Gibbs free energy of
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reaction 9 will be substantially more negative if SO; is produced in chemisorbed
form. In the presence of CO;, sulfite could be converted to carbonate, which

in turn could form aluminate,

S0%2~ +C0O, = SO, +COZ~ (10)

CO2™ + Al;03 = CO, + 24105 (11)

Relevant equilibria are listed in Figures 1 and 11.

The sulfur dioxide produced by reaction 9 reacts further with carbon

monoxide to form elemental sulfur and carbonyl sulfide according to

50;+2C0 = %Sg +2C0;, (12)

-;-sz +C0 =Cos (13)

Khalafalla and Haas (1972), studied the mechanism of reaction 12 catalyzed by
~-Al203 at temperatures of 450-600°C and suggested chemisorption of SO, on
Bronsted sites as the first step. They also found that elemental sulfur formed
on the alumina surface accelerates the reaction rate. In a series of experiments
performed in our laboratory it was found that a-Al203 and a-Al;03 impreg-
nated with sodium carbonate catalyzed reaction 12 at 700-800°C producing a
mixture of COS and S; (Weston, 1985). At 800°C the product composition
was at equilibrium according to reaction 12. Evidently Bronsted sites are not
essential at temperatures above 700°C, for a-Al;03 and aluminate do not con-

tain such sites. The formation of COS from CO and S;, reaction 13, and its
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reverse are known to be catalyzed by several refractory oxides such as Al,03

and Si0; (Haas and Khalafalla, 1973; Akimoto et al., 1984).

With the above background information we proceed to interpret the two

distinct periods in sulfate reduction experiments.

The Two Stages of Sulfate Reduction

For all sorbents and experimental conditions employed the reduction pro-
gressed in two stages, the first characterized by SO, release, the second by
COS and S, release, Figures 3, 4, and 6. Comparison of Figures 3 and 7 and
Figures 4 and 8 shows that the stage of SO, production is also characterized
by fast removal of oxygen and slow removal of sulfur from the sorbent. During
the stage of COS production, the removal of oxygen slows while that of sulfur
accelerates. Removal of sulfur during the first stage is solely in the form of
S§03, while removal during the second stage involves release of Sp as well as
COS. The release of S; during the second stage is inferred from the TGA

measurements by comparison of COS release and sulfur removal.

The product SO, during the first stage of reduction derives from reactions 6
and 9 in sequence, where 6 is catalyzed by the alumina surface. Part of the SO,
produced escapes to the gas phase, the other part remains chemisorbed subject
to further reduction by reactions 12 and 13. The sulfite produced by reaction
6 reacts with alumina 9 or disproportionates by the homogeneous reaction 7.
Sulfur dioxide production during reduction of unsupported sulfate was observed

to be negligible.

The switching from $O; production to COS and S, production cannot
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be explained solely by the consecutive nature of reactions 9 and 12, for COS
production is essentially zero during the first stage. One possible explanation
is the activation of reaction 12 by the elemental sulfur buildup on the surface,
as reported by Khalafalla and Haas (1972), for catalysis by y-Al;03 at lower
temperatures. Another possible explanation is offered by the reaction of S, or

COS with the remaining sulfate to yield sulfite or sulfide and S0-, e.g.,

1
552 + 2503~ =250%" + 50, (14)

Sy + 502~ =250, + §*~ 15
4

Similar reactions could take place between COS and S’Oi‘. Assuming these
reactions to be sufficiently rapid, no S; or COS could be released until all

sulfate has been consumed.

This second explanation of the separate evolution of SO2 and COS is
supported by the infrared spectra of sorbent samples corresponding to differ-
ent reduction times. Figure 9 shows that the sulfate band declines relatively
rapidly and disappears altogether in less than 4 min. A sulfite band, absent
from the fresh sulfated sorbent, appears after 1 min but again disappears within
4 min reduction time. The time required for disappearance of the sulfate ion
is comparable to the time of changeover from SO, to COS production, consis-
tent with the explanation based on reactions 14 and 15. The changeover time
also increases with alkali loading providing further evidence in favor of reac-
tions 14 and 15, inasmuch as the time for elemental sulfur buildup required for

acceleration of reaction 12 would be independent of alkali loading.
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The carbonyl sulfide released during the second stage could arise from the
reaction of CO with elemental sulfur, reaction 13, or from the reaction of CO,

with the sulfide ion,

5%~ + COqy + Aly03 = 24105 + COS (16)

Figure 12 shows the free energy of reaction 16 for sodium sulfide and lithium
sulfide. To explore the role of reaction 16, an experiment was performed in the
TGA wherein the reactant gas was switched from CO to CO;, at the onset of
the COS production stage in the TGA. The weight curve obtained is compared
with the uninterrupted reduction of the same sorbent in Figure 13. When CO,
is introduced in the system, the production of COS ceases completely and the
major gas product changes to SO;. The reaction responsible for this product
is

-21-52 +2C0; = SO, +2C0 (17)

which in spite of a standard free energy of +92 kJ/gmol at 800°C would proceed
in the presence of 10% CO; and very low concentrations of CO. The elemental
sulfur participating in this reaction could derive from chemisorbed sulfur pro-
duced earlier or from sulfide via reaction 16a, below. In the presence of large
amounts of CO; and the absence of CO the latter reaction would produce S,
rather than COS and carbonate rather than aluminate,

5%~ +2C0, =CO2~ +CO + %Sz (16a)

so that the stoichiometric result of reactions 16a and 17 would be

52~ +4C0, = CO%~ +3C0+ S0, (18)
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The weight increase observed in section ¢ of Figure 13 is due to this carbonate
formation as well as to the aluminate conversion to carbonate in the presence

of carbon dioxide.

The long tail in the rate of COS production in Figures 3 and 4 is probably
due to the slow kinetics of reaction 16, in view of the low concentration of CO,
in the reactant gas. Figure 14 assembles the various reactions discussed above

into a highly-coupled reaction network.

The Effects of Alkali Loading and Operating Conditions

The effect of alkali loading is shown in Figure 5 and Table 2. As shown
in Figure 5, the rate of weight loss increases markedly with decreasing alkali
loading, i.e., with increasing surface area of alumina per unit mass of alkali. This
effect of alumina is clearly due to the direct reaction 9 as well as to the catalytic
reactions 12 and 13. Table 2 shows that sulfur removal at fixed temperature
and reaction time increases with decreasing alkali loading, the effect being more
pronounced for the mixed-alkali sorbents. These effects are explained by the
competition between the homogeneous sulfite disproportionation, reaction 7,

and reaction 9 and subsequent surface catalyzed reactions 12, 13, and 16.

At fixed alkali loading the pure lithium and sodium-lithium sorbents un-
dergo faster reduction and more extensive sulfur removal than the pure sodium
sorbent. This effect may be due to faster reaction 9 in the presence of the coun-
terion Li+. Evidence for the increased reactivity of lithium salts in aluminate
formation is offered by the results of Figure 2, concerning the carbonate-alumina

reaction.
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Temperature has a strong effect on the reaction rate ,Figures 3 and 4, and
the product distribution. In particular, the ratio of elemental sulfur to the total
sulfur removed during reduction in the TGA is zero at 700°C and 0.2-0.4 at
800°C. In the microreactor experiments, elemental sulfur production at 700°C
was zero during reduction but substantial during subsequent purge by nitrogen.
Measurements of sulfur chemisorption currently under way show that elemental
sulfur is very strongly chemisorbed on a-Al;03 (e.g., desorption time at 700°C

is on the order of 5 h).

The concentration of carbon monoxide has a strong effect on the rate of
weight loss and product distribution. Figure 6 shows the reaction time increas-
ing twentyfold as the CO concentration is reduced from 10% to 2.5%. At the
2% CO level, the shift from SO, to COS is greatly delayed and the SO yield
is much higher. Similar trends were observed in the packed-bed reactor runs
where decreasing the concentration of CO from 10% to 1% increased the yield

of SO, and elemental sulfur at the cost of COS.
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Table 1. Composition of Sorbents
Sorbent Composition Sorbent Loading
(mmol M*/m?) (mg M,S0./8)

Nal Na,S0./a-A1,0, 0.236 83.8
Na2 Na,S0,/a-AL,0, 0.476 169.0
Na3 Na,S0./a-A1,0, 0.274 97.3
Nad Na,S0.,/a-AL.0, 0.044 15.6
NY Na,S0./Y-AL,0, 0.037 235.0
NLa1 NaliS0,/a-A1.0, 0.506 - 111.2
NLa2 NaLiSO.,/a-A1,0, 0.435 112.4
NLa3 NaLiSO./a-A1,0, 1.235 319.1
NLY NaLiSO./Y-A1,0, 0.018 107.3
NLZ NaLisS0,/Zr0, 0.112 114.2
NLS NaliSo,/810, 0.118 153.0
La Li,S0,/a-A1,0, 0.373 82.0
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[ 8 :Na,SO, +a-AL,D, = 2N3AID, + 50, + %0,
I b:Na,SO, +Y-AL,0, = 2NaAID, + 50, + %0,
9 ¢ : Li,SO, +a-Al,0, = 2LiAI0, + SO0, + %0,
[ d:Na,CO0, +a-Al,0, = 2NsAID, + CO,
a
- b
i c
[ d
[
ijJJ]JJJJ]JJJJ]JJJJJJJJJJJJ;;J
600 650 700 750 800 850 900
T(°C)
Figure 1. Standard Free Energy for the Decomposition of Alkali

Sulfates and Carbonate (Data from JANAF, 1971}.
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Reduction of NaLiSO4/a-A1203 (NLol) with 10% CO
in the TGA; Gas Production in Mols Per Initial
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Figure 5. The Effect of Sorbent Loading on the Reduction of
NaLiSO4/OL-A1203 at 800°C with 10% CO in the TGA.
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to Sulfite and Sulfide (Data from JANAF, 1971).
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[ 2 :Na S+ CO, = COS + Na,0
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Figure 12. Standard Free Energy for the Reaction Between Alkali

Sulfide and CO2 (Data from JANAF, 1971).
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10.2. Nature of the Remaining Sulfur

Reduction of the NaLiSO,4/a-Al303 sorbents by CO for 30 minutes at
800°C removes over 80% of the sulfur. Reduction of the remaining sulfur by
CO or Hj is very slow : after a 90-minute exposure to CO at 800°C, for

example, almost 10% of the sulfur still remains in the sorbent.

That residual sulfur can be oxidized to sulfate by exposure to O, at the
operating temperature of the sorbent. The behavior of that sulfate upon reduc-
tion by CO is, however, different from that of the completely sulfated sorbent.
Reduction is fast, leading to the production of small quantities of COS and no

S50,.

Temperature-programmed oxidation curves of reduced sorbent STal (Ta-
ble 8.1) and of supported alkali sulfides (SDa) are shown in Fig. 10.15. Ox-
idation of the residual sulfur begins at temperatures above 400°C, reaching a
maximum rate at 600°C. Oxidation of the supported sulfides, on the other
hand, takes place at lower temperatures. The higher resistance to oxidation
exhibited by the reduced sulfur remaining in the sorbent after regeneration in-
dicates that its chemical nature is different from that of the alkali sulfides. This
stabilization may be caused by strong interaction with the aluminate or with

active surface sites.

Fig. 10.16 shows SEM micrographs of the pore surface of sorbent ACal
before and after reduction with CO for 30 minutes at 800°C. Although the gen-
eral texture of the surface has not been affected, thin crevices between particles,

approximately 1 um long, have been filled in as a result of the reduction.
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10.2.1. X-Ray Photoelectron Spectroscopy The composition of alumina-
supported alkali sulfates and their reduction products was further explored with
X-ray photoelectron spectroscopy (XPS). This method, also known as Electron
Spectroscopy for Chemical Analysis (ESCA), is a high-resolution spectroscopic
technique based on a magnetic or electrical analysis of the core electrons which
are emitted from a substance on irradiation with X-rays. Accurate measurement
of the kinetic energy of the emitted photoelectrons makes it possible to calculate
the binding energy of the electrons in the atomic orbitals. Typical sampling
depths (i.e., electron mean free paths) are in the range of 5-100 A. A particularly
useful feature of this technique is the occurence of chemical shifts that result
from changes in the chemical environment of the atom. Craig et al. [3] found
that it was possible to distinguish up to seven different sulfur species present in

ambient particulate matter from the position of the corresponding S 2p peaks.

An initial attempt using the sorbent in the particulate form resulted in
loss of resolution by peak broadening caused by electric charging of the indi-
vidual particles. These samples were also found to be very difficult to mount.
A second set of samples was then prepared using Al;03 film as a substrate
(Sec. 8.1). The samples containing supported alkali sulfates (ST2) were cal-
cined, while those containing alkali acetates (AC1) were first calcined and then
sulfated with SO; 4+ O, at 800°C. The average thickness of the sulfate layer
was approximately the same as in the impregnated particles (Table 8.1). Some
of the sulfated samples were exposed to 10% CO at 800°C for various periods

of time, and cooled down under CO.

SEM micrographs of this material (Fig. 10.17) reveals a somewhat different
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texture from that of porous a-Al,03 (Fig. 8.1). The surface appears to be
non-porous and granular. As in the case of porous a-Al;03, small crystallites
are observed on the surface after impregnation, but in this case they do not

disappear after calcination (Fig. 10.17 (d)).

Figs. 10.18 and 10.19 show the sulfur 2p region of the XPS spectra of
samples ST2 and AC1, respectively. Since the peak heights varied from run
to run due to the varying number of spectra recorded and the local surface
concentration, the peak heights were normalized with respect to Na 1p. In
both cases the sulfur appears as S Og", both before and after reduction. No
reduced sulfur species such as S° or S%~ is present after reduction, indicating
a different behavior from the porous sorbents. The peak heights are greater
in the case of sorbent AC1, possibly due to the presence of sodium in the
substrate material. The amount of SO3™ decreases during the first minutes of
reduction, and some still remains after 30 minutes of exposure to CO. As in the
case of porous a-Al303, sulfur removal is accomplished through the sequence

of reactions :
SO03~/Al;03 + CO — SO0~ /Al,03 + CO,
SO0%~/Al,0; — 24107 + SO,.
The disproportionation reaction :
4502~ — 3502~ + 5%~

does not appear to take place in this case. If any SO, is reduced, the ele-

mental sulfur formed does not adsorb on the surface. Thus, the existence and
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properties of reduced sulfur in the sorbent are closely tied to the properties
of the alumina surface. It is possible that this species consists of elemental
sulfur strongly coordinated to defect sites on the alumina surface. Since these
sites are formed by dehydroxylation from hydrated aluminas, they would be
present in the porous material but not in the Al;03 films. This explanation is
also consistent with the temperature-programmed oxidation experiments (Fig.
10.15). Oxidation of this species would lead to strongly chemisorbed SO,. This
is consistent with the observed behavior of this oxidized species upon reduction

with CO.

10.3. Kinetic Model

The following reaction scheme will be used as a basis to describe the re-

duction process :

S0~ + co . 502 4+ co, (10.1)
F 3

S02~ *2, 2501 + 252— (10.2)

so2- %, 02- 4 50z (10.3)

505 + 200 4 5* 4 200, (10.4)
2— 1 * Es 2— 1 *

SO}~ + 5§* % 503" + >50; (10.5)

co + s* *, cos (10.6)

52 + €0, ¥ cos* + 07 (10.7)

503 %, 50, (10.8)
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cos* %, cos (10.9)
s* Fio, %sz. (10.10)

The superscript * denotes chemisorbed species, and O%~ represents AlO7 .

Reactions 10.1, 10.3 and 10.8 are responsible for the SO, formation during
the first stage of the reduction. Although elemental sulfur is formed on the
surface during that stage via reaction 10.4, it is rapidly consumed by reaction
10.5. When S 02_ is depleted reactions 10.1 and 10.5 cease, signaling the
beginning of the second stage. Reactions 10.3, 10.4 and 10.10 are responsible
for the production of elemental sulfur during that stage. COS is produced

either by reactions 10.6 and/or 10.7, and 10.9.

In the absence of alumina, the production of SO, encompasses the forma-

tion of alkali carbonate :
S03 + CO — S0, + COZ~.

The SO2 produced by CO reduction of sorbent ST al and of a molten mixture
of Na3S04-Li SO4 containing traces of S2~ are compared in Fig. 10.20. The
rate of SO2 production is one order of magnitude higher in the case of the
supported sulfates. In the absence of S2~ the difference is even greater. This
result suggests that alumina may act as a catalyst for reaction 10.1. It will
be assumed that reaction 10.1 takes place on the surface, involving sulfate ions
present in the molten layer. The rate of reduction by carbon is proportional to

the sulfate concentration on the carbon surface, given by [2] :

. K [sO]7]
1+ K [sOF]’

[s037]
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The reaction is then of zero order during most of the reduction, and of first order
at very low sulfate concentrations. The catalyzed reduction by hydrogen, on
the other hand, is of zero order in [SO3 7] [1]. On the basis of strong adsorption

of SOi" on Al20O3, reaction 10.1 will be assumed to be of zero order in sulfate.

Assuming that all other reactions are of first order in the reactants, and
that the Al303 and AlO; concentrations do not affect the reaction rates, the

concentrations of the species are governed by the following set of first-order

ODE’s :

ﬂ%‘j__] = K1 [0O] + 2k, [5037] ks [57] [5027]
21507) _ k11001 - (ks + ) [5037] + Bs[s7] [503-]

d [‘Z:_] = ;11-122 [§027] — k7 [$%7] [CO,]

d [3:'] — ks [SO27] + F7 [$77] [CO4)

d[itOS] = ks [SO27] — £ [503] (O] + s [5027] [5*]  Ks [5O3
4COS"] _ ke[c0] (5] + 1 [CO4) [5*7] - Ro[COS"]

4[] 1

1- * 2— * 1 * 1. *
o =k [co][s03] - Sk [SO2~][8*] - ke [CO][S*] - k10 [S*].
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The gas concentrations are :

[S05] _ ; [S03]
)\ - k8 A ’
[cos] . [cos”]
P
where :
(50,] = d[itoﬂ, [cOSs] = f‘i—[%)—‘ﬂ.

The weight is obtained from :

7
w 1
Wo = 56—;\_ ;Mici,

where C; are the concentrations of the ionic and chemisorbed species, and M;

their molecular weights.

Approximate values of the kinetic constants were obtained from the lit-
erature, whenever available, or from measurements of the rates of individual
reactions. Constant k; was estimated from the duration of the SO; production
step : k; = 1 mmole/gram sorbent-min at 800°C. For the catalyzed reduction
of SO, we have : ky = 4.5 X 103 min~?! [5]. The rate of desorption of SO,
can be approximated with the values obtained in Chapter 4 : kg = 0.1 min—1.
From recent experiments on the desorption of elemental sulfur from alumina,

1

we have : kjo =~ 0.01 min~!. Constant k5 can be considered to be infinitely

large.

The system of differential equations was integrated numerically using a

standard 4th order Runge-Kutta method, with initial conditions :

[sOi7] =1, [S0}|=...=0 (att=0).
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The effect of the values of the kinetic constants on the SO; and COS produc-

tions, weight, and sulfur and oxygen removal as a function of time was observed

qualitatively, and compared with the experimental observations described in

Sec.

10.1. As a result of the comparison, the following general conclusions can

be drawn :

(1)

The small weight loss observed experimentally during the first stage of the
reduction can only be explained if all the sulfur remaining in the sorbent at
the end of that stage (i.e., = 90%) is in the form of sulfite or chemisorbed
S0j;. The presence of significant amounts of $2~ or S* would cause greater
weight losses than observed. This means that the disproportionation re-
action (10.2) does not take place to any significant extent during the first
stage. Since reaction 10.2 is known to take place at the operating temper-
atures of the sorbent (4], sulfite may be present as a more stable surface

species produced by surface reaction 10.1.

The fact that the oxygen content of the sorbent remains constant during
the last stage of the reduction, while sulfur is removed as COS (Fig. 10.8),
can only be accounted for by neglecting reaction 10.7. If this reaction
was a significant source of COS, then the oxygen content in the sorbent
would increase noticeably. Although reaction 10.7 is thermodynamically
favorable (Fig. 10.12), the reduced sulfur species may in this case be less
reactive than pure sulfide (Sec. 10.2). Therefore, reaction 10.6 is the main

source of COS.

(iii) The rapid weight loss, accompanied by a burst of COS, at the beginning
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of the second stage of reduction requires a rapid reduction to elemental
sulfur (reactions 10.3 and 10.4), and fast desorption of COS (i.e., a large

value of k).

These considerations lead to the following reduced set of reactions :

S0¥~ + co £ 502 + co, (10.11)

so?- %, 02~ 4 g0, (10.12)

S02~ + 200 £ 0%~ + 5* + 200, (10.13)

s* A, %Sg (10.14)

, co + s* %, cos. (10.15)

During the first stage, only reactions 10.11 and 10.12 take place. Any elemental
sulfur formed at that time would be consumed immediately via reaction 10.5.
This scheme predicts a linear decrease in sulfate concentration :

d[S037]

- =—ki[CO] = [SO3"] =x-ki[CO]t

The kinetic constant k; can be obtained from the duration of the first stage,

t]_:

(10.16)

The SO, concentration in the gas during this stage is obtained from the sulfite
concentration in the sorbent :

d[S0%]

el [CO] -k, [SO5] = [S0%] = (%) [COJ {1 — e *at}
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Hence,

[SO3) = k2 [SO27] = k1 [CO] {1 — e~ %2t} .

At low CO concentrations, or longer SO; production periods (eq. 10.16), the
sulfite concentration may reach steady state, leading to a constant rate of SO,
generation (Fig. 10.6, 2.5%). At [CO] = 0.10 the rate of SO, production rises

rapidly :

[SAoz] ~ kl}\k2 [CO]t = kz (it_l_) . (10.17)

The fraction of sulfur remaining in the sorbent at the end of the first stage is

given by :
; .
_, " [SO.] ,, _ Aka
r=1 A Srdt=1 TCoTR ) (10.18)

At time t = t; the sulfate is depleted and reaction 10.11 ceases. The rate
of production of SO, then begins to decrease. The remaining sulfur is in the
form of chemisorbed SO;, or sulfite, accounting for the small weight loss at
t <t1. During the second stage (¢t > t;) reactions 10.12, 13, 14 and 15 proceed.
Reactions 10.13 and 10.15 are fast, causing a sudden weight loss and production
of COS. Reaction 10.14 is slower, accounting for the longer COS tail. Sulfite is
consumed by reactions 10.12 and 10.13. As shown in Part I, SO; may actually
adsorb with a wide range of binding energies. For simplicity, it will be assumed
that k5 is constant :

d[S037]

dt == (kz + k3 [COD [503_] = [SO%‘] =r e“'kza‘r,

where ka3 = k3 + k3 [CO|, and 7 = t — t;. The SO, production during this
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stage is then :

(10.19)

= ln{[—‘—s—/\oi]} =In{r k2} — koar.
The kinetic constants k2 and k3 can be obtained by regression of the SO,
production data, from egs. 10.17 and 10.19. At high temperatures and CO
concentrations, the reduction of chemisorbed SO, is much faster than its des-
orption (i.e., k33 ~ [CO]ks3), and therefore the SO, concentration in the gas

decreases rapidly (Figs. 10.3, 4 and 6).

The fraction of sulfur converted to SO5 is :

(S0, /°° (505) ,, ks
= ] — dt=1—-r+ ¥as r.

The concentration of chemisorbed sulfur is governed by :

d[S*]
dt

+ ky5 [S*] = k3 [CO]r X exp{—kasr},

where k45 = kg + [CO] ks. The solution of this differential equation is :

ks [CO]rA

S* =
[57] kaz — ka5

[e:cp {—kss7} —exp {—'k237‘}] .

The concentrations of elemental sulfur and COS in the gas are given by :

[S}‘Z] _ k42[f*] _ 2k€}f22[fil:) [exp {—kasT} — ezxp {—kaar}],

[COS] _ ks[CO][S*] _ ksks[CO)r

3 3 i S [exp{—kssT} — exp {—kaar}].
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According to this model, the ratio [S;] /[COS] is constant at all times. The
productions of COS and S, increase first as a result of reaction 10.13 (k3) and

decrease later due to reactions 10.14 and 10.15 (ky4s).

The total productions of S; and COS at time t = 5 are :

1

_ ksky[CO|r [1 — exp {—kq4s At} 1= e:cp{——kgsAt}]
2 (k23 - k45) kas ka3 ’
(10.20)

[cos]  [t[cos],
B f S o#=

1

_ ksks[CO)?r [1 —ezp{—kgsAt} 1- e:z:p{—kngt}]
(k23 — kas) kas ka3 ’

where At = t3 — t;. The selectivity towards elemental sulfur is determined by

the ratio of the kinetic constants of reactions 10.14 and 10.15 :

E .
[COS] ~ 2[CO]ks’

(10.21)

The values of k4 and ks obtained from eqs. 10.20 and 10.21 using experi-
mental values of the total COS production and [S;]/[C OS] satisfy the overall
sulfur balance. Once the kinetic constants have been found, the weight (W), the

oxygen content ({), and the sulfur content (Z) of the sorbent can be computed
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from the concentrations of the ions and chemisorbed species :

W _ 96[SO3"] +80[SO3™] +16[0%] +32[S*] _

Wo 96

o(3)-3eoa2) s

1 2 1 k
=5tare 3 (k—:k— ) [e7heer —e7kaeT] 5 (22 1)

q_ 4lsoiT]+3[soi7] + (0] _

[s0i7] +[s037] +157] _
> -

t

—_—1—(1—1')(E>2  (t<t)

_ k3 [CO} s C—k“r + (k2 - k45) r

——kzg‘r .
= e . s (2>t
ka3 — kys kaz — kys ( 1)
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Example: In the case of the reduction of sorbent N La at 800°C with 10% CO

(Fig. 10.4), we have :
A = 0.86 mmole - gram ™!
t; = 1.45 min
At =20 — 1.45 = 18.55 min
[COS] /X = 0.355
[S2] /A =0.125
From egs. 10.16, 10.17, and 10.18 we obtain, respectively :
k1 = 5.93 mmole - gram ™! - min™!

k; = 0.098 min~!

r = 0.929

Regression of the [SO;] data (eq. 10.19) yields :
ko3 = 3.152 min~! =

= ks = 30.54 min—1.

In this case, ko3 =~ [CO]ks. Solving eqs. 10.20 and 10.21, we find the other

constants :
k4 = 0.026 min™?,

ks = 0.368 min 1.
The predicted weight loss, gas composition, and elemental sorbent compo-
sition are compared with the experimental results in Figs. 10.21, 10.22, and

10.23, respectively. The model adequately predicts a rapid loss of oxygen from

the sorbent at the onset of the second stage, and a slower decrease in the sulfur



- 1562 -

content. The weight loss during the first stage of the reduction is overesti-
mated, possibly due to experimental errors in the measurements of the SO,
concentration, or to accumulation of alkali carbonate during the first minute of
the reduction. Since the kinetic constants were obtained from gas composition
measurements only, the agreement between the experimental and the predicted
weight at the end of the reduction indicates that those measurements are con-

sistent with the final weight of the sorbent.

The production of COS at the onset of the second stage is higher than the
model prediction, as evidenced by the weight loss (Fig. 10.21), gas composition
(Fig. 10.22), and sorbent composition (Fig. 10.23) measurements. This dis-
crepancy is probably caused by the assumption of a constant binding energy for
sulfur. Weakly bound sulfur first reacts with CO, causing a large initial COS

production.

The model generally gives good descriptions of the data at low and medium
sorbent loadings. In all cases it is found that k3 > ks > k4. At higher loadings
(sorbent ACa3) the rate of regeneration is much lower than predicted. Three
processes that have not been taken into account in the model may become
significant at high sorbent loadings, decreasing the rate of sulfur removal. The
first one is the deactivation of the alumina surface by accumulation of reduction
products, such as chemisorbed sulfur, and by formation of alkali aluminate.
The second process is the accumulation of reduction products in the molten
layer. SO is known to dissolve in molten sulfate (Sec. 9.1). While diffusion of
S Oi* and S Og— ions from the melt to the surface is fast, any elemental sulfur

retained in the melt would decrease the rate of desorption from the surface. In
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the case of low and medium loading sorbents this layer is only a few molecules
thick and these effects become negligible. Finally, at high sorbent loadings the
existence significant quantities of free sulfite ions in the molten layer becomes
possible. In the derivation of the model all reactions were assumed to take place
on the surface, and SO~ was considered to be equivalent to SO%/AlO;. The
possibility of homogenous reactions in the melt, such as the disproportionation
of sulfite, introduces new complications that are not taken into account in this

simple model.
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Figure 10.16. Scanning Electron Micrographs of 0L—A1203 Sorbent
(a,b) Before, and (c,d) After Reduction; 1800X.



Figure 10.17. Scanning Electron Micrographs of (a,c) AlZO3 Film,

and of (b,d) Sample ST2; (a,b) 1800X, (c,d) 18000X.



Counts/Counts Na'®

- 158 -

0.8 52 g° 502~ S0, S0? S04
8.6 Ny
7 — AN Tt  t = 30 min.
1 VAN
- -_—",_/ “"\.
| — .’ —— t = 3 min.
Y
8.4 /
_ /
] ',f
: /A
0.2 / \
- Y
] 7 \
—_— e’ N t =20
B- T 1 Lf 1 l 1 l T T —‘ 1] L 1 I I 1 1 1 ¥ I
160 165 170 175 180

Figure 10.18.

Binding Energy (eV)

Sulfur 2p XPS Spectra of Sample ST2 at Various

Stages of Reduction.



Counts/Counts Nal®

- 159 -

1.5 52~ s° SO~ S0, 50" 50,
1.2 — —
. 4 \\
.r".” ~, ""\.,_
T - N "'-..__H_‘ . o
- — SN T t = 30 min.
. - 4 ;’ll -, ..
@.9 - — I’f 'l\ e  t = 3 min.
] o
) Jo
8.6 — \
i ! \
i / |
1 |
_ [
0.3 — / \
T / \
] — \\____ t=20
9' T T T T " T L) 1 T l 1 T 1 1 | T t I T ‘
160 165 170 175 180

Binding Energy (eV)

Figure 10.19. Sulfur 2p XPS Spectra of Sample AC1 at Various

Stages of Reduction.



- 160 -

o~ _
o) 1.5 i
3¢ I ® Supported NoliSO,
g i © Unsupported NaliSO,
s 1oL |
E i
~
-6 -
E
& O5h
"6 L
=]
3 .
o
o |
a X
N O 11 a1 v b g g 11
Q o) [ 2 3 4 5 6
Time (min)

Figure 10.20. Effect of the Alumina Surface on the

Rate of Production of SO;.



W /W,

1.1

s\

- 161 -

8.9 . ¢ (4@ ) Experimental
I (—=) Model
] \ 4
: \
8.7 - \
] \o

Time (min)

Figure 10.21. Kinetic Model I: Weight Loss.



mole
mole-min

Gas Production (

6,08

8.86

6.64

=
-~ ]
&

| ! | ) | l A X .k ) 3 l ] | 1 1 l A A 2 [ ] A A ] B l

O

- 162 -

*
(@) SO: (Exptl.)
/\\ ( & ) COS (Exptl.)
/'( ‘ (——) Model
/
/ L
{ A
1! . A A a
L 4
/ & &

Time (min)

Figure 10.22. Kinetic Model II: Gas Production.



X/ Xo

- 163 -

1 \\\ ( ‘ ) Sulfur (Exptl.)
: \ ( O ) Oxygen (Exptl.)
~
8.8 - ® S, (—) Model

/

Time (min)

Figure 10.23. Kinetic Model III: Elemental Composition.



- 164 -

11. CONCLUSIONS AND SUGGESTIONS
FOR FUTURE RESEARCH

11.1. Conclusions

1. The sorbent studied consists of a thin layer of sodium and lithium alumi-
nate, supported on alumina. This layer reacts readily with SO, at 700-
800°C, but not with CO,. Any alkali carbonate formed would decompose

rapidly to form aluminate.

2. Sorbents prepared by calcination of alkali carbonates or alkali acetates, or
by reduction of alkali sulfates behave identically with respect to sulfation

and regeneration.

3. Sulfation proceeds to completion, at higher rates than bulk materials under
similar conditions. The rate is proﬁortional to the concentration of SO,
in the gas, up to [SO;] =~ 5000 ppm. Since all diffusion processes are fast,
the overall rate is limited by the rate of reaction, which has an activation

energy E = 21.6 kcal/mole.

4. The sorbent can be repeatedly regenerated. Regeneration leads to the

recovery of the alkali aluminate, and some residual sulfur.

5. Although a-Al;03 has lower surface area than - and y-A4l203, it consti-
tutes a better support from the point of view of regenerability and rate of

sulfur removal.

6. The rate of sulfur removal increases with increasing temperature, alkali

to alumina ratio, and carbon monoxide concentration, and is higher when-
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a-Al,03 is used as a support. The selectivity towards elemental sulfur
also increases with temperature and the ratio of alkali to alumina. but

decreases with CO concentration.

. Regeneration proceeds in two stages, through a complex network of highly
coupled reactions. The main reactions that take place during those stages

are :

7.1. Reduction of the sulfate to sulfite and sulfur dioxide, which consi-
tutes the only gaseous product during the first stage. This reaction is

catalyzed by the alumina surface.

7.2. Upon depletion of the sulfate, gaseous elemental sulfur and COS are
formed by reduction of sulfite and chemisorbed SO5, and further re-
action with CO. Both reactions are catalyzed by Al;03. This stage
is characterized by rapid loss of oxygen due to the reduction of sul-
fite and chemisorbed SO;. Weakly held elemental sulfur desorbs and

reacts with CO. More strongly held sulfur is slowly removed as COS.

. The residual sulfur consists of a reduced surface species, strongly coordi-
nated to sites present in porous Al; O3, or to the aluminate. This species is
more stable to oxidation than alkali sulfides. The properties of this species

are closely tied to the properties of the alumina.
. The effect of the support on the regeneration can be summarized as follows :

9.1. The formation of aluminate makes the regeneration thermodynami-

cally favorable, and precludes the formation of carbonates.

9.2. It catalyzes the sulfate reduction during the first stage.
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9.3. It catalyzes the reduction to elemental sulfur and the formation of

COS during the second stage.

9.4. It acts as an adsorbent for reaction products, such as SO, and ele-

mental sulfur.

9.5. By forming surface compounds, it alters the properties of reaction

intermediates, such as alkali sulfite.

10. A simplified kinetic model adequately describes the regeneration at mod-

erate sorbent loadings.

11.2. Suggestions for Future Research

Several areas remain open for further investigation :

1. The interaction between elemental sulfur and alumina needs to be studied
in greater detail. This problem is relevant both to the direct catalytic
reduction of §O; (Part I) and to the mechanism of sorbent regeneration

(Part II). In particular, two aspects of this problem should be explored :

1.1. The effect of the active surface sites on the binding energy: As sug-
gested by the SO; adsorption experiments (Part I), it is possible that
sulfur chemisorbs with varying strengths. Novel techniques are be-
ing developed to grow alumina films by oxidation of aluminum, with
similar physical and chemical properties to commercial catalysts [1,2].
These films could be used in conjunction with sensitive surface tech-

niques such as FTIR spectroscopy and XPS to study the adsorptive
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behavior of elemental sulfur.

1.2. The adsorptive properties of sulfur obtained by reduction of SO;y: In-
formation about the reduction of SO; to elemental sulfur, and the
adsorption/desorption of both species could be obtained using a tem-
poral analysis technique, wherein a small number of molecules (i.e.,
1010-10%9) is pulsed into a bed of alumina particles, and the composi-
tion of the eflluent followed using mass spectrometry. This technique
would also be useful to study the gas compostion during sorbent re-

generation.

2. The effect of the alumina structure and the alkali to alumina ratio on the
composition of the sorbent during reduction requires further study. Due to
the presence of sulfur compounds with varying oxidation states, XPS would

probably be the most suitable technique to identify reaction intermediates.

3. In order to extend the kinetic model to predict the behavior of a regener-
ation reactor, it is necessary to study the readsorption and reaction of the
gaseous products. The progression of these products through a packed bed

of sorbent can be followed using mass spectrometric temporal analysis.
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APPENDIX A: DATA ACQUISITION SYSTEM

An ad hoc microprocessor-based system was assembled to carry out the
data acquisition and manipulation. This Appendix provides a brief description

of the system and related software.

A.l. Hardware

The system consists of a modular S-100 unit equipped with seven plug-in
Compupro boards. An 8-bit Z-80 microprocessor board, running at 4 MHz, was
used for data acquisition and most of the data processing. The board allows
vectored interrupt operation. A 16-bit 8086 microprocessor board equipped
with a 8087 high-speed math coprocessor was also used for long calculations
and memory- demanding tasks. The CPU was interfaced to a keyboard, CRT
monitor and printer through an Interfacer-4 board, to a pair of Qume Datatrack
8” disk drives through a Disk-1A controller, and to 256 kilobytes of random-

access memory.

The analog-to-digital conversion and timing are performed by a set of Tec-
mar S-100 AD212 boards. A plug-in mother board has the S-100 bus interface,
an AM9513 timer containing five 16-bit cascadable counters and two alarm
comparators, and the associated control logic. This board was configured to
operate with input/output-mapped, 8 or 16-bit transfers, although memory-
mapped operation is also possible. A remote daughter board connected to the
mother board by a ribbon cable contains the data acquisition subsystem, con-

sisting of a DT5712-PGL module from Data Translation, Inc., and associated
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circuitry and jumpering. This module has eight true differential analog inputs,
12-bit accuracy, a 30 KHz conversion rate, and an instrumentation amplifier
with programmable gains up to 500. The CPU communicates to these boards
through a set of read/write registers for counter arming and reading, channel

selection, A/D conversion strobing, etc.

The instruments were interfaced to the daughter board through a set of
BCD connectors and RC filters located in a shielded box. Both the box and the
daughter board were installed near the instruments, to minimize noise pickup.
Proper grounding and shielding of each component were critical to ensure low
noise level at gains higher than 100. A block diagram of the system is shown

in Fig. A.1.

A.2. Software

A line editor, Pascal compiler, assembler, debugger, and CP/M operating
system were available for both microprocessors. A set of programs was devel-
oped to carry out real time data acquisition and further processing. A list of
the programs, procedures, and functions is given in table A.1. Routines P1, P2,
P3, P4, P5, P53, P54, P55, P59, P60, and P61 carry out basic communication
tasks, such as setting the timer counter modes, loading and arming the counters,
reading the timer, selecting the analog channel, trigger A/D conversions, etc.
These simple tasks that are performed a large number of times were written in
assembly language. The main data acquisition programs P17, P20, P22, P42,

P44, P68, P69, P70, P71, P72, and P73 that make use of those procedures were
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written in Pascal. The procedures and functions utilized by the main programs
were grouped in separate modules, designated M—FILENAME. The inverted

tree programming structure is illustrated in Fig. A.2.

At the beginning of each session the A/D converter was calibrated using
P6. In most cases, the offset error was not very significant. Zeroing of the
TGA and initial weight measurements were done prior to each run using P8.
The GC was calibrated by washing out a stirred tank containing known initial
concentrations of SO; and COS, and recording the exit concentrations with
program P7. Calibration constants are obtained with P37 and P57 after the
calibration run. Program P20 duplicates some of the functions of a standard
chromatografic integrator. The GC data reduction programs were written to

handle inputs from a separate integrator.

After the experiments the data were reduced (P30, P31, P32, P64), and
then printed (P15, P18, P19, P52), plotted (P13, P14, P33, P34, P46, P47, P48,
P49, P51), or reformatted and sent to a mainframe computer (P56). Detailed
program descriptions and listings with comments are available at the Caltech

Chemical Engineering Laboratory, Room 338A.
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Table A.1. List of Programs.

P# Name Description

P1 ADO1 Generates wait loop, converts and input voltage
from any channel

P2 ADO02 Converts and inputs voltage from any channel

P3 ADO03 Scans channels, converts and inputs voltage

P4 ADO04 Generates wait loop, scans channels, converts and
inputs voltage

P5 ADC Converts and inputs voltage from any channel,
gain=1

Pé6 CAL-AD Finds A/D converter calibration constants to
correct offset error

pP7 CAL-GC Collects GC calibration data, generates GC
calibration file

P8 CAL-TGA Interactively zeroes the TGA and measures initial
sample weight

P9 CRCK Finds file code to detect possible file changes

P10 CONST Prints A/D converter calibration constants

P11 CONV-HEX  Converts timer output to Hex

P12 DISPLAY A /D converter diagnosis program

P13 DRAW Plots data files on the CRT monitor

P14 DRAW-TGA  Plots weight vs time data on the CRT monitor

P15 GAS—-CONC Prints gas concentration data from the GC

P16 GC—-CONST Prints the GC calibration constants
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Table A.1. List of Programs (continued).

P# Name Description

P17 GC-DET Outputs concentration from the GC flame-
photometric detector

P18 GETDATA Prints out time, weight, rate of weight change and
temperature files

P19 GET-WT Prints initial sample weight

P20 INT-GC Detects GC peaks, separates fused peaks, does
baseline correction and peak integration

P21 KEY Boolean function, returns program to main menu

P22 LAB Collects, displays, stores and processes data
from TGA and GC

P23 LOOPS Prints contents of file LOOPS.DAT
(see MAKELOOP)

P24 LSQ Performs least squares regression of gas
concentration data

P25 MAKELOOP  Generates file LOOPS.DAT with volume of GC
loops and tubing

P26 M—-CALGC Procedures and functions for program CAL—GC

P27 M—-CALTGA  Procedures and functions for program CAL—TGA

P28 M-INTGC Procedures and functions for program INT—GC

P29 MKGCCONS  Creates file containing GC calibration constants

P30 MKGCDAT Creates a plottable file with gas concentration vs.
time data

P31 MKTGADAT  Reduces TGA data files into plottable file
TGADATA. jjk

P32 MKTGAIR Reduces TGA and IR spectrometer data into a

plottable file
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Table A.1. List of Programs (continued).

P# Name Description

P33 MKPLOT1 Plots TGA data vs. time on the Bausch & Lomb
plotter

P34 MKPLOT2 Plots TGA and GC data vs. time on the Bausch &
Lomb plotter

P35 M-LAB Procedures and functions for program LAB

P36 M-MODI Procedures and functions for program MODIFY

P37 MODIFY Plots and processes GC calibration data, calculates
calibration constants

P38 M—-OUT—-AD Procedures and functions for program OUT—AD

P39 M-NOISE Procedures and functions for program NOISE

P40 M—-THERMO Procedures and functions for program THERMO

P41 NOISE Performs statistical analysis of A/D converter noise

P42 OUT-GC Outputs voltage from GC flame-photometric
detector

P43 OUTIME Saves and inputs contents of time of day registers

P44 OUT-TGA Outputs the weight, rate of weight change and
temperature of the TGA

P45 PATCH Links data files from different or interrupted TGA
runs

P46 PLOT Plots TGA, IR, and GC data on the CRT monitor

P47 PLOTDERV Plots the rate of weight change on the Bausch &
Lomb plotter

P48 PLOTGC Plots the gas concentration data on the Bausch &

Lomb plotter
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Table A.1. List of Programs (continued).

P# Name Description

P49 PLOTEMP Plots the TGA temperature on the Bausch & Lomb
plotter

P50 PLOTLIB Procedures and functions to drive the Bausch &
Lomb plotter

P51 PLOTWT Plots the sample weight on the Bausch & Lomb
plotter

P52 PRINT-GC Prints out the gas concentration data

P53 READ-HSECS Saves the contents of the 1/100 sec. timer counter

P54 READ—-SECS  Saves the contents of the seconds timer counter

P55 READ-TIME Saves and inputs the contents of the time of day
registers

P56 REFM Reformats CP/M-formatted disks to the PDP-11
format

P57 REGRESS Finds GC calibration constants by linear regression

P58 SCOMPARE Compares data files

P59 SET-AUTO Sets board for auto-incrementing mode (channel
scanning)

P60 SETIMEO Sets the AMD 9513 timer for time of day operation,
initial time = 0

Pé1 SETIME]1 Sets the AMD 9513 timer for time of day operation,
arbitrary time

P62 SHOW Interactively reads and writes from and to A/D

and timer registers
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Table A.1. List of Programs (continued).

P# Name Description

P63 SHOW—-AD Prints output of and A/D channel in binary form,
for diagnosis

P64 SMOOTHNG  Smooths data and computes derivative using a
weighed average method

P65 SPEED Determines rate of conversion of A/D module

P66 SWEEP Data file manager

P67 TEMP Converts voltage from TGA thermocouple to
temperature (°C)

P68 TGA Continuously collects, displays and stores TGA data

P69 TGAl Continuously collects, displays and prints TGA data

P70 TGA2 Continuously collects, displays, prints and stores
TGA data

P71 TGA3 Continuously collects, displays and prints TGA data
storing at the end

P72 TGA-GC Continuously collects, displays and stores TGA and
GC data

P73 TGA-IR Continuously collects, displays and stores TGA and
IR spectrometer data

P74 THERMO Continuously outputs the TGA temperature

P75 WT-SECS Generates a waiting loop of arbitrary duration
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APPENDIX B: TGA TEMPERATURE PROGRAMMER

A microprocessor-based temperature programmer and controller (TPC)
was designed and assembled to program the heating and control the temper-
ature of the TGA reaction chamber. The TPC generates a digital version of
the temperature in the reaction chamber which is further processed to send a
heating pattern to an electric furnace via a solid-state relay. Interaction with
the system is provided by a set of seven-segment displays, a keypad and a
set of LED’s. A serial port is also provided to interface the controller to the

data-acquisition system described in Appendix A.

B.1. Hardware

The heart of the controller is a 6802 microprocessor, running at 1 MHz. The
microprocessor is interfaced to a MC6850 ACIA, a 2716 EPROM, a ADC0802
A/D converter, a set of six LED’s, a keypad, four multiplexed seven-segment

displays, and an optically isolated triac through suitable buffers.

Since only about 90 bytes of RAM are required, the internal RAM avail-
able in the 6802 was sufficient. A MC14411 bit-rate generator is used both for
the ACIA and as an interrupt-signal generator that can be latched by means
of a D-Q flip-flop. Interrupts are generated at a rate of 600 Hz. for scan-
ning the displays and keypad and also for timing the heating process. Four
seven-segment displays were used to display the temperature and the heating

parameters. Since no BCD to 7-segment decoders were used this conversion is
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done by the program.

The temperature of the furnace is measured with a chromel-alumel thermo-
couple. The signal from the thermocouple is amplified to the ADC range (0 to
+5VDC) by means of a AD595 instrumentation amplifier, which also provides
cold junction compensation. The temperature is digitized by an 8-bit ADC0802

analog-to-digital converter, limiting the accuracy to 4°C in a 0-1100°C range.

Power to the furnace is supplied through an optically isolated triac with
zero-crossing detection, rated for 25 A at 240 VAC. The triac was mounted on
a thick aluminum slab to dissipate the heat. Finally, one 2-kilobyte EPROM

was used to store the control program.

B.2. Software

The TPC programs were developed in a Hewlett Packard 68000 system
and downloaded onto a set of 2 kbyte EPROM?’s. Upon reset, the system
strobes the ADC and displays the temperature of the furnace, in °C. Both
the keypad and the seven-segment displays are scanned continuously by the
interrupt routines. When a key is pressed, the final temperature (°C) and the
heating rate (°C/min) are entered and displayed. If maximum values of 1200°C
and 100°C /min are exceded, an error message is diplayed and the parameters

can be re-entered. Otherwise, the heating process starts.

Pulses are sent to the heater at a rate of 6 sec™!. The pulse width is
determined according to a proportional-integral control algorithm. The error is

calculated as the difference between the set-point temperature, determined from
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the heating pattern, and the measured temperature. Since the response of the
furnace was very fast, a proportional control was satisfactory for all practical

purposes.

During the heating the set-point temperature is increased linearly at the
desired rate. Once the final temperature is attained, the set-point remains
constant. A program is also available to handle an arbitrary change of the
set-point temperature from the data-acquisition computer through the serial
port. A manual containing a detailed description of the controller, its program,
memory map, flow diagram, operation, and program listing with comments is
available at the Caltech Chemical Engineering Laboratory, Room 338A, or from

the author.



