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SUMMARY 

This final report describes the work done under the 

sponsorship of the U.S. DOE for the support of advanced fossil 

resource utilization research at historically black colleges and 

universities, Grant No. DE-PS22-92MT920 on "Investigation of 

Combined SOz/NO, Removal by Ceria Sorbents". The work was 

conducted at the Department of Chemical Engineering of Hampton 

University. The industrial partner was Malcolm Pirnie,Inc. 

Environmental Engineers, Scientists and Planners, who handled the 
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metal analysis and XRD measurements on the solid sorbents; they 

have also supplied the flyash used in the experimental program. 

The development of a commercial process concept, economic 

analysis, and evaluation of process alternatives were undertaken 

by TECOGEN of Waltham, MA. 

The objectives of this research were: 

1. To obtain a rate expression for the sulfation and 

regeneration of alumina supported Ce02 sorbents, 

To determine the effects of ammonia on the sulfation of 

the sorbent, 

To determine the effects of fly ash on the sulfation 

and regeneration of the sorbent, 

4. To model the sulfation and regeneration reactors for a 

commercial scale combined SO-,/NO, removal facility 

based on CeO-,/A1,0; sorbent. 
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5 .  To compare the economics of the process to that of the 

copper oxide process. 

For the sulfation reaction an activation energy of 19 kJ/mole 

was obtained. The dependance of sulfation rate on SO2 partial 

pressure changed from 0,83 at 773 K to 1.33 at 873 K. 

FOE regeneration with hydrogen, the activation energy was 

found to be 114 kJ/mol (27 kcal/ mol). The activation energy 

for regeneration with methane is higher, 130 kJ/rnol. The 

dependance of regeneration rate on hydrogen and SO2 partial 

pressures was explained through the use of Langmuir-Hinshelwood 

kinetics. 

No definite conclusions could be drown on the effect of 

ammonia on sulfation from the TGA data alone due to the complexity 

of the reactions taking place. 

The initial rate of sulfation appears to be slightly 

improved by the presence of flyash. No significant effect of 

ammonia was observed in the presence of flyash. 

The modeling and evaluation of the commercial scale ceria 

process was done by TECOGEN of Waltham, MA. Their results 

indicate that the copper oxide  process has a lower overall cost 

of SO2 removal mainly because the operating temperature allows 

the use of carbon steel equipment while the ceria process 

operates where stainless steel have to be used. 

ii 



I. Introduction 

TABLE OF CONTENTS 

Page 

I.A. Background Information 

I.A.1. Copper Oxide-Based Sorbents 

I.A.2. Ceria-Based Sorbents 

I.A.3. Modeling of Moving Bed Reactors 

11. Description of the Project 

1I.A. Project Objectives 

1I.B. Project Tasks 

111. Sorbent Preparation and Characterization 

IV. Standard Sulfation-Regeneration Runs with Pellets 

1V.A. Sulfation Experiments 

1V.B. Regeneration Experiments 

V. Results of Runs with Sorbent Pellets 

V.A. Experiments with Standard TGA Configuration 

V.B. Experiments with Downflow of TGA Gas 

V.C. Effect of Cycling 

V.D. Effect of Mass Transfer Limitations 

V.E. Effect of Temperature 

V.F. Effect of Water Vapor 

V.G. Effect of Ammonia 

VI. Experiments with Sorbent Particles 

V1.A. Regeneration of Sulfated Sorbent 

VI.A.1. Regeneration with Hydrogen 

iii 

1 



VI.A.1.a. Data Evaluation 

VI.A.1.b. Results and Discussion 

VI.A.2. Regeneration with Methane 

VI.A.2.a. Data Evaluation 

VI.A.2.b. Coking During Regeneration with Methane 

VI.A.2.c. Effect of Regeneration Gas Composition 

VI.A.2.d. Effect of Temperature 

VI.A.2.e. Effects of , 5 0 2  and CO2 

VI.A.2.f. Effect of Heating Atmosphere 

VI.A.2.g. Cycling Behavior with Methane Regeneration 

V1.B. Sulfation of t h e  Sorbent 

VI.B.l. Effect of Temperature and SO2 Partial Pressure 

VI.B.2. Effect of Ammonia on Sulfation 

VI.B.2.a. Effect of Ammonia in the Presence of Water 

VI.B.3. Effect of Cerium Content on the Sorbent Performance 

VI.B.3.a. Effect of Cerium Content on the Order of 

Sulfation Reaction with Respect to the 

Solid Reactant 

VI.B.4. Effect of Flyash on Sulfation 

VII. Evaluation of the Coomercial-Scale Ceria Process 

VIII. References 

APPENDIX A. Task Order to TECOGEN 

APPENDIX B. TECOGEN Report 

iv 



I. INTRODUCTION 

Air pollution arising from the emission of sulfur and 

nitrogen oxides as a result of combustion taking place in 

boilers, furnaces and engines, has increasingly been recognized 

as a problem. Acid rain is not the only concern. Nitrogen 

oxides are involved in photochemical reactions that lead to 

oxidants such as ozone that are highly toxic to plants and trees. 

This effect of air pollution is not yet significant, but the 

damage to forests in Germany has reached alarming proportions. 

One third of man-made NO, comes from the power generation 

industry and manufacturing industries contribute an additional 

20%. German standards for NO, emissions from coal-fired power 

plants are about four times more stringent than t h e  New Source 

Performance Standards in the United States. The current federal 

NO, emission limits for combustion sources such as process 

heaters, industrial and utility boilers, and combustion turbines 

can be readily achieved by most of the NO, formation control 

techniques in general use. Since a significant lowering of these 

limits is anticipated in the near future, new methods to remove 

S O p  and NO, emissions significantly and economically must be 

developed. 

Several approaches may be taken to reduce the SO2 and NO, 

emissions from power generation plants, such as using low sulfur 

fuel, removing sulfur prior to or during combustion, lowering the 
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combustion temperature to reduce NO, formation, increasing the 

efficiency of the power generation systems, and removing the 

pollutants after combustion (stack gas cleanup). 

There are a number of stack gas desulfurization processes 

being used commercially. They usually require 5% to 10% of the 

generated power for operation. The more common of these are: (1) 

wet scrubbing using lime, limestone, soluble alkali, or dual 

alkali; and (2) dry absorption with sodium, lime, or limestone. 

The efficiency and cost of the wet scrubbing systems are usually 

higher than those of the dry absorber systems. Dry absorption is 

the least expensive of the stack gas desulfurization processes 

and can have over 90% SO2 removal efficiency. Unfortunately 

these SO2 scrubbers are not effective in capturing NO,. Some 

additives to the scrubbing solution such as chalating agents or 

phosphorous have been proposed to enhance NO, removal. 

There are several methods for sulfur removal from stack 

gases at relatively higher temperatures ( 3 O O O C  to 6 O O O C )  using 

regenerable solid sorbents (supported oxides of copper, manganese 

or cerium). Selective Catalytic Reduction (SCR)  is an important 

process for controlling power plant NO, emissions. It was 

commercialized first in Japan in early 1 9 7 0 ' s  and then in 

Germany. Currently there are over 200 SCR installations in 

Japan. In United States a few SCR systems have been installed 

primarily in California. This process removes NO, in flue gas by 

catalytically reacting oxides of nitrogen with ammonia to form 



nitrogen and water. The catalyst used is either an alumina 

supported noble metal (such as Pt) on metal monolith or a mixed 

oxide (such as V205/Ti02/Si02) on ceramic monolith. A major 

constraint imposed on the heat transfer equipment by a SCR 

installation is the narrow operating range of the SCR catalysts. 

Minimum acceptable temperatures usually range between 200°C to 

350°C and the maximum operating temperatures are around 400°C to 

425°C. One of the factors that influence the operating 

temperature range of catalysts, particularly vanadium/titanium 

based ones, is the sulfur content of the flue gas. The SCR 

catalyst may oxidize up to 5% of SOn to SO3 in addition to about 

3% to 5% formed during combustion. This SO3, besides poisoning 

the catalyst, may combine with the unreacted ammonia to form 

ammonium bisulfate which precipitates at lower temperatures (this 

temperature is a function of ammonia and SO3 content of the flue 

gas) and cause fouling of heat transfer surfaces. Removal of 

flue gas sulfur prior to ammonia injection will decrease the 

costs due to reduced catalyst and heat exchanger performance, 

costly equipment design, and down time f o r  maintenance and 

cleaning. Since about half the cost of SCR process is catalyst- 

related, maintaining catalyst activity for a long time is very 

important. Principal mechanisms of catalyst deactivation are 

l o s s  of surface area due to fly-ash and ammonium bisulfate 

deposition; chemical deactivation by alkali o r  alkaline earth 

oxides, sulfur oxides, or heavy metal compounds; hydrothermal 
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sintering; and abrasion by fly-ash. 
8 

Simultaneous removal of SO2 and NO, using a regenerable 

solid sorbent will constitute an important improvement over the 

use of separate processes for the removal of these two pollutants 

from stack gases and possibly eliminate several shortcomings of 

the individual SOz and NO, removal operations. This process will 

allow simple and reliable cleanup of large volumes of stack gases 

at a competitive cost; produce a concentrated stream of SO2 which 

can easily be converted into valuable by-products; be compatible 

with existing power generation plants; and essentially eliminate 

the waste materials generated in some other sulfur removal 

processes. Department of Energy's Pittsburgh Energy Technology 

Center (PETC)  has been involved with the development of a 

regenerative fluidized bed process using copper oxide-impregnated 

alumina spheres for simultaneous removal of SO2 and NO, since 

late 1960's. These efforts have been summarized by Yeh et. 

A l ( 1 ' 2 ) .  This process is expected to operate around 400°C. Another 

copper oxide based process is the UOP/Shell Process which uses a 

cyclic fixed-bed contactor. The advantages of the fluidized-bed 

design over a fixed-bed contactor were given as the elimination 

of the need for large diameter valves for the isolation of the 

reactor from the regenerator; constant f low of regenerator o f f -  

gas; and the elimination of the possibility of the plugging of 

the bed with fly-ash. Disadvantages of the fluidized-bed reactor 

are the relatively higher pressure drop and sorbent attrition. 
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More recent studies at PETC considered cerium oxide as an 

alternate sorbent to C U O ' ~ ~ ~ ) .  Ceria improves the resistance of 

the alumina support to thermal sintering and produces a 

regeneration off-gas stream that can be easily converted to 

elemental sulfur. It has a potentially higher sulfur capture 

capacity than copper. It is readily available at a moderate 

cost. Although it is more expensive than copper oxide, since the 

cost of metal oxide is a small fraction of the total sorbent 

cost, this may not be a significant factor. 

An overview of the relevant information available in the 

literature is given below. More detail can be found in Sections 

1, 2, 3, 4 of Appendix B. 

I.A. Background Information 

I.A.l. Copper Oxide-Based Sorbents for Combined S02/No, Removal 

The reaction of copper oxide with SO2 is usually written 

as: 

CUO + so2 + % 0 2  -+ cuso* 
In this reaction copper catalyses the formation of SO3 and 

subsequently serves as a sorbent for it. The sulfation of 

alumina supported copper oxide is more complicated because as 

indicated by recent studies, the alumina support is directly 

involved in the sulfur removal process. Earlier work by Friedman 

et al.'5' has indicated that for alumina support having a surface 

area of 2 0 0  m2/g and for copper loadings of less than 8%, copper 

was present not as crystalline CuO or CuA1204 but as a less well 
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defined entity. 

Strohmier et al. ( 6 1 .  

This observation was later confirmed by 

In PETC, Pollack et al.'?' made an extensive 

analysis of fresh and used alumina-supported copper oxide 

sorbents using various methods of analysis. They used a sorbent 

containing 7.2 wt % Cu on alumina with a surface area of 230 m2/g 

which decreased to 190 m2/g upon regeneration. This roughly 

corresponds to a monolayer of copper. Their results indicate 

that the fresh sorbent is something other than crystalline 

CuO/alumina and that used sorbent is not CuS04/alumina. For 

copper loadings in excess of about 10% Cu on 200 m2/g alumina 

(monolayer coverage of sorbent with Cu) crystalline CuO appears 

on the surface and this is reported to cause a significant 

reduction in the structural strength of the sorbent during the 

sulfation-regeneration cycle '2 ' .  

Centi et al.(*) have made an extensive investigation of the 

CuO/alumina sorbents. During their thermogravimetric analysis 

they obtained S/Cu ratios in excess of 1 at temperatures above 

275°C indicating direct participation of support in sulfur 

capture. Basing on their F T I R  results they suggest the following 

mechanism for the sulfation of the sorbent: First SO2 interacts 

with copper oxide sites forming SOs which subsequently reacts 

with a copper site forming copper sulfate surface species and 

deactivates the site. If neighboring support sites are present, 

the sulfate group can be transferred to the support and the site 

can be reactivated by the oxygen in the gas stream. Their 
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kinetic analysis show that since the sulfation rate slows down 

rapidly after an initial sharp increase, increasing the number of 

initial active sites will be more beneficial than increased 

residence times for achieving maximum sorbent utilization. 

Centi et al.(*' have also investigated the regeneration of 

sulfated copper oxide sorbents. Their results show that the 

regeneration process is more complicated than indicated by 

CUSO~ + 2H2 -+ CU + SO2 + 2H20. (1) 

The copper formed will immediately oxidize to CuO in the presence 

of oxygen. The temperature programmed reduction studies showed 

that the reduction of copper sulfate started in the range 300°C - 

350°C producing SOz. An autocatalytic effect was observed. Above 

425°C H2S appeared in the gas possibly due to reactions of CuS 

and/or A 1 2 ( S 0 4 ) 3 .  When methane was used for regeneration no H2S 

was observed and the reduction occurred at higher temperatures. 

These results of Centi et al. suggest the presence of different 

sulfate species with different reducibilities. The presence of 

less reducible copper sulfate increases the N20 formation thus 

reducing the NO, removal efficiency. Higher temperatures 

decrease the formation of this type of sulfate species. 

Harriott and Markussen'" investigated the regeneration 

kinetics of CuO/alumina sorbents and obtained the kinetic 

parameters for regeneration with methane. They found that the 

regeneration of the sorbent is strongly inhibited by the product 

gases, especially by S O a .  This is possibly due to the 
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competitive adsorption of product and reactant gases on the 

sorbent surface. The presence of copper oxides in the sulfated 

sorbent leads to the rapid formation of CuSO3 and Cu2SO3. The 

reduction of these with methane are limited to low conversions by 

equilibrium. This may create problems especially if the 

regeneration is performed in a moving bed by lowering the exit 

SO;! concentration and creating a pinch in the reactor with zero 

or very l o w  regeneration rate. 

The interaction of sulfated CuO/alumina sorbents with 

ammonia has been investigated by Centi et al.(*) Ammonia is the 

reactant introduced into the reactor for partial reduction of 

nitrogen oxides. The reactions 

4N0 + 4NH3 + 0 2  + 4N2 + 6H2O 

2N02 + 4NH3 -t 0 2  -+ 3N2 + 6H20 (3) 

are catalyzed by the sulfated sorbent. The results of their TGA 

analyses show that ammonia is adsorbed on the sulfated sorbent in 

the temperature range 200°C to 275°C. It, then, forms ammonium 

bisulfate if sufficient time is allowed. At temperatures above 

350°C evaporation of ammonium bisulfate causes sulfur loss 

decreasing S/Cu ratio. These results indicate that since NO, 

conversion rate is very fast short contact times will reduce the 

ammonium bisulfate formation and sulfur loss. It was suggested 

that a suitable pore distribution in the sorbent may also control 

the ammonium bisulfate formation. 

Pittsburgh Energy Technology Center has been involved in the 
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development of a regenerative process based on supported copper 

oxide since late 1960's. The process was first tested in a f ixed  

bed reactor using copper -impregnated alumina spheres containing 

6.3% copper by McCrea et al."') The same sorbent was later used 

in fluidized bed reactors which included injection of ammonia for 

the simultaneous removal of NOx(' '#') . Yeh et al."' reported SO2 

and NO, removal efficiencies in excess of 90%. In these 

fluidized bed tests the regeneration was done in a fixed bed. In 

another DOE sponsored study by Williamson et al.(12', a continuous 

moving bed regenerator in conjunction with a smaller fluidized 

bed reactor was used. They reported conversions less than about 

50% in the regenerator possibly due to low methane conversions 

and presence of copper oxides in the sulfated sorbent as 

discussed above. 

I.A.2. Ceria-Based Sorbents for Combined SO*/NO, Removal 

Due to the interest in ceria as a constituent of catalysts 

for the control of automobile emissions, the structure of alumina 

supported CeO-, have been extensively investigated. Shyu et 

al.(13) reported the existence of three phases on Ce02/A1203: A 

dispersed phase that they called the CeA103, small CeOz crystals 

that appeared when the Ce loading is less than 2.8 mmol/m2 (this 

corresponds to the saturation of alumina surface with Ce), and 

large Ce02 particles (about 2 0  nm in size) when the Ce loading is 

above this value. Ceria in the CeA103 precursor and small CeOz 



can be transformed into CeA103 upon reduction in hydrogen at 

temperatures above 600°C. 

Hedges and Diffenba~h'~' at PETC have investigated the 

sulfation and regeneration behavior of promoted and unpromoted 

Ce02/A1203 sorbents. They found that the reactivity of these 

sorbents are comparable or slightly higher than that of copper 

oxide based sorbents, and that they can be regenerated in 

hydrogen or methane (at a higher temperature) with complete 

removal of sulfur. No loss of reactivity was observed over 4 

cycles of operation. The operating temperature with ceria 

sorbents was 600°C compared to 400°C for copper oxide sorbents. 

They reported that silica offered no advantage over alumina as a 

support, addition of MnO, or COO, to the sorbent did not improve 

reactivity, and potassium-modified sorbents exhibited up to 20% 

higher sulfur capture capacity at comparable metal loadings than 

the unpromoted ceria sorbents. 

Hedges and Yeh'4' studied the kinetics of SO:! absorption by 

alumina supported ceria using thermogravimetric analysis. They 

reported that the absorption kinetics of SO2 can be represented 

by a simple model which is first order with respect to SO2 

partial pressure and first order with respect to the fraction of 

unreacted Ce02 on the sorbent. 

klP,t = acln [a,/ (a,-x,) ] ( 4 )  

where kl=kacr k is the rate constant defined by da,/dt=kP,a,, P, 

is the partial pressure of SO2, a,- is the initial fraction (or 
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percentage) of cerium on the sorbent, and x, is the fraction (or 

percentage) of cerium oxide that has been consumed at time t. An 

Arrhenius law type temperature dependence 

k’ = A exp(-E/RT) (5)  

was assumed for k’. The experimentally determined values are 

E = 12 kJ/mol and A = 0.076 %Ce.s-’.kPa-l. 

Hedges and YehI4’ have also reported X-ray diffraction, X-ray 

photoelectron spectroscopy and FTIR studies of sulfated sorbents. 

They suggested that upon exposure to flue gas, Ce02 is converted 

to an amorphous or highly dispersed sulfate. The fresh and 

regenerated sorbents were found to contain Ce02 and the 

regenerated sorbent was found to contain small amounts of sulfate 

but no detectable sulfide. The fully sulfated sorbent was found 

to contain predominantly Ce(II1). As a result, they suggested 

the use of 

2CeO2 + 3 S 0 2  + 0 2  -+ Cez (S04) 3 

as the sulfation reaction. 

I.A.3. Modeling of Moving Bed Reactors 

Various gas-solid contacting arrangements are possible in a 

moving bed reactor: 

1. Parallel flow of gas and solid, 

2. Countercurrent flow of gas and solid, and 

3. Cross flow of gas and solid. 
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A review of the moving bed literature and a general moving 

bed reactor model is discussed by Doraiswamy and Kulkarni'15'. 

Solids conversion in an isothermal moving bed is described by 

where D, is the effective axial dispersion coefficient of solid 

in bed, A, is the cross sectional area of the bed, r, is the 

solid density, e is the bed void fraction, M, is the molecular 

weight of solid, x is the conversion of solid, z is the axial 

direction, F, is volumetric flow rate of solid, and Rn is the 

rate of reaction. The change of the concentration of species A 

in the gas phase is given by 

where D, is the effective axial dispersion coefficient of the 

gas, rEl is the gas density, CA is the concentration of species A 

in gas, M is the average molecular weight of gas, and Fq is the 

volumetric flow rate of gas. The boundary conditions at the 

reactor inlet and outlet are 
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0, A,(I - E )  dx @ z = O  x = x o +  
LF, dT 

where L is the total reactor length and subscript 0 indicate 

initial values. 

This model assumes isothermal steady state conditions, no 

change in the radial direction, negligible mass transfer across 

gas-solid interface, and the co-current movement of the gas and 

solid phases. For other contacting arrangements, appropriate 

changes in the boundary conditions and in the sign of the flow 

term are required. This model has been solved by Hartman et 

al.(I5) for the removal of SO,- from flue gases using calcium 

sulfate and sodium sulfide particles. Solutions f o r  a counter 

current arrangement have been obtained by Evans and Song'16'. The 

design of a moving bed adsorber operating in cross flow mode has 

been discussed by Larsen and Pilat'17'. 

A simple way to model a cross-flow moving bed reactor is to 
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consider it as a vertical stack of differential reactors. The 

inlet SO2 concentration to each differential reactor will be the 

same. The residence time of the sorbent in the reactor for each 

differential reactor will be a function of the vertical location 

of the reactor and the sorbent f low rate. Therefore, the average 

outlet SO2 concentration can be obtained from the time-averaged 

integral of the breakthrough curve. This method was used by 

TECOGEN to model the sulfation and regeneration reactors and is 

discussed in more detail in Appendix A Section 8.0. 

11. DESCRIPTION OF THE PROJECT 

I1 .A. Project Objectives 

The objectives of this project were: 

1. To obtain a rate expression for the sulfation and 

regeneration of alumina supported Ce02 sorbents, 

2. To determine the effects of ammonia on the sulfation of 

the sorbent, 

3. To determine the effects of fly ash on the sulfation 

and regeneration of the sorbent, 

4. To model the sulfation and regeneration reactors for a 

commercial scale combined S02/N0, removal facility 

based on Ce0-,/A1203 sorbent. 

5. To study the economics of the ceria process and compare 

it to that of the copper oxide process. 
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Task 3. 

Task 4. 

Task 5. 

1I.B. Descr ip t ion  of P r o j e c t  Tasks 

The investigation has been planned so that its results will 

complement those in literature and eventually can be used f o r  the 

design of industrial equipment. To elucidate the plan of study, 

the work to be undertaken was categorized as follows: 

Task 1. Sorbent preparation and characterization 

Task 2. Investigation of the kinetics of sulfation and 

regeneration of the ceria sorbent. 

Investigation of the effect of ammonia 

concentration on the sulfation of ceria sorbent. 

Investigation of the effect of the fly-ash on the 

sulfation and regeneration of ceria sorbent. 

Modeling of sulfation and regeneration reactors; 

evaluation of the ceria-based flue gas cleanup 

process for industrial application. 

111. SORBENT PREPARATION AND CHARACTERIZATION 

Cerium oxide sorbents were prepared by the impregnation of 

an alumina support. It has  been observed by previous 

 investigator^'^' that different precursor salts for cerium showed 

little or no difference in sorbent capacity, but that a slightly 

higher rate of SO2 uptake was obtained for sorbents prepared using 

ceric ammonium sulfate as the precursor salt. Therefore, it is 

decided to use a single cerium salt, namely ceric ammonium nitrate 

[ C e  (NH4) 2 (NO31 6 1  in the preparation of the sorbents. 
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In a previous work done by DOE, alumina supports from Davison 

and UOP were employed'3i1R). It was decided to use this same type of 

support so that the effect of support type will not be a factor in 

our results. However, both companies were reluctant to supply the 

alumina support to us. UOP supplied some limited samples with 

restrictions on the type of analysis we could make and what results 

we could disclose. Davison has declined to supply any samples. 

Therefore, we have obtained 1/16 and 1/8 in. alumina spheres from 

ALCOA. 

Sorbent samples were prepared by using both ALCOA and UOP 

alumina at different ceria loadings. Variations have been made in 

the preparation of samples by washing the alumina samples by 

different methods. It was decided to wash the alumina in order to 

reduce the powdery portion of ALCOA alumina. The following 

procedure was used f o r  sorbent preparation: 

1. Dissolve the required amount of cerium salt in distilled water: 

.Ceric ammonium nitrate [ (NH4)2Ce(N03) ] was used as the source of 

cerium. The amount of distilled water was just enough to wet the 

alumina. This was determined experimentally by wetting weighed 

amount of the ALCOA and UOP alumina particles. This was 14 cc and 

18 cc for ALCOA and UOP aluminas, respectively. 

2. Introduce the support into the cerium salt solution and mix: 

Two types of support were used: 

i) ALCOA alumina (CSS 200 1/16"): The specifications of this 

alumina is given by the manufacturer as follows: 
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Sodium Oxide : 

Silicon Oxide : 

Iron Oxide 

Apparent bulk density = 27- 52 lb/fts 

Composition: Aluminum Oxide: 90 - 95 % (max: 99 % )  

0.05-0.5 % 

0.01-0 .2  % 

0.03-0.1 % 

Diameter = 1/16" 

ii) UOP alumina (SAB-2 Catalyst): 

The specifications of this alumina is given by the manufacturer as 

follows : 

Apparent bulk density = 31.2 lb/ft3 

Composition: Aluminum Oxide: 100 % 

Diameter = 0.063" 

The ALCOA alumina was very powdery. Therefore it was washed 

by different procedures, and each one was used to prepare sorbents 

so that the effect of this variable on the properties of the 

resulting sorbents may be investigated. The washing methods used 

were: 

a) Wash alumina with acetone in a beaker 4 times; sieve 

each time; rinse on the sieve with acetone the last 

time; and leave it overnight in the oven at 120°C. 

b) Wash alumina with distilled water; vaporize the water on 

a hot plate; then repeat the same procedure as that used 

in (a). During vaporization on the hot plate, it was 

observed that there was a lot of powder in the water; 

and no gelling occurred during heating. The amount of 
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powder washed out was 0.6132 g from 15 grams of alumina, 

which is about 4 8 .  

c )  Wash alumina with distilled water; and then repeat the 

same procedure as that used in (a). 

UOP alumina has also been washed by method (a). 

3. Put the impregnated alumina in the oven for drying; mix 

frequently; and leave in the oven overnight at 12OOC. 

4 .  Calcine the dried sorbent in air at 650'C for six hours: For 

this procedure, a calcination reactor setup has been built. It 

comprised of a 1 / 2 "  stainless steel tube as the calcination reactor 

which has been placed in a muffle furnace. An air flowrate of 50 

cc/minute was employed. Some of the sorbents were calcined with N2 

under, otherwise, similar conditions mentioned above. 

Sorbents containing 4, 8, and 12% cerium nominally, were 

prepared using ALCOA alumina. They were analyzed for their cerium 

content immediately to determine the cerium loading attained. Based 

on these measurements some more sorbents were prepared. Some of 

these sorbents are presented in Table 1. Unfortunately, toward the 

end of the project period, when we were investigating the effect of 

ceria content, the results indicated the possibility of significant 

error in the measurement of the ceria content of the prepared 

sorbents. Cerium mass fractions measured by a different laboratory 

are shown in parenthesis in Table 1. 

The sorbents are characterized by the following methods: 
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1. Density measurements by helium pycnometry: The true density 

of the sorbents were determined using the MULTIPYCNOMETER 

manufactured by the Quantachrome Company. 

Table 1. PREPARED SORBENTS 

Nominal Actual Washing 
Sorbent C e r i u m  C e r i u m  Procedure 

Loading, % Loading, % 

ALCOAl6 - 
(6.55) 

ALCOA16- 
CEB-I1 

(15 .8)  

1 7.04 
ALCOA16- I -8-111 

ALCOA16- 
(2312-1 // 
ALCOAl6 - 
cE12-I1 1 2  13 .2  ( C )  

ALCOA16- 
cE12-I11 1 2  14.7 ( C )  

I11 4 3.13 ( C )  

UOPl6  -CE 4 - 

I ?6-cE4- l 4  
UOP16-CE8-I 

8 ( C )  

Ca lc ina t i  I 
on G a s  Comment 

Inc ip i en t  
wetness 

Inc ip i en t  
wetness 

I Inc ip i en t  
Air I wetness 

n Inc ip i en t  
Air wetness 
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Inc ip i en t  
wetness 

Inc ip i en t  
wetness 

w Inc ip i en t  
Air I wetness 

ll Inc ip i en t  
Air wetness 

Inc ip i en t  
Air wetness 

2. Surface area measurements by nitrogen adsorption: The 

QUMTASORB surface area analyzer has been used to determine the 

surface area of the prepared sorbents. A gas mixture containing 30% 

(molar) nitrogen in helium is used as the adsorbate. The single 

point BET method rather than the multipoint method was used. This 

decision was based on the fact that the intercept of a BET plot is 

generally small when compared to the slope and can be neglected. 



3. Porosity measurements by mercury intrusion: The Quantachrome 

AUTOSCAN-33 porosimeter was employed to measure the pore volumes of 

the solid samples by mercury intrusion method. 

4. Determination of the cerium loading by atomic absorption 

measurements These measurements were done by our industrial partner 

Malcolm Pirnie, Inc. (MP). Method of digestion for these analyses 

was hot nitric acid and method of analysis was by ICP. Although we 

have requested an estimate of the error involved in these analyses, 

we could not get one. In the meantime we proceeded with our 

experimental program. When we analyzed our results with sorbents 

containing different amounts of ceria, we noticed some 

inconsistencies as described later in the report. At that time we 

decided to have some independent confirmation of ceria contents. 

With the remaining funds we had six sorbent samples analyzed for 

cerium content by the Jennings Laboratories, Inc. (JL) of Virginia 

Beach, VA. They have provided us with the results of duplicate and 

replicate analyses which indicated an error of less than 10%. 

Cerium content indicated by these analyses (shown in parenthesis in 

Tables 1 and 2) are much higher than those reported by Malcolm 

Pirnie. Our discussions with Jennings Laboratories led us to 

conclude that the lower results of Malcolm Pirnie may be due to 

incomplete digestion. Unfortunately by the time we got the new 

results it was too late to change the sorbent used and redo all the 

calculations. 
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5. Measuring the change in mass during calcination of prepared 

sorbents in air and nitrogen in a thermogravimetric analyzer: For 

this purpose, a CAHN Instruments TG-121 system is used to record 

the weight of the sorbent as a function of time as it undergoes 

calcination under a nitrogen or air atmosphere. In these runs, 

about 30 mg of the uncalcined sorbent was placed in a quartz pan. 

Helium at a flow rate of 79 cc/min was passed through the balance 

chamber as the purge gas, while nitrogen or air at a flowrate of 77 

cc/min flowed through the 1" quartz reactor tube as the calcining 

gas. 

The results of physical characterization experiments are 

summarized in Table 2. 

The main conclusions from Table 2 can be summarized as 

follows: 

1. The more recent atomic absorption measurements indicated that 

the original cerium measurements conducted by Malcolm Pirnie 

were not dependable and the prepared sorbents had more cerium 

than the intended amount especially at higher loadings. 

2 .  For the sorbents prepared with the ALCOA alumina, as the 

cerium loading increases, the pore volume of the sorbent 

decreases, indicating that the smaller pores are blocked by 

cerium. This last fact is evidenced by the increase in the 

mean pore radius of the micropores. The cerium loading for 

monolayer coverage of the particular alumina support we have 

used is about 10 wt% cerium. As the monolayer coverage is 
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Table 2. PHYSICAL CHARACTERISTICS OF SORBENTS 

~ ~~ 

Mean Pore 
Radius, mm 

True 
Sol id  

Density, 
g/cm3 

Porosity 
% 

Intruded 
Hg Volume 

cm3 / g 

Ce Loading Surface 
Solid % by mass Area,m2/g 

ALCOA Alumina none 219 

UOP Alumina none 147 

ALCOA-CE4-I 0.56 

2.819 0.602 0.00324 & 
0.404 

0.0085 

0.5365 

2.787 0.6928 
0.8092 

3.2337 

I 0.37 I ALCOA-CE4- I I ll 0.7746 10.00424 & I 
0.5 3.4700 0.7288 

I 0*74 I 139 
ALCOA-CE 4 - I I I ll 3.1841 1 0.7467 0.0044 & 

10.47 
0.7039 

ALCOA-CE4-IV 1.59 132 1 (3.2) 1 0.00444 & 
10.5 3.2596 0.7145 0.6996 

0.7179 UOP-CE4-I 1.08 12 0 

UOP-CE4-I1 1.32 114 

ALCOA-CE4-V 4.58 93 

(6.8) 

0.8282 0.01144 3.0731 

0.8232 0.01133 3.2274 0.7265 

0.71 I &!0644 & 3.2382 0.6969 

0.6738 3.2758 0.0045 
&0.65 

0'6307 ALCOA-CE4-VI 4.39 111 

(6.55) 

ALCOA-CE8-I1 7.64 97 

(15.8) 

ALCOA-CE8-111 7.04 107 

I 1 

I 0.0038, 1 I 3.3931 0.0067, 
0.5727 10.49 

0.6602 

0.6569 
0.004, 

0,6039 0.0063, 3.5669 

11 I ALCOA-CE12-I 9.28 1 81 0.0045, 
0.3121 1 :::!72, 1 3.5738 0.5270 

0.6389 

II 
0.0035, 

0.4766 1 CLIz55, 13.7122 
ALCOA-CE12-I1 13.2 100 

0.438 0.0035, I 0.008, 0.5 3.8265 11 I I 14.7 gyA-CE12- 64 
0.6260 

UOP-CE4-I11 3.13 122 

UOP-CE4-IV 115 

0.7745 0.012 3.1076 

0.8007 0.012 3.2924 

0.7065 

0.7250 

0.6878 UOP-CE8-I 92 0.6890 0.012 3.197 

2 2  



approached (or exceeded if JL results are used) the effect of 

cerium loading on porosity becomes more significant. With the 

sorbents prepared on the UOP alumina, we do not have enough 

samples and measurements to reach such conclusions. 

Another interesting observation is that the pore volumes of 

the cerium-loaded sorbents are higher than those of the fresh 

alumina samples probably due to the calcination step during 

preparation. 

3. The surface areas of the sorbents decrease almost linearly as 

the cerium loading increases. This is due to the fact that 

small pores are blocked by cerium as mentioned above. 

The main conclusions from the thermogravimetric analysis may 

be summarized as follows: 

1. Calcination in the air and nitrogen produce the same product. 

For example, Figures 3a and 3b exhibit the same final 

conversion f o r  the calcination of ALCOA 16-CERIA4-IV in the 

presence of nitrogen and air, respectively. This may be due 

to the fact that there is some oxygen in the medium during the 

decomposition of the ammonium ceric nitrate: 

(NH4)2Ce(N03)6 -+ Ce02 + 2NH3 + 6N02 + 3/202 + H20 (10 )  

2. There is a discrepancy of about 12% (7.5% with the JL cerium 

measurement) between the experimental results obtained from 

the thermograms compared to the theoretical mass balance 

calculations for the systems under study. This is accounted 

for by the possible existence of moisture on alumina and water 

23 



of hydration formed during the impregnation of the cerium salt 

on alumina. 

3. The results obtained from TGA are reproducible as can be 

observed from Figures 1 - 4. 

IV. S T A N D D  SULFATION-REGENERATION RUNS WITH PELLETS 

The standard sulfation-regeneration runs with 1/16-in sorbent 

pellets were done at the following settings: 

1. Standard sulfation-regeneration experiments on ALCOAl6-CE4-VI 

for 6 cycles (TESTS 5-10): 

The sulfation temperature was 600°C and the regeneration 

temperature was 600°C. 

Sulfation gas composition: 

0.3% S02 ,  3% 02, 14% C02, 4% H20, balance N2. 

Regeneration gas composition: 

H2 + N2 : hydrogen composition is varied. 

Gas flow rate: 200 cc(NTP)/min 

The thermograms from these experiments were presented in 

Figures 4-10 

2. Standard sulfation-regeneration experiments on UOP16-CE4-I11 for 

4 cycles (TESTS 11-14): The experimental conditions were kept 

the same as above. The thermograms for these experiments were 

presented in Figures 11-14. 
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1V.A. Sulf a t i o n  Experiments 

The thermograms were evaluated by calculating the 

sulfur/cerium ratio (S/Ce) and the conversion of cerium oxide due 

to sulfation (XS)  . In these calculations, the following reaction 

was assumed to take place on the sorbent based on the results cited 

in the literature[lfZ1 : 

2Ce0, + O2 + 3S02  --+ Ce2 (SO4) 3 

The following equations are used to calculate S/Ce and XS: 

s Am 
- = 1.5- 
Ce 112no 

Am xs=- I12no 

where no = initial number of moles of Ce02, m o l ;  

1 0 .  

1. 

2 .  

m = mass of sorbent at any time, mg; 

Am = m - mol mg; 
m, = initial mass of sorbent, mg; 

S/Ce = atomic ratio of sulfur to cerium. 

The S/Ce ratios are presented on Figure 15 for the tests 5- 

The main conclusions drawn from these experiments are: 

The sorbent shows higher sulfation capacity in the first cycle 

compared to the capacity in the subsequent cycles. 

After the first cycle, the sorbent maintains its capacity 

through the subsequent five cycles. 
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3. When the results of Malcolm Pirnie cerium analyses are used, 

the sorbent exhibits a capacity that is higher than that 

corresponding to the theoretical value calculated according to 

the stoichiometry of the reaction of Equation (6). This is 

attributed to either the interaction of cerium with alumina or 

the additional capacity supplied by the alumina itself. 

To f ind  the s u l f u r  capacity of alumina alone, it was decided 

to do standard sulfation tests on pure alumina. The results for 

conversion are presented in Figure 16. These results indicate that 

a very low capacity for sulfur dioxide removal by alumina on its 

own. Therefore it was concluded that the presence of Ce02, which 

catalyzes the oxidation of chemisorbed SO2, is necessary for the 

formation of sulfate species linked to the aluminum atom. 

On the other hand if the cerium analyses of the Jennings 

Laboratories are used, the S/Ce ratios shown in Figure 15 need to 

be multiplied by 0.67 and indicate over 100% sulfation for the 

first cycle and about 958 sulfation of ceria within an hour of 

sulfation for the subsequent cycles. We can again invoke the deep 

sulfation of alumina to explain the over 100% sulfation observed 

during the first cycle. The behavior during subsequent cycles may 

be attributed to the difficulty of the regeneration of aluminum 

sulfate species. 

Figure 17 presents similar results for the sorbent prepared 

using the UOP alumina. 

39 



m 
d 

< 

cv 
0 

- v )  

- d -  

h 

cg 
V 
E 
I 
cg 
3 
0 
c 

- mc- 
Y 

n 
cg 

2.c 

0 
- 0  

t +  

40 



' *  

h 

. m; 
C 
m 
Po 
3 
0 
S 
I- 
Y 

A 
Po 
Y 

- P  

Q, 
0 
h 
0 

I 

cv 
Q, 
0 
h 
0 

I 

t 

- 0  

n a z 
W 

41 



1V.B. Regeneration Experiments 

During the regeneration of the experiments discussed in the 

previous section (Tests 5-14), the partial pressure of hydrogen has 

been varied in order to obtain data to determine the regeneration 

order with respect to hydrogen. The hydrogen mole fraction in the 

regeneration gas was varied between 0.125 and 1.0, It was observed 

that reproducible regeneration was realized in all of these 

experiments as apparent from Figures 15 and 17. The initial rate 

data for regeneration from these experiments were fitted by the 

linear least squares method to obtain the order of the reaction 

with respect to hydrogen according to the following equation: 

Linearizing this equation gives: 

where 

RRo = initial regeneration rate, mg/s, 

kR = rate constant for regeneration at 873 K, 

PH2 = partial pressure of hydrogen, 

n = order of regeneration reaction with respect to hydrogen. 

The order n was determined to be 0.5. 
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V. RESULTS OF RUNS WITH SORBENT PELLETS 

V.A. Experiments with Standard TGA Configuration 

Further tests were undertaken on a sorbent with 4.39% (6.55% 

by JL) cerium on ALCOA alumina to obtain the activation energy and 

the order with respect to sulfur dioxide of the sulfation reaction. 

Fresh sorbents were loaded at tests 20, 26 and 32 .  In the tests 

32-48, the regeneration has been done with pure hydrogen to ensure 

complete regeneration of the sorbent. The results from these tests 

are summarized below: 

1. Figure 18 presents the performance of the sorbent at 

different cycles and tests at 873 K and a concentration of SO2 of 

3000 ppm (the S/Ce ratios in this figure need to be multiplied by 

0.67 to obtain the results based on JL analysis). As has been 

mentioned previously, the sorbents exhibit higher sulfation 

capacity in the first cycle. In the subsequent cycles, the 

capacity decreases and stabilizes at a lower level (See also Figure 

15). However, this factor does not affect the initial rate data as 

may be observed from Figure 18. 

2. Figures 19, 20, and 21 show the effect of SO2 concentration on 

the sorbent capacity at 873 K, 773 K, and 923 K, respectively. 

Concentration of SOn was varied at different temperatures in order 

to find whether there is any dependency of the sulfation reaction 

order with respect to SO2 on temperature. 

Due to the effect of the concentration of SO2 on the rate of 

sulfation, the sorbent capacity becomes appreciably higher, at the 
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reaction times used, with higher SOn concentrations at all the 

temperatures. These figures also exhibit the same behavior with 

respect to cycling as discussed above; that is, the sulfation 

activity at the first cycle is high, but it stabilizes in the 

subsequent cycles, and does not deteriorate appreciably even in 17 

cycles (Tests 38 and 42 in Figure 19). 

The initial rate of sulfation data from these experiments were 

fitted by the linear least squares using the following equations: 

where Rso = initial sulfation rate, mg/s, 

ks = rate constant for sulfation, 

Pso2 = partial pressure of sulfur dioxide, 

m = order of regeneration reaction with respect to 

sulfur dioxide. 

The regression results are as follows: 

m = 1.05 at 873 K, 

m = 0.948 at 773 K, and 

m = 1.330 at 923 K. 

The 95 % confidence intervals have not been calculated on these 

results; but it may be deduced that if all the data are pooled and 

regressed together, value of '1' will be in the confidence 

interval. 
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3. Figure 22 shows the effect of temperature on the sulfation 

capacity . In the 773-873 region, the sorbent capacity is 

comparable. This observation is very important from the point of 

view of industrial applications. The capacity decreases 

appreciably as the temperature decreases for temperatures lower 

than 773 K. The behavior of the sorbent capacity at 923 K is 

anomalous: it is even lower than the capacity at 673 K. The 

experiment at 923 K has been repeated several times to ensure 

reproducibility; this observation is reproducible. This behavior 

may be due to a chemical equilibrium limitation. 

The initial sulfation rate data from these tests were fitted 

by the linear least squares method by using the Arrhenius 

relationship: 

ks = kso exp(’E / RT) 

where kso = preexponential factor, 

E = activation energy, kJ/mol, 

R = gas constant, 

T = temperature, K. 

Equation 17 has been linearized to give: 

l? 

E was determined to be 7 kJ/mole by using the initial rate data at 

a SOz concentration of 3000 ppm. This value is very low for a 
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system governed by kinetic rate of a chemical reaction; it 

indicates external mass transfer limitations in the process. Thus, 

it was decided to change the reactant flow rate to investigate its 

effect on the rate. 

4. Figure 23 presents the effect of reactant flow rate on the rate 

of sulfation. There is no change in the initial sulfation rate 

with a variation of flow rate; the difference in the sorbent 

capacity is due to the fact that test 26 is the first cycle in a 

series of tests. However, since the calculated activation energy 

suggests external mass transfer limitations, it is absolutely 

necessary to enhance the external mass transfer rate in order to 

generate intrinsic rate data. In addition to changing the reactant 

flow rate, one can enforce some changes to facilitate the contact 

with the external surface area. Thus, it was decided to make some 

changes in the experimental setup so that the reactant gas stream 

would be fed from the top of the TGA reactor. A piece of quartz 

wool was, also, placed in the pan so that all the sorbent particles 

will be effectively exposed to the reactant gas stream. Both of 

these changes will ensure better contact between the reactant gas 

stream and the sorbent particles, thus increasing the interfacial 

area and thus, the external mass transfer rate. 

Figure 24 presents the impact of these changes on the initial 

sulfation rate and the sorbent capacity; the former has been 

enhanced appreciably by the recent changes while the latter 

remained the same as expected. Therefore, the experiments 20-48 
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have to be repeated to obtain the intrinsic kinetics of the 

sulfation reaction. 

5. Figure 25 presents the effect of water on the sulfation 

reaction. It has been reported in literat~re'~' 4 ,  that there is no 

effect of water on the rate of the sulfation reaction in the range 

of 4-18% (by mole) of water; however, since a different support has 

been used in the present study, we wanted to check whether this is 

the case for our sorbent too. Figure 25 exhibits that there is no 

effect of water vapor on the sulfation reaction. 

V.B. Experiments with downflow of TGA gas 

In these tests, same sorbent batch (4.39% cerium on ALCOA 

alumina) of 50 mg mass was used; it consisted of spherical 

particles of 1/16 inches. The sample was placed on quartz wool to 

spread it in order to enhance interphase mass transfer. Sulfation 

gas was composed of 0.38 S O n ,  14% C02,  3% 0 2 ,  4 5 %  He, and the 

balance NZ. The regeneration of the sorbent between these tests 

was done at 873 K with a regeneration gas consisting of 55% H2 and 

45% He by volume. The gas flow was introduced from the top of the 

reactor tube in the TGA. 

V.C. Effect of Cycling 

Figure 26 shows the variation of the sulfur capture capacity 

of the sorbent with cycling. The sulfur capacity decreases by 

about 10% after the first cycle but the change becomes much smaller 
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in further cycling. The regenerated sorbents captured about 2 

sulfur atoms for each cerium atom while this ratio is about 2.5 for 

the fresh sorbent (1.4 and 1.7, respectively if JL results are 

used). The results with Malcolm Pirnie analysis indicate 

contribution by the support to sulfur retention. Involvement of 

the support in the sulfation reaction mechanism has been 

investigated for Cu-based sorbents by Centi et al.'19r20' A s imilar 

mechanism is expected for the sulfation of Ce-based sorbents. Since 

these sorbents are used at higher temperatures a larger 

contribution of the aluminum species to the formation of surface 

sulfate species is anticipated. Since run 69 B was done after the 

sorbent was exposed to a gas containing both ammonia and water, its 

relatively lower sorbent capacity may be partly due to the 

cumulative effect of ammonia and water. 

V.D. Effect of Mass T r a n s f e r  L i m i t a t i o n s  

To check the importance of external mass transfer resistance, 

the gas flow rate of the standard cycle was increased (Tests 56 and 

64). The results of these tests are also presented in Figure 26. 

The initial rate increased by about 8% when the flow rate is 

doubled indicating some but not total mass transfer control at 873 

K. Conversion versus dimensionless time plots were made for runs 

at 873 K and 673 K, and compared to the plots of the equations for 

mass transfer control, ash layer control and reaction rate control 

cases taken from Levenspiel'2i'. These plots are shown in Figures 
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27 and 28. It appears that sulfation rate at 873 K is controlled 

mainly by external resistance to mass transfer while that at 673 K 

appears to be reaction rate controlled. Therefore, subsequent runs 

were made using sorbent particles obtained by crushing the pellets. 

V.E. Effect of Temperature 

Figure 29 shows the effect of temperature on the sulfur 

capacity. Even at 673 K, the sorbents can bind over 1.5 sulfur 

atoms per cerium atom (over one sulfur atom per cerium atom with 

the Jennings Laboratory analysis). The highest S/Ce ratios are 

obtained in the temperature range 773-873 K. The optimum operating 

temperature will be determined by the process economics. The tests 

performed at 673, 723 and 773 K were subsequently continued at 

873 K. The results indicate that the sorbent capacity is 

determined by the chemical equilibrium at the prevailing 

temperature. 

V.F. Effect of Water Vapor 

Figure 30 shows that the sorbent performance is not affected 

by water in the absence of ammonia. However, the sorbent capacity 

is significantly reduced by water vapor in the reactants in the 

presence of ammonia (Figure 31). This may be due to the 

competitive adsorption of water on active sites. 

V.G. Effect of Ammonia 

From Figure 32 it appears that a small amount of ammonia is 

sufficient to cause about 10-15% reduction in sorbent capacity but 
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this effect does not seem to depend strongly on ammonia 

concentration. Since ammonia adsorption is not expected to be very 

significant at 873 K and ammonium bisulfate is not stable above 600 

K"'), further tests are 

results are also compared 

needed to explain this effect. 

on Table 3. 

TABLE 3. Effect of Temperature and Ammonia Concentration 

Ratio at 50 minutes. 

SO2=O.3%; no water; 1/16" particles. 

These 

on S/Ce 

Test # Cycle # Ammonia S/Ce 
Concentration at 50 minutes 

(PPm) 
T = 873 K 

52 4 0 2 .085  

5 6  8 0 1 . 9 6 0  

64 1 6  0 1 .857  

57 9 250 1 .858  

63 15 350 1 . 8 1 0  

58 1 0  500 1 . 9 2 3  

T = 1 7 3  K 

53 5 0 1 .988  

T = 1 7 3  K 

53 5 0 1 .988  

6 1  13 250 1 . 6 7 3  

62 1 4  500 1.543 

T = 673 K 

6 1  13 250 1 . 6 7 3  

1 4  500 1.543 

II T = 673 K 

51 3 0 1 .498  

59 11 250 1 .336  

60 1 2  500 1 .388  
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VI. RESULTS WITH SORBENT PARTICLES 

V1.A. Regeneration of Sulfated Sorbent 

For the regeneration experiments, a large sample of sulfated 

sorbent was prepared. The ceria sorbent prepared previously 

(ALCOA16-CE4-VI) was crushed and sieved to the 90-150 mm, 75-90 

mm, and <75 mm fractions. The experimental setup was modified by 

replacing the TGA reactor with a quartz tubular reactor which is 

of 1.5 cm ID in the middle, and 1 cm ID otherwise. The reactor 

is fitted with a quartz frit of 2 0  mm to hold a fixed bed of 

sorbent. This reactor was loaded with 0.5 g of the 90-150 mm 

fraction of the ALCOA16-CE4-VI sorbent, which was subsequently 

sulfated for seven hours with 400 cc/min of a sulfation gas of 

the following composition: 0.3% SO2, 3% O?/ 14% C02/  and 82.7% 

N2. Then the reactor was cooled under a nitrogen atmosphere; and 

the sulfated sorbent was stored to be used for the regeneration 

experiments. 

In the regeneration experiments to be performed in the TGA, 

it was decided to put some quartz wool into the pan in order to 

disp,erse the sulfated sample. However, this caused static in the 

TGA reactor. Static was eliminated by washing and it was decided 

to leave the quartz wool in the pan for the regeneration 

experiments. 

VI.A.l. Regeneration with Hydrogen 

Hydrogen was the first regeneration agent to be used. Due 
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to its low molecular weight, buoyancy effects were appreciable in 

the TGA. Therefore blank tests were run with no sorbent  in t h e  

pan and thermograms were obtained for these runs in the TGA to be 

used for the correction of the buoyancy and gas switching 

effects. 

The following procedure was used during the regeneration 

runs : 

A 3.5 mg sample of the sulfated sorbent (ALCOA16-CE4-VI) was 

heated to the regeneration temperature under a nitrogen flow rate 

of 200 cc/min. After the heat-up period, time was allowed for 

the desorption of all adsorbed species. After the weight of the 

sample became reasonably constant, the reactant gases, consisting 

of hydrogen and nitrogen, were introduced into the TGA reactor by 

the switching valves. The sulfated sorbent was exposed to the 

regeneration gases until no further weight changes occurred. When 

the regeneration was complete, the system was cooled to room 

temperature under nitrogen flow. 

The hydrogen concentration in the regeneration gases and the 

reaction temperature were the main variables used during the 

regeneration tests. The hydrogen concentration was varied 

between 10 and 7 5 %  (by mole), while the temperature range was 773 

- 8 7 3  K. 

Thermograms corrected for buoyancy effects were obtained by 

subtracting the blank runs from the test runs. To do this first 

both data are lightly smoothed. Then, the times for both runs 
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were matched at the tip of the small flow disturbance peak which 

occurred when the reactant gases were switched on. The corrected 

data were then obtained as the difference of the test run and the 

blank run data. The initial linear portion of the corrected 

regeneration weight versus time data was used to obtain the 

initial rate for the run. 

VI.A.1.a. D a t a  Evaluation 

The regeneration data were evaluated using the following 

reaction stoichiometry: 

The conversion of Cea(S04)3 is calculated from the mass data as 

follows : 

Cerium to alumina mass ratio in the original sample is 

where w indicates mass fraction. The cerium to alumina mole 

ratio is 
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where M indicates the molecular weight. 

Ce2 (SO4)  in the original sulfated sample becomes 

Then the mass of 

The initial mass of the sulfated sample, m, can be written using 

the following relationship: 

Mass of sample, rn, at any time during the reaction will be 

Therefore, during 

regeneration becomes 
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Hence, 

The rate of the regeneration reaction, r, is written as 

where k is the reaction rate constant and a and b are the 

reaction orders with respect to hydrogen and cerium sulfate, 

respectively. The subscript CS indicates Ce2(S04 ) 3 .  Moles of 

cerium sulfate present at any time, can be written in terms of 

conversion 

The reaction rate becomes 

7 0  I 



or , using equation (26) 

1 .dm 

VI.A.1.b. Results  and Discussion 

The results from the regeneration tests are summarized 

below. Figure 33 shows the Arrhenius plot for the regeneration 

reaction with 50 8 hydrogen (Equation 19). The activation energy 

is found to be 114 kJ/mol (27 kcal/ mol). 

Figure 34 is the log-log plot of initial rate versus 

hydrogen mole fraction. The spread in data points at high 

hydrogen concentrations is mainly due to the errors introduced in 

accounting for the buoyancy effect during data analysis. The 

reaction order with respect to hydrogen is determined from the 

slope of this curve as 0.56. This fractional order can be 

explained by using Langmuir-Hinshelwood kinetics.For dissociative 

adsorption of hydrogen 
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Equation (31) was linearized as shown in equation (32) 

and fitted to initial rate versus hydrogen fraction data using a 

linear regression software. The correlation coefficient for the 

fit is 0.95844 and the estimates for K1 and k2 are 

K1 9.23 

k;l = 1.17 

The conversion versus time data are given in Figure 35. It 

is apparent that even with a regeneration gas containing 10% 

hydrogen 70% conversion is attained within 10 minutes. Figure 36 

shows the effect of temperature on equilibrium conversion. This 

figure suggests that equilibrium conversion decreases with 

temperature. At 773 K the rate of reaction becomes so small that 

the curve for this temperature does not give any indication of 

equilibrium conversion. 

If the reaction rate is first order with respect to the 

solid reactant conversion will change with time according to 

equation (33). 

-ln(l-x) = k l t  (33) 

Figure 37 shows a plot of -ln(l-x) versus time. It can be seen 

from this figure that the reaction is first order with respect to 
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solid reactant up to about 40 B conversion. 

VI.A.2. Regeneration with Methane 

The following procedure was used during the regeneration 

runs with methane: 

The sulfated sorbent (3.5 mg of ALCOA16-CE4-VI) was heated 

to the regeneration temperature under a nitrogen flow rate of 200 

cc/min. After the heat-up period, time was allowed for the 

desorption of all adsorbed species. After the weight of the 

sample became reasonably constant, the reactant gases, consisting 

of methane and nitrogen, were introduced into the TGA reactor by 

switching the valves. As will be discussed later during the 

regenerations with methane coke deposition was observed. This 

resulted in an initial mass decrease followed by a mass increase. 

The sulfated sorbent was exposed to the regeneration gases until 

a constant mass increase rate is obtained. After the 

regeneration was terminated, the system was cooled to room 

temperature under nitrogen flow. 

The methane concentration in the regeneration gases and the 

reaction temperature were the main variables used during the 

regeneration tests with methane. The methane concentration was 

varied between 15 and 458 (by mole), while the temperature range 

was 873-943 K. Because the buoyancy effects are smaller for 

methane mixtures and considering the error introduced when a 

thermogram is subtracted from another, a different procedure was 
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used in the evaluation of methane regeneration data. It was 

observed that the transient flow disturbance and buoyancy effects 

existed within the first 60 seconds of the thermogram. For this 

reason, the initial rates were obtained by fitting a straight 

line to the mass versus time data starting after sixty seconds 

after gas switcing. Data points were included until the 

correlation coefficient for the fit fell below 0.9950. 

Additional runs were performed to investigate the effect of 

the regeneration agent, i.e. methane in this case, on the cyclic 

performance of the sorbent, because the previous runs on cyclic 

behavior were done using hydrogen during regeneration. 

VI.A.2 .a .  D a t a  E v a l u a t i o n  

The regeneration of alumina-supported ceria has been 

investigated by Shyu, et a1.(130 They report that while below 600 

K the formation of nonstoichiometric Ce01.83 and Ce01.72 is the most 

favorable reaction, above 800 K the formation of CeA103 is a more 

favorable thermodynamic process. On the other hand, kinetically, 

reduction to CeA103 requires temperatures higher than 873 K. 

According to these results both CeO, and CeA103 can exist at the 

temperatures used for regeneration experiments. This makes the 

interpretation of the regeneration data difficult and the XRD 

analysis of the reduced sorbents to identify the crystalline 

species a must. Since due to low metal content, the XRD results 

are not expected to be reliable, to find out which reduction 
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product is predominant some regeneration data were analyzed 

separately using Ce203 and CeA103 as the reaction products. While 

the former gave reasonable results, the latter indicated 

conversions over 100 8. Therefore it appears that CeA103 is 

probably not present in significant amounts. Therefore, for this 

report, the regeneration data using methane as the regeneration 

agent were evaluated using the following stoichiometry: 

Ce2(S04)3 + CH4 + Ce2O3 t 3 SO2 + % CO + 2 H 2 0  (34) 

CH4 + C + 2 H2 (35) 

3 C + 2 Ce203 + 4 Ce t 3 C02 (36) 

Elemental carbon formation is included in the reaction 

stoichiometry because significant coking of the sorbent was 

observed both visually and from the TGA results (Figures 38-40). 

The initial rate data were evaluated assuming that reaction (1) 

is the dominant reaction at the start of regeneration. The 

conversion data were obtained by assuming a constant rate for the 

second reaction. Thus, to obtain the mass of sorbent at any 

time, the amount of coke formed (obtained using the constant 

coking rate) is subtracted from the measured mass. 

VI.A.2.b. Coking during regeneration with methane 

The most significant observation during regeneration with 

methane is the formation of coke on the sorbent. This is 

indicated by a minimum in the observed mass during regeneration. 

If the sorbent was allowed to cool after regeneration under 

methane atmosphere, it was visually observed that the sorbent was 
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blackened significantly. On the other hand, if the methane was 

switched off at the end of regeneration and only nitrogen flowed 

over the sorbent, coke rapidly disappeared as indicated by a very 

rapid decrease in mass. It was also observed that under these 

conditions the sorbent regained its off-white color and no 

blackened areas remained. These observations led us to 

hypothesize the reaction scheme indicated by equations 34 to 36 

which needs to be confirmed by the analysis of the regenerated 

sorbent. 

Figures 38 to 40 show the mass changes during regeneration 

under different conditions. Comparison of figures 38 and 39 

indicate that as temperature increases, the time to reach the 

minimum mass decreases. Since the minimum in the observed mass 

is the result of the mass decrease due to reaction 34 and the 

mass increase due to reaction 35, it can be concluded that the 

activation energy of the coking reaction (reaction 35) is greater 

than the activation energy of the regeneration reaction (reaction 

34). 

that 

Similarly, from reactions 35 and 36 it can be concluded 

since the time to reach minimum mass increases with 

decreasing methane partial pressure, the order of the 

regeneration reaction with respect to methane is positive and is 

smaller than the order of the coking reaction with respect to 

methane. Since copper sulfate is reduced to elemental copper 

during regeneration, coking was not observed during the 

regeneration of copper oxide-based sorbents''*'. 
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regeneration of copper oxide-based sorbents'''' 

VI.A.2.d. Effect of regenerat ion gas  composition 

Figure 41 shows the conversions for regenerations with 

different methane concentrations. From this figure it can be 

seen that the final conversion decreases as the methane 

concentration increases. This observation can be explained by 

the faster coverage of the sorbent surface with carbon at higher 

methane concentrations, thus, slowing down the reaction of the 

sorbent with methane. On the other hand, since coking is not 

significant at the start of regeneration, the initial rate of the 

regeneration reaction increases with increasing methane 

concentrations. The order of the initial rate of regeneration 

with respect to methane was found to be 0.76. 

VI.A.2.d. Effect of temperature 

Assuming an Arrhenius type of temperature dependence for the 

initial reaction rate, an activation energy of 130 kJ/mol was 

found for the regeneration with methane. This value is higher 

than that found for regeneration with hydrogen. Figure 42 shows 

the effect of temperature on conversion. Temperature affects 

conversion in two ways. It increases the rate of regeneration 

reaction thus tends to increase the conversion at any time, but, 

it also increases the rate of the coking reaction thus decreasing 

the available surface for regeneration. As seen in Figure 42, 

the first effect results in increasing conversions with 
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temperature up to 923 K. At higher temperatures the second 

effect becomes dominant and conversion decreases. 

VI.A.2.e. Effects of SO2 and Con 

Figure 43 shows the effects of C02 and SO2 on the conversion 

for regeneration with methane. It is clearly seen that the 

presence of SOn in the regeneration gases decreases both the 

final conversion and the regeneration rate. The removal of SO2 

from the regeneration gases appears to restore the conversion. 

This observation can be explained by the competitive adsorption 

of SO2 and CH4. Figure 44 shows a similar effect of SO2 on 

regeneration with hydrogen. Another interesting observation from 

Figure 43 is the effect of C O P .  It appears that the presence of 

C02 suppresses coking and thus increases the conversion. 

VI.A.2.f. Effect of heating atmosphere 

Figures 45 and 46 show the effect of the atmosphere under 

which the sorbent is heated to the regeneration temperature. The 

effect on regeneration with methane is not very significant 

(Figure 4 5 ) .  If the regeneration gases contain SO2, the 

conversion appears to be higher due to the fact that the adsorbed 

SO2 is also removed during regeneration. Figure 46 shows that 

the effect of the presence of SO2 in the heating atmosphere is 

quite dramatic when regeneration is done with hydrogen. The 

regeneration rate is significantly reduced while the conversion 
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appears to be very high due to the removal of adsorbed SO2 

similar to regeneration with methane. 

VI.A.2.g.Cycling behavior with methane regenera t ion  

A sorbent sample was subjected to 5 sulfation-regeneration 

cycles with methane as the regeneration gas. Figure 47 shows 

that there is a significant difference between the sulfur 

capacities of the fresh and regenerated sorbents. This 

difference is higher than that observed with hydrogen as the 

regeneration gas. With methane the final S/Ce ratios obtained 

with regenerated sorbents were slightly above 1.5 (1.0 with JL 

analysis) while this number was slightly above 2 (around 1.4 with 

JL analysis) when regeneration was done with hydrogen. This may 

be due to different solid species being formed when regeneration 

was done with methane. The S/Ce ratios obtained for subsequent 

cycles indicate that regeneration with methane results in very 

stable sorbent sulfur capacity which did not change for 4 

sulfation-regeneration cycles. 

V1.B. Sulfa t ion  of t h e  Sorbent 

Tests 72-79 were run with sorbent particles to determine the 

activation energy of the sulfation reaction. The initial sulfation 

rate data from these tests were fitted by the linear least squares 

method by using equations 17 and 18. An activation energy of 19 

9 3  



n 
0 
0 
E 
0 
m 

VY 
E 
0 
I 

0 
0 
\ 
v) 

+- 

\ 

+- 
Y 

m In cv u) T- u) 0 
c\i P 0 

9 4  



kJ/mole was obtained. This is somewhat higher than the 12 kJ/mole 

value reported by Hedges and Yeh"'. 

The results of the tests with water and ammonia were not very 

reproducible as was observed from replicate experiments. This was 

hypothesized to be due to contamination in the lines due to the 

deposition of ammonium sulfate. The lines were opened after these 

experiments and appreciable white solid deposits were found in 

them. Therefore, some changes were made in the experimental setup 

with respect to the introduction of ammonia and water vapor, and 

these tests were repeated and the results are discussed in the 

following section. 

Preliminary kinetic studies indicated a 12% decrease in the 

initial rate of sulfation upon the addition of 500 ppm ammonia. 

VI.B.l. The Effect of Temperature and SOn Partial Pressure 

The replicate runs to study the effect of temperature and 

SOn partial pressure on the rate of sulfation and to study the 

effect of ammonia on sulfation were performed on fresh sorbent 

for each run; the particle size of the sorbent was 90-150 mm. 

The sample size was nominally 3 mg. These runs were repeated 

because there was the possibility of confounding with the cycling 

of the sorbent in the data presented in the previous section. 

For these runs a sorbent after the following treatment was 

used: A large amount of ALCOAl6-CE4-VI sorbent was placed in a 

quartz reactor and sulfated under 200 cc/min of standard 
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sulfation gas ( S O Z :  3000 ppm, 0 2 :  3 %, C02: 14 %, and N2: 82.7 % )  

at 873 K. Subsequently, the sorbent was regenerated with 

hydrogen for three hours and then oxidized with 6.6 % oxygen in 

nitrogen. This pretreatment generated a sorbent characteristic 

of the sorbent in the second cycle. This approach was adopted 

because the sorbents showed very reproducible behavior after the 

first cycle. 

The data from the repeated runs to study the effect of 

temperature and SOz partial pressure on the rate of sulfation 

were evaluated by calculation of the initial rate, and the S/Ce 

ratios as a function of time and conversion during sulfation. As 

was done previously, reaction (6) was assumed to take place 

during sulfation. Equations (11) and (12) are again used to 

calculate S/Ce and X,. Equations (16) and (18) were fitted to the 

initial rate data to estimate the order of the sulfation reaction 

with respect to SO2 and the activation energy of the sulfation 

reaction. 

Figures 48 - 50 show the sulfur capacity of the sorbent as a 

function of temperature and partial pressure of S 0 2 ,  

respectively. The sorbent capacity is reported as S/Ce ratio 

calculated using the Malcolm Pirnie analyses. For results based 

on the analysis of Jennings Laboratories these S / C e  ratios need 

to be multiplied by 0.67. The figures indicate that the sulfur 

capacity of the sorbent increases with both temperature and SO2 

partial pressure. S/Ce ratio is comparable with those obtained on 
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the fresh sorbent, which was about 2.5 at 873 K (based on Malcolm 

Pirnie analysis). Table 4 summarizes the effecs of temperature 

and s u l f u r  dioxide partial pressure on sorbent sulfur loading 

after 50 minutes of sulfation. 

Table 4. Effect of Temperature and pso2 on S/Ce at 50 minutes 
Sorbent: ALCOA 16-CE4-VI; second cycle (MP: Malcolm 
Pirnie, JL: Jennings Laboratory) . 

R,,, mol/g.s JL 1 x 10-6 Temperature, K CS02, p p m  

873 3000 2.257 1.512 2.434 

773 3000 1.659 1.112 1.909 

823 3000 2.053 1.376 2.529 

673 3000 1.261 0.845 1.305 

873 1500 1.973 1.322 1.118 

873 2000 2.093 1.402 1.369 

873 5000 2.417 1.620 5.277 

773 5000 1.658 1.111 2.743 

773 2000 1.460 0.978 1.504 
~~ I 773 I 1500 11,632 1.093 1 0.951 

This table can be compared with Table 3 to observe the difference 

in the sulfur capacity of the sorbent in the first and second 

cycles and the confounding effect of cycling on the previous 

data; but the results appear to be reproducible. 

The dependence of the sulfation rate on these variables have 

also been calculated from initial rate data by using equations 

16 and 18. The following results were obtained from the fitting 
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of the data to these equations by the linear least squares 

met hod : 

E = 17 kJ/mol 

m = 1.33 at 873 K 

m = 0.82 at 773 

VI.B.2. E f f e c t  of Ammonia on S u l f a t i o n  

The data from the repeated runs to study the effect of 

ammonia on the rate of sulfation and sorbent capacity were 

evaluated by calculation of the initial rate, and the S / C e  ratios 

as a function of time and conversion during sulfation using the 

procedure outlined in the previous section. 

Figures 51 - 57 show the effect of ammonia on the sulfur 

capacity of the sorbent (as S/Ce ratio) at different temperatures 

and for different SO2 partial pressures. Table 5 shows the effect 

of ammonia on the initial rate of sulfation and sorbent capacity 

(as S/Ce ratio) after 50 minutes of sulfation. 

For the data in Table 5, two facts should be noted: The 

S/Ce values at 50 minutes does not represent the ultimate sorbent 

capacity under the conditions specified, but is an indication of 

the overall sulfation rate. This argument is based on the 

observation from Figures 50 - 57 that beyond 50 minutes, S/Ce 

ratios increase at almost constant rate indicating that the 

sorbent might end up capturing about 2.5 S atoms per Ce atom (1.7 

for JL analysis) if sufficient sulfation time is allowed. 
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Table 5. Effect of Ammonia on the Initial Sulfation Rate (Rso) 
and on S/Ce at SO minutes for Different Temperatures 
and PSOZ. 
Sorbent: ALCOA 16-CE4-VI; second cycle(MP: Malcolm 
Pirnie, JL: Jennings Laboratories) 

CNH3r ppm Temperature, K CSO2, ppm S/Ce R,,, mol/g.s x 
MP JL 

0 8 7 3  1 5 0 0  1 . 9 7 3  1 . 3 2 2  1 . 1 1 8 5  

250 8 7 3  1500 1 . 8 7 5  1 . 1 6 3  1 . 1 3 9 3  

350 873 1500 2 . 0 6 6  1 . 3 8 4  0 . 8 9 3 4 3  

500 873 1500 1 . 4 7 6  0 .989  0 . 9 3 5 4 6  

2 . 2 5 7  1 . 5 1 2  2 . 4 3 4 2  

250 873 3000 2 . 0 0 9  1 . 3 4 6  2 . 5 0 0 9  

350 8 7 3  3000 2 .174  1 . 4 5 7  2 . 2 8 8 3  

5 0 0  8 7 3  3000 1 . 6 3 6  1 . 1 0 9  1 . 6 7 1 3  

0 8 7 3  5000 2 . 4 1 7  1 . 6 1 9  5 . 2 7 7 2  

250 8 7 3  5000  2 . 2 7 5  1 . 5 2 4  4 .3314 

I 350 I 8 7 3  I 5000 I 1 . 9 9 5  1 . 3 3 7  I 2 .7660 

0 873  3 0 0 0  

/ T  500 8 7 3  5 0 0 0  1 . 0 0 3  0 . 6 7 2  3 .8794 

0 7 7 3  3000 1 . 6 5 9  1.111 1 . 9 0 9 4  

I 2 5 0  I 7 7 3  1 3000 1 1 . 2 6 4  0 . 8 4 7  I 1 . 0 1 4 7  2 5 0  7 7 3  3000 1 . 2 6 4  0 . 8 4 7  1 . 0 1 4 7  

35 0 7 7 3  3000 1 .728  1 . 1 5 7  2 .0587 

1 . 5 6 4 6  500 7 7 3  3000 1 . 6 1 5  1 . 0 8 2  

35 0 7 7 3  3000 1 .728  1 . 1 5 7  2 .0587 

1 . 5 6 4 6  500 7 7 3  3000 1 . 6 1 5  1 . 0 8 2  

Secondly, the comparison of the overall rate indicated by the 

S/Ce ratio at 50 minutes and the initial rates given in the last 

column should indicate whether the observed effect of ammonia is 

on the sulfation kinetics or due to changes in surface area or in 

the magnitudes of mass transfer resistances. 

With the above considerations the following observations can 

be made: 
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> The effect of ammonia appears to be minimum for 350 ppm 

ammonia ( 2 5 0  ppm with 5000 ppm S O n )  at both 8 7 3  and 773 K. 

Introduction of 500 ppm ammonia results in a significant 

decrease in the overall rate at 8 7 3  K but this effect is 

smaller at 773 K. 

> Same observations can be made for initial rates at 7 7 3  K but 

at 873 K no definite trend can be observed for the effect of 

ammonia on the initial rate. 

The observations on the effect of ammonia on sorbent 

capacity may be misleading because the S/Ce ratios were 

determined by assuming all the weight gain during sulfation to be 

the result of Equation 6. It is possible that some of the weight 

gain is the result of the formation of ammonium sulfate species 

on the surface as discussed below. 

Several processes may take place when sulfation gases 

contain some ammonia. Since it has been reported that‘*’’ ceria - 

based sorbents have high activity and selectivity for catalytic 

reduction of NO with ammonia at high temperatures (above 7 7 3  K), 

it is expected that some ammonia will chemisorb on the sorbent 

forming ammonium sulfate species. At the high temperatures under 

consideration these species are unstable and will decompose 

giving SO3 and H 2 0 ,  or the sulfates may be reduced by ammonia on 

the surface to sulfites which may desorb forming SO2 and H20. 

Ammonia may also be oxidized to N2 and H20 or may form some 

nitrate species on the surface which may further react with 
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ammonia to form nitrogen oxides. The rate of chemisorption of 

ammonia will depend on the temperature and partial pressure of 

ammonia. The rates of decomposition of surface species and 

desorption also depend on temperature. Without any further 

information about the surface species, adsorption and desorption 

rates, and reactor effluent compositions, only a tentative 

explanation of our observations can be proposed. 

The apparent increase in the S/Ce ratios, which we will 

assume to be due to the chemisorption of ammonia and formation of 

surface ammonium sulfate species, will increase with ammonia 

partial pressure and decrease with temperature. Rate of 

decomposition of surface species will increase with the 

concentration of surface ammonium sulfates and with temperature. 

Also, larger ammonia partial pressures may enhance reduction of 

surface sulfates and facilitate the decomposition of surface 

species. In summary, the increase in the ammonium sulfate species 

on the surface will increase the apparent S/Ce ratio and the 

decomposition of these species will result in sulfur loss and 

decrease the S/Ce ratio. From the observed S/Ce ratios, it 

appears that at low ammonia partial pressures, the rate of 

formation of surface ammonia species is faster than their 

decomposition and hence apparent S/Ce ratios are larger. On the 

other hand, at higher ammonia partial pressures the decomposition 

and reduction of surface sulfates become significant and lower 

S/Ce ratios are observed. 
~ 
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Observations with 5000 ppm SO2 indicate that at high  SOz 

partial pressures, even a small amount of ammonia causes sulfur 

loss from the surface and there is no apparent increase in the 

S/Ce ratio with ammonia addition. 

VI.B.2.a. The Effect of Ammonia on Sulfation in the Presence of 
Water Vapor 

Figure 58 shows the effect of ammonia in the presence of 4% 

water vapor. It is apparent that the presence of water vapor 

modifies the various mechanisms discussed in the previous section 

and increases the sulfur loss from the surface of the sorbent. 

This effect increases with increasing ammonia partial pressures. 

V1.C. The Effect of Cerium Content on the Sorbent Performance 

To observe the effect of cerium content the following 

sorbents were used: 

> ALCOA-CE4-IVf cerium loading 1.59% by mass (3.2% JL) 

> ALCOA-CE4-VIr cerium loading 4.398 by mass (6.6% JL) 

> ALCOA-CE8-11, cerium loading 7.64% by mass (15.88 JL) 

9 ALCOA-CE12-I, cerium loading 9.28% by mass (20.1% JL) 

The ALCOA16-CE4-VI sorbent has been investigated, and the 

results have been reported before. The other sorbents were 

subjected to four cycles of successive sulfation, regeneration, 

and oxidation. Sulfation was performed under 200 cc/min of 

standard sulfation gas (SO?: 3000 ppm, 0 2 :  3 %, C02: 14 %, and NP:  

82.7 % )  at 873 K. Subsequently, the sorbent was regenerated with 
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hydrogen and then oxidized with 6.6 % oxygen in nitrogen . 
The cyclic behaviors of the sorbents containing 1.59% (3.2 

by JL), 7.64% (15.8 by JL), and 9.28% (20.1 by JL) cerium by mass 

are shown in figures 59, 60, and 61, respectively. The extremely 

high S/Ce ratios for the 1.598 Ce containing sorbent was 

attributed to an error in the determination of the cerium content 

of the sorbent, which is expected due to the very low metal 

concentration. Although the S/Ce ratios for the other sorbents 

are within the reasonable range we have decided to repeat the 

metal analyses. As reported earlier, analyses by Jennings 

Laboratories gave cerium mass fractions that are about a factor 

of two larger than those reported by Malcolm Pirnie. Jennings 

Laboratories results showed that the cerium loadings were 

possibly much larger than the intended loadings and some exceeded 

monolayer coverage. 

Figures 59, 60, and 61 show that all the sorbents show a 

very stable performance after the first cycle and show an 

improvement in the sulfur capture capacity after the third cycle. 

Figure 62 shows the comparison of the second cycles of all the 

sorbents tested based on Malcolm Pirnie analysis and Figure 63 

presents the same using Jennings Laboratory analyses. If the MI? 

results were used, disregarding the 1.598 Ce sorbent for the 

apparent error, it appears that increasing the cerium content of 

the sorbent decreases the S / C e  ratio probably due to the decrease 

in the surrounding surface alumina sites as monolayer coverage is 
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approached. These surrounding alumina sites are needed for the 

formation of aluminum sulfate species and thus regeneration of 

ceria sites for further sulfur removal. If the JL results are 

used, more reasonable results are obtained: Figure 63 shows that 

for cerium loading of 3.2% since alumina to ceria ratio is large, 

the amount of surface aluminum sulfate species formation is 

significant and the S/Ce atom ratio approaches 2.5. For 6.55% 

cerium loading the contribution of alumina to sulfation is much 

smaller indicated by final S/Ce ratios only slightly above 1.5. 

Both the 15.8 and 20.1% cerium loadings produce coverages above 

the monolayer coverage. For these the inaccessibility of alumina 

and the first ceria layer results in much lower S/Ce ratios which 

approach one at very long times. 

From these results it is apparent that the cerium loading on 

the sorbent should be less than the monolayer coverage of the 

support. For less than monolayer coverage, the optimum cerium 

loading will be determined by the trade off between the higher 

cerium efficiency at lower loadings and larger sorbent mass 

needed. 

VI.C.l. E f f e c t  of C e r i u m  C o n t e n t  on t h e  O r d e r  of R e a c t i o n  With 

R e s p e c t  t o  the Solid R e a c t a n t  

It has been observed that with the sorbent containing 4.39% 

(6.55% with JL results) cerium by mass the sulfation reaction was 

first order with respect to cerium oxide only up to about 40% 
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conversion. The new data obtained for sorbents containing 7.64% 

(15.8% JL) and 9.28% (20.1% with JL) cerium indicated that with 

these sorbents, the dependence of reaction rate on cerium oxide 

is first order up to about 90% conversion (Figure 64). Since 

the monolayer coverage corresponds to about 10% for the alumina 

used as support, it appears that as monolayer coverage is 

approached (exceeded with JL results) the rate of sulfation is 

controlled by kinetics only 

V1.D. The E f f e c t  of F l y a s h  on S u l f a t i o n  

The flyash to sorbent mass ratios used in these runs are 

much higher than those that will be encountered by the sorbent in 

the commercial units. The reason for this is the difficulty and 

inaccuracy of measuring very small amounts of fly ash. Fly ash 

was obtained from Malcolm Pirnie and visual observation suggested 

significant carbon content. 

Figures 65, 66 and 67 show the thermograms obtained for 

sulfation in the presence of flyash. The thermograms in figures 

65 and 66 show that after a short period of rapid mass increase 

due to sulfate formation, the mass starts to decrease slowly, 

passes through a minimum and starts increasing again at a rate 

typical of sulfation without the fly ash. This observation 

indicates the presence of different mass-decreasing reactions 

due to the carbon in the fly ash. Initially the rate of 

sulfation of the metal is very fast and the sorbent mass 
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increases. As the sulfation rate gets slower, the reactions of 

carbon with gaseous SO2,  surface SO3, and solid sulfate becomes 

significant and the mass decreases as the result of loss of 

carbon and sulfur. Eventually, as the carbon is depleted, mass 

loss decreases and mass increases due to sulfation which again 

becomes the dominant process. 

The sorbent mass used in Figure 67 is smaller and the effect 

of the flyash is not readily observed from this chromatogram. 

The results for the effect of flyash are summarized in Table 

6. The initial rate of sulfation appears to be slightly improved 

by the presence of flyash but the amount of flyash does not seem 

to affect the sulfation rate in the range of flyash/sorbent 

ratios tested. From figures 65, 66 and table 6 no significant 

effect of ammonia was observed in the presence of flyash. 

Table 6. The Effect of Flyash on the Initial Sulfation Rate 

Flyash/sorbent mass ratio Ammonia conc. (ppm) Initial rate ( m o l  sulfate/s) 

0.0 0.0 2.43e-06 

0.158 0.0 3.23e-06 

0.482 0.0 3.25e-06 

0.413 500 3.23e-06 

V I I .  EVALUATION O F  THE COMMERCIAL SCALE CERIA PROCESS 

Our negotiations with Malcolm Pirnie, Inc. has indicated 

that the resources allocated by Malcolm Pirnie to this task were 
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not adequate for the successful completion of the task. 

Therefore we have contacted TECOGEN of Waltham, MA, and asked 

them if they could modify the software they have developed for 

the evaluation of the copper oxide sorbent, to accommodate the 

ceria sorbent. Upon their acceptance we have sent a task order 

containing the data we have obtained on ceria sorbents (Appendix 

I). The sulfation rate indicated on the task order was based on 

initial rate data and was Eound to be inadequate at longer 

times. The following updated rate equation was obtained by 

fitting all the reaction data to a first order reaction 

equation: 

dx s 204.5 
- = J .  94 exp(- -) ysoz (1 - X J  dt T ( 3 4 )  

where X, is the fractional conversion of cerium oxide, yS02 is the 

mole fraction of SO2, T is the temperature in K, and t is the 

time in seconds. This equation holds up to 94% conversion. The 

correlation coefficient for the linear fit of In ( l - X s )  versus 

time data is 0.99788 and the standard error of estimate is 

0.0614. 

The rate of regeneration with hydrogen was found to be 

affected significantly by SO2 partial pressure. Therefore the 

initial reaction rates, when only insignificant amounts of SO2 

are present, cannot be used for the design purposes. A new rate 

equation for regeneration with hydrogen which takes into account 

the inhibition by SOz was found by obtaining the activation 

energy and the pre-exponential factor from the initial rate data 

127 



and subsequently using a Langmuir-Hinshelwood type expression for 

dissociative adsorption of hydrogen and co-adsorption of S02. 

13700 7 ,  

Y H 2  
-- 

rH =5400co e (1 -xH)[ l+ ( .23yH2)”2  +17OySo2]* ( 3 5 )  

where 

rH = moles Ce2(S04j3 reacted per second per mg of fresh 

sorbent, 

CO= mass fraction of cerium in fresh sorbent, 

x p  fractional conversion of Ce2 (SO4)  3 ,  

YHF mole fraction of hydrogen in regeneration reactor, and 

yso2= mole fraction of SO2 in regeneration reactor. 

This equation holds up to 968 conversion above which the 

rate is probably mass transport controlled. 

For regeneration with methane the rate equation 

15600 _- 
rM = 346 e * yL7‘cO (1 - x M )  

where the subscript M indicates methane, was found to adequately 

represent the regeneration rate with methane. 

The details of the preliminary design and economic analysis 

of the ceria process and comparison with the copper oxide process 

is given in the TECOGEN report included in Appendix 1. Their 

results indicate that the copper oxide process has a lower 

overall cost of SO, removal mainly because the operating 

temperature allows the use of carbon steel equipment while the 

ceria process operates where stainless steel have to be used. For 

methane regeneration the ceria process has higher operating and 
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maintenance costs due to the larger circulation rate, and 

therefore attrition rate, of the sorbent. In the analysis the 

ceria sorbent was assumed to have the same attrition resistance 

as the CuO sorbent. Therefore, if the attrition resistance of the 

ceria sorbent is higher (ceria is known to increase the 

hydrothermal stability of alumina in automobile exhaust 

catalysts) the operating and maintenance costs for the ceria 

process may decrease to levels even below those of the copper 

oxide process. For regeneration with hydrogen, higher cost of 

sorbent circulation is offset by the lower regeneration gas flow. 
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HAMPTON UNIVERSITY 
Department of Chemical Engineering 

Hampton, VA 23668 

Telephone: (804) 727-5599 
Fax: (804) 727-5189 e-mail: ates@et.hamptonu.edu 

TASKS TO BE PERFORMED BY THE CONSULTANT 

The process to be evaluated will be very similar to the COBRA copper oxide process, 
but it will use a different metal oxide as the sorbent and the sulfation and regeneration 
reactors will operate at temperatures between 773 K and 873 K .  The specific tasks to be 
performed under this purchase order are stated below. The time available for the 
completion of these tasks is 5 weeks from the receipt of the purchase order. The information 
on the specific sorbent to be used is supplied on the attached sheets. 

Task 1 : Model a cross-flow moving-bed sulfation reactor for the metal oxide sorbent to be 
specified. For two reactor operating temperatures ( 823 K, 873 K ) ,  and two sorbent sizes ( 1  /16 
in, 1 /8 in), the following information is needed from the model: 
t 

t 

Size and cost of the reactor. 
Sorbent needed to process a specified gas flow rate. 
Gas exit temperature for adiabaiic operation. t 

T a s k 2  Model a cross-flow moving-bed regeneration reactor for the metal oxide sorbent to 
be specified. For the two regenerator operating temperatures specified on the attached 
sheet, two sorbent sizes ( 1  /16", 1 /8"), and two different regeneration gases (methane and 
hydrogen), the following information is needed from the model: 
t Size and cost of the regenerator. 

Gas exit temperature for adiabatic operation. t 

Task3: Compare the cost of the process with that of the process using copper oxide sorbent. 
In the cost comparison the following effects should be considered: 

Effects of the different sulfation and regeneration kinetics on the reactor and 

Effect of higher operating temperatures on the reactor ond regenerator costs. 

t 

reg en era t or costs. 
t 

t Effect of different heats of reactions on the total cost (energy credit from 
exothermicity). Thermodynamic data for solid species will be supplied if needed. 
Effect of sorbent cost on total cost for three specified cost ratios(ratio of the cost of 
ceria sorbent to the cost of copper oxide sorbent equal to 1, 1.2, and 1.4). 

t 
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TECHNICAL INFO RMATlO N 

Sorbent: 

Reactions: Su I fa tion 

9% by mass cerium (as CeO, ) on alumina ( 1  /16-in and 1 /8-in spheres). 

2 CeO, + 0, + 3 SO, - Ce,(SO,), 

2050  
rs = 0 . 2 0 5  exp [ - ___ 

T 1 Yso* c, (1 - X,) 

Reg enera tion with hydrogen 

Ce,(SO,), + 3 H, - Ce,O, + 3 SO, + 3 H,O 

13700 
T 

rH = 2420 exp [ - 1 Y:.56 c, (1 - X J  

Regeneration with Methane 

Ce,(SO,), + CH, - Ce,O, + 3 SO, + % CO + 2 H,O 

15600 
T 

rM = - 34 6 exp [ - 1 Y;.76 c* ( 1 - X J  

Very fast oxydation (assumed instantaneous) on contact with sulfation gases 

Ce,O, + '/2 0, -- 2 CeO, 

In the rate equations r, is the sulfation rate in moles of C@ reacted per 

second per gram of sorbent: r, and ,,q are the regeneration rates with 

hydrogen and methane, respectively in moles of sulfate reacted per second 

per gram of sorbent; T is the reaction temperature in K; ys, yH, and yM are the 

mole fractions of SO,, H,, and CH,, respectively; c, is the mass fraction of Ce on 

the sorbent (as prepared): X, is the fractional conversion of CeO,; and X, and 

X, are the fractional conversion of the sulfate. 

Gas Composition: 

Gas temperature: 

Default with 3000 ppm SO, 

For sulfation 823 K and 873 K; for regeneration with hydrogen 823 K 
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TECHNICAL INFO RMATl O N  

Sorbent: 
Reactions: 

9% by mass cerium (as CeO, ) on alumina ( 1  /16-in and 1 /&in spheres), 

S u I fa tion 

2 CeO, + 0, + 3 SO, - Ce,(SO,), 

2050 
r =0.205exp[-- 1 Y c, (1 -q 

9 T so2 

Reg en era tion with hydrogen 

Ce,(SO,), + 3 H, - Ce203 + 3 SO, + 3 H,O 

13700 
T 

rfi = 2420 exp [ - 1 Y y  c, (1 -XJ 

Regeneration with Methane 

Ce,(SO,), + CH, - Ce,O, + 3 SO, + '/2 CO f 2 H,O 

15600 
T 

r M = - 3 4 6 e x p [ -  1 Y;.76 c, (1 -q 

Very fast oxydation (assumed instantaneous) on contact with sulfation gases 

Ce203 + '/2 0, -- 2 CeO, 

In the rate equations r, is the sulfation rate in moles of CeQ reacted per 

second per gram of sorbent; r, and ,& are the regeneration rates with 

hydrogen and methane, respectively in moles of sulfate reacted per second 

per gram of sorbent; T i s  the reaction temperature in K; y,, yH, and yM are the 

mole fractions of SO,, H,, and CH,, respectively; c, is the mass fraction of Ce on 

the sorbent (as prepared); X, is the fractional conversion of CeO,; and X, and 

X, are the fractional conversion of the sulfate. 

Gas Composition: 

Gas temperature: 

Default with 3000 ppm SO, 

For sulfation 823 K and 873 K; for regeneration with hydrogen 823 K 

136 



and 873 K; for regeneration with methane 873 K and 923 K. 

Gas Pressure: Default 

Sorbent Size: 
Maximum Sulfur Capture: 2 sulfur atoms per cerium atom 

Maximum Pressure Drop: Default 

1 /16" and 1 /8" 

Maximum Outlet SO,: Default 

Heats of Reaction: Standard heat of reaction for the sulfation of CeO,: 

~H,(298 K) = -294.1 4 kJ/mol SO, 

Standard heat of reaction for the oxidation of Ce,O, 

aH0(298 K) = -1 19.46 kJ/mol SO, 

Total heat of reaction for the sulfation step =  AH^ -t LH, 

Standard heat of reaction for regeneration with hydrogen: 

~H,(298 K) = 91.1 6 kJ/mol SO, 

Standard heat of reaction for regeneration with methane: 

~H,(298 K) = 258.91 kJ/mol SO, 
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Sulfur Dioxide Adsorption/Regeneration 
on Metal Oxides Supported on Alumina 

The combined S02/NOx removal in a single unit operation using a supported metal oxide 
sorbent-catalyst offers the potential for reducing the cost of environmental control (Centi 
et al., 1990; Drummond et al.. 1985; Kiel et al., 1989; Yeh et al.. 1984, 1985, 1987). 
SO, reacts with a metal oxide (MeO) in the presence of O2 forming a sulfate species 
which, in turn, catalyzes the reduction of NO to N2 in the presence of ammonia and 0,. 
The sulfate species can then be regenerated with a reducing gas such as hydrogen, 
methane, or synthesis gas to produce a concentrated stream of SOz and reduced metal 
(Me), which in contact with O2 quickly transforms to the initial MeO. The economic 
evaluation of this technology in comparison with separate conventional flue gas 
desulfurization (FGD) and selective catalytic reduction (SCR) gas cleanup and with an 
integrated approach of combined removal of SO2/NOx according to some of the 
technologies under development (NOXSO, electron beam, activated carbon. WSA-SNOX 
processes) has shown the cost advantage of the integrated technologies. and in particular 
of that based on CuO and CeO, sorbents (Rubin et al.. 1989). 

More detailed investigation of the nature. process and mechanism of interaction of the 
sorbent-catalyst with SO2 and NH,/NOx is needed to optimize the process configuration 
and economics (Centi et al., 1990; Kartheuser et al., 1991 ; McCrea et al., 1970; Pollack 
et al.. 1988, Waqifetal.. 1991). 

The aim of the research reported herein was to model the kinetic behavior of a cross-flow 
adsorber and a counterflow regenerator using copper oxide or cerium oxide as a sorbent 
at various adsorption and regeneration temperatures. The modeling results were then 
used to approximate the levelized cost of a regenerable FGD system for both sorbents to 
allow for a direct economic comparison. 

1.0 Background 

The chemistry, mechanisms, and kinetics of the reactions of SO2 and oxygen on metal 
oxides can be studied from several points of view. The approaches taken most often rely 
on the theories of adsorption (Le., chemisorption), gas-solid non-catalytic and gas-solid 
catalytic reactions. The dividing line among these phenomena is very hard to establish. 
and the reaction between SO2 and oxygen on a particular metal oxide may fall into any of 
the above three categories depending on the temperature. pressure and chemical 
composition of the system. 
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2.0 

2.1 CuO/AI& - Catalysts 

Investigations of the Me-O/A120, Catalyst 

In an early study of CuO/Al,O, catalysts, Friedman et al. (1 978) focused their attention 
on characterization of the system. They found that for a sample with low metal loading 
and treated at low calcination temperature, the copper atoms are present in the system in a 
distorted octahedral geometry. This is different from the copper atoms in bulk CuA120, 
or bulk CuO. The copper atoms in bulk CuA1204, which is stable at high temperature, 
exist in a partially inverted spinel structure, in which copper atoms occupy 60 percent of 
tetrahedral sites and 40 percent of octahedral sites. Only for samples with high metal 
loading and treated at high calcination temperature was the crystal form of CuA1204 
observed. No bulk CuO or CuA1,0, was observed for low copper loading. This study is 
in agreement with that of Lo Jacono and Schiavello (1976) who observed no crystalline 
CuO or CuA1,04 for copper loadings up to 10 percent. It also confirms the study of 
Selwood and Dallas (1 948) who showed that the magnetic susceptibility of supported 
CuO is about twenty times that of unsupported CuO for copper loadings less than 11 
percent, a result later attributed to effects of the aluminate surface phase (Wolberg and 
Roth, 1969). 

i 

Strohmeier et al. (1985) later studied the copper species formed on the carrier as a 
function of metal loading and calcination temperature. They confirmed the main 
conclusions of Friedman's group. Pollack et al. (1 988) studied properties of CuO/A1,03 
adsorbent for SO,. They found that for an adsorbent sample of 7.2 percent metal loading 
and calcined at 900 OF, the copper species are neither in the form of crystalline CuO nor 
CuA1,04, but in a less well-defined form. The copper atoms were found to be located at a 
tetragonally distorted octahedral position. X-ray diffraction of a fresh sorbent sample 
after reduction with H, showed the presence of crystalline copper, which suggests that the 
copper atoms are held at or near the surface of the carrier. 

These studies indicate that the state of cupric ions on alumina supports is not in the form 
of bulk CuO but in a less defined dispersed state. This dispersed state allows for much 
higher activity for SO2 sorption as compared to bulk crystalline CuO. 

2.2 Ce02/A1203 - Catalysts 

Little data exists of the structure of Ce02/A120, catalysts. However, the comprehensive 
study of the structural and catalytic properties of transition metal oxides on alumina 
conducted by Lo Jacono and Schiavello (1 976) showed that the transition metal ions for 
all transition metals they tested (Mn, Co, Ni, and Cu) behaved in a similar manner. 
Specifically, they showed that a spinel phase was formed as a consequence of the 
chemical interaction between a transition metal ion and the large area aluminas both 
unmodified and modified. This interaction was not limited to support aluminas, but also 
took place on their oxidic supports. Additionally, they showed that concurrently with the 



spinel formation reaction. the segregation of the transition metal occurred at a content of 
the transition metal ion which depended on the atmosphere of firing. 

Hedges and Diffenbach (1990) performed X-ray diffraction tests on fresh and spent 
sorbents. Results showed that the CeO, on the sulfated sorbent did not exist as crystalline 
metal, but rather as an amorphous or highly dispersed sulfate. FTIR comparisons of the 
fresh and spent sorbents showed the presence of sulfates, but not in the form of bulk 
Ce(SO& These results are consistent with those of most transition metal oxides. 

It is therefore likely that the cerium ions exist in the much the same for as the copper 
ions, not in the form of bulk CeO, but in a less defined dispersed state. This dispersed 
state allows for much higher activity for SO, sorption as compared to bulk crystalline 
CeO,. 

3.0 Mechanism of SOz Sorption 

3.1 

Although McCrea et al. (1970) proposed the chemical reaction for the SO2 sorption on 
alumina supported CuO as: 

SO, - Sorption on Alumina Supported CuO 

CUO $- so, + 1/20, cusoj (1) 

for freshly prepared and used sorbent samples. X-ray diffraction shows neither crystalline 
CuO (see above discussion) or CuA120, in the fresh samples, nor crystalline CuSOj in 
the used samples [Centi, (1990. 1992); Friedman et al. (1978); Kent et al. (1977); Lo 
Jacono and Schiavello(l976); Pollack et al. (1988); Waqif et ul. (1531), Yo0 et al. 
(1994)l. The copper atoms dispersed on the surface of the support materials are not in a 
well-defined form. 

Hao and Cooper ( I  994) used a sequence of extended surface (band structure) and cluster 
method total-energy calculations to model the process of SO2 adsorption on the 
CuO/A1203 surface. The band calculation indicated that the copper atoms are adsorbed at 
oxygen-octahedrally-coordinated sites of the CuO/A120, surface and that. as expected. 
the Cu-0 bonding is not as strong as the A1-0 bonding. The calculations showed that the 
SO, is probably adsorbed on the surface via 0-Cu bonding in the form of a bridge with 
the two oxygen atoms of SO2 sitting at two surface metal atoms. They also concluded 
that low temperature adsorption is preferable to make the adsorbent reusable because of 
the lower bonding energy of the 0-Cu bonding. 

Based on their observation of the absence of bulk CuO on the fresh sorbent and bulk of 
CuS04 on the sulfated sorbent. Centi et rrl. (1990) postulated the following surface 
mechanism for the DeSOx reaction: 

1. SO-, is chemisorbed on lattice oxygen of the sorbent-catalyst 



2. copper catalyzes the oxidation of SO2 with the lattice oxygen to SO,, but the SO, 
does not desorb in the gas phase and remains linked to the surface as an S-bonded 
chemisorbed species 

3 .  the SO, in turn reacts with a further copper site forming a bidentate copper-sulfate 
surface species characterized by a low symmetry that passivates the active surface 

4. if neighboring support sites are present, a transfer of the sulfate group to the 
support may occur to form a surface sulfate species linked to AI, with fast 
regeneration of the active copper surface in the presence of gaseous oxygen, 
therefore making it possible for the DeSOx reaction to continue. 

This reaction depends on the rate of surface diffusion, and therefore the relative rate of 
the reaction with copper or support sites is affected considerably by the reaction 
temperature. 

3.2 SO, Sorption on Alumina Supported CeOz - - 

In a similar manner to McCrea et al. (1 970), the equation for the sulfation of alumina 
supported CeO, is often written as: 

However; it is unlikely that crystalline CeO, exists on the fresh sorbent or bulk Ce2[S04J3 
on the sulfated sorbent. Studies of the structure of transition metals and transition metal 
sulfates show that the metal is in a highly dispersed amorphous phase. and the sulfate is 
adsorbed to the metal sites without forming a bulk metal sulfate. X-ray diffraction and 
Fourier transform infrared spectroscopy (FTIR) studies have indicated that CeO2/Al2O3 
sorbents are consistent with this structure (Hedges and Diffenbach, 1990). 

3.3 Postulated SO2 - Adsorption Path 

Following the postulated adsorption path of Centi et al. (1 994), the basic phenomena 
occurring in metal oxide/S02 systems may be represented by a strictly bivalent metal, in a 
simplified manner, by the following equations (Koballa and Dudukovic, 1978) 

Me0 (s) + SO2 (g) MeSO,*(ads) (2) 

M e 0  
O2 (g) * 20* (ads) (3 ) 

Me SO,* (ads) + 0" (ads) * Me SO4 (s) (4) 

Me SO,* (ads) Me SO, (s) (5) 

Me SO3* (ads) Me* (s) + SO, (8) ' (6 )  



Me SO, (s) - M e 0  (s)+ SO, (g) (7) 

2Me* (s) + O2 (8) =) 2Me0 (s) (8) 

The SO2 molecules are chemisorbed on the active sites of the metal oxide forming an 
unstable sulfite ion (or surface complex of a similar form) as indicated by Equation (2). 
This active complex may stabilize itself into a sulfite or may be oxidized with the 
adsorbed oxygen (or gas phase oxygen) to a sulfate form (Lowell et al., 1971; Glass and 
Ross, 197 1 ; Dixon and Longfield, 1960; Krause, 1962). Sulfate formation is favored on 
all transition group metal oxides, but the extent of sulfate buildup and its stability depend 
on the temperature of the system. In a temperature range below sulfate decomposition, 
temperature adsorption [Equations (2) and (3)] accompanied by non-catalytic gas-solid 
reaction [Equation (4)] occurs predominantly. Only small amounts of sulfite are possibly 
formed by reaction (5) .  Thus. in a certain temperature range all metal oxides behave as 
adsorbents for SO2. the reaction pathway nay  be described by Equations (2) to (4), and a 
surface sulfate is observed. At high temperatures (not necessarily above sulfate 
decomposition temperature) metal oxides exhibit, in general. the following catalytic 
activity: 

Me0 

so2 (8) + 1/20, (8) - so, (9) (9) 

If the temperature is above sulfate decomposition temperature, this may imply that the 
preferred reaction path shifts in favor of reactions described by Equations (2), (3), (6) ,  
and (8), in which case only a small sulfate buildup would occur (Glass and Ross, 1971). 
At even higher temperatures it is conceivable that sulfate is an intermediate and that the 
reaction path proceeds along the line described by Equations (3),  (3), (4), and (7). 

Sulfite and sulfate formation is thermodynamically feasible (Lowell. 1971) and has been 
observed experimentally (Glass and Ross, 1971). But there is little information on the 
character of the intermediate complexes. It is also not clear whether adsorbed oxygen. 
metal oxide oxygen, or gas phase oxygen participates in the reaction with SO, (Glass and 
Ross, 1971; Mars and Maessen. 1968: Regner and Simecek. 1968). Based on the analogy 
with CO oxidation. one could suggest that it is the adsorbed or metal oxide oxygen 
(depending on the type of oxide used) that participates in the reaction (Gravelle and 
Teichner, 1958: Winter, 1958: Stone, 1962). 

The actual reaction mechanism in the case of a multivalent metal is much more complex 
than the simplified model discussed above. Such a mechanism would involve: multiple 
Oxidation states. sulfite formation. sulfate formation. disproportionation of sulfites to 
sulfates and sulfides. sulfate decomposition, sometimes via oxysulfates. and catalytic 
oxidation of SO,. However. for engineering purposes. the process may be viewed as 
consisting of the following main steps: 



1. 
2. 
3. 

Sorption of SO2 and formation of sulfite 
Oxidation of sulfite to sulfate 
Sulfate decomposition with evolution of SO, 

At high enough temperatures all three steps occur as surface reactions in sequence, and 
metal oxides behave as catalysts. 

Only the first two steps will occur at lower temperatures when metal oxides simply 
adsorb SO2 and O2 and are converted to surface sulfates. It was observed (Lowell et al., 
197 l), at least qualitatively, that metal oxides behaved as catalysts above their sulfate 
decomposition temperature, while below that temperature little or no catalytic activity 
was detected. 

In possible applications of metal oxides the reaction mechanisms and kinetics are even 
further complicated by the fact that the flue gas is a complex mixture containing 
components such as CO, COz, H20, NO, which may react with metal oxides or be 
catalyzed by them. Commercial adsorbents andor catalysts consist of metal oxides on 
support. The nature of the support and its preparation may affect considerably the 
properties of these adsorbents and make their behavior in SOz adsorptiodoxidation 
different from the one observed with pure metal oxides. 

4.0 Previous Experimental Studies of Sulfation Kinetics 

The investigations to date can be divided into two main categories: 

1. Studies of bulk CuO, CeO,, and various metal oxides as possible adsorbents for 
SO2 from flue gas 

2. Studies of supported metal oxides for SOz removal. 

The latter category can be subdivided further into absorption and adsorption studies. A 
summary of the major investigations is given below. 

4.1 UnsuDported Metal Oxides 

Bienstock and Field (1 960) did an extensive screening study for the US Bureau of Mines 
to identify the solids which would be good potential adsorbents or catalysts for SO2 in 
flue gases. Their results with bulk metal oxides of interest are summarized in Table 1. 
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Table 1: Results of Bienstock and Field Screening Study 

NiO 91 0.09 626 
NiO 90 0.06 266 
NiO 90 0.07 626 

It was found that oxides of manganese: cobalt, and copper were the most active as 
adsorbents and that their capacity increased with temperature. CuO and PbO, were only 
active at the higher temperature; NiO and alkalized alumina had the same adsorption 
capacity at both temperatures. An important result of their study was to demonstrate the 
extreme importance of the method of adsorbent preparation on its capacity. For example 
copper oxide prepared by the action of sodium carbonate on copper sulfate (0.89 g/cm3) 
showed no activity toward SO,. It was also reported that thermal regeneration of metal 
oxide adsorbents by sulfate decomposition at temperatures above 1300 OF usually resulted 
in inactive oxides, while regeneration with reducing gases at 1 100 "F and lower rendered 
active oxides. 

Lowell et ul. (1 960) attempted to select, on the basis of thermodynamic arguments. from 
47 pure metal oxides those which are most promising for a thermally regenerable process. 
For metals having multiple oxidation states. stable forms were evaluated for the 
temperature range of interest and at oxygen concentration levels of about 3 percent. They 
concluded that formation of sulfites under flue gas conditions occurs in competition with 
sulfate formation. Once formed, a sulfite can decompose by solid state 
disproportionation to sulfate and sulfide. or i t  can dissociate to give metal oxide and SO?. 
The authors concluded that formation of sulfates appears to be most likely and that the 
extent of sulfite formation will be small and will  depend on the availability of oxygen and 
on the rates of the two processes. Oxides of Al. Bi. Ce. Co. Cr. Cu, Fe. I-If. Ni, Sn. Th. 



Ti, V, U, Zn, and Zr were selected as the most promising for SO, removal in a thermally 
regenerable process. 

. >  
.?. , r - .. . -. . .  

.L_ 

DeBeny and Sladek measured the rates of sorption of SO? from a flue gas by 14 bulk 
metal oxides. The oxides were selected based on their predicted applicability to 
processes for removing SO, from a flue gas using thermal regeneration of the sorbent. 
Measurements were performed using thermogravimetric analysis on samples which were 
ground and sieved to size range - 170 to + 325 mesh. Rates were fitted to semi-empirical 
expressions. CuO and CeOz showed the highest rates. Table 2 summarizes the results for 
metal oxides which displayed significant SO2 reduction capabilities. 

Table 2: Results of DeBerry and Sladek Study 

Bulk metal oxides do not typically provide sufficient surface area €or the desulhrization 
reaction and tend to sulfate at a slower rate than supported metal oxides. Additionally, 
bulk metal oxides tend to break up under continuous sulfatiodregeneration due to the 
large molecular size of the surface sulfate compared to the Me0  sites. Hence alumina- 
supported metal oxides are adopted for their high surface areas and pore volumes. 

4.2 Supported Metal Oxides 

4.2.1 Absorption Models 

McCrea et al. (1 970) investigated SO2 absorption on copper oxide impregnated into 
alumina at 575 O F .  The sorbent saturation capacity and the width of the transfer zone 
were determined from the breakthrough curves obtained by the use of an integral bed. 
The sorption capacity varied and was highest (0.02 - 0.035 g sulfur/g sorbent) for 
lightly impregnated sorbents (inversely proportional to the width of the transfer zone) 
and was observed to increase as the second power of temperature indicating that pore 
diffusion and reaction rate control the overall rate in their 1/16” sorbent. A single 
step absorption equation was postulated and is given as Equation (1). 
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Vogel et al. (1 974) evaluated a number of impregnated metal oxides supported on 
alumina for removal of SO, at 650 O F .  A fixed-bed flow reactor was used with the 
effluent monitored for SO, removal by infrared analysis. A kinetic treatment of the 
system was developed and rates of SO, sorption were calculated. A 5 percent SOz 
breakthrough point was chosen for practical rating of the sorbents. The rdative 
capacities of the sorbents were in general agreement with those of bulk oxides in that 
the alkali and alkaline earth metals were superior in reactivity. Table 3 summarizes 
their findings. 

Table 3: Results of Study by Vogel 

Yates and Best (1 976) developed a two-step consecutive mechanism for the reaction 
of SO, with copper oxide dispersed on particles of alumina leading via cupric 
oxysulfate (CuO-CuSO,), to cupric sulfate: 

2cuo + so, i- 1/20, - c u o ' c u s o ,  

c u o ' c u s o ~  + so, + 1/20, * 2cus0 ,  



The resultant equation for the SO, breakthrough was fitted to experimental data via a 
2-parameter curve fitting technique in order to determine the rate constants for the 
two steps. The rate coefficients of the two reactions were found in terms of the pre- 
exponential factors Ai, and the activation energies Ei. Table 4 summarizes the results. 

Table 4: Rate Constant Data for the Two-step Mechanism of Yates and Best 
Reaction 1 Reaction 2 

A, 11s 550.1 17.62 
E, kJ/mol 36.79 14.54 

Several researchers have evaluated rate constants for the absorption of supported 
copper oxide based on the equation of McCrea (see Equation 1). The most extensive 
investigation has been carried out by the US Department of Energy (Yeh et ai., 1982; 
McArdle et al., 1985, Yeh et al., 1987). Other investigations using the one step 
absorption equation were conducted by Kiel et al. (1 992), although they used silica 
rather than alumina as their substrate. 

These studies characterized the sorption of SO2 as an absorption process and defined 
the rate of consumption of active copper sites by a first order rate equation: 

dY - = k(1- Y y  p 
dt 

A microbalance was used in both the Yeh and Kiel experiments to determine the rate 
constant, k, in the form of an Arrhenius relation. Results of these experiments are 
given in Table 5 .  

Table 5: Results of One-Step Absorption Models, CuO/S02 
Researcher A, l/sec E, kJ/rnoI Sorbent Size, mm 

Yeh et al., 1982 13.1 20.1 1.6 
Kiel et al., 1993 - narrow 2.26E6 86 1.5 

pore 
Kiel et al., 1993 - wide pore 6.5E7 103 1.5 

The activation energies for the reactions are significantly different. The activation 
energies for the experiments by Kiei et al. are closer to the value found by DeBerry 
and Sladek for bulk CuO. This indicates that the support has a significant impact on 
the state of the supported copper and, therefore, on the rate of sulfation, and suggests 
that a simple one step absorption reaction is inappropriate. Moreover, Centi et al. 
(1 992) attempted to use a one step first order rate equation for the sulfation of copper, 
and found that the model did not agree with their experimental data or their analyses 
of the sulfated sorbent. 

Much less data is available for the sorption kinetics of SO2 on alumina supported 
cerium oxide. The most extensive studies have been carried out by the U.S. 
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Department of Energy (Hedges and Diffenbach, 1990; Hedges and Yeh, 199 1 ; 
Hedges and Yeh, 1992; Hoffman et al., 1992). As was the case with the CuO studies, 
the sorption of SO, was characterized as an absorption process and the rate of active 
copper site consumption was defined by a first order rate equation: 

where C,, is the concentration of active cerium sites, PSo2 is the partial pressure of 
SO2 in kPa. and k is the rate constant in l/kPa-s. 

A microbalance was used in their experiments to determine the rate constant, k, in the 
form of an Arrhenius relation. Results of these experiments along with the kinetic 
data of Akyurtlu (1 996) provided in conjunction with this report are given in Table 6. 

Table 6: Results of One-Step Absorption Models, Ce02/S02 ( 9 O h  wt. Ce on Sorbent) 
Researcher A, l/kPa-s E. kJ/mol Sorbent Size, mm 

Akyurtlu. 1996 0.0 192 17.0 ground 
Hedges and Yeh, 1992 0.0156 12.0 1.6 

An interesting result of the DOE study was that the rate constant depended on the 
initial concentration of cerium on the sorbent (i.e.3 their rate constant was not really 
constant). This resulted in a redefinition of the rate constant as: 

k’ = kc,.,, (14) 

where the value of the frequency factor. A. is 0.14 %Ce/kPa-s. This result indicates 
that the concentration of cerium on the sorbent significantly impacts the cerium ion 
structure on the alumina. This is not inconsisrent with the studies of CuO/AI2O3 
sorbents where the structure of the sorption sites changed with copper loading. At 
low concentrations, the metal enters the defect spinel of the y-alumina support to yield 
a well dispersed phase which is not detected by X-ray diffraction. The support 
capacity for y-aluminas appears to be about 4 - 5 percent by weight for copper per 100 
m2/g (Selwood and Dallas. 1948). In this dispersed phase, even up to the highest 
copper loading, the ions are not in microcrystals of metal oxide. The metal ion 
locations and interactions with each other differ widely from the buik material. After 
the adsorption sites of the support are saturated. a discrete crystalline phase of 
clustered metal oxide forms on the surface. For copper oxide, this begins at about 10 
- 1 1 percent by weight (Strohmeier et af., 1985). It appears likely that in the DOE 
studies the sorbents with higher cerium loadings had lower rate constants because of 
the formation of bulk crystalline CeO,. 

As is apparent from the above discussion, the structure of the metal oxide on the 
substrate in critical in predicting the sorbent performance. While detailed analyses 
exist for CuO sorbents. more investigation of the phases of cerium on alumina is 



required before accurate predictions of sorbent performance at varying cerium 
concentrations can be made. 

4.2.2 Adsorption Models 

Kent et al. (1 977) studied the adsorption of SO, on copper (11) oxide. They found 
that the adsorption of small amounts of sulfur dioxide at 675 “F resulted in the 
formation of surface sulfates. Further adsorption at 675 O F  produced a bulk sulfate 
(SO,). The postulated surface reaction leading to sulfate formation was: 

2Cu2+ + 40H- + SO, =) 2Cu’ + (SO,)2 + 2H20 (15) 

The removal of the water exposes a surface copper ion and adsorption on this site was 
thought to form a sulfite group. 

Cu2+ -I- 2(OH)- + SO2 - Cu2+ + (SO,)’- + H20 (16) 

No bulk copper sulfate was found; all reactions were assumed due to adsorption 
mechanisms. 

Cho and Lee (1983) developed an expression for the SO2 breakthrough curve based 
on the adsorption mechanism postulated by Equations (2), (3) and (4) and assuming 
two of the three steps are in equilibrium, and only one is rate determining. The 
alumina support was 3/16” x 1/18” tablet type porous y-alumina which was 
impregnated with copper to 5 percent (weight) by soaking the tablets in a solution of 
copper nitrate. The SO2 breakthrough was fitted to experimental data via a 2- 
parameter curve fitting technique in order to determine the rate coefficients for 
consumption of active copper sites and the overall reaction rate. The rate coefficients 
were found in terms of the pre-exponential factors Ai, and the activation energies Ei. 

Uysal et al. (1988) postulated the same mechanism as Cho and Lee to characterize 
CuO on activated alumina. In their experiments, 0.01 87” alumina was impregnated 
with CuO by immersing the alumina particles in a copper nitrate solution. The 
procedure gave about 6 percent by weight Cu on the sorbent. Table 7 presents the 
results of Cho and Lee (1983) and Uysal et al. (1988). 

Table 7: Results of Cho and Lee vs. Uvsal ef al. 
Cho and Lee (1988) 

Site .Reaction Rate Site Reaction Rate 

Uysal et al. (1 988) 
Rzte of Copper Overall Rate of Copper Overall 

Consumption Consumption 
A, l/min 0.156 560.96 0.122 2.36E6 
E, kJ/mol 3.43 8.3 14 0.85 15 29.4 
r, l/min at 0.0827 120.4 0.105 1.02E4 

650 K 
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Note the large differences in the predicted rate constants. The differences are most 
likely due to the different experimental setups and substrates. Cho and Lee measured 
the kinetic parameters by using a 1.5 cm diameter, 13 cm long tube furnace. Uj.sal et 
al. used a 5 cm diameter, 40 cm long tube operated as a bubbling bed. The model for 
the differential tube furnace is based on well known physics, while the bubbling bed 
model is rather speculative and simplistic. Therefore the Cho and Lee data is 
probably more representative of the true rate constants. It is also possible that there 
was significant diffusional resistances in the relatively large tablets of Cho and Lee 
resulting in the smaller overall reaction rates. 

Centi et a/. (1992) performed extensive analyses on the mechanism of SOz oxidation- 
adsorption and the kinetics of the adsorption. They found that the best fit kinetic 
results for a reaction model involved a first step of oxidation of chemisorbed SO2 to 
chemisorbed SO3 on copper followed by further reaction of the chemisorbed SO;. 

1. with a second neighboring copper species to form a sulfate species linked to 
copper, or 

2. a surface transfer to neighboring A1 species to form sulfate species linked to A. 

The reaction model was in good agreement with reactivity and spectroscopic evidence 
on the reaction mechanism, and with the mechanism postulated by Koballa and 
Dudukovic (1978) (see Equations 2 through 4). 

5.0 Summary 

Based on a review of available literature, there is strong evidence to support the theory 
that the sulfation of alumina supported M e 0  is an adsorption process; specifically 
chemisorption. The absence of bulk Me0 in the regenerated sorbent and bulk Me-S04 in 
the sulfated sorbent provide the most convincing evidence. Additionally. differences in 
sulfation kinetics between substrates, along with the much lower activation energy as 
compared to the sulfation of bulk Me0  casts doubt on the validity of a one-step chemical 
reaction. A more thorough argument supporting this claim is given in Appendix A. The 
following Section describes the adsorption model used to evaluate sorbent and adsorber 
performance. 

6.0 Adsorption Kinetics 

The performance of 2 bed of sorbent in which adsorption takes place is described bJr two 
sets of equations. The first set consists of the differential over-all and component 
material balances on the gas and solid phase and contains a global rate expression. ivhich 
is either empirically obtained or derived from the postulated models for point rate 
processes. The second set of equations deals with the point rate processes and 
resistance's and usually contains conservation equations for a single pellet and 
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constitutive equations describing the local rates. It is understood that several steps may 
affect the overall rate of the process. These steps are: 

1. External (fluid phase) transfer: the mass transfer by diffusion and convection of 
the SO2 from the bulk fluid to the outer surface of the solid particle. 

2. 

-, 
3. 

Internal transfer: transfer of the SO, to the interior of the solid particle by 

a. Diffusion through pores - in which case the SO, diffuses through the fluid 
filled pores in its original form; 

b. Solid-phase diffusion - in which case the SO, is transferred in its adsorbed 
form either via surface diffusion along the pores’ walls or via volume 
diffusion through holes in the chemical structure of the solid 

Adsorption-desorption at the active sites: some of the collisions of the SO, 
molecules with the active sites on the solid exterior and/or interior walls of the 
pores result in adsorption, i.e., in transformation of SO2 to its adsorbed state or 
surface complex. 

4. Chemical reaction on the solid: the SO2 in the adsorbed state undergoes a 
chemical reaction (Le., and additional transformation) either with the solid or with 
another component from the fluid phase or with another adsorbed component. 

5 .  In case of a reversible process: steps 1 and 4 will apply in the reverse order to the 
reaction product. 

In addition, heat transfer processes may be of great importance in affecting the overall 
rate. However, for small SO, concentrations and relztively small heats of adsorption, the 
assumption of isothennality is usually acceptable. 

It is of interest to note that most investigators do not distinguish between steps 3 and 4 
and tend to lump them together. Although the adsorption step may be viewed as a 
reaction, often only an intermediate complex is formed first which is subject later on to 
further transformations. The above classification is more meaningful since it allows the 
interpretation of all related but different phenomena in the view of the presently available 
theories and models. Without step 4: one can cover the phenomena of adsorption and 
chromatography; with step 4, if the reaction takes place with the solid, the area of fluid- 
solid non-catalytic reactions can be analyzed, and. if the reaction takes place with another 
fluid or adsorbed component, catalytic properties can be studied. The adsorption process 
is ignored (assumed infinitely fast) in the treatment of fluid-solid reactions while it is 
emphasized for catalytic reactions when step 4 is often neglected. Yet the two 
phenomena are closely related, as has been demonstrated with the systems SO,, 02, and 
metal oxides, and the difference results from the reaction path of the SO, in the adsorbed 
state. 
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In summary, for proper interpretation or prediction of breakthrough curves it is necessary 
to: 

1. Apply conservation equations to an element of the bed for fluid and solid phase, 
and 

2. Establish the point kinetics and rate coefficients of the various rate processes and 
evaluate the equilibrium isotherm. 

7.0 Governing Equations 

The mass balance equation for the adsorbable component (SO,) in the direction of flow 
is: 

d’C ac 29 ac 
z ~ , , ~ - ( l - E ) p p - = E -  

cz Et  at 

where 

C = adsorbate concentration in the gas phase 

pp = density of the adsorbent 

Daf = axial dispersion coefficient 

u, = superficial fluid velocity 

E = bed void fraction 

q = number of moles adsorbate per unit weight of adsorbent 

The rate of adsorption is controlled by the step which exerts the greatest resistance to 
transfer and is inherently the slowest. The mathematical solution is simplified by 
neglecting all resistance’s but the rate controlling one or by combining all the steps into 
one effective step with a single apparent rate. The forms of the rates for various steps 
which are rate controlling are presented in Table 8. It is also necessary to know the 
relationship between the adsorbate (SO,) in the adsorbed and free state (the adsorption 
isotherm) 
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Table 8: Rate Expressions for Rate ControlIing Steps in Adsorption Process 
Controlling Step Rate Expression 

External Mass Transfer 84 P , - = k , up  (c - c, ) 
al 

Surface Reaction a4 I - a, = k,C(Q - Q,)-k2q 
u1 

Internal Diffusion - Solid Phase Diffusion 

Internal Diffusion - Pore Difhsion 

In the theory of chromatography, it is often assumed that all the rate steps are infinitely 
fast and that equilibrium between the gas and solid phase exists at every point in the 
column. For an irreversible adsorption, this would result in a step-up breakthrough curve. 
Since such behavior is not observed in S02-metal oxide systems, these models were not 
treated further. 

In order to determine the rate controlling mechanism(s), order of magnitude estimates for 
the resistance’s need to be determined. Table 9 presents the expressions for the various 
resistance’s. 

Table 9: Resistance Expressions for Various Rate Controlling Mechanisms 
Controlling Step Resistance Expression (sicm) 

1 
k ,  

External Mass Transfer - 

a P  . 6(1- E) 
- , a p = -  

- 1 ; k\ = 10Ds . A = O(10‘) 
Ak, d p  (I - E) ’ 

Surface Reaction 

Internal Diffusion - Solid Phase Diffusion 

Internal Diffusion - Pore Diffusion 

k ,  dP 

1 - l0Dp 

k P  dP 
-_-  

Values for the various resistance’s have been determined and are presented in Tables 10 
and 11. 
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Table 10: Values for Rate Controlling Resistances - CuO 
Controlling Step Resistance Expression (dcm) 1 /4” 1 /S” 1/16’. 

Sorbent Sorbent Sorbent 
(s/cm) (s/cm) (s/cm) 

1 0.17 0.13 0.10 - External Mass 
Transfer 

Surface Reaction 
k f 

UP , 

k ,  dP 

6(1- E) 4.34 8.68 17.3 

10Ds 3 . j  1.74 0.87 

, a  =--- - 

-; k $  = *=OCO’> 
d p ( l - E ) :  

Internal Diffusion - 1 
Solid Phase I\k, 
Diffusion 

Internal Diffusion - 1 1 ODp 0.90 0.45 0.23 

IOD, 6.35 3.17 1.59 

; k p = -  - 
k r dP 

k ,  (1 I 

Pore Diffusion 

Internal Diffusion - 
Knudsen Diffusion I I 1. , k , = -  

Table 11 : Values for Rate Controlling Resistances - Ce02 
Controlling Step Resistance Expression (s/cm) 1 ~ 4 ”  1 /8” 1 J16” 

Sorbent Sorbent Sorbent 
(s/cm) (s/cm) (sJcm) 

1 0.15 0.12 0.090 - External Mass 
Transfer 

Surface Reaction 
k ,  

a:, , 
k ,  d,, 

6(1- E )  32.1 128.4 
- =- , a  

1OD> 3.5 1.74 0.87 
- . k  = . 31 = o(10’) 

Internal Diffusion - 1 

Solid Phase Ak\ d,, (I - E )  
Diffusion 

1 1 OD,, 0.66 0.33 0.165 
; k , ,  = - - 

Internal Diffusion - 
Pore Diffusion 

Internal Diffusion - 
Knudsen Diffusion 

k:,  
1 .  IOD, 5.20 2.60 1.30 

k ,  dP 
- , k , = -  

For the 114” and 1/8’* copper oxide sorbent particles. surface reactions, internal solid 
phase diffusion. and Knudsen diffusion all appear to contribute to the adsorption kinetics. 
For the 1 !I 6’’ CuO sorbent. surface reactions dominate the resistance. In the case of the 
cerium oxide sorbents. the surface reaction always controls the adsorption kinetics 
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Thus, the adsorption model (Equation 15) needs to be solved in combination with three 
different resistance expressions for the CuO system (solid phase diffusion, Knudsen 
diffusion, and surface reactions) and one for the Ce02 system (surface reactions). 

8.0 Modeling Large Batch or Moving Bed Reactors 

Once the rate constant and saturation capacity of the sorbent are known, Equations (1 5), 
and (1 6) along with the appropriate equations in Table 7 can be solved to yield the SO2 
breakthrough curve for any batch reactor. 

A moving bed reactor can also be easily modeled. In a moving bed, the SO2 outlet 
concentration will initially increase with time and then approach a steady state limit 
which will be time independent. A moving bed adsorber can be viewed as a series of 
vertically differential reactors which extend horizontally across the entire reactor width. 
The vertical location of each vertical differential section can be converted into a time the 
differential section has been in the adsorber using the sorbent flow rate (which. given a 
reactor cross-sectional area, converts to a sorbent velocity). The farther down the 
differential section is located, the longer it has been in the reactor. For example, a 
differential section located at a distance 10 feet from the top of a reactor with a cross- 
sectional area of 40 ft2 operating with a solids flow rate of 5000 lb/hr (pbulk = 50 lb/ft3) 
has been in the reactor 4 hours. Since each differential section always sees the same inlet 
SO2 concentration. The average SO2 outlet concentration is simply the time averaged 
integral of the breakthrough curve: 

Equations (1 5 )  or (1 6) and the sorbent point rate process expressions can be substituted 
into Equation (34) with the appropriate input parameters to solve for the SO2 
concentration in the effluent stream. For a given moving bed configuration and SO2 flow 
rate, as the sorbent residence time increases (lower sorbent flow rate), the SO2 outlet 
concentration increases, and vice versa. 

9.0 Pressure Drop Determination 

The calculation of flue gas pressure drop through the moving bed was accomplished by 
modeling the moving bed as a fixed bed, evaluating the gas properties at the bed inlet, 
and using the well known Ergun equation (1952) 

where 
AP/L = pressure drop per unit length of bed, lb/ft' 
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g, = gravitational constant. ftAb-sec2 
E = bed void fraction 
Y = sorbent particle sphericity 
pf = gas density, Ib/fi 3 

10.0 Model Input Assumptions 

Several parameters are required as inputs to the model. The number of inputs depends on 
how many of the point rate process are important. In the case of the CeO, sorbents, only 
inputs related to the surface reaction process are required, since this process dominates 
the kinetic resistances. For the larger CuO sorbents, more inputs will be required since 
diffusional processes are important. A summary of the general input parameters are 
given in Table 12. Inputs specific to the CeO, and CuO sorbents are given in Table 13. 

Table 12: General Model Input Parameters 
Parameter Value 

3,000.000 (lb/hr) 

Inlet SO2 concentration 3000 ( P P 4  1 

11 Adsorber Height 45 feet 

Adsorber Width 10 feet 

Sorbent Density 60 lbs/ft' 

Sorbent Voidage 

Average Pore Diameter 90 angstroms 

Reaction Stoichiometry 1.2 
- based on complete 

metal site useage 

Required Removal 98 ?4 
Efficiency 

Maximum Allowable 2" H,O 
Pressure Drop 

I' I 

Basis 
Approximate value for 
a 400 MWe pulverized 

coal power plant 
Typical SO2 

concentration in flue 
gas of high sulfur coal 

Sorbent fiow and 
mechanical constraints 

Sorbent flow and 
mechanical constraints 

Typical for Alcoa 
alumina sorbents 
Typical for Alcoa 
alumina sorbents 
Typical for Alcoa 
alumina sorbents 
Optimal based on 

reactor sizing, excess 
sorbent, and excess 

regenerator gas 
required 

Efficiency required to 
compete with other 

available technolorries 
Required to compete 
with other available 

technolorries 



Table 13: Sorbent Specific Model Input Parameters 
Parameter Value Basis 

Copper Oxide Sorbent 
Metal Loading on 9.0 percent by wt. Data available 

Maximum SO2 Capture 0.62 - 1.0 Experimentally 
Alumina 

mole SO,/mole Cu Determined - Sorbent 
at 700 O F  Dependent 

Overall Kinetic Rate 0.0735 - 0.132/~ Experimentally 

reactions and Dependent 
Constants (surface at 700 O F  Determined - Sorbent 

diffusional processes) 
Heat of Sulfation 132,039 Btdlb-mole Based on heats of 

SO, reacted formation 

Metal Loading on 
Alumina 

Maximum SO2 Capture 

Surface Reaction Rate 
Constant (no 

diffusional effects) 

Heat of Sulfation 

Cerium Oxide Sorbent 
9.0 percent by wt., Data available 

2.0 Suggested value from 
mole S02/mole Ce Hampton U. 

0.162s Experimentally 

0.187 by Hampton U. 
at 1022 O F  

at 11 12 O F  

126494 Btu/lb-mole 
SO2 reacted formation 

Determined Rate Data 

Based on heats of 

The surface reaction rate constants for the cerium oxide sorbents were adjusted within the 
model to take into account long term diffusional effects. This was accomplished by 
adjusting the effective reaction rate by an effectiveness determined by the sorbent 
fractional conversion and the pore structure of the sorbent. The effective reaction rate 
constants varied, depending on the sorbent, from about 70 percent to 90 percent of the 
reaction rate with no diffusional effects present. 

It should be noted that the heat of sulfation was based on the heats of formation assuming 
the metal oxide is converted to bulk metal sulfate. The previous discussion has shown 
that this is probably not the case. Therefore, the heat of sulfation used in the model may 
be much larger than the actual heat of adsorption based on a weaker bond between the 
adsorbed SO2 and the metal oxide. Actual measurements of the heats of adsorption for 
the CuO and CeO, sorbents, or several adsorption isotherms determined at different 
temperatures would be required for an accurate prediction of the heat release during the 
sulfation reaction. 
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11.0 Sulfation Model Results - Required Number of Adsorber Modules 

Table 14 presents the results of the model for the CuO and CeOz sorbents. 

It is interesting to note that an increase in temperature for the Ce02 sorbent did not reduce 
the number of modules required. This is the result of the increase in gas viscosity and 
decrease in flue gas density. To keep the pressure drop across the bed at 2” H20, more 
frontal area is required. Since most of the cost of the adsorption unit will be in the frontal 
area of the reactor, as will be shown below, it does not appear to be advantageous to 
operate at the higher temperature, especially since the cost of the materials of 
construction will increase significantly. 

Overall, there is little difference in the number of modules required for the CuO and Ce02 
sorbents operating at their respective temperatures. The volume of sorbent required for 
the CuO adsorption unit is higher, which may lead to higher sorbent costs depending on 
the cost ratio of CuO to CeOl sorbent. The higher temperature of the CeO, adsorption 
unit will result in a significant increase in materials of construction costs. Therefore, the 
tradeoff between the CeO? and CuO adsorption units will be between the reduced sorbent 
volume for the Ce02 system vs. the reduced construction costs of the CuO system. 

Model output of the gas outlet temperature and the SO2 outlet concentration as a function 
of adsorber height, and the sorbent outlet temperature as a function of bed width is given 
in Appendix B. This output used the kinetic data of Akyurtlu (1 996) in modeling the 
Ce02/S02 adsorption, and the kinetic data of Tecogen (1 996) in modeling the CuO/S02 
adsorption. 
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12.0 Regeneration Modeling of Me-SO, 

In a metal oxide flue gas cleanup process, the sulfated sorbent is regenerated in a moving 
bed reactor. Because the sorbent in the regenerator is ash free, and the regeneration gas 
superficial velocity is very low, a counterflow adsorption column is the most economical 
vessel for regeneration of the spent sorbent. 

Several gases can be used to regenerate the Me-S04 to Me. The most commonly used 
gases are methane, hydrogen, and synthesis gas (H2-C0 mix). Only methane and 
hydrogen will be evaluated as part of this study. 

12.1 Me-SO! - Repeneration Studies 

Rate data on the regeneration of metal sulfates by reGclcing gases is scarce. The 1.S. 
DOE has conducted a preliminary study of the regeneration kinetics of a 1/16” alumina 
supported CuO sorbent using hydrogen, methane, and synthesis gas (Yeh et ul. , 1982: 
Markussen and Pennline. 1993; Markussen et ul., 1994; Harriott and Markussen, 1992). 
Additional kinetic studies of Cu-SO4 on alumina reduction using methane and hydrogen 
has been conducted by Tecogen (Hyre et al. ~ 1996). A summary of these results is given 
in Table 15. 

Table 15: Results of Cu-S04 Regeneration Studies 
Researcher I A, l/sec I E, kJ/mol I Sorbent Size, nim 

Hydrogen Reduction 
Yeh et al., 1982 1.77 11.5 1.5 
Tecogen, 1996 0.082 8.98 1.6. 3.2. 6.5 

Methane Reduction 
Yeh et al., 1982 1.40E5 108.6 1.6 

Markussen et al. , 1994 3.95E5 110.8 1.6 
Tecogen, 1996 2.66E8 152.1 1.6. 3.2. 6.5 

The activation energies for copper sulfate regeneration by hydrogen are much lower than 
that for the regeneration of unsupported and silica supported copper sulfate. Table 16 
compares the activation energies for supported and unsupported copper sulfate 
regeneration. 
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Table 16: Comparison of Hydrogen Regeneration Activation Energies for 
Supported and Unsupported Cu-SO1 

I Researcher 1 E, kJ/mol I Supported or Unsupported 1 
Hydrogen Reduction 

Kiel et ai., 1992 74 Silica Supported 
I Vo Van and Habashi, 1974 1 62 - 70 I Unsupported I 
I Yeh et ul., 1982 1 ' 11.5 1 Aluminasupported I 
I Tecogen, 1996 I 8.98 1 Aluminasupported I 

Table 16 provides further evidence that the support plays a large factor in the structure of 
the Cu-S04. 

No kinetic data in the open literature exists for the regeneration of Ce-SO,. Hedges and 
Diffenbach (1 990) studied the effect of regeneration with methane and hydrogen on the 
SO2 uptake on Ce02/A1,03 sorbents. They noted that regeneration with methane 
proceeded at a much slower rate than with hydrogen. Raising the temperature by 90 O F  
when regenerating with methane increased the reaction rate to nearly the same as that 
with hydrogen at the lower temperature (1 1 12 O F ) .  

Akyurtlu (1 996) has provided kinetic data for the regeneration of Ce-SO, as part of this 
investigation. Table 17 summarizes his results: 

Table 17: Results of Ce-SO, Regeneration Studies 
Researcher I A. l/sec I E, kJ/mol 1 Sorbent Size. mm 

Hydrogen Reduction 

Methane Reduction 
Akyurtlu, 1996 1.77 11.5 v ground 

Akyurtlu, 1996 1.40E5 108.6 ground 

12.2 Effect of SO2 - Concentration on Reyeneration Kinetics 

Several investigators have noted that methane-Cu-SO, regeneration kinetics are strongly 
influenced by the presence of SO2. The CH,, regeneration reaction with SOz present does 
not proceed to completion and the reaction rate is slowed significantly (Markussen et al., 
1994; Harriott and Markussen, 1992; Centi et al., 1995). Langmuir-Hinshelwood kinetic 
expressions were developed to describe the regeneration kinetics which took into 
consideration the effects of SO2 and equilibrium constants for methale. The resulting 
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expression is: 



where the values for k,, K,, and K2 were determined at three temperatures. The results 
are presented in Table 18. 

Table 18: Langmuir-Hinshelwood Coefficients as Determined by Markussen et nf. 
(1994) 

Temperature ( O F )  k, (1 /min-atm) K, (l/atm) K2 (l/atm) 
542 0.71 2.07 8.41 
896 1.38 1.56 5.19 
950 2.79 2.05 3.00 I 

Akyurtlu (1 996) determined the effect of SO2 on the regeneration of Ce-S04. The rate 
constant was expressed in terms of the fractional partial pressures of hydrogen and SO2: 

Note that in this expression. l-ery small amount of SO2 in the gas stream has a very large 
effect on the overall reaction rate. For example, a SO2 fractional partial pressure of ten 
percent reduces the reaction rate by nearly a factor of 30. 

No data exists on the effect of SO2 concentration on the hydrogen regeneration of Cu-S04 
or on the methane regeneration of Ce-SO,. Further investigations need to be conducted 
io discern these effects. 

12.3 Hvdrogen Consumption Durinr Reeeneration 

Several investigators have noticed a larger than stoichiometric consumption of hydrogen 
during the regeneration reaction with pure hydrogen (van der Grift. 1990; Centi ef id.. 
1995; Pennline, 1995). This additional consumption reached as high as 7.5 times the 
theoretically determined amount with no excess hydrogen detected at the regenerator exit 
in DOE'S CuO moving bed test facility (Pennline, 1995). Investigations were conducted 
at Tecogen to determine the cause of the additional consumption. 

Through tube furnace testing, it was determined that many side reactions prevail when 
hydrogen is used as the reducing agent. and in particular H,S aiso forms. Three paths for 
hydrogen consumption were identified: 

Path 1 :  
Cu-SO, -i 2Hz % CU + SO2 + 3H2O 

Path 2: 
CU-SO, + 4H2 9 CUS + 4H2O 
CUS + 1QHz 4 C U ~ S  + HzS 
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Path 3: 
SO, + 3H2 H,S + 2H20 (catalytic over Cu or Cu,S) 

.A11 of these reactions were confirmed in the tube furnace experiments. 

Path one is the desired path nornially associated with the regeneration of copper sulfate. 
In path two, copper sulfate is reduced to cupric sulfide; which is further reduced to 
cuprous sulfide. Thermodynamics predict the reduction of cupric to cuprous sulfide; 
reduction of cupric sulfide to copper metal does not occur. Under reducing conditions, 
cuprous sulfide is the most stable compound. The cuprous sulfide present after 
regeneration cannot be reduced by hydrogen further in the temperature range of interest. 
The sulfide retained in the sorbent after regeneration is converted to sulfate upon 
oxidation and adsorption. The formation of copper sulfide during regeneration lowers 
both the adsorption rate and the capacity, whereas the consumption of reducing agent, per 
amount of sulfur dioxide removed is increased. Therefore, the amount of cuprous sulfide 
formed during regeneration of a sulfated sorbent should be minimized. 

In path three, the sulfur dioxide released fiom the sulfated sorbent reacts with the 
hydrogen reducing gas and is catalytically converted by either Cu or Cu2S to H,S and 
water. This is probably why no excess H, was seen in the DOE facility; it had all been 
converted to H2S. 

Because of the large consumption of H2 in the regeneration process along with the 
reduction of the adsorption capacity and rate, H2 is not currently being pursued as a 
reducing agent for the copper oxide process. No data exists on the consumption of H2 
during the regeneration of sulfated cerium oxide sorbent. Additional testing is imperative 
to ensure the adverse side reactions which occur with the sulfated copper oxide sorbent 
do not also occur during the regeneration of the cerium oxide sorbent. 

12.4 Catalytic Oxidation of Methane 

The advantage of using methane as the regeneration gas is that SOz is the only sulfur- 
bearing product. The primary drawback of using methane is that the reaction kinetics are 
very slow, and the reaction is endothermic. One potentially attractive method for 
increasing the rate of regeneration with methane is to bleed a stream of oxygen in with 
the methane and allow it to catalytically react over the copper or cerium oxide. Several 
studies have been carried out on determining the properties of catalysts for the oxidation 
of methane at temperatures below the ignition point (Anderson el al. , 1961 ; Yant and 
Hawk, 1927): 

CH, + 20 ,  8 CO? + 2H20 
catalyst 

Platinum. palladium and the oxides of transition metals such as copper, cobalt. 
chromium. and vanadium were reported to have catalytic activity. Initial testing at 
Tecogen has successfully shown that the catalytic oxidation of methane does occur over 
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the CuO/A1,03 sorbent while regenerating, significantly increasing the regeneration 
temperature and rate. Additionally, the oxidation rate was consistent with the kinetic data 
compiled by Anderson et al. (1 96 1). Table 19 presents the rate constant and other data 
for the catalytic oxidation of methane over alumina supported CuO and CeO, taken by 
Anderson et al. 

Table 19: Rate Constant and Physical Data for Methane Oxidation Catalysts 
from Anderson et al. (1961) 

Catalyst YO Metal on support Catalyst Size Frequency Activation 

(kJ/mole) 
S U Q P O f i  (inches) Factor (Us) Energy 

Copper Oxide 7.0 y-alumina 1 18 2.82E5 92.5 
Cerium Oxide 1.2 y-alumina 118 3.89E6 120.9 

Catalytically reacting methane over the sorbent appears to be a promising method of 
increasing the reaction rate of methane regeneration. However, additional studies will 
need to be conducted to determine the long term effects of methane oxidation on the 
structural and reactive properties of the sorbent. 

13.0 Modeling Large Counterflow Moving Bed Regenerators 

In a similar manner to the adsorption model. the performance of a bed of sorbent which is 
being regenerated can be described by an over-a11 component and material balance on the 
gas and solid phase, and a set of point rate processes and resistance‘s containing 
conservation equations €or a single pellet and constitutive equations describing the local 
rates. The regeneration modeling is simplified in that a counterflow moving bed is 
somewhat simpler to model than a cross-flow bid. and the surface reaction kinetic 
resistances dominate any diffusional resistances as seen in Tables 20 through 23. 

Table 20: Values for Regeneration Rate Controlling Resistances - CuOEfydrogen 
Controlling Step Resistance Expression (s/cm) 114” 118” 1/16” 

Sorbent Sorbent Sorbent 
(s/cm) (s/cm) (slcm) 

1 0.37 0.48 0.61 - External Mass 
Transfer 

Surface Reaction 
k, 

2. 
k ,  d.,> 

d , ( I  

6(1- E )  378 630 1260 
(J =--- ’ I’ 

I OD> 1 (2 1 ) a 1 ) 
- . k  = - l =  U P ’ )  

Internal Diffusion - I 
S d i d  Phase Ak 
Diffusion 

Internal Diffusion - I IOD, 0 14 0.074 0 037 
-1 k l ,  =- 

Internal Diffusion - 1 0.79 0.395 0 20 IOD, 

k ,  t i ,  Kn udsen Diffusion 

Pore Diffusion k 3  L I  

I -; k A = -  



Controlling Step 

External Mass 
Transfer 

Surface Reaction 

Internal Diffusion - 
Solid Phase 
Diffusion 

Internal Diffusion - 
Pore Diffusion 

Internal Diffusion - 
Kiiudsen Diffusion 

Resistance Expression (slcm) 114” 1 /8” 1/16’. 
Sorbent Sorbent Sorbent 
(s/cm) (slcm ) (slcm) 

1 1.20 1.56 2.00 - 
k f 

ai1 . 
k ,  q> 

6(1 - E )  2.66E4 5.3 1 E4 1.06E5 
, a p  =- - 

1 1 OD\ O(1) O(1) 
. A = U(10‘) 

d p  (1 -E ) ’  
-, k \  = 

\ 

10Dp 0.45 0.225 0.1 1 1 .  
k P  dP 

k ,  dip 

> k,? =- - 

1OD 2.1 1.05 0.52 ; k , = - - - L  1 - 
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Controlling Step 

External iMass 
Transfer 

Surface Reaction 

Internal Diffusion - 

Diffusion 
Internal Diffusion - 

Pore Diffusion 

Internal Diffusion - 
Knudsen Diffusion 

Solid Phase 

Resistance Expression (s/cm) 114” 118” 1/16” 
Sorbent Sorbent Sorbent 
(slcm) (slcni) (s/cm) 

o.68 I O ’ j 3  

1 0.87 - 
k ,  

a,? , G(1 - E )  jS,2 116.5 233.0 . a(, =_I_ - 
k r  dP 

1 OD5 . O(1) ( 3 1 )  
-; k\ = A = O(10’) 

I 
Ak, d p  (1 - E )  

1 1 OD 0.10 0.052 0.026 
; k p = d  - 

k P  dl’ 

k*  d,, 

1 .  1QD 0.71 - , k , = d  



Table 23: Values for Regeneration Rate Controlling Resistances - CeO,/Methane 
Controlling Step Resistance Expression (s/cm) 1 /4” 1 /8” 1/16” 

Sorbent Sorbent Sorbent 
(s/cm) (s/cm) (s/cm) 

1 2.10 1.72 1.37 - External Mass 
Transfer 

Surface Reaction 
k ,  

6(1 -E )  9142 1.83E4 3.66E4 . , a  =- - 
kr  I’ dn 

‘OD‘ O(1) O(1) O(1) -; k , =  . A x  o(10’) 
Internal Diffusion - 1 

Solid Phase Akv d p  (1 -E)’  
Diffusion 

Internal Diffusion - I 10Dr 0.35 0.18 0.088 
; k F = -  - 

k P  d p  Pore Diffusion 
I 

1 .  IOD, 2.12 1.06 0.53 - , k , = -  
Internal Diffusion - 
Kn Lid sen D i ffus i o n k ,  d,l 

The counterflow moving bed performance is determined by solving for the time 
dependent Me-S04 fractional conversion curve using equations (1 7): (1 8): and the 
appropriate point rate expression, and then evaluating the Me-SO, fractional conversion 
at the regenerator outlet by substituting in the sorbent residence time. 

14.0 Regenerator Model Input Assumptions 

The results of the adsorption model (sulfated sorbent flow rate: sorbent temperature. etc.) 
are fed directly into the regenerator model. However, several parameters are required as 
inputs to the regenerator model. A summary of the general input parameters are given in 
Table 24. Inputs specific to the CeOz and CuO sorbents are given in Table 25. 

Table 24: General Model Input Parameters 
Parameter 1 Value Basis 

Regenerator Active 35 feet Sorbent flow and 

25 feet Sorbent flow and 
Height mechanical constraints 

Diameter mechanical constraints 
Reaction Stoichiometry 1 .o No regenerator gas in 

- based on complete 
metal site regeneration 

the effluent gas 

Regeneration 90 Yo Reasonable 
Efficiency requirement I 



Table 25: Sorbent Speciiic Model Input Parameters 
Para meter Value Basis 

Overall Kinetic Rate - 0.015/s Experimentally 
Copper Oxide Sorbent - Hydrogen Regeneration 

Constants at 700 O F  Determined - Sorbent 
Dependent 

CuS04 reacted formation 
Heat of Regeneration 5550 Btdlb-mole Based on heats of 

Copper Oxide Sorbent - Methane Regeneration 
Overall Kinetic Rate - 2. OE-~/S Experimentally 

Constants at 700 "F Determined - Sorbent 
Dependent 

Heat of Methane 382,802 Btdlb-mole Based on heats of 
Oxidation CH4 reacted formation 

Heat of Regeneration -62,382 Btdlb-mole Based on heats of 
CuS04 reacted formation 

Cerium Oxide Sorknt 
Overall Kinetic Rate 0.08921s Supplied by Hampton 

Constants at 1022 OF University 
Heat of Methane 382,802 Btdlb-mole Based on heats of 

Oxidation CH4 reacted formation 
Heat of Regeneration -1 17,656 Btdlb-mole Based on heats of 

Ce2(S04), reacted formation 
Cerium Oxide Sorbent - Methane Regeneration 

Overall Kinetic Rate 5.68E-4/~ Supplied by Hampton 
Constants at 1022 O F  University 

Heat of Regeneration -334,163 Btdlb-mole Based on heats of 
Ce,(SO,), reacted formation 

It should be noted that the same words of caution raised concerning the heat of sulfation 
apply to the heat of regeneration. 

15.0 Regeneration Mode1 Results - Required Number of Regenerator Modules 

Tables 26 and 27 presents the results of the model for methane and hydrogen regeneration 
of the CuO and CeOz sorbents. 

For the copper oxide sorbent, it is anticipated that the regenerator will incorporate the 
catalytic oxidation of methane to increase the regenerator temperature and decrease the 
required residence time. The consumption of CH4 in this process is very small and does 
not significantly affect the overall CH4 consumption. The cerium oxide sorbent is not 
significantly affected by methane oxidation because of the lower reaction rates over 
cerium oxide. For costing purposes, it is assumed that one regenerator vessel provides 
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adequate residence time for all processes except the cerium oxide’methane regeneration at 
1 112 O F .  where two vessels are required. 

Model output of the fractional sulfate conversion as a function of regenerator residence 
time is given in Appendix C. This output used the kinetic data of Akyurtlu (1 996) 
(including the heat of reaction, catalytic oxidation of CH, - when regenerating with 
methane? and SO2 inhibition effects for H2) in modeling the Ce2(SG,)3 regeneration, and 
the kinetic data of Tecogen (1 996) (including the heat of reaction and catalytic oxidation 
of CH, - when regenerating with methane) in modeling the CuSO, regeneration. 
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16.0 Cost Results 

Based on the adsorber and regenerator models, preliminary costs can be determined for 
the reactor vessels and sorbent. Auxiliary FGD equipment has also been estimated based 
on a 400 MW power plant. The auxiliary equipment includes material handling 
equipment (bucket elevators, screeners/conveyors, etc.), sulfuric acid plant, storage silos, 
foundation costs, fly ash handling, and electrical equipment. Economic model 
assumptions are given in Table 28. Cost summaries for the FGD system are given for 
cerium to sorbent cost ratios of 1 .O, 1.2, and 1.4 and for regeneration with methane and 
hydrogen in Tables 29-34. All capital costs are uninstalled costs. Results for different 
regeneration temperatures are not shown because the effect on the overall system cost 
was negligible. 

The cost analysis indicates that the copper oxide system has a lower overall cost of SO2 
removal. This is mainly a result of the ability of the CuO system to operate efficiently at 
temperatures where carbon steel can be used as the material of construction for the 
adsorber units. The Ce02 system operates at temperatures where stainless steels will 
have to be used, thus increasing the price per adsorber and regenerator module 
significantly. For methane regeneration, the Ce02 system has higher O&M costs due to 
the larger circulation rate, and therefore attrition rate, of the sorbent. For hydrogen 
regeneration, this cost tends to be offset by the reduced requirement of H2 regeneration 
gas which is more expensive that natural gas. It is worth noting that the Ce02 sorbent 
may have a larger resistance to attrition, which could decrease the O&M costs well below 
those for the CuO system. 

Table 28: Economic Model Assumptions 
Parameter Assumed Value 

Plant Operating Life 30 years 
Discount Rate 4.9 %/pr 
AFUDC Rate 4.9 %/yr 

7450 hrs 
11.7 %/yr 

Hours in year at 100% load 
Levelized Fixed Charge Rate 
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Appendix A Similarities in Breakthrough Expressions - Adsorption vs. Absorption 
Modeling 

Several investigators have successfully used a first order rate equation based on the 
reaction mechanism postulated by McCrea et al. (1 970) to analyze their data (Yeh et ui., 
1 9 8 2 ~  985. 1987; Kiel et ul., 1993; Hedges and Yeh, 1992). McCrea’s absorption 
reaction is 

CUO + so., + 1/20, * cuso4  (Al) 

Yeh et al. (1982) used this equation to write an expression for the sulfation of the sorbent 
(rate of consumption of active copper sites): 

dY 
dt 
- = k(1 - q p  

This expression is identical to the point rate expression for an irreversible surface reaction 
dominated adsorption process, and can be solved in a similar manner. However, because 
the reaction equation used as the basis for the derivation is suspect, one should use 
Equation (69) with caution. While the form may be correct for reaction limited 
adsorption, the physics implied by McCrea’s expression are quite different and could lead 
to erroneous conclusions. 

McCrea‘s equation was derived assuming that the CuO is sulfated to bulk CuS04, which 
has not been observed with supported CuO. This becomes clear when the rate constants 
for the sulfation of bulk unsupported CuO are compared to the rate constants for the 
sulfation of supported CuO. Table 13 compares the rate constants for unsupported and 
supported CuO for sorbents which would be reaction late limited (ground or very small 
sorbent sizes). Note the large difference in rate constants between the supported and , 
unsupported sorbents. 

Table Al:  Rate Constants for Supported and Unsupported CuO at 650 K 
Investigator Sorbent Size, Supported or Rate Constant at 650 K, l/s 

Unsupported 
DeBerry and Sladek, (1971) ground (-170 Unsupported 0.064 

Yeh et a]., (1982) 1 / I  6” y-alumina 0.32 

Centi et al., 1992 0.025” - y-alumina 0.45 

I Uysal et al., 1988 0.00738’’ y-alumina 0.87 
i suoDorted 

- 325 mesh) 

supported 

I 0.042” supported 
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f 

Table A2: Rate Constants for Supported and Unsupported CeOz at 823 K 
Investigator Sorbent Size, Supported or Rate Constant at 650 K, 11s 

Unsupported 
DeBerry and Sladek. (1 97 1 )  ground (- 170 Unsupported 0.064 

Yeh et al., (1982) 1/16” y-alumina 0.32 

Centi et al. , 1992 0.025” - y-alumina 0.45 

Uysal et al., 1988 0.00738” y-alumina 0.87 

- 325 mesh) 

supported 

0.042” supported 

supported 

The activation energies for supported and unsupported CuO reactions also suggest that 
the mechanism described by McCrea is not accurate. For unsupported CuO, the 
activation energy was found to be about 112 kJ/mol (DeBerry and Sladek, 1970), whereas 
for the supported CuO it is about 20 kJ/mol (Yeh et al., 1982; Centi et ai., 1992). For 
CeO,, the activation energy is about 33 kJ/mol. whereas it is about between 12 and 17 
kJ/moi for supported Ce02 (Hedges and Yeh, 1992; Akyurtlu. 1996). The larger 
activation energy for the unsupported metal oxides suggests that the reaction is closer to 
an absorption reaction. whereas the lower activation energy suggests a weaker SO2 bond 
typical of an adsorption reaction. 

Another indication that the reaction mechanism of McCrea does not fully describe the 
sorption process is that it suggests the type of support has little affect on the reaction rate. 
This has been shown not to be the case by nxmy investigators (Lo Jacono, 1976; Waqif et 
al., 199 1 J Friedman and Freeman, 1978; Ostrovskii er ai., 1987; Vorob’ev et al. , 1986; 
Strohmeier et al., 1985: Glass and Ross, 1971; Davydova et al. 1993). The substrate 
significantly changes the structure of the metal ions, as does the metal oxide loading. 
Supported metal oxides at low loadings form a well-dispersed interaction species with the 
substrate. and does not form bulk MeO. At higher metal loadings (> 10 percent). bulk 
M e 0  begins to appear resulting in a slower reaction rate. 

As mentioned above, freshly prepared and used sorbent samples analyzed by X-ray 
diffraction show neither crystalline Me0  or MeA120, in  the fresh samples nor crystalline 
Me-S04 in the used samples [Centi, (1990, 1992); Friedman et ai. (1 978); Kent et al. 
( I  977); Lo Jacono and Schiavello( 1976); Pollack et LII. (1 988); Waqif et nl. (1 99 1 ), Yo0 
et al. (1 994)]. The metal atoms dispersed on the surface of the support materials are not 
in a well-defined form. This indicates that the sorbents neither start with bulk M e 0  nor 
end up with bulk Me-S04. Hao and Cooper ( 1  994) suggest that SO? is adsorbed on the 
surface via 0-Me bonding and probably to a significant extent in the form of a bridge 
with the two oxygen atoms of SO2 sitting at tn-0 surface metal atoms. Ccnti et ul. (1 990). 
Uysal ef al. (1 988): Waqif et al. (1 99 1), Cho and Lee ( 1983): Lo Jacono (1 976) all 
postulate different, but similar, ndsorptiorz reactions/bonding. 
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Finally, investigations into low surface coverage interactions of sulfur dioxide with 
transition metal catalysts show that the heat of reaction is significantly affected by the 
substrate and metal loadings. It is generally agreed that sulfur dioxide is adsorbed and 
reacts with either gas phase oxygen species (Thodos, 1966) or adsorbed oxygen atoms 
(Kaneko and Odanaka, 1966) or ions (Simicek and Regner, 1968). Variations in heats of 
adsorption of SO2 on supported metal oxide catalysts determined by Glass and Ross 
(1 97 1) support this conclusion. 
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Appendix B: Adsorber Model Output 
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Appendix C: Regenerator Model Output 
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