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Abstract

Aihighly reactive B-dicalcium silicate powder sample has been
acquired from Professor D. Roy of Pennsylvania State University. The "~
sample was prepared by the Roy.Evaporative Decomposition owaolution 4
(EDS) process. We will use it in conJunction w1th our ash—binder

pelletizing technique to form a highly regenerable and reactive sorbent

for fluidized bed combustion. Other techniques of forming reactive

H LT

silicates are also being studied.

LI G ot . Syt

Simplified mathematical modele haQe‘beea-éeveloped for kiln regenera—
tion based on the data with a small quartz rotar§ kiln ;eactof Tﬁe N
model piov1des better understanding er scale—up of ihe éramislag ﬁrookhaven
Kiln Regeneration Process. | | o

The Fe203 catalyzed sulfation and regeneration process has been
further studied with a small quartz fluidized-bed sulfator and a small
rotary kiln regenerator. Ten sulfation-regeneration cycles will be
completed within the next reporting quarter. After completion of the
cyclic experiments, we will make recommendations for field testing,
i.e., testing in one of the DOE pilot fluidized bed combustors and
regenerators.

The reactivity of a reconstructed CaSO4 is indeed higher than the
original sample. The reconstructed sample was maed via the procedure:
CaSO4 red. Cas oxid. CaSOa. We plan to further understand the morphological
and structural changes taking place in the process.

A detailed analysis and a review of the high temperature CaSO4

regeneration mechanism were made. All possible reactions in the system

- div -
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were taken into account. Rates of the more important (rapid) ones

were measured. Existence of a gasaous intermediate indeed was acertained
and some mechanisms were proposed. Understanding of the mechanism

will be useful in- improving all the regeneration processes being
developed.,

Kinetics of the rapid reaction between Ca0 and SO, are being

3
studied and the work will be completed shortly. This is part of our

effort to understand the mechanism both in sulfation and regeneration.

A good attempt has been made to use ZnO as a regenerable sorbent

for hot fuel gas desulfurization. The evaporation rate of the sorbent

in a reducing atmosphere is too high for this sorbent to be of

practical use.




Regenerative Process for Desulfurization of High
Temperature Combustion and Fuel Gases

Quaftefly Progress Report No. 8
January: 1-March 31, 1978

A, Calcium Silicates and Silica-Based Materials as Regenerable
Sorbents (Yang, Shen, Steinberg)

As reported in the previous reports of this program, we have
found that sulfated calcium silicatés are more regenerable than
sulfated limestone. For example, the sulfation rate under FBC conditions
of a commercial silicate.insulatioﬂ material supplied by Fibreboard
Corporation was abou£ tﬁe same as Gréer limestone. Thé.material

contained primarily CaSiO More important, the regeneration rate was

3¢
about seven times higher. 'We have been searching for methods of
preparing.reactive calcium silicates. o

During the last quartef; ﬁrofessér Della Roy from Pennsylvania
State University consuited with us.on this subject. She has developed
a process for preparing a highly reéctive B—calcium»silicate. The
method is deécribed'in a paper which wiil be published soon in
I1 Cemento. It involved spraying a soluﬁioﬁ of calcium nitrate and
Ludox (duPont trade name for a Colloidal SiOz) in a hot zone about 1000°C.
A highly reacfive B-CéZSiO4 is fofmed rapidly;. Unfortuna;ely, the size
of the silicate isbvery fine (v~ 1lpm). We plan fo use it,'COmbined with
our coal ash binding technique we are déveloping,fgr FBC. The powder
will be pelletizea with fine.caalAash. Sﬁlfation and reéeneration rates

will be measured. If successful, this process should be the best

regenerable sorbent yet developed.



We also plan to strengthen our silicate program in the coming

quarters. Professor Roy,-as'well as our own staff members, will be

. N
- .

devoting more time and efforts‘in'searching for techniques to form the
reactive silicates. In this report, both dry and wetr procesqes are
being studied. The wet processes w111 be 31m11ar to the Roy or the

EDS (Evaporative Decomp051t10n of Solutlons) process.

+

As proposed in the last quarterly rcport we are 1nvest1gat1ng
a new class of synthetic regenerable sorbent wh1ch 1nvolves caicxum
oxide supported on silica. In a typlcai experrment hlgh Surface area
porous silica’ gels (surface area 720-760 m /gram, pore volume 0.43
cc/gram) with 16/20 Tyler mesh 51ze were immersed in a concentrated
aqueous solution of calcium acetate and subaequently heat treated at
lOOO C (chosen ad the regeneration temnerature) for four hours. The
calcium loading was then analyzed.' X—ray dlffractlon analysis showed ‘
that Ca0 was the predominant product Trace amount of B—dicalcrun_A
silicate was detected.v However, at the steady.etate in a continuoue'n‘
cyclic process; the contents of the silicates would increase with the
number of cycles.

Our preliminary results.shoued that the sulfation.rate wasAhigher'
than the natural llme and that the sulfated sample 1s\more regenerahle
than the sulfated lime. Experlments in progress are de51gned to study

the effect of calcium loading on the ‘sulfation rate and the related

porosity, cyclic sorbent life study and attrition resistance.



B. Development of Brookhaven Kiln Regeneration Process (J. M.-Chen,
G. Farber, and R. T. Yang)

Previous investigation<(BNL report 7) showed that the process of
using a rotary kiln to regenerate sulfated lime with fly ash as the

reductant could generate an SO,-rich gas at 1000°C and also retain

2
high reactivities of the regenerated materials. In this report,
mathematical expressions for the unsteady state, semibatch reactor
used for such process have been derived. This analysis was.performed to
gain more understanding while Qe are designing and constructing a larger
scale kiln regenerator.

Regeneration experiments at 1000°C for various flow rates have
been constructed. Results of these experiments have been correlated
with the derived expressions. At low flow rates, when mass transfer
resistances were predominant, the SO2 conceﬁt;ation péofile deviates
from the analytical expressions. However, at high enough flow rates,
the SO2 concentration profiles could be well correlated by the mathematical
descriptions. Using the mathematical expression rate constants can bé
extracted from the exit 802 concentration profiles.

A larger scale rotary kiln regenerator is currently under constfﬁc-
tion. The reactor will be made of quartz and will be completed in the
next quarter, Experiments will be qonducted to’investiggte the effects
of particle size, various kinds of reductants, extent of sulfated
material on reac#ion kinetics and to obtain.the'qecessary data for design
of rotary kiln regeneragion précess. A minikiln regenerator is being

designed and procurement for the necessary parts are being assembled.

Our goal is to obtain realistic process information necessary for



scale=up of the promising Brookhaven kiln reggnera;ion process. . The
minikiln will be about 3-in. in diameter, 3-ft long, ahdLWigﬁ refractory
lininé. ﬁea; for the process will Be intefnally supﬁiied by comﬁustion
of carbon. Because of inherent difficﬁlties, we try tO‘HQOid sealing
of the rétar& parté by designing a magnetically driyen kiln whicﬁ is
housed in a stationary "kiln" to accomplish this.
(2) Model Sfudies: Rotary Kiln Regeneration Process
(é) System Descfiptioﬁ and Assumptions |
| The reaction scheﬁe considered in our labofatory;;o

regenerate sulfated lime from FBC is

r
CaSO4 + 2C 3 CasS +‘2CO2

_3CaSO4 + Cas r+ 4Cal0 + 4502
using a rotary kiln as the regenerator. Here, the mathematical
description for a horizontal kiln under unsteady state, isothermal and
semibatch operational conditions is derived. Figure 1 illustrates’ .
the system, .

The magerial'balance‘for a differential increament of reactor is

Gas Phase:

duC aC

. ' 1 1 ' o
Iqert gas 52 + Y = 0 4 ] (1)

auC2 3C2 . .
LOZ 7 + ¢ 3z - k2 A2(C?_S C2) (2)



9uC - ac

3 3 . A :
50, 5z T8 3r. T Kaph3(C3Cy) )
Solid Phase:
3S
_ _ (1-¢) "2
kZmAl(CZS CZ) - b at 4) .
3S
o (1-e) "3 _ « -
k3mAl(C3s C3) = b3 Y (5)
where
Ci gas concentration in bulk phase, (mole/c.c.)
z distance of the reactor (cm)
€ void fraction
ki mass transfer coefficient for i compound ,' L
m (sec cm)
ai surface area of the solid related to i compbund
‘ ' cem?
reaction per unit volume of reactor
cm” reactor
. . . mole
Cis gas concentration of i compound on the solid surface
u superficial velocity (cm/sec) -
Si solid molar concentration related to i compound reaction
per unit volume of reactor moée
cm
bi stoichiometric coefficient for i compound reaction
t time (sec)
i gas compound, i=1 inert gas; i=2, COZ; i=3, SO2
T temperature (ok)

The solution of the above five equations with the following

initial and boundary conditions



t =20 Si=sio (initial solid concentration)

C1=Cld’ C2=C3=0

z =0
and with rate expressions for reactions 1, 2 will be able to describe
the reactor performance.
It has been known that reaction 2 is the rate controlling step
for the above two step regeneration process. Therefore,'only reacEiOu
2 will be considered in this derivation. Since the rate expression
for this reaction was found to be in the first ordgr with respect to 'solid

(CaSOa) concentration (Chapter E), to account also for SO, partial pressure

2

effect on reaction rate. r, is written in the followingiform

2

8s _ _ _ _ o . SR :
5o = ~kn(Pe-P)S . 4 (6)

P and Pe are 802 partial pressure and equilibrium pressure reSpectiveiy,
and n is the effectiveness factor, which accounts for pore diffusioﬁ
resistance,

The assumptions’ in thisideriVatioh are sﬁmmarized in ﬁhé ﬁollowing:
(1) No axial solid mixing but only radial mixing in the réaépor.
72) Gas velocity remains constant, |
(3) Mass transfer resistance is negligible.
2"

(4) Reaction rate rlAis instantaneous with respect to r

(5) 1Ideal gas behavior.
(6) Plug flow.
(b) Derivation
The differential equations required for consideration -

will then be



3s

=z =~ ~k-RT.n(Ce-C)S (7
3¢ e _ (=) L .R.T-n(C -
Ut e s 5 KRT(COS (8)

- with
I. C. t=0, S=So
z=0, C=0
Before proceeding further, these questions ﬁill be put into

dimensionless form by introducing the following reduced variables:

kRTnC
E =z —.g.
u
z
T = nkRTCe(t -5 e‘) o o (9
- (o]
C = Ce
g = (1-e) So
b C
s=5 e
So

‘Equations (7) and (8) become

aS _ T o . o
52 = -(1-0)8 (10)
3C _ (1-g) EE.(l_E)g'_ 8(1-C)S | (11)
%  b. C, o :

with

These equations can then be solved by method of characteristics. The

solution is

BE
—g— -t ;1 (12)
e e “+e -1



BE o
%_ = _Bg—e_ : o (13)
o e +eT—l
(¢) Analysis
Equations (12) and (13) show that the reactor performance

depends on two groups of variables

RE = 5 - . S0 z. (u) nkRT (14)

and

~T = nkaCé(t ; % £) | e (15)
Figures 2 and 3 illustrate the effects of these variables on SO2
and solid concentrations respectively. Increasing T while fixing BE
reduces 502 concentration but increases the extent of régeneration, and
increasing B& while fixing T can incfeésev802~concentraﬁion up to its
equilibrium value for reaction 2. The magnitude of B¢ c;n‘gé enlarged
by increasing solid loading, reactor length.and reactivity and.reducing

superficial velocity, and the magnitude of v depends primarily on

reaction time.

LT - T T .s. -
The average solid concentration.after a given time t is:

sz oBE o
s =58 e dz L (16)
° 0 eB€+eT—l

z . .-
It t>> 5 & T ~ constant, and equation (16) becomes

_ e . b:u
S = sof —— d(B&)

0 e8€+e -1 (l—E)'So'nkRT

and



o T
1n(§.iﬂi_lg

av bu

S0 (1~e)SonkRT ot
The extent of regeneration is
S BE, T
av _ . _ bu e “+e -1 . :
l-%5=1 (1-€)S_nkRT n(= i ) a7

Since all the variables except n and k in equations (12)-(15) can
be determined from experimental data, the product nk can be calculated
from measurements of the exit 502 concentration profile using the

generalized curves in Figure 2b. However, an alternative approach for

nk determination can be obtained by rearranging equation (12) into:

Ce el .
- =1 = —== , (18)
and
-G SN £ e
ln(E— - l).= ﬁkRTCet - [nkRTCe-G- € + 1n(e °-1)] (19)
. Ce .
Therefore, the plot of ln(Er-— 1) versus time produces a straight line

from whose slope nk can be determined. These slopes for various flow
rates will be the same provided that mass transfer effect is negligible.
?

The intercepts, I s of the above plot,. howevér,_is effected by the

flow rates; if BE<< 1

C
= __e__'. =_- ;é . ‘
I=1In(g -1 _,=-nkRIC_* = ¢ A (20)
and if e6£>> 1
I=1 (—CE- 1) . = —mkRTz(eC, + A=l gy, 1 (21)
ne £=0 3 b o u



. 1. . .
Hence, plots of intercept values versus o in general, give linear
oo i =

relationship.
(d) Correlation With Experimental Results
To test the above mathematical analysis for reactor performance,
experiments of using fly éshifrOm FBC'aé;phe-reductant to regenerate
sglfated lime at 1000°C with various flow ratesAhave been conducted.
The expgrimental)coAAitipns weré: | | :
| ).Réactéf: ﬂ B -
diaﬁe;er:. éémm N
ie;gth: “}6 mm:(wﬁgch was ébéAmé§%mum ieﬁgéhAthap'.’
S .couia”retain ;ﬁifo;m ﬁéméérét&fewfar Lhe h
apparatus - apparatus_wés descyiﬁéd in

Report No. 6).

Sulfated Greer Lime:

composition: 32% Ca'', 15% 50,, 1.28% ret™t, 24 co,
11.9%'5102 )
T Usizér 18720 DA
;wéighfz 2 gfahs T "

Fly‘Aéh:
" composition: 12.5%°C, 5.24% S, 14.6% SOZ and 7;24%'602
size: =200 ‘ o '

weight: .202 grams (

mio
ol
N
'

carrier gas: Ar
temperature: 1000°¢
running time: . 1 hour . .

initial time: Defined as the time when the temperature

reads 950°C

- 10 -



Typical exit CO2 and SO2 compositions with respect .to time are

_given in Figufe 4. At low gas velocities, the history of C02~
interferredwith 802 history for most of the reaction. times, while

at high velocities, very little interaction of 002 concentration

profile with SO, concentration profile was observed. This indicates

2

that assumption (4), rl.>> Ty,

The measured 502 concentrations in the exit for the various

is only valid at high gas velocities.

flow rates were plotted in Figure 5. These profiles first -increased
with time, due to temperature rising and time lag in sampling,
followed by decay in concentration. Except for those results
obtained at iow flow raées (< 10 sccm), the shapes of .decaying SO2 .
concentration profiles were similar to the curves in Figure 2b. This
is because at low gas flow rates mass transfer resistance became"
predominant. Also, because'reaction (l) became competitive with
;eaction (2) at low flow rates, the uqreacted carbon in the reactor

could react with 502,

3C + ZSO2 > CO2 + 82 + 2C0

to reduce SO2 concentration. Therefore, equilibrium 802 concentration

could not be obtained merely by lowering the flow rates.
Using the decaying portion of the SO2

C .
plots of log (ES - 1) versus time (Ce=10% at 1000°C, 1 atm) were then

concentration profiles,

made as shown in Figure 6. Straight lines could generally be obtained

for SO, concentration larger than 0.1%. Except for low carrier gas

2
flow rates (< 10 sccm) about the same values of the slopes of these

lines were found. Plotting the intercepts from Figure 6 against

- 11 -



reciprocal flow rates, as shown in Figure 7, also gave a linear
relatioﬁship. ‘'From' these results, it is apparent-that .the above
mathematical expréssioné (equations (12) .and (13)) -can be used to
describe the reactor performance,

The above experimental results inaicate-that“values oﬁ Bg (c.f.

‘Figure 2b) were too small to have equilibrium SO. concentration. To

2
enlarge its magnitude without changing gas velocity-and reaction

' temperatures, one ¢an only increase the solid loading per unit volume
and/or the length of the reactor. Since too much'loading¢reduces
solid-solid mixing, a larger size reactor is required to obtain-higher
exit SO2 concentration.- Currently a rotary quartz reactor with a 3 ft
reaction zone-is under. construction and will be completed in the next
quarter. With the new apparatus, a seri€s of gxperiments will be
conducted to investigate the reaction kinetics under the effects of
reactant sizes,’ sources or reactants, extent of sulfation, etc.. and to

obtain the necessary data for future design of the rotary kiln-

regeneration process.

C. Iron Oxide Catalyzed ‘Sulfation and Regeneration (R. T. Yang,
M-S. Shen, and J. Pruzansky

L O

(1) Introduction

For fluidized-bed combustion of coal, limestones are the

principal bed materials being considered for the sofption of SOZ.

However, the rate of SO, capture by the sorbent is rathefﬁlow. The

) 2
use of additives in a fluidized-bed coal combustion systém to increase

the SO,-sorption capabilities of limestone has received considerable

. 3

2

- 12 -



attention. One of the processes being developed in this program is to
utilize iron compounds for the enhancement of the-SOZ'SOrption of
limestones, It has been shown that the iron oxide not only catalyzes
the sulfation rate but also increases the capacity for SO2 absorption.
It is therefore an objective of this study to provide a method for

preparing limestone so as to improve its SO, removal properties in

2
fluidized-bed combustion and increase thé calcium utilization.

Iron oxides are also shown to accelerate the regeneration of the
lime from the sulfate. Therefore, the limestones with impregnated
iron oxide and carried over from the combustor increase the'rggenera—
tion rate. On the other hand, if the regeneration of sulfatéd
sorbents is not economical, this process also provides a method for
once-through systems to reduce the lime. requirement due to the improved
SO2 sorption by the lime.

(2) Experimental

(a) Sulfation System

‘Materials

The uncalcined Greer limestone (16/20 Tyler mesh) were dipped
or soaked in Fe2(804)3 aqueous solution of about 2 to 3 molar concentra-
tion at room temperature for 30 minutes. The treated samples were
air-dried. The unused ferric sulfate powder was sieved out and dissolved
in water to be reused for fresh limestone. The treated sample contained

about 0.5 to-1.5 weight percent Fe (based on Ca0) deposited on the

0
273
uncalcined limestone. The iron contents were determined by atomic

absorption techniques,

-13 -



Apparatus and Procedure:

For ,TGA studies? the apparatus used. for the sulfation rate-
measurements was the duPont. thermo-analyzer ‘Model 951.- A small quartz °
boat with an area of about 0.6 cm2 was used as. the sample-holder, A’
quartz tube' packed with alumina chips and housed in a tubular:"
furnace served as the preheater for the reactant gases- About 40:ﬁg
of uncalcined Greer limestone sample (16/20 Tyler mesh) was spread in
a thin layer on the holder. as the-solid reactant. -The samplés were"
calcined. and sulfated simultaneously at 900°C with a simulated combus-
tion gas (0.25% SO

17% CO,, 5% 02, 5% H20 and balance NZ)' flowing

2’ 2’

over the sample surface at a velocity of about 10cm/sec. This
velocity was predetermined to-be high enough to minimize 'gas film:>
diffusion rate. . The steam in.the reactant gas was generated by bubbling”
the inert carrier gas (NZ) through a water bath before entering the .~ ™’
preheager. The bubbler was jacketed and water was circ¢ulated in the
jacket from a constant temperature water bath.

A quartz fluidized-bed sulfator was used for studies under more ' -
realistic conditions.’ The fluidized-bed was 40-mm Id, 1l-cm-ldéng with
a 56-mm ID, 12-cm. long free board and a quartz fitted plate as -the gas
distributor. -Solid samplés were loaded ‘into the bed and were fluidized
with a simulated combustion gas. 'The gas was first preheated to 800°C
by passing through a quartz tube packed with alumina chips and
housed. in a tubular furnace. The steam was carried by nitrogen gas

prior to entering the. preheater. The preheated gas was heated to-.

the operating temperatue (9OOOC) in the fluidized bed by the sulfator

- 14 -



furnace. The pretreated samples were dropped into the preheated

reactor: with preheated sulfating gas mixture flowing through it.

4
by the thermal decomposition of about 100 mg sulfated stone (16/20

After each run, the CaSO, contents in the solid samples were determined

mesh) in N2 flow at 1300°C. )
(b) Regeneration System

Materials

The sulfated Greer limestone was from our fliidized-bed sulfator
and the size used in the regeneration was 16/20 Tyler mesh. The
fly ash from Sewickley coal was kindly supplied by Argonne National
Laboratory from the secondary cyclone of their 6-in. combustor. The
fly ash contained 8.55% carbon, 8.91% Ca++, 2.89%18, 8.49% SOZ, 3.767
Mg and 1.09% co..

3

Apparatus and Procedure

In TGA studies, the Mettler TA-1 was used for the regeheration'
rate measurements at 1000°C. ‘A shallow quartz samble holder with an
area of about 1.5 cm2 was used in the experiments. The matérials were
regenerated in a flow of dry and purified N2 at a velocity of about
8 cm/sec; a velocity high enough to ensure that the partial pressure
of SO2 was zero and there were no mass transfer effects on the'réte.
Nitrogen gas was passed through a tube packéd with copper tdrnings
held at 600°C for residual oxygen removal béfofe flo&ing over the
sample.

The. apparatus and experimental procedures of the rotary kiln

were described in our quarterly progress report No. 6.

-15 ~



Results and Discussion .. . . .. - - .. . - e

The sulfation rates.of the Greerulimestone_weré compared with
those coated or impregnated with ferric sulfate in TGA. “Each ekpéfi—
ment lasted for five hours. Blank test was run under calc¢ination

condition (177 COZ’ 5% 02, 5% HZO and balance N2 at QOOQC);withodf:

802 to provide the baseline for sulfation in this simultaneous
calcination and sulfation experiment. Iron sulfate was also.:
decomposed‘touiron oxide at the initial stage of the exPerimeﬁﬁ. As
shown in Figure 8, the sulfation rate of the Greer limestone impregnated
with fgrric sulfate is higher than that of the uncoated Greer =~

limestone.

P

With the fluidized-bed sulfator, lime utilization was measured

by the uptake of SO3 after five hours of simultaneous calcination and

sulfation. Twenty grams of the pretreated Greer limestoné (16/20-

mesh) were sulfated at 900°¢C with 0,25%.502,’5% 0,5 5% steam and balance

N2 at 3 ft/sec superficial.velocity. - The Sd3 contents: in theé reacted

samples determined by thermal decomposition are as follows:
Untreated Greer limestone: 14.9%

Greer limestone with 0.5%,Fe2(SO impregnated: 18.7% °

4)3

Greer limestone with 1.0% Fe, (SO impregnated:. 20.7%""7- :°

4)3
The results show that lime utilization is enhanced by about -20% ‘with
0.5% FeQ(SOA)3 impregnated Greer limestone and about 30% with*1.0% = -

Fe2(50 impregnated.

4)3
Other iron salts which can be readily dissolved in water and

decomposed to iron oxide below combustion temperature are sulfite, *

_16 -



oxalate, acetate, formate, and nitrate. 'Nitrates are in theory useful

but in practice provide noxious nitrous gases uﬁon decomposition, and,

therefore, itS'hSe'iS'Qﬁesfionable. Work is in %rogress on the effects
of using different kinds of salts.

Iron is employed in view of its relatively low cost and its
existence in significant amounts in coal ash. Salts of other transition
metals, preferrably Co and Ni, have also been-examined. Six samples
of Greer limestonc to which salts were added were heat treatéd in N2
at 900°C for two hours. The treated samples were tested for their
sulfation capabilities in TGA (duPont 951) under identical conditions.

The results are as follows:

Sample No. ‘ ' Coating Additions Percent Sulfation

1 " Uncoated ' 24.1%
2 2% Fe2(504)'3 28.8%
3 ' 2% FeS0, - TH,0 26.3%
4 2% Co 50, - 7H,0 | 25.6%
5 2% NiSO,-7H,0 ‘ ' 25.6%
6 1% Fe2(804)3 + 1% CoS0, *7H,0 C 7 27.0%
7 1% FeSO,*TH,0 + 1% CoSO,*7H,0 26.1%

The sulfates/sulfites were pre-decomposed before TGA experiments. The
results of 502 absorption indicate that sample No. 2 showed a higher
level of absorption compared to sample No. 1, while sample Nos. 3,-4,
and 5 showed measurable improvemerit over the uncoated sample No. 1.

Iron oxide also catalyzes regeneration. Figure 9 shows that in
TGA, with 2% Fe,0, physically added, the rate of reaction

3CaSO4 + CaS - 4802 + 4Ca0
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(thevcopprolling step of regepe;ation of .Ca0). is increased. greatly in-
the first five miputes.

. The regeneration rates for the sulfated Greer limestones and the
sulfated Greef limestone impregnated with iron oxide are compared in-
Figure‘IO,dAll the regeneration experiments were done with high flow
nitrogen. The samples from our fluidized-bed sulfator are regenerated. ..
with fly ash containing unburnt carbon. . The rate of regeneration for
the sglfated Greer limes;one with 1.1% Fe203 coated was higher.:

Work on kiln regeneration of.the sulfated Greer limestone impregnated
with iron gxide is in progress. Figurell shows particle size distribu-
tions of the sulfated Greer limestones with and without iron oxide coated
after five hours of sulfation in the fluidized-bed sulfator. 1t appears
that iron ;xide impregnation did.not weaken the sulfated particle.

In order to relate the porosity measurements to.-sulfation reactivity,
samples of the Greer limestone with and withou; iron oxide coating:
were calcined under identical conditions (1 hour atﬂQOOQC in N2). .The
porosity curves of accumulated pére volume versus pore diameter for
the two samples are presented in Figurgl?. Unlike the addition of
NaCl to limestone in which the avgrage.pore:diameter_shifts to a large
size upon galcingtipn?% impregnating the limestone with iron oxide = .-
did not change the size og thedayerage,poge.digmetgr,,bpt”caused a..
decrease in total. porosity. ;t is believed that most sulfation takes
place in larger pores (3~0‘3'”m) and thg; pores smaller. than 0.3 um
are relatively easy to be closed upon su}fation.3 The enhancement of

sulfation by impregnating with iron oxide may be due to a chemical.
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effect rather than a pore-enlargement effect. The other evidence is
that the sulfation rates at. a Hiéh;f'p£éséﬁre‘(lb atm{bfor’Gréer lime
were not ihcféése& significégéiy’By'iﬁpregnéting it with if6n oxide.
Results and discussion of the high pressure measurements were given

in the previous quarterly report. (No. 7).

D. Reactivity of the Reconstructed CaSO4 (M-S. Shen, R. T. Yang)

It has been suggested by Dr. W. E. Winsche of this Laboratory
that the morphologicgl gnd~structUral*changes undergone in the follow-
ing scheme may-effect a higher or different reactivity of the sulfate
for regeneration: -

CaSO4 + 2C - <c€aS + 2C02>~
Ry 20'2

CaSOA‘:

Experiments are{beingmconductedqto;examiné“this possibility and the
information may be useful for advénqed applications. CaSQ4 was first

converted to CaS by carbop.at_QQO?Cfin;nitrogen flow and subsequently

the CaS was reacted with oxygen (20% 02,‘80%»N2) to form CaSO,. . The

4°

. sample material studied here was Baker AR grade, 270/490 mesh size.

The reactivity ' of the c_)rj.ginal__CaSO4 and the reconstructed Ca$04x

were compared via the following reaction: . .

Cas0, + CO > Ca0 -+ CO, + SO

4 2 2

The: result shows that. the’ starting temperature of the above,

. . : . o
reaction for the reconstructed CaSO, is about 507C lower than that of

4

the original CaSO4. This indicates that the reactivity of the
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reconstructed CaSO, is indeed higher. & = - '%s

4
E. High Temperature Regeneration Chemistiy (J. M. Chén, F. B. Kainz,
G. Farber, and R. T. Yang)

(1) Introduction
The reaction schemes currently being considered for regenera-
tion of the sulfated liﬁngrom fluidized bed combustor can be written
in the general form: | |
4CaSO4 + 2R > 4Ca0l + 4802 + ZRO2 | | (22)

Where R is the reductant.. The reductants being considered are CO,

c, H2, and CH4.
regeneration on a laboratory scale has been reported in a number of

2,5,6,7

The success of using the above process for lime

references, In all these processes, the reaction temperatures were

in the range of 950°C to 1200°C.
The main objectives of a regeneration process are as follows:
(1) to obtain high regenerability with a short solid residence time,

(2) to obtain a high SO, particle pressure (high concentration) for

2
purposés-of conversion to HziSO4 or elemental sulfur, (3) to retgin
lime reactivity for sulfation. Rates of regeneration and 502
concentrations increase with increasing temperature, but the reactivity
of the regenerated lime decreases with increasing temperature. The
latter effect becomes more pfonounced with temperatures higher than
1000°C due to sintering. Because of this effect seiection of the
optimal regeneration temperature 1is an important task.

Using reductants to regenerate the sulfated lime, reaction (22)

. L. 11
has been found to proceed in two consecutive steps



CaSO0, + 2R - CaS + 2RO (23)

4 2

CasS + 3CaSO4

> 4Ca0 + 450, ' (24)
In this two-step reaction mechanism, the second common step,
reaction (24) is the rate controlling step, especially at low tempera-

tures. That is,ithree moles of CaSO, react with one mole of CaS,

4
formed from the réduction reaction (235, to producg Ca0 and,SOz. Thus,
thermodynamics of reaction (24) dictates ma#imum attainablevSO2 concentra-
tion in the gas phase; its value increases from 0.05 atm aL 950°C,to 0.1
atm at 1000°C and to 0.5 atm at llOOOC.> Our experimental results;l‘showed that
more than 7Y% SO2 composition at 1 atm (0.07 atm) could be obtained at 1000°¢
regeneration temperafure (22)‘thch is only 307 below equilibrium.

In the SOz—rich reacting systems, reaction (24) may ﬁot be the
sole reaction occurring. Both CaSAand Ca0 may also interact with

SO2 gas. Thermodynamics indicate that the following reactions are

feasible at high temperatures:

1/4 CaS + 3/4 Caso, Z ca0o + 50, (25)
2/3 Ca0 + SO, 2 2/3 caso, + 1/6 s, . (26)
, N |
Ca$ + 250, < CaSO, + S, , (27)
2cas + 50, < 2ca0 + 3/2 5, (28)
3/2 Ca$ + 1/2 CaS0, < 2Ca0 + S, (29)
+
CasO, < Ca0 + S0, (30)

The equilibrium constants, K's for the above reactions.are

plotted against 1/T in Figurelj. Because of the possible occurrence
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of the above reactions, it is important to understand the chemistry
of high temperature lime regeneration process.

It is worth mentioning here that the calcium sulfide and sulfate
8,9

reaction has been used earlier for sulfuric acid manufacturing

in which'producing an SO,-rich off gas was the main objective, and

2
the temperature effect on lime reactivity was not of importance.
Howevef, to employ the same reaction for the purpose of recycling lime
sorbents, lowering fegeneration temperature is most desirable. Since
the available information about the chemistry and ;ates ﬁp to now are
very scarce, it is the objective of this work to investigafe this
high temﬁeratufe chemistry. The reactions considered are Ca$S with
Caso

, Ca0 with SO,,, and Ca$S with SO

4 2 2°
(2) Results

(a) CaS With Caso,

Pfevious experiments done'by Shen, presented in BNL

quarterly report No. 7, in which a CaS pellet and a CaSO4 pellet,
separated by a quartz ring, were heated to 900°C and 1100°C for two
hours. The product samples were found to remain in their original
shapes but both CaS and CaSO4 had been converted to Ca0. This result
indicated the existence of gas intermediates to carry out the apparent

solid-solid CaS and CaS0O, reaction.

4

Based on the above finding, the reaction mechanism for the

reaction is postulated as:

3cas0, -+ 3Ca0 + 350+ 3(35%) 0, (0<x<3) (31)

4
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3-x ’ ‘
'CalS + 3soX + 3(—-2—) 0, ->‘ Ca0 + l;so2 | (32)

That is, the gas intermediate is produced from CaSO4 decomposition and

then the gas cracks CaS to form Ca0 and SO The possible chemical

9°

SOZ’ and SO To

compounds considered as gas intermediates are 02,

3
determine which gas is the controlling intermediate, the reaction
product of CaS with each of the gases was measured. The results are

listed in the following:

2,a.1, CaS wigh SO2
‘A‘Cahn thermobalance was used for measurements. Results of the
weight changes of CaS with 8% SO2 in N2 at lOOOéC are given in Figure
14. The samples gained weight rather than lost‘weight. This weight
apparently.iﬁdicated that 802 was not the gas'intermediéte. X-ray
difffaction agalysis showed‘fqrmétion of CaSO4.
2.a;2. ‘Cas.with
| | The reaction.products between calcium sulfide and oxygen have
been knowﬁ~to be calcium sulfate at low tempeéatures; buﬁ to be
calcium oxi&e énd sulfur dioxide at high temperatures. Since CaS
with CQSO4 réaction starts from 9000C, if'oxygen is the intermediate,
2 2

temperatures. Experimental results of CaS with O2 (20% in NZ) at

the reaction between CaS and 0. should form Ca0 and SO, at these

1000°C are shown in Figure 14. Again, the CaS sample gained weight
from oxygen gas:i X-ray diffraction also indicated the formation of

CaSO4. )
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2.a.3. CaS with SO3

Before experiﬁenting SO3 with CaS reaction, the thermodynamics of
the following reaction was examined:

CaS + 350, > ca0 + 480, (33)

Plots of equilibriumxconstant versus reciprocal temperature are
given in Figure 15; the high equilibrium constant values strongly

suggest the feasibility of this reaction. For instance, at lOOOoC, the

7

equilibrium SO, partial pressure for CaSO4 decomposition is 0.8 x 10

3

atm. With this value, the equilibrium partial pressure of 802 is

0.093 atm.

The reaction of Ca$ with 803 was measured in a tubular reactor.

Argon was used as the carrier gas which bubbled through an SO3 liquid

container (see Figure 25) to the CaS sample (pelletized) containing
reactor. To study this reaction, care was taken to avoid the possible
reaction betweepn CaS and CaSO4 to produce Ca0 (if CaSO4 could be

formed from CaS + SOé), which may create misleading information. Since

practiéally no reaction between CaS and CaSO4 could occur at temperatures

o

below 9COOC, the reaction temperature for CaS + SO3 was controlled

at 800°C." 'Also because SO, can react rapidly with Ca0 to form

3
CaSOa‘(unléss the SO3 partial pressure is less than equilibrium
decomposition value, PSO3 < lO—8 atm at SOOOC), to pfévent Ca0

formed through reaction (33) from being converted to CaSO4, SO3 was

pulsed into the reactor.
Two experiments were made with pulsing time intervals of 1 sec

and 15 sec and with about 0.5% SO3 in the gaé stream (determined from
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the partial pressure of 503). The product pellets were then analyzed
by thymolphthalein indicator solution (pH 9.3-10.5). When a few
drops of thymolphthalein solution were applied to the surface of
these pellets, the color of product pellets immediately turned blue.
However, the samples of pure CaS-ané pure~CaSO4 remained their own
colors., This indicated that Ca0O was contained in the solid sample.
X-ray diffraction also showed that both CaS and CaSO4 also existed in
the sample. The CaSO4 content is believed to be due to the CaO and
SO, reaction.

3

From the above investigation, it is clear that SO3 can react with

CaS to form Ca0. 1In the sulfide-sulfate reaction, 503 is produced
through the sulfate decomposition, its partial pressure is less‘thén
the equilibrium value at any given temperature. Because of this, the
product CaO fprmed from‘the Cas SO3 reaction will nét be converted

back to CaSO4. Hence, it can be concluded that SO3 is the gas inter-
mediate for calcium sulfate-sulfide reaction. ‘Thus, the rate
mechanism is:

3CaSO4 -~ 3Ca0 + 3SO3

CaS + 3SO3 > Ca0 + 4802

2.a.4, Reaction Kinetics

| After‘establishing the reaéfion'mechanism, work was conducted to
determine the rate controiling»step for the sulfide-sulfate reaction.
To do this, one can see that if the sulfate decomposition, reaction (30),
is rate controlling, by kéeﬁing a cbnstantvamognt\of CaSOa, the weight

change with respect to time will not be effected by the CaS amount,
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provided enough CaS is present in the mixture for total conversion.
However, if the CaS reaction with the gas intermediate is rate control-
ling, thisrate will be affected by the CaS content. With the above
thinking in mind, experiments were conducted in a Cahn TGA apparatus.

Samples of CaS and CaSO ~were mixed in a sample pan, and the weight

4

changes of the sample were followed. The experimental conditions
were as follows:

Temperature: 1000°¢

Sample: |

reagent CaSOa-ZHZO (%%% mesh)

270

%00 mesh)

reagent CaS (

Gas composition: pure,N2
Gas flow rates: 1000 .sccm

Figure 16 gives the experimental results. With a fixed ambunt of
.Calso‘4 (27 mg), the weight loss: Fates for the samples with 4.8 mg CaS,
and 9.6 mg CaS are essentially the same (4.8 -mg CaS is.the stoichiometric
amount for 27 mg CaSO4). Reducing the CaSO4 content with the same
amount of CaS gives slower rates. From these data, it is clear that
calcium sulfate decomposition is the rate controlling step.

One comment must be mentioned here aﬂbut the tﬁermal decomposition
of CaSOA. Numerous investigations of this reaction ha&e been made
and havereéently beeﬁ reviewed by Colussi and Longo.lo The reaction
rates of CaSO4 without'CaS presence were found to be much lower than

with CaS present under the same reaction conditions. The reason for

is

this is that the equilibrium decomposition partial pressure of SO3
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very‘loﬁ,‘e.g. 0.8 x 10“7 atm at 1000°C. The gases evolved from the

" CaSo decdmpééition tend to hinder thé'pfoceés, in accordance with the

4 . - .
laws of chemical equilibrium. With tﬁé‘pfeseﬁce of CaS, the evolved
gases are continubusly removed, thé'equilibria of reactioﬂ (30) are
quickly disblaéed to the rigﬁt.:.Thig causeé avchange in the tempera-
ture at which the beginning of déébmpositién can bezexperiﬁentally
determined. Therefore, the measureable reaction temperature for CaS A
and CaSO4 is about 900°C, while that for CaSO4 decompoéitién is
above 1100°c. This ﬁay also be‘the reason th the decompbéition
rates of CéSO4 weré enhanced under vacuum or with steam.

E. Reaction Kinefics

FigureA17 deﬁicts thé results of convérsion, X, versus time for
sulfideésulfate (sizes: %%% mesh)’réactioné>ét tempefatﬁreé of 90000,
950°C and 1000°C. The flow rétés for thése results were controlled
at 1000 sccm. Pibts of iog (l—x)Avefsué time ié éhéWn‘in Figure 18,
are substantially linear (Bééause this apparent solid-solid reaction
begins to lose weight before feaching isotﬁermal measured temperatures,
these straight lines would not necessarily cross the vertical axis ét |
value 1 at time zero. 'Thése‘lineaf results indicate that thé reééfi&n

order with respect to solid concentration is first order.

By expressing the reaction rates as

where S is the solid concentration and k is the rate constant, including
effects of gas concentration on rates. The values of k can be obtained

from the slopes of log (1-x) versus time chart (Figure 18). Using an
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Arrhenius expression, the temperature dependence of k was determined
froﬁ the slope of logli versus reciprocalltemperature plot, shown in
Figure 19. The value was 82 kcal/mole.

In mogt'of decomposition reaétions in which gas products are formed,
reaction rates have been found to be proportional to the difference
between the equilibrium-partial pressure, Pe, and the bulk ggs partial
pressure, P, i.e.,

k o k(P_-P)

In these experiments pure N2 gas was flowing fhrough the reactor.
Thus, P is zero. Since Pe is dependent upon temperature, the measured
temperature dependent value for k is the summation of those for both
k and Pe. The temperature dependence of Pe for the sulfate-sulfide
reaction is 58 kcal/mole (determined from‘thermodynamics). Therefore,
the activation energy for k is 24 kcal/mole. This magnitude of
activation energy assures that the measured rates wefe free from
mass transfer effects.

Although the sulfide-sulfate reaction is a two-step process,
since the reaction between sulfide Qith gas intermediate
is very much faster than the sulfate decomposition it is very
likely that the gas intermediate formed through decomposition
reaction can totally react with sulfide to produce SO2 (which was
found true as the maximum measured weight loss corresponded Lo the
theoretical value for 1007% sulfate-sulfide reaction). Under this
case, the difference between soé equilibrium partial pressure

for sulfate-sulfide reaction and SO2 gas partial pressure can
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be used as the driving force for the reaction. Therefore, the kinetics

can be written in the following form:

ds _
qt 'k(Pesoz Pgsoz) S

k was calculated to be

-12,078, 1
T(K) ’ atm-sec

k =3.3x 102 exp (

It should be mentioned here that attempts were also made to
determine the relationship between reaction rates and 802 concentra-

tion. To do this, 802 gas was mixed with N, before flowing into reactor.

2

Results are shown in Figure 20; initially the sample lost weight,
followed by gaining weight as time progressed. This indicates that
not only sulfide-sulfate reaction occurfed, but also other reactionms,

such as CaS + SO2 and Ca0 + SOZ’ were competing. Therefore, the rate

dependence on SO2 concentration could not be extracted from the above
experimental results.

(b) Ca0O With SO,

Reaction between CaO and 802 was measured in the Cahn

TGA apparatus, in which about 20 mg of Ca0 powder samples were exposed

to constant gas composition (SO, in N2) with a fixed total flow rate

2

of 1000 sccm. 1In all these measurements, SO, partial pressures were

2
kept below the equilibrium values of sulfide-sulfate reaction

(reaction 25) to prevent formation of CaS whose reactionm with SO2

might compete with the CaO reaction. The product samples were analyzed

by x-ray diffraction, indicating the formation of CaSOA. These results

confirmed the occurrence of reaction (26). That is, calcium oxide
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reacts with SO, to form CaSO, and elemental sulfur. After determining

2 4

the reaction product, the measured weight gain with respect to time could
then be used to determine the extent of conversion versus time and then
plot in Figure 21.

Figure 21 shows that at constant 802 concentration the measured

reaction rates decrease with increasing temperature. To explain this,
one should examine the thermodynamics of this reaction. Reaction (26) is

an endothermic reaction. Increasing temperatures reduces the equilibrium

constants. With 0.04 atm SO2 partial pressure, the'equilibrium partial

pressures for elemental suifur (S2 varies from 0.6 x 10-4 atﬁ at 95000,

to 0.3 x 107> atm at 1000°C and to 0.1 x 10°° atm at 1100°C. It is -
apparent that under the operating conditions the evolved gas (SZ) from the
reaction hindered the progress of the reaction resulting in slower rates
at higher temperatures. Thérefore, the measured data were not in the
chemical reaction control regioﬁ.

(c) CaS with 802

Reaction between Ca$S and SO2 was measured under the same

operating conditions as for CaO with'SO2 measurements. However, in most

of these measurements, the SOzipartial pressures were kept above the

equilibrium SO partial'bfessure for sulfate-sulfidé reaction. The reason

2

for this was to prevent the interference of the reaction between Ca$S and

Cas0,, formed through Cas and‘SOZ'reabtion. The product samples were

analyzed by x-ray diffraétion, indicating that the samples contained CaS and
CaSO4 but no CaO. Hencé; it can be concluded that reaction (27) rather than

(28) occurring. That is, CaS reacts with SO2 to form CaSO4 instead of
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Ca0. Results of the measured weight changes with respect to time
were then converted to degree of conversion versus time. Figures

22 and 23 show the effects of temperature and SO, concentrations on

2

reaction rates respectively. By plotting initial rates versus 802

concentration on a log-log scale in Figure 24 the reaction was found

to be 1.5 order with respect to SO2 concentration.

The effects of temperature and pressure on the amount of sulfur
vapor 1n the gaseous atmosphere in equilibrium with a system of

solid phases, CaSO4—CaS-CaS and coexisting with 802 and S2 were given

by Fleck.9 Because both CaS and SO?, and Ca0 and 802 are exothermic

reactions, for a given SO, partial pressure, the proportion of sulfur

2

vapor decreases with increasing temperatures. Both Ca0 with SO2 and

CaS with 802 reactions are undesirable in the regeneration process

due to CaSO, formation through these reactions. However, because of the

4

low values of thermodynamic limits that CaS + SO, and CaO + SO, reactions can

2 2

proceed, these reactions do not alter the feasibility of the above regeneration
processes. Nevertheless, consideration of the above reactions may
become important in design or optimization of regeneration reactors.

F. Kinetics of the Ca0-S0, Reaction (J. Chen, G. Farber, F. Kainz,
and R. T. Yang) -

Work is being conducted to measure the reaction kinetics of

Ca0 with SO, in comparison with Ca0O with 802 and O The objective

3

of this study is to eludcidate the reaction mechanism of CaO

2°

sulfation. Understanding the mechanism will be useful in developing

new processes for improving the reactivity and utilization of lime for
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sulfation in fluidized géd combustion technology.

During this qﬁarteé the apparatus for the reaction rate'@easure—
ments has been set’up aqd some p;eliminaryAgxperiments hgve been made.
The apparatus is sﬁown in Figure 25.

Liéuid SO3 (mixturé of B apd r form) was contained in a bubbler.

The bubbler was submerged in a water bath whose temperature was

-

controlled to be within 0.05°C by a temperature controller (Lauda k-2/R).

. . 2, . .
The SO3 partial pressure with respect to temperaturel is given in

Figure 26. By controlling SO, liquid temperature, the SO, concentration

3 3

in the inlet gas stream could be regulated. An infrared lamp was used

to heat the tubing connected to the bubbler to prevent S0, vapor solidi-

3
fication and flow pluggage. The SO3 vapor was carried by an inert
gas stream (Argqn) which was merged with a puyre inert gas stream to
dilute 803 concentration before entering a tubular quarts reactor. Flow
rates of the gas streams were regulated by rotameters. The reactor
consisted of a gas.preheating zone, which contained packed alumina
beads, and a reaction Qéne in which solid reactant samples were placed.
The heat for the reactor was‘supplied by a furnace. The temperature was
controlled within + 5%¢C by a transformer.

The outlet gas stream flows through a gas sampling bulb and to‘

water containing bubblers for SO, scrubbing. The composition of the

3
gas sample was then analyzed by mass spectfométry.
The flow connections for this system were made of stainless

steel tubing (type 316), and Pyrex glass. Teflon  tubing was used

only for the connection to the reactor. However, the connections to
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the SO3 container were all stainless steel tubing. For the glass
joints KEL-F gréase was used. No attack o‘f‘SO3 on the connections
in the system was observed.
The sulfate content in the product samples were analyzed by a
Barium sulfate precipitation method.
(a) Preliminary Results
To test the performance of the apparatus, four runs of
SO3 with CaO reaction for different reaction periods were made. The
operating conditions were as follows:
Temperatures

reactor: 850 i.SOC

S0, bubbler: 28 + 0.05°C

Flows
Fl1 (through bubbler): 100 cc
F2 (dilute stream): 1000 cc
Solid Samples
Calcined Greer lime (16/20 mesh): 100 mg'

Results of sulfate content in the solid samples were

Time (min): 2 5 10 20
soZ wt%: 23% 26% 33% 33%

Ca0 utilization: 237% 27% 36% 36%
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The SO3 concentration, however, could not be detected by mass

spectrometric analysis. This was because 50, could react with trace

3

H20 and étayed on the walls of the sampling bulb. Consequently, it

was decided that converting SO3 to H2804 and using titration method

for SO, analysis was necessary. ‘The absorption device for titation

3

measurements, however, must be capable of separable absorption of

SO3 and 502,

analysis. To do this, two absorbers containing about 80% isopropanol

from SO3 decomposition, in order to obtain accurate

in distilled water will be connected in series to absorb 503. Between
these two absorbers a glass impinger is fused to stop 32304 aerosols.

The isopropanol solution is used to retard SO, absorption in water.

2
absorbers, two additional absorbers containing

13
9

Following these two SO3
hydrogen peroxide in water solution will be used to absorb SO
This absorption set-up is currently under construction and will be
tested in the next quarter and the reaction rates between Ca0 with SO2
and O2 will then be measured for comparison.
(b) Acknowledgements

Supply of SO3 obtained from Dr. R. Dietz and Ms. M.

Greene was deeply appreciated. The advice from them in handling this

nasty material is most helpful.

G. Cyclic Use of Zinc Oxide as a Sorbent for Hot Fuel Gas
Desulfurization (C. L. Steen and R. T. Yang)

(1) Introduction
The cyclic use of solid sorbents such as limestone, dolomite,
and metal oxides for the control of sulfur emissions has become an

area of intensive research. The primary problem associated with the
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use of such compounds is an incomplete or energy intensive regenera-
tion reaction.

Thermodynamic studies indicate that zinc oxide is an especially

. 14 . R
effective sorbent for HZS' Studies also indicate that the regenera-
tion of zinc oxide from zinc sulfide is feasible at the temperatures
. . e 15

of interest in coal gasification processes.

The objective of this study is to determine the feasibility of the
use of zinc oxide as a regenerable sorbent for HZS and COS under
conditions of interest in coal gasification processes.

(2) Thermodynamic Considerations

Thermodynamics of the following reactions were considered:

Zn0 + H,S = ZnS + H,0 (34)

Zn0 + COS > znS + CO, : ' (35)

ZnS + 3 0, = ZnO + SO (36)
2 72 2

Data are given in Table 1, and a plot of 1n Kp versus %-is shown in-
Figure 27. All reactions are exothermic, and have high equilibrium
constants.

The regeneration reaction (36) was compared with the reaction:

5 .
FeS + 5 0, - ’FeO + 50, . 1 37)

which is part of a cyclic process used by Battelle.ll The Aern values
shown in Figure 28 do not show any clear advantage of the Zn0 system
over the FeO system. However, the FeO regeneration reaction (37)

has a high activation energy, and must be careied out at high tempera-

tures. If the Zn0O regeneration reaction (36) has a lower activation
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energy, this system'would be favored.
A ;eQiew 6f the literature indicated several potential problems in
the use of zinc oxide. vThgse are outlined below.
(1) Thé presence of water vapor in the gas may affect the
rate sulfation.17

(2) A small amount of ZnSO4 may be formed in the regeneration

18,19

process as a result of reaction with SOz.

20
(3) Zinc vapor may be formed in a reducing atmosphere.
As the formation of zinc vapor would make a hot gas scrubbing process
using zinc oxide unworkable, the thermodynamics of the following

reactions were considered:

Zn0 + H2 >~ ZIn + HZO (38)

2Zn0 + CO ~» 2Zn + C02‘ (39)

The results, given in Table 2, indicate thgt zinc vapor may form in
significant quantities.
(3) Resulfs an& Discﬁssion'
' Alllexﬁeriments were perfbrﬁed on a modified Sartorius
TGA apparatus under conditions of interest in coal gasification
processes. Experiméntal éonditions are listed in Table 3.
Results shown in Figures 29 and 30, indicate that bofh the

reaction with H_S (34) and the regeneration. reaction (36) are quite

2
rapid at atmospheric pressure and temperatures greater than 800°¢.

A-ray examination of the regenerated zinc oxide showed no lattice

distortions indicating that the product is 100% ZnO.
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Unfortunately, the formation of zinc vapor in a hydrogen atmosphere
is an extremely rapid process at high temperatureé as shown in Figure 31.
Sinée thé ;oncentratioﬁs of ﬁz-and CO overwhelm thg concenfrations of
HZS'and COS in ;-gésifier exit stream, Ehe use of zinc oxide as a
sorbent is unworkablé.

'(4) Conclusions
On the basis of rates of sulfidation and regeneration,

zinc oxide is a.good candidate fdr use’ in fuel gaé scrubbing process
at moderate teﬁpefature; .Tﬂé rate of formatioﬁ of zinc vapor in a
reducing,atmbsphére temperatures higher than c.a.'700dC, such as exits
in a gasifier.éxit sﬁréam, is sufficiently rapid to make this process
unworkable.

We thank Dr. W. E. Winsche for bringing the subjectAmatter to
out attention,

H. Process Design and-Evaluatidﬁ (A. S. Albanese and M. Steinberg)

An economic cqméarison befween an AFBC once through iimestone
sorbent system and BNL's regeﬁéragivé sorbent system (kiln) with
production of 1) ;;lfufic acid, and 2) sulfur from the SOz‘rich
regenerator off-gas has beeﬁ initiatéd. Thé comparisoné will be made
for a 600 MWe plant assuming a 1iméstone cost of $16 per ton and a
solids disposal cost of $3 per ton. Parametric studies will be.
developed to indicate the sensitivity of the comparisons to limestone,

disposal and capital costs, and to byproduct value.
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Reaction

Number

(1)
(2)

(3)

Reaction
Number

(5)

(6)

Tqblg 1

e,

THERMODYNAMIC DATA - ¢

Zno + H,S +‘_z§s + H,0

Zn0 + COS -+ ZnS iCO2

ZnS + 3/202 ~ Zn0 + 802

Temperature 4 Grxn

G (keal/mole)
1255 -18.526
1311 =18.599
1422 -18.719
1255 -25.889
1311 -25.930
1422 ~26.002
1255 -81.942
1311 -80.809
1422 -78.558

Table 2

THERMODYNAMIC DATA

Zn0 + H +~ Zn + H,0

2 2

Zn0 + €O ~ Zn + CO,
‘ Temperature A Gryn

v = (kcal/mole)

298 19.399
1255 8.084
1478 0.406
1255 9.215
1311 7.664
1478 3.065
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Table 3

EXPERIMENTAL CONDITIONS

Type of Reaction Temperature Range =~ Gas/Mole % (in Nj)-
Sulfidation © 650-810% . H,5/0.4%
Regeneration . 800-900°C 02/8.32
Reducing Atmosphere 800°c - H2/45%
—— —————
C ; T= c
10 To
; ‘
z=0 dz
Z —ealp

Figure 1. Schematic of rotary kiln regenerator.

(a) |

|

IS
)

Figure 2. Variations in sulfur dioxide concentration
with respect to bed length (2a), and reaction time
(2b), respectively (Equation (12)).

3

R



0.8
0.6
g
04 PARAMETER r
02 -
0 SN VU T SR R & i
0 2 a 6 8 to 12 1a

Figure 3. Variation in solid concentraticn down
the bed (Equation (13)).

L R 70
12 - 60
10 - 50
o 8 440
o
? a
6 430 °
a H20
2y -~ 10
0 - T t 1l 1 o}
0] 4 8 12 16 20 24 28

TIME (min}

Figure 4. Exit S0, and CO, compositions versus time
at 1000°C; flow rates, 10 scem ( , )}, 50 scem (0,0),
150 scem (4, A4). -
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0 10 20 30 40 50 60
TIME (min)

Figure'S. Exit SO composition versus time for various
flow rates at 1000°C; 5 scem (7)), 10 scem (0), 50 scem
(8), 75 scem (2), 100 scem ( V), 150 scem (x).

100

T
Lol

T
Ll

0 5 10 15 20 25 30 35
TIME (min)

Figure 6. Plots of log (Co/C - 1) versus. time;
150 scem ( V), 100 scem (v ), 75 scem (Cj),
50 scem (0), 10 sccm (8).
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Figure 7. Plot of log (Ce/C - 1) =g versus reciprocal
flow rates.

T L T T T T T T T
¢ | © GREER LIMESTONE SIMULTANEOUS
S CALCINATION / SULFATION
S .| * GREER LIMESTONE WITH 1% Fe,(SO,);
o0 IMPREGNATED, SIMULTANEOUS 1
e CALCINATION / SULFATION
o 4aof . 1
o
(&)
& 30}
8
9 20t
[ 4
« \
Z 10p 1
Q
© o I 1 | 1 1 1 1 1 [
0 60 120 180 240 300
TIME, min

Figure 8. Enchancement of Greer limestone sulfation
with 1% Fe2(504)3 impregnated, simultaneous calcination/
sulfation at 900°C in 0.25% S0y, 5% 09, 17% €0y, 5% Hy0
and a balance of Nj.
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30 T T T T
> 1000 °C 2% Fe,05
o 25+ 5 -100 =~
g 3]
v 20k 480 E’
& s
Y
= 15f 160 8
1G] =
o 10F Ja0 &
= &
St 420 &
1 A 1 1
0 i0 20 30 40

TIME , min

Figure 9. Rate of reaction 3CaS0O4 + CaS -~ 4Ca0 +
450, at 1000°C in N9 with powdered reagent grade
samples.

N T T L T T T T T
4100 mg SULFATED GREER LIMESTONE WITH 1.1%
3ol Fe, 05 IMPREGNATED i
& 100mg SULFATED GREER LIMESTONE
o 25} k= 1000 °C 7
a 20F .
S
=
& '°F 1
s
* ot -
sr -
I i 1 1 1 1 1
0 10 260 30 40 30 &0

TIME, min

Figure 10. Rate of regeneration CaS0, + 1/2C +
Ca0 + 1/2C0, + SO, at 1000°C, with-100 mg 20.7%
sulfated Greer limestone (16/20 mesh) and fly ash
(ANL LST-7B) containing 8.55% carbon.
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a~—-ORIGINAL SULFATED GREER
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100k 0.5% Fep03 IMPREGNATED -
e—.—SULFATED GREER LIMESTONE WITH
1.1% Fep O3 IMPREGNATED
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O
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=
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0O¢ 0 | t |
100 200 400 600 800 1000

PARTICLE DIAMETER, um

Figure 11. Particle size distributions of the
sulfated Greer limestone with and without iron
oxide coated after 5 hours of sulfation at 9000°C
in a fluidized-bed sulfator.

PORE DIAMETER (um)
2 I ] T 102

| oCALCINED GREER LIMESTONE WITH 1.1%

LR L | LLLLLLLA | LLLEILALILEE ] | LLLALBLEL L) | LA

* CALCINED GREER LIMESTONE -

Fe, O3 IMPREGNATED

a0l ENSREEITI 11 1l Lot g1

10 102 103 104
PRESSURE (psia)

Figure 12. Porosimetry curves for the Greer lime-
stone with and without iron oxide coated, calcined
1 hour at 900°C in N,.

2
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Figure 13. 1) 1/4CaS + 3/4CaSO, > CaO + SOj

wt CHANGE (mg)

2) 2/3Ca0 + SOy + 2/3Cas0, + 1/6S
3) 3/2caS + 1/2CaS04 ~» 2Ca0 + Sy
4) CaSO, » 2Ca0 + SO3

5) CaS + 2302 -+ C3504 + SZ

6) 2CaS + S0, + 2Ca0 + 3/25,

ol [N T T SRS N WU (NN TSRS AUNNS TS NN SO NN S N
20 40 60 80 100 120 140 160 180

TIME (min)

Figure 14. Reactions of CaS (21 mg), with SOj
(8%) and CaS (2.1 mg) with 0, (10%) at 1000°C;
with 0 (8), with S0, (0).
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In K

Figure 15.

wt CHANGE (mg)

43

42

41

40

39

38

CaS+ 3803 —Ca0 +450,

1 | 1 1 I .

37

(e g 0.8 0.9 1.0 [

+(K)x103

Equilibrium constants versus reciprocol
temperature for CaS with SO3.

TIME (min)
8 12 16 20 24 28 32

Figure 16. Wt changes versus time for CaS with

C3804

reaction at 1000°C; CaS (9.6 mg) + CasSo,

(27 mg) (&), CaS (4.8 mg) + Caso, (27 mg) (0),
CaS (10 mg) + CaSOA (14 mg) (3).
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CONVERSION (X)
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Figure 17. Reaction rates of 3CaS0Q, + CaS >
4Ca0 + 480,; T = 1000°C (0), 950°C (), 900°C
(GED P

0.01
TIME {min)
Figure 18. First order rate correlation for Ca$

with CaSO, reaction; T = 1000°C (0), 950°C ( ),
900°C (a).
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Figure 19. Temperature dependence of rate constant,

k, for CaS with CaSO4 reaction.

T:1000°C, SO, ADDED .
e

wi CHANGE (mg)
'
(]
L |
1

=10 - : =i
PR [ Y PRI S WS W | ‘{

L | | I
2G40 60 80 100 120 140 160 180
TIME (min)

Figure 20. Wt changes of CaS0; (27 mg) with Ca$
(9 mg) versus time under S0, (4%) at 1000°C.
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Figure 21. Reaction rates of Ca0 with 50, (47%);
T = 9500C (0), 10000C ( ), 1100°oC (a).

0.30

0.20

CONVERSION (X)

| L L L1 L
10 20 30 40 50 60 70 80 90

TIME (min)

Figure 22. CaS with S$0; reaction rates; T = 1000°C
(0), 950°C (MJ), 900°C (a).

o

)

(]
T
1

CONVERSION (X)
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I0 20 30 40 50 60 70 80 90 100
TIME (min)
Figure 23. CaS with SO2 reaction rates at 900°C;

S0, composition = 16% (3O), 11% (m), 8% (b), 6%
(0), 4% (0).
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O.t
SOz COMPOSITION

Rate dependence of CaS with SO2

on, SO
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concentration at 900°C.
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Figure 25. Apparatus for Ca0 with SO3 reaction
measurements. (1) drier, (2) rotameters, (3)
S03 scrubber, (4) reactor, (5) sampling bulb,
and (6) scrubber.
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Figure 26. Vapor pressure relations for modifications
of sulfur oxide.
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Figure 27. Equilibrium constants.
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Figure 28. Heats of reaction.
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Figure 29. Rate of sulfidatien.
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Figure 30. Rate of oxidation.
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Figure 31. Rate‘of‘evaporation of Zn0 in ceducing
atmosphere.
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Gurinsky, BNL
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Farber, BNL
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R. Krishna, BNL

J. Pruzansky, BNL

M=~5. Shen, BNL
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D. Schweller, DOE (BNL)
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B. Henschel, EPA

W. Jones, EPA
Princiotta, EPA
Levine, Jaycor

. Hill, BNL
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