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ABSTR A C T  

The p r im ar y p u r p o s e  o f  t h i s  r e s e a r c h  e ffor t w a s  t o  

exam i ne t h e  d r y  r emov a l  o f  SOi and N O  from a f l ue g a s  

s tr e am b y  i nj ec t i ng two s od i um a d d i ti v e s  i nto a p i lo t  b a g  

ho u s e  sys t em . T h e  a d d i t i v e s  t e s t ed wer e NaH CQ3 and NaiC 03 

d us t s  w i t h  m a s s  m e a n  d i am e t e r s  r ang i ng fr om approxim a t e l y  

30  to  20 0  m i c r ons . T h e  Na 2C03 w a s  o b t a i ne d  b y  d ec ompo s i ng 

the  Na HC03 ( wi th h e a t )  pr i or to  t�sti ng . Th e b a g  ho u s e  

tempe r a tur e w as m ai n t a i ned a t  e i ther  2 5 0  or  3 0 0  d eg r e e s  F. 

I t  was  demons t r at e d  t h a t  70% S 02 r emov a l  c an b e  

a t t a i ned w i t h  NaH C 03 powd e r s  tha t h a v e  m a s s m e a n  d i amete r s  

o f  3 2  a nd 5 2  m i c r on s  a t  s t o i c h i om et r ic r a t i o s  o f  0 . 8  a nd 

1 . 3 ,  r e s p ec t i v e l y .  The r a t e  o f  m a s s t r ans fer l im i te d  the 

d e s u l fur izat i on c ap a c i t y  of NaH C 03 powd e r s  w i t h  m a s s  m e a n  

d i am e t e r s g r e a te r  t h an 50 m i c r ons . T h e  r at e  o f  chem i c a l  

r ea c t i on l im ited t h e  S02 r emov a l  c ap ab i l i ty o f  the  

sma l l e s t  NaH C 03 ad d i t i v e  t e s t e d  ( ma s s  m e a n  d i amet er=32 

m i c r o ns ) . Decompo s i t i o n of N a HC03 to Na2 C 03 in b u l k  

b e f o r e  i nj ec t i o n  y i e l d ed poor e r  S02 r emov a l . 

I t  was  a l so d emonst r a t e d  t h a t  7 to 3 6  % o f  the NO 

wa s r em o v e d  s i mu l t a neou s l y  w i t h  S 02 by  t h e  NaH C 03 

a dd i ti v e s  w i t h  m a s s mean d i am e t e r s  sma l l er t h a n  1 2 0  

m i c rons. T h i s  r emov a l  was i nv e r s e l y  d e pend ent on t h e  

s y s t em t em p e r a tu r e . No a p pr e c i ab l e  NO r emov al was 

o b s e rv ed w i t h  Na2 C03 inj ec t io n .  
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I N T RODUCT I O N  

The d i s c ha r g e  o f  pol l ut a n t s  i n to t h e  a tmo sp h e r e  b y  

s t e am e l e c t r i c  gen er at i n g  p l a n t s  a c c oun t s  f or a ppr e c i ab l e· 

amoun t s  o f  n a t iona l em i s s i o n s. Fo r exampl e ,  i n  1 9 7 6  24� 

o f  the p ar t i cu l a t e , 65% o f  t h e  s u l fu r  d ioxide (302)' a n d  

29% o f  the  n i tr ou s  ox i d e s  ( NOx ) wer e  a t t ributed t o  t h e s e  

s o u r ees.  I n  a d d i t i on , a 50% i n c r e a s e  in  t h e  n umber o f  

fos s i l-fue l - f i r e d  u t i l i ty pl a n t s  i s  p l a n n e d  wi t h i n  the  

next 10 y e a r s. Coal  c o n s umpt i on a l on e  w i l l  i n c r e a s e  from 

400 m i l l io n  t o n s / ye a r  i n  1 9 7 5  to 1250 m i l l i on t o n s / y e a r  i n  

19 9 5  (1) . P a s s ag e  o f  the  C l e an A i r  A c t  (19 70) , New So u r c e  

Per fo rm a n c e  S ta n d ar d s  (19 71) , a n d  s u b s e qu e n t  l e g i s l a t io n  

h a s  r e qu i r ed t h a t  t h e s e  pol l u t an t s  emi t t e d  b y  

fos s i l-fue l - f i r e d  u t i l i t y  bo i l e r s  b e  c o n t r o l l ed.  The 

em i s s i o n  s t a n d ar d s  for t o t a l pa r t i cu l a t e , s u l fu r  d io x i d e  

(S0 2) a n d  t h e  o x i d e s  o f  n i t r o g en ( N Ox ) a r e  s p e c i f i ed i n  

T a b l e  1. P ar t i c u l a te c o n t r o l  c an b e  a c c ompl i sh ed w i t h  

e l e c tr o s t a t i c  p re c i p i t a to r s  o r  f a b r i c  f i l te r s  (b ag 

hou se s ) .  T h e  e l ec t r i c  powe r  i nd u s t r y  i s  r e qu ir ed to a p p l y  

t h e  " be s t  d emon s t r a te d  t e c h n o l o g y" fo r S 02 a n d  NOx c o n t r o l  

(1). N O  em i s s i o n s  c a n  prob a b l y  b e  b e s t  c o n t r o l l ed b y  x 

c om bu s t i o n  mod i f i c a t i on. T h e  r e d uc t i on o f  S02 em i s s i on s  

r eq u i r e s  o n e  or  mor e o f  t h e  f o l l ow i n g  r emov a l  t echn i q ues: 

pr ec l e an i n g of  t h e  fu e l , r emova l o f  s ul fu r  c o n t a i n i n g  

m a terial d u r i ng c ombus t i on , a n d  we t o r  d r y  s cr u b b i n g  o f  

t h e  f l u e  gas s tr e am. 
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Table 1.  Federa1 St andard s of Per formanc e for New 
E1ect ric Ut i1 it y Steam Generat ing Unit s 
( >7 3  MW wit h heat input >25 0  mill ion BTU/ 
hr [re ferenc e 1]) . 

P o 1 lut ant 

Part iculate 

NOx ( Anthrac it e ,  Bit uminou s  
and Lignit e ) 

NOx ( Subbituminous ) 

St andard 

0 . 0 3  1 b/mi1 1 ion BTU 

1 . 2 0 1 b/mi1 1 ion BTU and 
9 0 % reduct io n  or ( when 
<0.6 0 1 b/mi11 ion BTU ) 
7 0 % redu ct ion 

0 . 6 0 l b/mill ion B TU 

0 . 5 0  l b/mill io n  BTU 
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On e me thod o f  d r y  s c r ubb i n g  involves t h e  i njec t i on 

o f  n ah co l i t e  i n to e i ther t h e  c ombu�tio n  c hamber or  the 

flue g�s d uc two r k  o f  a fo s s i l - fue l - fi r ed bo i ler. 

N ah c ol i te is a n a t ur a l l y  o c c urr i n g  o r e  t h a t  is 

a pproxima t e l y  70% sod i um b i c ar bo n a t e  ( N aHC0 3 ) .  The sol id 

n ah c ol i t e  r e ac t s  w i t h  the g as e ous S0 2 a nd is c o l l e c ted 

a l ong wi t h  the flya s h  in a p a r t i c u l a te c on tr o l  d ev i c e. 

The mo s t  e ffec t ive u t i l i z a t i on o f  th i s  t e c hn i q u e  o c c u r s  

wh en a b ag ho u s e  Go l l e c tor i s  u s ed t o  c l ean  the 

p ar t i c u l a t e  l ad en exh a u s t  s t r e am . The d u s t  c a ke on the  

f i l t r a t i on s u r f a c e  provid e s  a n  add i t i o n a l  

r e a c t i o n  o f  t h e  S0 2 w i t h  t h e  o r e . 

s i t e  for 

The pr imar y p u r p o s e  o f  t h i s  r e s e a r c h  e ffor t  was  to 

exa m i n e  c e r t a i n  fac e t s  of t h i s  g a s / so l id r emoval t e c h n i q u e  

u s i ng a 1000 a c fm f a br i c  f i l te r  s y s t em. 

o bje c t ive s wer e: 

The s p ec i f i c  

a .  Eva l ua te t h e  r emoval o f  S0 2 by  N a H C 0 3 d u s t s  o f  

five d i ffe r e n t  mas s mean d i am e t e r s  ( MMD ) .  The m a s s  

mea n d i amet e r s  o f  t h e s e  äus t s  r a n g ed from 

app r ox i ma t e l y  30 to 200 m i c r o n s. 

b .  C o nver t t h e s e  f ive d u sts to  a mor e por o u s  form 

( Na 2C 0 3 ) by  h e a t i ng and c omp a r e  the i r  S02 r emov a l  

c ap a b i l i t i e s  w i t h  t h o s e  o f  r aw N a H C0 3• 

c .  De t e rm i n e  whe ther N a H C 0 3 or t h e  Na 2C 0 3 c an be 

u t i l i zed for NO r emoval in s u c h  a s ys t em . 
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I .  LITERATURE REVIEW 

The us e of fabric  f i lters (bag hous es) for 

particulate control of effluent gas es is a common 

pract i ce. This met hod of pollution c ont rol has gained 

increased acceptance by that portion of the electric  

utility indus try that relies on f ossil fuels f or 

combustion energy. This is due primarily to  the enactment 

of mo re s t ri ngent emission r equi rements . Although f ab ric  

filt ration systems (bag hous es) have  t raditionally been 

installed  for particulate control , such a system can also 

be employed to r emove  sulfur di oxide (S02) '  This can b e  

accomplishe d by i n j ecting some react ive mate rial either 

into the b oiler system upstream of the bag hous e , dir ectly 

into the bag hous e ,  or  by a comb i nati on of these 

t echniques. The f abric  fi lter then functions as both a 

parti culate control device and a chemical contac ting 

d evi ce. 

Sev e r al c ompounds have been evaluate d  for this use. 

Liu  and Chaffee  (2) conduct e d  such t ests on  a pi lot bag 

house at Mercer Generating Stati on (New Jersey) in 1969. 

The addit ives t ested  wer e  sodium bicarbonate ,  nahcolite ,  

an d lime . The b est S02 removal with  hydrated lime was 

49%. This occurred  at a t empe rature of 640 degrees Fand 

a stoichi omet r i c  ratio of 3.0. The stoi chiomet r i c  ratio 

relat es the actual molar additive i n j ec t i on rate  t o  the 
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theoretical rate required to react with the S02 in the 

system. Thus, a stoichiometric ratio of 3.0 means that 

30 0$ of the additive theoretically required to react with 

the was actually injected. Sodium bicarbonate 

(NaHC0
3

) injection produced significantly higher removal 

efficiencies at lower temperatures and injection rates. 

For example, NaHC03 injection at a stoichiometric ratio of 

1.0 at 530 degrees F affected a S02 removal efficiency of 

86$. Veazie and Kielmeyer (3) tested seven materials as 

S02 sorbents in a bag house at temperatures ranging from 

30 0-10 00 degrees F. The materials tested were four slaked 

limes, manganese dioxide, alkalized alumina , and 

nahcolite. Of these materials only the alumina and the 

nahcolite were effective in removing S02 at temperatures 

within the range of typical bag house operation (300-500 

degrees F). Bechtel Corporation (4), in a 1976 report to 

EP RI , concluded that of the various agents evaluated for 

S02 removal in bag house systems (limestones, dolomites, 

quicklime, hydrated lime, manganese dioxide, sodium 

bicarbonate, sodium 

permanganate), only 

carbonate, 

sodium carbonate 

and 

and 

potassium 

sodium 

bicarbonate were effective S02 removal compounds. Hartman 

reiterated these conclusions after comparing 

decomposed NaHC03, magnesium oxide (MgO), and calcined 

limes tone (CaO) as S02 removal agents in a fixed bed 

reactor. The rate at which the decomposed NaHC03 at 300 
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d e g r e e s  F r e a c te d  wit h  S02 w a s  highe r b y  mor e t h a n  a n  

o r d e r  o f  m a g ni t ud e t h a n  t h a t  o f  Mg O a t  1380 d eg r e e s  F o r  

C a O  a t  1 56 0  d e g r e e s  F .  

N a h c o l i t e  

N a h c o lite i s  a n a t ur a l ly o c c u r rin g o r e  t h a t  is 

a p p r oxima t e l y  70% s o d ium bic a r b o n a t e  ( N a HC 03). It i s  

p r e s e n t  i n  v a s t  qu a n titie s in t h e  oil sh a l e s  o f  t h e  Gr e e n  

Riv e r  formation i n  n o r thwe s t e rn Col o r ad o , nor t h e a s t  Utah , 

a nd so u t h we s t  Wyomin g . The t o t a l  min e r a l  p r e s en t i s  a b o u t  

29 bil lion t o n s  ( 6 ) .  This a r e a  wou ld pro b a b l y  s u pply 

n ah c o li t e  for 

e n te rp ri s e s. 

fu l l  s c a l e  s u l fu r  dioxid e r emo v a l  

Nah c o lite (sod ium bic a r bon at e) d ecompo s e s  

wi tho u t  m e l ting in t o  sod a a s h  (sodium c a r b o n at e) , w a t e r , 

a n d  car bon d ioxid e a c cordin g  to t h e  fo l lo win g equ a tion: 

(Eq. 1) 

This r e a c tio n o c c u r s  s po n t an e o u s l y  a t  5 1 8  d eg re e s  F (7 ) ;  

howeve r , d e c ompo sition o f  p u r e  s odium bic arbon a te b egin s 

a t  temper a t u r e s  n e  a r  100 d e g r e e s  F ( 8). The r at e  i s  much 

s l o we r  a t  this lower temper a tu r e. W a t e r s  (9) h a s  

d emo n s t r at e d  th a t  t h e  d ecompo sition o f  N a H C03 t akes  p l a c e  

a t  tempe r a tu r e s weIl b e low 5 1 8  d eg r e e s  F u sing t h e  

fr ac tio n a l  t h e rmog r avimet ric t e chnique. This is 

il l us t r a t ed in Fig u r e  1 in whic h t h e  d e c ompo sition o f  

N a H C 03 o c c u r s  r a pid l y  a t  t e m pe r a t u r e s  > 25 0  d e g r e e s  F. 
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The rate of decomposition, as determ1ned by the rate of 

weight 10ss in Figure 1, appears to be decreasing at 

temperatures > 3�0 degrees F (172 degrees Cl; this is 

actua11y caused by the progressive conversion of the 

samp1e. 

An important process that accompanies thermal 

decomposition in NaHC0 3 is that of pore deve10pment. The 

Na2C0 3 partic1e produced in this manner has a much 1arger 

void space than that of the parent NaHC03 partic1e. The 

pores probab1y provide passageways that faci1itate the 

movement of gas mo1ecu1es within a partic1e. Natura11y 

occurring nahco1ite is re1ative1y nonporous. Howatson (6) 

investigated the pore deve10pment of raw nahco1ite at 300 

degrees F with a scanning e1ectron microscope (SEM) and 

found scattered deve10pment of 0.1-0.7�m pores after 10 

minutes. After 20 minutes the surface was comp1ete1y 

covered with pores averaging about 0.3�m. Heating at 

higher temperatures produced pores of simi1ar size but 

their formation was more rapid. The Superior Oi1 Company 

(10) reported that the interna1 surface area of decomposed 

nahco1ite and decomposed sodium bicarbonate was much 

greater than that of the parent materials. Superior also 

reported that the greatest interna1 surface area was 

generated by decomposing NaHC0 3 at temperatures between 

250 degrees F and 300 degrees F for minus 200-mesh (7��m) 

partic1es. Stern (11), however, found that the maximum 
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specific surface area was generated by decomposing 

nahcolite at 600 degrees F in a forceddraft oven. 

Injection of nahcolite into a very hot environment, 

such as the flame zone of a boiler, produces thermally 

crushed Na 2 c0 3 (�,10,15). The porous soda ash is produced 

as at lower temperatures, but the particle size 

distribution is drastically reduced. For example, the 

mass mean diameter (MMD) of nahcolite injected into a 

combustion zone was reduced from MMD=68pm to MMD=1.8pm 

(�). However, when sustained at temperatures in excess of 

600 degrees F the porosity may be reduced by sintering 

( 1 1 ) • 

Another factor, in addition to temperature, that 

has been found to influence the decomposit1on rate of 

NaHC0 3 1s the size of the particle. Fixed bed data from 

Superior Oil Company testing indicated that 85� of NaHC03 

particles between �OO and 200-mesh (37 and 7�pm) were 

converted to Na2C03 in approximately 20 minutes (�). In 

contrast, approximately 70 minutes were requ1red for 

NaHC03 particles between 4 and 3 1/2-mesh (4760-5660pm) to 

reach the same degree of conversion. Figure 2 illustrates 

this effect. 

. . ... . 
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Theoretical Reactions 

The following desulfurization reactions were 

postulated by Genco (12) from results obtained in a 

fluidized bed at approximately 300 degrees F: 

(Bq. 2) 

(Eq. :3) 

(Eq. 4) 

Note that the combination of Equations 1 and 3 yields 

Equation 2. Knight reported that for particles larger 

than 20-mesh (841pm), the decomposition of the NaHC0 3 is 

much faster than the reaction of S0 2 and Na2C0 3 (10). 

Some conbination of Equations 2-4 are currently used by 

most researchers to describe the desulfurization reaction. 

Although the investigation of nahcolite as a 

pollutant control agent was initiated for S02 removal, 

reported values for the removal of nitrogen oxides (NOx) 

range from 0-40% (4). The Superior Oil Company reported 

the results of a series of tests in which the ability of 

decomposed sodium bicarbonate (Na2 C03) to remove NOx was 

examined (10). The following reaction was presumed based 

on the analysis of the data: 

(Eq. 5) 
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Aqdition of S02 to the test gas stream did not produce a 

major change in N02 removal. Tests in the presence of 

oxygen with NO as the pollutant gas yielded similar 

results but the solid product was sodium nitrite (NaN02). 

Thus, the following reaction was implied: 

(Eq. 6 ) 

Bench Scale Reactors 
, 

It is often difficult and expensive to obtain 

accurate kinetic data from pilot and full scale· 

operations. Also, interpretation of data obtained from 

bench scale reactors is important in determining what 

theoretical processes occur during a complex series of 

reactions like desulfurization. In a fixed bed reactor 

the gas stream is passed through a stationary layer of 

sorbent. Three fixed bed experiments and their 

implications are discussed in this section. 

The Superior Oil Company has conducted considerable 

research into the utilization of nahcolite for S02 removal 

from boiler flue gases. The results of fixed bed tests on 

decomposed nahcolite were published in 1977 (10). The 

granular size of the nahcolite varied from approximately 

2mm to 13mm. The S02 concentration in the flue gas ranged 

from 450 to 10,000 ppm. The effect of temperatures (from 

200-600 degrees F) on reaction rate was also examined. 
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The large increase in temperature did not influence the 

rate of reaction. Analysis of the bed material found that 

sodium sulfate was the ultimate sulfur containing reaction 

product. Partially reacted particles were examined with a 

scanning electron microscope ( SEM ) and a microprobe scan. 

The SEM micrographs of split particles indicated that a 

product layer surrounded a more porous core. The 

microprobe scan determined that the outer layer was 

composed primarily of sulfate; the inner layer was 

unreacted. These observations warranted application of 

the unreacted-core model (13 ) to the kinetic data. 

Application of the unreacted core model to chemical 

kinetic data facilitates the conjecture of a rate 

controlling step. After applying the unreacted-core model 

to the reaction rate data, it was concluded that the rate 

controlling step in the desulfurization process was 

attributable to ash layer diffusion. Resistance of gas 

film diffusion and reaction rate were concluded to be 

negligible. Estimated values for diffusivity of the gas 

through the ash layer ranged from . 001 to .007 cm2/sec for 

2000pm particles. [The diffusivity of S02 through air at 

300 degrees F is approximately 0. 27 cm2/sec. ] It was no ted 

that the decomposition of nahcolite or sodium bicarbonate 

occured much faster than the sulfur dioxide substitution 

for particles > 841 pm; however, decomposition time, in 
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addition to diffusion , controlled the reaction rate for 

p articles < 8 4 1 um. 

Superior Oil used the kinetic data obtained from 

the fixed bed testing to design a 1 000 cfm counter current 

contactor to rernove S02 and NDx ( 1 0) • S02 removal by 

NaBC03 is tabula ted in Table 2. Nahcol i te injection 

removed up to 40% of the No.x. 

Stern ( 1 1 )  conducted tests to 

abilities of decomposed nahcolite and 

Na HC03 containing ore) to remove S02 and 

flue gas was p a ssed through the 

a pproximately 1 0  scfm. The nahcolite 

effective for S02 and NOx removal 

determine the 

trona (another 

NO. Simulated 

fixed beds at 

w as much more 

th an the trona. 

Decomposition of the nahcolite was a ffected b y  placing raw 

samp Ies into a forced draft oven for 2 hours at a 

tem perature of 600 degrees F. The ore was screened into 

groups of p articles with nominal diameters of 90 , 1 90, and 

500 um. The S02 concentration was varied between 500 and 

2500 ppm, and the temperature in the reactor was varied 

from 300 - 750 degrees F. It was determined th at maximum 

utilization of the sorbent for S02 remov al occurred with 

sm aller sized particles. Utilization improved with 

increased temperatures up to 650 degrees F, above which 

the particles sintered and remov al decreased. 

Ninety -eight percent utiliz ation was realized in certain 

tests under optimum conditions. It was concluded that the 



Table 2 . S 02 and NOx Removal Results with NaHC03 and Nahc o li te Additives 

Additive Sto i chiometric S02 
Test Loc ati on Additive Size R atio Temperatu re 'Removal 

Sup e ri o r  Counter NaHCOr 4 3 00 11m 0 . 8 6 3 0 00F 8 4 %  
Current Reactor ( 9 )  Nahc o ite 3 70 0  0 . 8 9  2 8 0  6 7  

Owens-Corning ( 3 )  Nahc o li te MMD = 13 11m 0 . 75 3 0 0  5 9  

EPRI 0.4 ) NaHcoi 74 11m 1 . 0 0  270 6 8  
Nahc o i te 1 . 0 0  2 70 8 0  

Grand Forks Nahco lite <14 9 11m 6 3 -77 
ETC ( 15 )  
Unive rs ity o f  TN ( 16 ) NaHC03 MMD=3 2 11m 1 . 0 0  2 8 5- 3 15 8 0  

Univers ity o f  TN ( 17 ) Nahc o lite MMD= 14 11m 0 . 9 5  , 3 5 0- 3 8 5  8 6  
Nahco li te MMD=14 11m 0 . 95 18 5 17 

Merc e r  Generating NaHC03 MMD = 6 0  11m 1 . 0 0  6 0 0  9 0  
Station ( 2 ) NaHcoi MMD=6 0 11m 1 . 0 0  3 5 0  4 8  

Nahco i te MMD=10 11m 1 . 0 0  6 0 0  9 4  
Nahcolite MMD=10 11m 1 . 0 0  3 5 0  6 5  

Nucla Generat ing Nahc o lite 2.0 70 
Station ( 10 )  
Leland 01ds Generat- Nahco l ite 1 . 0  3 0 0  73 
ing Stat ion ( 9 ,18 ) 

*maximum rep o rted value 

NOx 
Removal 

4 2 % 

0 
0 

I-' 'Ul 

4 2 %* 

0 

15 
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reaction was 

concentration. 

of first order with respect to S02 

Nitric oxide ad sorption was small and 

inversely dependent on temperature. 

SEM micrographs of halved particles indicated that 

the the desulfurization reaction 

particle perimeter and proceeded 

interface 

inward 

began 

in the 

at 

mann er 

described by the unreacted -core model. After applying 

this model to the d ata, it was concluded that initially 

the rate controlling step in S02 sorption was the chemical 

reaction. The rate controlling step was then quickly 

assumed by diffusion through the prod uct ash layer. Ash 

diffusion thereafter limited the reaction rate. The 

diffusivity of the 802 through the ash ranged from . 0005 

to . 008 cm2/sec. It was noted that the chemical reaction 

controlled the rate for low temperatures and small 

particles. 

Hartman (5) concluded that the optimum temperature 

for desulfurization by Equation 3 was from approximately 

250-300 degrees F. The sodium sulfite was oxidized to 

sodium sulfate (Equation 4) at temperatures> 300 degrees 

F. It was further concluded that reaction rate was 

. independ ent of particle size for particles from 200 to 

1000 um. 
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Pilot Scale Reactors 

Although bench scale experiments have provided 

important data about the removal of pollutants 

(particularly S02) from exhaust gases, pilot seale (and 

larger) ex periments have yielded data that is more useful. 

That is because research of this latter type is designed 

to more nearly simulate conditions that are likely to be 

eneountered in operating systems. Sulfur dioxide and NOx 

removal values for various pilot systems are listed in 

Table 2. In contrast to a fixed bed experiment, the dry 

additive is injeeted into the system and transported to 

the fabric filter by the moving gas stream in pilot plant 

ex periments. [The additive was injected eontinuously 

throughout each test in the experiments refereneed in this 

seetion unless otherwise noted.J A typieal eurve from a 

pilot plant showing percent S02 removal as a function of 

stoiehiometric ratio appears in Figure 3 (18). The 

loeation of any point on the curve indieates what removal 

was obtained at a given set of operating eonditions (for 

example--type and size of adsorbant, system temperature, 

ete). By changing only one variable (S02 coneentration in 

Figure 3), a series of such curves can be used to 

determine a variable's influence on S02 removal. Several 

pilot scale experiments that illustrate the removal of S02 

and NOx under various eonditions are di�cussed in this 

section. 
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Veazie and Kielmeyer (3) studied the removal of 302 

by various sorbents injected into a pilot bag house at 

Owens-Corning Fiberglass, 1nc. The flow rate through the 

system was varied from 200-600 cfm (3.9- 1 1 . 7  fpm 

flltration velocity) and the temperature was varied from 

300- 1 000 degrees F. The 302 concentration in the 

simulated flue gas was rnaintained at approximately 2800 

ppm. Although not the principa1 sorbent tested, some 

nahcolite with a mass mean diameter (MMD) of 13 um was 

tested at temperatures of 300-500 degrees F. The 

principal reaction product was sodium sulfate. 

3hah and Teixeira ( 1 4) conducted 302 and NOx 

removal studies with NaHC03, nahcolite, and trona in a 

nominal 600 scfm bag house. Filtration velocities of 1 .3 

and 2.2 fpm were used. Two sorbent sizes were injected --

70% through 200-mesh (74 um) and 1 00% through 400-mesh ( 37 

um). The initial 302 concentration was maintained at 400 

ppm. The bag house entrance temperature ranged from 

255-290 degrees F. The configuration of the system 

allowed sorbent injection at temperatures of 340 or 530 

degrees F. The 

with nahcolite 

most effective 502 removal was obtained 

followed, in order of decreasing 

effectiveness, by NaHC03 (see Table 2) and trona. 

Although two air to cloth ratios ( 1 .3 and 2.2) were 

examined, the results were confounded because the tests 

were conducted at different temperatures. Thus, no 
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generalization was appropriate. The introduction of the 

more finely divided NaHC03 did not alter the overall 80 2 
removalj however the smaller dust e xhibited increased 

removal in the ductwork prior to entering the bag house. 

It was inferred from analysis of the data that 

approximately half of the overall 802 removal affected by 

injecting NaHC03 into the ductwork at 530 degrees F 

occurred in suspension , with the balance taking place as 

the gas stream passed through the filter cake. NOx 

emissions were not reduced by the injection of any sodium 

compound tested. 

The capabilities of nahcolite and trona as 802 
removal agents were examined at the Grand Forks Energy 

Technology Center by Ness and SeIle (15). Pilot plant 

tests were conducted on a 75 lb/hr (130 scfm) pulverized 

coal-fired furnace with a bag house or an electrostatic 

precipitator for particulate control. [Only the data 

obtained with the bag house on line will be used here. J 

S02 flue gas concentrations were in the range of 850-1000 

ppm. Decreasing the particle size from 100 to 200-mesh 

(149 to 74�m) did not effect the amount of S02 removed by 

nahcolite. However, 200, mesh (74�m) trona e xhibited an 

increased capacity for 802 sorption over that of the 100 

mesh (149�m) trona. The effect of altering the 

temperature produced no significant change in the 

desulfurization efficiency , although the researchers noted 
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that the optimum temperature was about 650 degrees F for 

S02 removal in suspension ( that is in the ductwork). 

Injection of the sorbents directly into the flame zone 

removed approx imately 41% of the S02 and produced a glassy 

slag on simulated boiler tubes. 

Sodium bicarbonate with a mass mean diamet�r ( MM D) 

of 31. 5 �m was tested as an S02 sorbent at the University 

of Tennessee ( 16). A portion of the effluent from a 

stoker coal-fired boiler was utilized in a 100 cfm bag 

house. Although the pilot plant had a nominal flowrate of 

100 cfm , the filtration velocity was varied from 2.5-5.0 

fpm for test purposes. The bag house temperature was 

approximately 300 degrees F and the S02 concentration of 

the flue gas ranged from 700- 3000 ppm. Varying neither 

the filtration velocity over the range of 2. 5-5.0 fpm nor 

the S02 concentration over the range of 700- 3000 ppm had 

any significant effect on the overall S02 removal by 

NaHC03 at stoichiometric ratios of 0.5 to 2.0. 

Nahcolite ( MM D=14-27 �m) and NaHC03 ( MMD= 3 2  �m) 

were ex amined as S02 removal agents in a 1000 acfm pilot 

bag house system at the University of Tennessee ( 17). 

This unit was also arranged so that a slipstream was 

supplied from a stoker coal-fired boiler flue gas duct. 

The filtration velocity was 3 fpm. The bag house 

temperature was varied from 100- 350 degrees F. 

removal that resulted from NaHC03 injection was similar to 
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the data obtained on the smaller unit at 300 degrees F 

(see Table 2); however, the nahcolite was more effective 

at 350 degrees F. This was attributed to one or more of 

the following causes: the smaller size of the nahcolite, 

the higher bag house temperature in the nahcolite series 

of tests, and, since only the NaHC� fraction was assumed 

to react with SC2, to the non-bicarbonate fracti�n of the 

nahcolite. It was observed that an increase in the bag 

house temperature augmented nahcolite's SC1.2 removal 

capacity (see Table 2) • Under optimum conditions, 

nahcolite removed up to 70 % of the S� present in the 

ductwork before entering the bag house (1.75 seconds of 

residence time). 

Liu and Chaffee (2) examined the removal of S� 

(and N02 to some extent) by lime, nahcolite (MMD = 10 um), 

and NaHC03 (MMD = 60 um) in a top entry pilot baghouse 

built by Air Preheater Co. at Mercer Genorating Station 

of Public Service Gas and Electric Co. of New Jersey. 

[All the other pilot plants in this section used bot tom 

entry bag houses.] Only the results of NaHC03 and 

nahcolite testing are discussed here. Either the additive 

was injected continuously throughout a test or the amount 

of additive required for an entire test was added in a 

"batch" during the initial period of a test. The 

difference in S02 removal between tests with different 

injection methods was slight. The gas flow rate through 
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t h e  syst em was v aried from 7500-15000 a c fm (fil tra tion 

v e l o cities o f  1 . 7  to  3 . 8  f pm d ep en d in g  o n  o pera ting 

c o nditions ) .  Tests were c o nd u c t e d  in t hree a pproxim a t e  

temper atur e  regimes: 270 d egrees F ,  350 d e grees F, a n d  

600 d eg r e es F .  T h e  802 c o n c e n tra tio n v aried d urin g  e a c h  

test b u t  a v er aged from 800-1500 ppm ; the  

c o n c e n tra tion v aried from 800-1100 ppm . The v e l ocity o f  

t h e  gas s tr e am thro u g h  t h e  system was found t o  h a v e  a 

slightl y n egative e ff e c t  o n  802 rem o v a l  b y  b o t h  N aHC� a n d  

n ah c olit e . Davis e t  a le t h o u g h t  t h a t  t his might be d ue 

to  the d e cre ased fil ter c ak e  t h a t  a c cr u es i n  t o p  e n try b ag 

houses at higher fil tr ation v e l oc ities (16). 8inc e  l ess 

o f  the  sorb e n t  is d eposited o n  t h e  f abric sur f a c e  a t  

high er v e l ocities, t h ere is l ess sorbe n t  o n  t h e  f a bric 

sur f a c e  t o  rea c t  wit h t h e  802 . T h e  s trong est in fl ue n c e  o n  

802 rem o v a l  e ffic ie n c y  b y  t h e  sodium ad diti v es w as t h a t  o f  

t em perature (2). NaHC� remov a l  a t  a s toichiometric r atio 

o f  1 . 0 incre ased from 48% to 90% with a t empera ture 

incre ase o f  350 to  600 d e g re es F· , n a hcolite r em o v a l  

incre ased from 6 5% to  94% a t  t h e  sam e  respe c tive 

temperatures a n d  stoichiometry . Bo t h  add itives exhibited 

simil ar be h av ior in suspension . Approxim a t e l y  13% o f  the 

t o t a l  remov al took p l a c e  in the d u c t  at 270 and 350 

d e gr e es F ;  6 3% of the t o t a l  remo v a l  o c c urre d  in the d u c t  

a t  600 d egrees F .  A l th o u g h  t h e  o v er al l  802 remo v a l  b y  

n a hc olit e a pp e ared t o  b e  grea ter t h a n  t h a t  o f  NaHC0 3 a t  
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the same stoichiometric conditions, the additives could 

not be directly compared for the following two reasons: 

firstly, since the nahcolite was composed of 70� NaHC03, 

the mass rate at which it was injected was larger than 

that of the pure N�HC03 at the same stoichiometric ratio, 

and secondly, the nahcolite (MM D = 10 um) was much smaller 

than the NaHC03 (MMD = 60 um). Some testing was conducted 

to determine whether N02 was removed along with the S02. 

Although a maximum N02 reduction of 42% was achieved wlth 

nahcolite injection at 350 degrees F, the average N02 

removal of the tests was approx imately 15%. 

A large pilot plant was constructed at the Nucla 

Station of the Colorado ute Electric Association by 

Wheelabrator- Frye, Inc. (4). The gas flowrate through 

the system was 65000 acfm at a filtration velocity of 

2. 0-3. 0 fpm. Nahcolite was inj ected into the system by 

the "bateh" method outlined above. The S02 concentration 

in the inlet flue gas was 400-500 ppm. Varying the 

filtration velocity had no significant effect on S02 

removal. No NOx was removed by the nahcolite. The 

product of the desulfurization reaction was found to be 

Although instantaneous S02 removal 

efficiencies of > 90% were observed, the reported removal 

was determined by averaging the values obtained from an 

entire test. This was done to determine whether or not 

federal emission limits could be met by using the "bateh" 

.,- � . 
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method of injection. The 70% removal required was 

attained at a stoichiometric ratio of 2.0. 

Wheelabrator-Frye also conducted d�y S02 and NOx 

adsorption studies in conjunction with the Superior Oil 

Company and Bechtel Power Corp. at Basin Electric Power 

Cooperative's Leland Olds Station (10,18). Nahcolite, 

supplied by Superior Oil Co., was injected by both "batch" 

and continuous methods into the 3100 acfm bag house. The 

filtration velocity was 3 fpm in the system., The S02 

inlet concentration was varied from approximately 800-2800 

ppm, but this variation did not alter the S02 removal 

efficiency attained at any given stoichiometric ratio. 

Summary 

The removal of S0 2 and NOx by NaHC0 3 and nahcolite 

has been studied in both bench scale and pilot sc ale 

experiments. These experiments differed both in physical 

design and in the additive preparation procedure. Bench 

scale research has been conducted on decomposed NaHC0 3 or 

nahcolite in fixed beds. Pilot scale research has 

generally been done by injecting raw NaHC0 3 or nahcolite 

into the ductwork upstream of a bag house. 

Decomposing the additive before testing its 80 2 or 

NO x removal capabilities eliminated one of the chemical 

reactions (Equation 1) that would have occurred during 

testi"ng at typical flue gas temperatures. Thus, using the 

fixed bed technique, the desulfurization reaction (as 



explained by Equation 3) has been mathematically modeled. 

This technique, in addition to SEM analysis of the 

reaction product, has indicated that S02 is removed by the 

gas/solid reaction scheme described by the unreacted-core 

model. Although not studied extensively, no appreciable 

NOx has been shown to be removed by decomposed NaHc03 or 

nahcolite. 

Various 502 and NOx removal values have been 

reported in pilot scale systems. At a stoichiometric 

ratio of approximately 1.0 and temperatures of 270-350 

degrees F, the following results were obtained (from Table 

2): 48 to 80% 502 removal by NaHC0 3' 65 to 94% 502 

removal by nahcolite, and 0 to 40% NOx removal NaHC03 and 

nahcolite. This wide range of values can be partly 

explained by noting that the operating variables (such as 

gas velocity, temperature, particle size, and 502 or NOx 

concentration) varied from system to system. Although 50 2 

removal was generally shown to be · dependent on 

temperature, the effects of other variables were disputed. 

This research effort was undertaken to examine the 

effects of additive preparation and additive size on the 

removal of 50 2 and NO by NaHC03 in a pilot scale system. 

This was done by comparing the removal results of raw and 

decomposed NaHC03 dusts of different sizes. 
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11. THEORETICAL CON8IDERATI ON8 

General C omments 

The removal of a pollutant gas from an effluent by 

addit ive injeetion i nto  a bag house system is eomplieated. 

In the ease eonsidered here , the additive i s  injeeted int o 

the duetwork on the upstream s ide of a bottom feed bag 

house at a t emperature > 250 degrees F. The following 

seri es of events oeeur: initially , the i njeeted additive 

i s  fluidi z ed by the moving gas stream; then , the additive 

travels eoneurrently with the gas stream to the filtration 

surfaee; and lastly , the gas stream passes through the 

stat ionary f ilter eake . The system thus funeti ons as a 

series  of three reaetors -- a fluidized bed , a eoeurrent 

eontaetor , and a fixed bed . By assuming that the 

reaeti ons diseus sed in  the previous seetion (Equati ons 

2-4) are responsible  for the removal of 8Ü2 by NaHCD3 and 

Na2 C03' a sequenee of steps ean be postulated that 

deseribe the 1nteraetion between a s ingle additive 

partiele injeeted into the system and the 80 2 laden gas 

stream: 

1. If the partiele i s  NaHC0 3 , i t  begins to  

deeompos e  i nt o  Na 2C0 3 , H2Ü , and CÖ2 .  

2 .  80 2 diffuses through the boundary film 

surrounding the part iele t oward the partiele 

surfaee . 
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3. SCQ diffuses through the particle pore space to 

the solid surface. 

4. A S02 moleeule is adsorbed onto the surface and 

reacts with the additive. 

5. The gaseous products of the reaction desorb and 

diffuse back through the pore space. 

6. The reaction products diffuse back through the 

boundary film. 

The hierarchy of events discussed above can perhaps 

be best envisioned by application of the unreacted-core 

model. In the unreacted-core model the reaction is 

assumed to occur initially at the outer surface of the 

particle. The zone of reaction moves toward the center of 

the particle leaving a layer of solid reactant behind (as 

illustrated in Figure 4 [from reference 13]). This model 

is probably the best simple representation available for 

most gas/solid systems. Also, S EM and microprobe analyses 

of desulfurization products, after the exposure of Na2C03 

to a S02 containing gas stream, have revealed the 

existence of a layer of Na2So4 around a virtually pure 

core of additive. The six steps listed in the prev10us 

paragraph can be considered to ex ist in series. This 1s 

frequently done in non-catalytic heterogeneous systems 

( 7). If viewed in sequence, the total time for any degree 

of conversion is equal to the sum of the times required 

for each step, that is: 
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t
total = 

t
deeomposition + 

t
film diffusion 

+ 
t

ash diffusion + 
treaetion 

If one step is appreeiably slower than the others, that 

step is effectively rate limiting and 

t
total � 

t
limiting step 

The unreacted-core model defines the operations of film 

diffusion, ash layer diffusion, and chemical reaction as 

those with potential rate controlling capabilities. 

The Unreaeted-eore Model (after 13) 

case 1 -- Diffusion Through the Gas Film Controls 

When diffusion through the gas film is limiting, 

the rate at which gas A is utilized is controlled by the 

mass transfer of A across the boundary film. As 

illustrated in Figure 5, the bulk concentration of A (CAg) 

in the gas stream outside the gas film is eonstant. Since 

the rate of diffusion through the ash layer and the rate 

of reaction are much faster than the rate of gas film 

diffusion, the concentrations of A at the particle surface 

(CAs) and at the reaction interface (CAe) are very small. 

The equation describing this transfer is: 

dNA (!) 
dt s = 

(Eq. 7) 



.p 
s:: 
a:! 
.p 
C) 
a:! 
(l) 

p::: 

(l) 
Cf.l 
a:! 
..c:: 
P-I 

I 
Cf.l 
a:! 
C!:l 
4-! 
0 

s:: 
0 
..-I 
.p 
a:! 
H 
.p 
s:: 
(J) 
C) 
s:: CAg 0 

0 

CAs = CAc 

/ 
/ 

I 

( 

31 

/"" 
- ---

Gas Film 

Unreacted 
Core 

\ 

\ 

� 
I \ I 

/: I \ I I 
I I 'i 

1 I�I 
I ---

I 
--

I I I 
I I I I I 

I I 
I I 

I I 
I I 

R rc 0 rc R 

Radial P o sition 

Figure 5. Diffusion Thro ugh the Gas Film 
Contro [re ference 1 3J. 

I 



where 

case 2 

dNA 
= rate of molar transport of A {moles) dt t 

S = area perpend icular to the diffusion path 

(L2) 

VG = d iffusion coefficient of A through the 
2 

gas film (� ) 
concentration grad ient of A across the 
gas film of thickness dz. 

Diffusion Through the Ash Layer Controls 

When diffusion through the ash layer is limiting, 

the rate at which gas A is utilized is controlled b y  the 

rnass transfer of A through the pore space of the ash 

layer. Because the rate of diffusion through the ash 

layer is much larger than either the· rate of gas film 

diffusion or the rate of reaction, the conditions depicted 

in Figure 6 exist. The bulk concentration of A (CAg) in 

the gas strearn is the same as that on the particle surface 

(CAs). The concentration of A at the reaction interface r 

(CAc) i s very smal1. 

transfer is: 

dNA (:!.) 
dt S 

The equation describing this 

(Eq. 8) 
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whe re 

case 3 

�N: = rat e  of molar t ransport of A(mo�e s ) 

S = area perp end icular t o  the diffu s i on pat h 
(L2) 

Va sh = diffu s i on coeffic ient of A through the a sh 
. 2 

layer (\ ) 
c onc ent rat i on gradient o f  A a c ro s s  the ash 
layer of thic kne s s  dz 

Chemical Reaction Controls 

If the utilization of A is not dependent on the 

transfer of the gas A to the reaction site (solid 

reactant/solid product interface), then the reaction rate 

limits the overall rate. Figure 7 shows that the 

concentration of A is essentially constant in the bulk 

phase, through the gas film, and through the ash layer -

CAg=CAs=CAc. The concentration of A at the reaction 

interface (CAe) is very smal1. Thus the general 

relationship 

aAgas + 
b Bs o l id �p roduc t s  

is described by the following equation: 

whe re dNA mOl e s ) dt = rat e o f  c onvers i on o f  A( t 

(Eq . 9) 
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s = are a  o f  rea c t i o n  zone (L2 ) 

KS = rea c t i on rat e  c oe ffic ient 

CA,CB = c onc ent ration of c ompo nent 

s i  t e  (mol e s ) L3 
a , b = s t o i c hi omet ri c  c o e f fi c i ent s 

n = reaction order = a + b 

Determination of the Rate Controlling Step 

The rate controlling step can 

at reac t ion 

be determined 

experimentally in the following four different ways: 

a. utilizing integrated forms of Equations 7-9, 

predicted and actual data can be compared. If one 

equation describes the overall reaction more 

accurately than the others, control by that step 1s 

implied (13). 

b. The rate of chemical reactions are inherently 

much more sensitive to temperature changes than 

those of physical processes. A marked variation in 

reaction rate with temperature indicates chemical 

reaction control (7, 13). 

c. Mass transfer, specifically gas film diffusion, 

is dependent on the velocity of the gas stream 

moving past a part1cle. If an increase in the 

overall rate is obtained from augmenting the 
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velocity, control by gas film diffusion 1s imp11ed 

(7 ) . 

d. Decreasing the particle size tends to increase 

the rates of both mass transfer and chemical 

reaction. However, this effect is much more 

pronounced on the mass transfer steps than on the 

chemical reaction step. Consequently, if the 

overall reaction rate is significantly increased by 

utilizing a smaller particle, mass transfer (film 

and/or ash layer diffusion) probably control (7 , 

13). 

It should be noted that in real systems the 

controlling steps may actually change during the course of 

a reaction. In addition, Figure 8 illustrates how that a 

change in a variable can alter the controlling process 

(19). For a large particle, the controlling process can 

be either chemical, diffusional, or mixed dependin� on the 

temperature. Also, at a fixed temperature either 

diffusion, mixed, or chemical control will be predominant, 

depending on the particle size. Lastly, the removal of 

502 by NaHC03 cannot be completely represented by the 

unreacted-core model, due to the rapid decomposition of 

NaHC03 at temperatures > 250 degrees F .  
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111. EXPERIMENT DESIGN 

Description of the Test Facility 

The fabri c fi lter collector was installed on a 

R iley spreader-stoker coal-fired bo.i ler located at the 

University of Tennessee at Knoxvi lle . At 100% capacity 

the boiler produced 100,000 pounds o f  steam per hour . 

Steam product i on was typ i cally 30-60% of capacity . A slip 

stream of 963 acfm was removed from the mai n ductwork 

downstream of a mult iple cyclone with a parti culate 

removal effi c iency of approximat ely 90%. The parti culate 

loading in  the sampIe stream was approximately 0.16 

grains/acf as determined by EPA S ource  Sampling Method 

Five . Analyses of a typi cal c oal ash sampIe yielded the 

followi ng wei ght percentages of various compounds : 

Sulfur 1.6% 

SiO  7.8% 

A12 03 4.2% 

Fe2 03 2.0% 

CaO 0.1% 

MgO 0.2% 

N� O 0.05% 

IS O 0.6% 

Total ash 16% 
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The slip s t ream was pul l e d  thr ough the pilot system 

by an induce d d raft fan . The system l ay out is represent e d  

schemat ical ly i n  Figure 9.  The ductwork c ontained por t s  

that permi t ted  t h e  inj ect ion of  wat e r , ambi ent air  , 

ad d i t i onal 80 2 ' an d powde red  add i t ives . Othe r ports wer e  

pr ovi ded  f o r  sampl i ng 802 and N O  concentrat i ons before any 

add i t ive was inj ec t ed , at three  pos i t i ons i n  the ductwork 

ups t ream of the bag hous e ,  and at one pos i t i on d owns t ream 

of the bag hous e . Final ly , p or t s  wer e  instal l e d  that 

fac i l i t at e d  stack sampli ng ope rat i on s  such as the 

det erm inat i on of  the gas flow rat e , the syst em part i culate 

loadi ng ,  and bag . hous e effi c i ency . At the tested  

filt rat i on velocity  of  2 . 5  fpm , the average veloc ity i n  

t h e  duct was 2600 fpm . T h i s  produced a r e s i�ence t ime of 

2 . 0  seconds between the s it e  of  add i t ive i n j e c t i on and the 

bag hou s e  happer . Duct tempe ratures  at the add i t ive  inlet 

were approximat e ly 300 degrees F i n  the l ow temperature 

tests  and 375 degrees  F res pect ively . The t emperatur e  in  

the syst em was lowered  by the add i t i on of  amb i ent ai r .  

The S02 concentrat i on i n  the s ampIe s t ream ranged fram 

500-800 ppm but was increas ed to 1 000 -3000 ppm via the 

inj e c t i on of bottled  anhydrous S02 ' 

The bag house cons i s t ed of  one f i l trat i on 

compartment c ontaining four 32 ft . x 1 1 .25 inch 

fibe r glass bags ( 1 4 . 5  oz!yd2) . The system was operat e d  

manually or automat ical ly . The dus t cak e  was removed fram 
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the in ner b a g  surf ace by sha kin g. In the autom atie mode , 

cle a ning occurred once a n  hour and the hopper was emptied 

during this cle a ning period by a rota r y  va lve located 

beneath the hopper. Manual opera tion of the system 

allowed initiation of the cleanin g  cycle at any time. The 

rotary valve was operable in depen dently of the shaking 

mech a nism , allowing collection of the hopper fa llout and 

bag ca ke separately. The overa ll particulate removal of 

the system on flya sh was > 9 8.6$ as determined by E PA 

Source Samplin g  Method Five. 

Test Procedures 

The capa bilities of ten additives to remove S02 and 

NO were studied ; these were five N a HC0 3 s a mpIes and five 

Na 2CO 3 sarnples. The Na HC0 3 s ampIes wer e fi ve commercially 

available powders provided by the Church a n d  Dwight Co , 

Inc. The five Na 2C0 3 dusts were obtained by heating 1 0  

pound s a mp Ies of the five N a HC0 3 d usts in a 350 degree F 

oven for 8 hours. At the end of this period , the weight 

of the s ampIes indicated th at the sampIes had been 

completely con verted to Na 2C03 (as determined from 

Equation 1 ). Chemic al a n alyses of the s ampIes verified 

that the raw NaHC03 sampIes were > 99% pure bicarbon ate , 

a nd that the Na 2C03 sampIes were > 99% pure carbonate. 

The an alytica l  technique used appears in Appendix A. The 

size distribution of the a dditive s ampIes was determined 

from a combin ation of Coulter Counter and Ro- T ap sieve 



analyses. These 

The estimated mass 

43 
analyses are tabulated in Appendix B. 

mean diameters of the samples are 

listed in Table 3. Where the Coulter Counter and sieve 

analyses d iffered , the Coulter Counter analysis was used. 

It was intended that the following d ata be obtained 

for each test ( a  d etailed d escription of the equipment 

used can be found in Appendix C ) :  

1. S02 concentration ( inlet and outlet ) - 

Dyna- Sciences S02 monitor . 

2 . NO eon eentration ( inlet and outlet ) - - Lear 

Siegler S02/ N O  moni tor. 

3. 02 and C02 concentrations - - Baeharaeh Fyrite 

Analyzers. 

� .  Pereent water vapor in the flue gas -

psy ehrometry. 

5. Ad ditive feed rate -- Vibraserew ad justable 

feed er. 

6. Duct and bag house temperatures - - calibrated 

thermometers. 

1 . Loeal barametric pressure - - mereury barometer. 

C ylind ers of certified S02 and N O  were used to ealibrate 

the gas analyzers. NO was not measured in all tests d ue 

to mechanieal diffieulties with the analyzer. Filtered t 

heated sample lines were installed for the purpose of 

monitoring the S02 concentration before any ad ditive was 

inj ected ( inlet ) , on the clean s i d e  of the bag house 



Tab le 3 .  Addit ive Charact er i sti c s  

Mas s  Mean Mas s  Mean 
fvta s s  Mean D i amet er*  D i ame t e r *  Bag House Hopp er 
Diamet er U . T .  Seive Church and Colle ct i on Effi c iency 

Addit ive Coult er C ount er Analy s i s  Dwight ( b y  mass ) 

Sodium 
B i c arbonat e # 3DF 3 2  llm 3 3  llm 9 %  

Sodium 
arbonat e # 1  5 2  ll m  6 7  ll m  5 8 - 7 1  11 m  3 0 % 

Sodium 
B i c arbonate # 2  1 1 9  11m 1 3 2- 1 4 5  llm 3 8 % 
Sodium 

arbonat e # 4  1 5 4  11m < 1 4 0  llm .i::-
-I=" 

Sodium 
Bi c arb onate # 5  1 9 3  llm 2 3 0  llm 5 0 % 
Soda Ash # 3DF 2 7  llm 

Soda Ash # 1  4 2  llm 69 llm 5 % 
Soda A sh # 2  9 4  llm 3 6 % 
Soda Ash # 4  1 01 ll m  5 0 % 
Soda Ash # 5  1 8 0  llm 5 0 %  

* e s t imated from log probabi li t y  plot s 
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( o u t l e t ) , and a t  t h r e e  l o c a tio ns in the  d u c two r k  

d o wns t r e am o f  t h e a d d itiv e por t . Howe v e r , d a t a  ob tain ed 

in the d u c t  were n o t  r e lia b l e , due to  t h e  fact that in 

som e ins t a n c es some S02 was r emov ed b y  t h e  a d d itiv e in the  

s a rn p ling system itse l f. For  this r e ason , no fu r ther 

a tt ern pt was mad e t o  monitor S02 remov a l  in the  d u c twor k .  

No  di ffic u l t y  was e nc o u n t e r e d  in monitoring the in l e t  a n d  

ou t l e t  c o n c e n t r a tions sinc e  t h e r e  was n o  a d d itiv e p r es e n t  

a t  those l o c atio ns. 

The stoic hiomet ric r a tio was d e t e rmin ed by t h e  

mo l ar r a tes o f  a d d itive a n d  S02. The mo l ar r a t e  o f  

ad ditive inj ec tion was d e t ermin ed from t h e  g r av ime trie 

feed r a t e  of the  Vibr asc r e w  f e e d er. The m o l a r  f l o w  r a t e  

o f  S02 was d e t e rmin e d  from the  S02 c o n c e n t r a tion , the  g as 

d en sity , a n d  the  g as flow r a te. A simil ar p r o c ed u r e  was 

e m p lo yed  to d e termin e  a Na / N O  equiv a l e n t  r a tio. Th e 

c a l c u l atio n proc e d u r es a pp e a r  in mor e d et ai l  in A p p e n d ix 

D .  It was origin a l l y  in t e n d e d  th a t  a l l  testi n g  sho u l d  b e  

c on d uc t e d  a t  1000 p pm S02 a n d  wit h  a n  a p pro priate add itiv e 

f e e d  r a t e  to  p r o d u c e  a stoic hiomet ric r a tio o f  1 .0 .  This 

was no t fe asib l e  for two r e asons. First l y , the  S02 

c o n c e n tr a tion in t h e  main boi l e r  syst em o ften v aried from 

min u t e  to  min u t e. Sinc e  the ad ditiv e  was fed at a 

c o ns t a n t  r a t e , the  stoic hiomet ric 

d u ring th e c o u rse of a t est . 

di ffer e n t  n a tures o f  the  add itiv es , 

r a tio o ften 

Second l y , d u e  

it was n o t  

c h a n g ed 

to  t h e  

a l wa ys 
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p o s sib l e  t o  in j ec t  a giv e n  a dd itive a t  t h e  p r op e r  r a t e  t o  

e n su r e  a s toic hiome t ric r a tio o f  1 . 0 .  To o bt ain a 

s toichiome t ric r atio a s  n e a r  t o  1 . 0 a s  p o s sib l e , it was 

n e c e s s a r y  to v ar y  the in l e t  S02 con c e n t r a tion by a d j u s ting 

the r a t e  of a n hyd r ou s  S02 in j ec tion . 

The p e r c e n t  802 a n d  N O  r e mo v a l  e f ficiencie s  wer e  

d e t ermin e d  from t h e  in l e t  a n d  o u t  l e t  c o n c e n t r a tio n s  from 

the fol l owin g r e l a tion s hip s : 

where 

n = ( 1 
c out ) x 1 0 0 % c .  l n  

Pen = 1 0 0 % - n 

n = perc e nt removal effic i ency 

Cout = out l et gas c oncent rat i on ( ppm ) 

= inlet conc entrat i on ( ppm ) 

Pe n  = perc ent penetrat i on 

Sin c e  the S 02 c o n c e n t r a tion o ft e n  fl u c t u a t e d  d u rin g t h e  

c o u r s e  o f  a r u n , t h e  r ernov a l  e fficie n c y  w a s  com p u t ed when 

t h e  ou tl e t  S02 con c e n t r a tio n a ppro a c he d  a c on s t a n t  v a l ue . 

The corr e s pon din g r emov e f ficiencie s a n d  s toic hiometric 

c o nd itio n s  wer e  r ec o r d e d  a t  t h a t  tim e . It wou ld h a v e  b e e n  

d e sir a b l e  t o  a l s o  d et ermine t h e  e fficien c y  o n  a t o t a l  o r  

i n t e g r a te d  b a sis ; howev er , t h e  in h e r e n t  v a r i a tion s  i n  t h e  

s ys t em pr e v en te d  t his . A l l e f ficie n c y  d a t a  wer e t h u s  

d e t e rmined a t  c o n d ition s a pp r o ac hing a s t e a d y  s t a t e . 
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T h e  hop p e r  f a l l out a n d  the f i l te r  c a ke wer e 

c o l l e c te d  se p a r at e l y  i n  c e r t a i n  t ests . T h e  t o t a l  w e i g h t  

fo r e a c h  fr a c t i6 n  was d e term i n ed a n d  a sam pIe was t i g ht l y  

s e a l e d  and r e t a i n e d  for a n a l yses . The w e i g h t  p er c e n t  

c o l l e c ted i n  the  h o p p e r  was used to  d e term i n e  t h e  

c o l l e c t i on e ff i c i e n c y  o f  t h e  hopper . Th is e ff i c i en c y  w as 

p lot ted as a func t i on o f  m ass mea n  d i amet e r  for the  

m a te r i a l s  t ested (Fig ur e 1 0 ) . As a n t i c i pa te d , t h e  h o p p er 

e ff i c i en c y  i n cr e ased wi t h  the  i n j ec t i on o f  l a r g er 

ad d i t i v es . Some o f  the ash sam p i es wer e a n a l y zed for 

t o t a l  sul fu r  b y  a Fisher 4 7 0  To t a l  Su l fur A n a l yzer  a n d  for 

b i c ar bon a t e / c a r bo n a t e  by  t h e  t e c hn i q u e  i n  Appen d i x  A .  

De t e rm i n a t i on o f  t h e  t o t a l  su l fu r  p r esen t  i n  t h e  hopper 

a n d  fi l t e r c ak e  sam pi e s  a l l owed c a l c u l a t i on of  the  p e r c e n t  

S0 2 r emov e d  b y  e a c h  fr a c t i o n . T h e  c a l c u l a t i o n  p r o c e d u r e  

u s e d  is i nc l ud e d  i n  A p p e n d i x  D .  



, 4 8  

5 5  I I I I I I I I I 

,-.. 
Ul 5 0 f- 0 06 Ul cO � 
>.. 4 5 � .0 
.p s:: (]) 4 0 1-t) H (]) P-< 0 '-" 3 5 1-
>.. t) s:: (]) 3 0 1-.,-j t) .,-j If-t If-t 2 5 I-r:x::I 
s:: 0 .,-j 2 0 -.p t) 
(]) rl rl 1 5 1-0 0 
H (]) 

'r-� 0. 1 0  0. 0 ::r:: 
5 r-

3 0  

Figu re 1 0 . 

0 

I I I 
4 0 5 0  6 0  

I I 
8 0  

I I 
1 0 0  

I 
1 5 0 

Ma s s  Mean Diame t er ( }.I m) 

� NaHC03 0 Na 2C03 

Co 1 1 e ct i on Effi c i e ncy o f  the Bag Hous e  
Hopper a s  a Funct ion o f  Additive Ma s s  
Mean D iame t er . 

I 
2 0 0  

-

-

-

-

-

-

-

-

-

2 5 0  



4 9  
IV . RESULTS AND D ISCUSSION 

S02 Removal by Flyash 

The ability  of flyash to  r emove S02 has been 

demo nstrate d .  However , flyash alone (no add it ive 

inj ection) removed < 5% of the S02 pre s ent when tested , 

probably due t o  the small parti culate loading (0. 1 6  

gr/acf) . S02 removal by flyash was assumed to  be  equal to  

zero  percent for calculation purposes . 

S02 Removal by NaHC0 3 

Ni ne separate tests  were performed to evaluate the 

effect of par t i cle  s i z e , repres ent e d  by mass mean 

diameter , on  S0 2 removal by NaHC03 . The s e  tests  were 

conduct ed in  the two t emper ature regimes d i s cussed  

previ ously ;  duct and bag house t emperatures were  

approximat e ly 375  and 300 degrees  F ,  respectively , in the 

high tempe rature t es t s  and 300 and 250 degrees  F ,  

respe ctive ly , in  the low t emperature test s . 

Stoi chi omet r i c  rat i os ranged from about 0. 5 to  1 . 5 .  The 

mass mean diamet e r s  of the five dus t s  are l isted  in  Table 

3 .  The result s and spe c i fic  t est cond it ions are t abulated 

i n  Appendix E .  A graphi cal presentat ion of these results 

appears i n  Figure 1 1 ,  in  whi ch the  total SÜ2 removal of 

the sys t em i s  plotted a s  a funct i on of add it ive 

s toi-chiome t r i c  rat i o .  [ Data obtained from previous tests  

of S0 2 r emoval by  32pm MMD NaHC0 3, at  s imilar conditi ons  
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w ith the sam e s ystem , we r e  i n e luded . Th is was done to 

more comp l e t e l y  i l l ustrate the r e lati onsh ip betw e e n  S02 

r emova l  and add it i v e  stoichiometr i e  rat i o. ] Although the 

cur v e s  that appear i n  th i s  f i gur e ar e not val id outs ide 

the range of stoich i om etr y that each de scr i b es , the tr end 

of the cur v es is appar ent . At i ncr easi ng . sto ichiometr i c  

rat ios ,  th e slopes of al l the eur v es decr eas e .  In fact , 

r emoval e ff ici enc i es appear to " l e v e l  out" at 

stoich i om et r ic rates n ot much gr eater than 1. 0. 

F igur e  11 was plotted wi thout r egard t� the r emoval 

of addi ti v e  by the bag house hopp e r .  Fi v e  n ew data poi nts 

w e r e  pr odue ed b y  disr egar d i n g  th e S02 r emoval and the 

stoiehiom et r i e  e ont r i but i on of that fraetion of additi v e  

r emov ed i n  the hopp e r .  It was assumed that the 

de sul fur izat ion produet was th e sam e i n  both the hopper 

a nd f i lter eake sampI e s .  The sul fur con e e ntrat ion in the 

hoppe r and f i lte r  eake sampI e s  and the hopper eol l eetion 

e f f ici e n e i e s wer e used to mod i f y  the S02 r e mov a l  and 

stoichiom et r ic r at i os of f i v e  tests. A detai l ed 

dese r i pt i on of the ealeulat i on t echn i que and a tab l e  of 

the "cor r ected" data poi nts appear in  Appe ndiees D and E ,  

r e speeti v e l y . The eur v es from F i g ur e  11 were r epr oduced 

in Figur e  

i l lustrated 

12 alon g with the " e or r ected" data poi nts. 

in th i s  figure , the r emoval 

As 

and 

stoichiom etr ic r at i o val ues obta i n ed b y  compe n sat i n g  for 

hoppe r fal lout wer e  r easonab l y  e l ose to the eur v es that 
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were produced from the "uncorrected" values. No further 

at tempt was made to correct either the S0 2 removal 

ef ficiency or the stoichiometric ratio to account for 

hopper fallout e f fects. 

The additive mas s mean diameter has a pronounced 

e f fect on S02 removal . This is evident from Figure 1 1 .  

At a s toichiometric ratio of approximately 0 . 8  and a bag 

house temperature of approximately 300 degrees F, the 

following S02 removal e f ficiencies were ob served: 2 0  $ 

with MMD = 1 9 3�m, 5 2% with MMD = 52um, and 7 9 %  with MMD = 

32um . At this temperature (bag house = 3 0 0  degrees F )  

increased removal was realized with injection of s maller 

NaHC0 3 dus t s  at all tes ted s toichiometric ratios. The 

e f fect of size was s light ly di f ferent in the series of 

te s t s  conducted at a bag house temperature of 

approximately 250 degrees F. S02 removal was greater with 

the injection of the MMD = 5 2  and KMD = 3 2�m powder s than 

with the injec tion of the 1 9 3 um powder (see Figure 1 1 ) . 

However, no appreciable difference was observed in the S02 

removal re sult s obtained with the smaller NaHC03 dus t s  

(M MD = 32 and 52um ) at the lower temperature . 

The e f fect of s y s tem temperature can al so be 

discerned from Figure 1 1 . Decreasing the bag house 

temperature from 300 to 250 degrees F did not produce any 

consequential change in the removal capabilities of the 

MMD = 1 9 3um and M M D  = 5 2um NaHC03 additives. The e ffect 
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w a s , h o we v e r , v e r y  d i f fe r e n t  w i t h  t h e  sm a l l e s t a d d i t i v e  

(MMD = 3 2 um ) . At a b a g  ho u s e  t em p e r a t u r e  o f  3 00 d eg r e e s  F 

a n d  a s t o i c h i om e t r i c  r a t i o  o f  0 . 9 7 , 85% o f  t h e  802 w a s  

r emov e d  at s t e a d y  s t a t e  c on d i t i o n s .  Wi t h  a r ed u c t i o n  i n  

bag ho u s e  t em p e r a t u r e  t o  2 5 0  d e g r e e s  F t h e  8 02 r em o v a l  w a s 

7 5 % , e v e n  t h o u g h  t h e  a d d i t i v e  f e e d  r a t e  w a s  muc h h i g he r  

( s to i c h i om et r i c r a t i o  o f  a p pr o x i m a t e l y  1 . 5 ) . The r e su l t s  

i nd i c a te d  t h a t  t h i s  e ffec t o c c u r s  o v e r the r a n g e  o f  

s to i c h iome t r i c  r a t i o s  t e s t e d  ( 0 . 5 - 1 . 5 ) . 

F i g ur e 1 3  i l l u s t r a t e s  how t h e  802 r emov a l  i n c r e a se d  

a s  a f u n c t i o n  o f  t im e  w i t h  c on s t a n t  a d d i t i v e  i n j ec t io n . 

The i r r e g u l a r i t i e s  i n  t h e  d a t a  a r e  c a u s e d  by f l uc t u a t i o n s  

i n  t h e  i n l e t , a n d  c o n se q u e n t l y  o ut l e t , 80 2 c o n e n tr a t i o n s . 

The s t e a d y  s t a t e  s to i c h i om e t r i c  r at i o s  h a v e  b e e n  

c a l c u l a t e d  a nd a r e  i n c l u d e d  i n  t h e  f i g ur e . T h e  r a te o f  

802 r em o v a l  i n c r e a s e s  mo s t  r a p i d l y  i n  t h e  per i o d  j u s t  

a fter a d d i t i v e  i n j ec t io n  i s  i n i t i a te d . Th i s  c o r r e s p o n d s  

p h y s i c a l l y  t o  t h e  p e r i o d  i n  w h i c h  t h e  f i l te r  c a ke i s  

beg i n n i n g  t o  form o n  t h e  b a g  s u r f a c e . Th e r a t e  o f  802 

r e mo v al i n c r e a se s  mo r e  s l o w l y a s  t h e  f i l te r  c a ke d e v e l o p s , 

a n d  f i n a l l y  a p p r o a c h e s  a s t e a d y  s t a t e  v a l ue . 

T h e  c o n c e p t  o f  t h e  r a t e  c o n t r o l l i n g  s t e p , a s  i t  

a p p l i e s  t o  � a s / so l i d  r e a c t i on s , c a n  b e  a p p l i e d  t o  t h e  

8 0 2 / N a H C 0 3 d a t a  o b t a i n e d  i n  t h i s  e x pe r imen t .  Whe t h e r  t h e  

r a t e  o f  m a s s t r an s fe r  o r  t h e  r a t e o f  c h em i c a l  r e ac t i o n  
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l imits  the overall r emoval of 802 depends on  add i t ive 

s i z e . This  is  i llustrat ed i n  Figure 8 ,  p.  38 . 

The rate of mas s t ransfer  probab ly cont rols  the 

ove rall rate of 802 c onvers ion  by the NaHC03 powde r s  with 

mass mean ,d iamete rs > 50pm . This  i s  ind icated by the  

comb inat i on of overall 802 r emoval sens it ivity t o  part i c le 

s i z e  and i ns ens it ivity t o  d ecreas e d  sys t em t emperature . 

Thus , assuming th at the 8� /NaHC03 reac t i o n  t akes place as 

descr ibed by t h e  unr eacte d -core  mode l ,  e i ther  t he rate of 

802 d iffusi on t h r ough the b oundary f i lm (Figure 5 ,  p .  3 1 )  

or  thr ough the  ash layer (Figure 6 ,  p .  33) l imits  the 

ove rall r e act i on rat e .  8ince  the  gas velocity was 

maintained at a c onstant value dur i ng the t e s t ing , i t  i s  

not evi d ent from the  data whether  one o f  these mass 

t ransfer  s t eps i s  primar i ly respons ible  for the overall 

rate c ont rol at add i t ive s iz e s  > 50pm . However , it  

appears from the l i t erature ( 7 ,  1 0 , 1 1 , 1 3 ) that ash layer 

r e si stan c e  probably pred ominat e s  over film res i stance  in  

reac t i ons of this  type . 

Two chem i c al processes  o c cu r  when i s  

i n j e ct ed i n t o  a flue gas s t ream -- the d e c ompo s i t i on of  

NaHC03 and the actual chem i s orpt i on Both are 

ad ve r s e ly effected  by diminis h l ng temperatur e s . One or 

both of these  proce s s e s  probab ly limits  the overall rate 

of desulfu r iz at i on by NaRC03 powd e r s  with mas s mean 

d i amet ers  < 3 5pm . This  i s  i n d i c at ed by the  decrease i n  
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removal that aeeompanied  a dee reas e  i n  system 

t empe rature . If the 302 and NaHC03 reaet as deser ibed in 

Equat i on 2 ( with out addi t ive  deeompos i t i o n ) , the deerease 

in 30 2 removal ean be attribut ed to a re duct i on in the 

eh em ieal r eaet i on rate . If , however , the 3 02 r eaets with 

the deeomposed add i t ive ( Na2 C03 ) ,  Equat i ons 1 and 3 must 

oeeur i n  s e r i es . Thus in  this  latter  ease , ei ther the 

deeom pos i t i on rat e  or the  ehemieal reaeti on step  may be  

limit ing. 

302 R emoval � Na2COa 

Seven  separate t es t s  were perfo rmed to evaluat e the 

effeet of partiele  s i z e  and system tempe rature on S02 

removal by Na2 C0 3 ' Th e mas s mean diamet ers  of the sampI es 

fell r oughly into the sam e  s i ze  ranges as d i d  the NaHC03 

powders  ( see Table  3 ,  p .  44 ) .  As with the NaHC03 

testing , two 

represent ed by 

t empe rature regimes  

bag house t empe rature s  

wer e  uti l i zed , 

of 250 or 300 

degrees F .  The add i t iv e  was fed at s t c iehiomet r1e  rat 1 0s 

fr om 0 . 7  to  2 . 0 .  The results and s pee ifie  t est  e ond i t i ons 

are tabulated in Appendix  E .  

A graph ieal representat i on o f  the S02 r emoval as a 

funet ion  of stoieh i omet r i e  rat i o  appears i n  Figure , 1 4 .  

The 302 removal was generally poo r . In  fact , only the two 

smaller dus ts ( MMD = 27 and 42um ) we re able to affeet 

removal effi e i eneies  > 1 0% at the e ond it i ons tested . 

Cons i d ering  th e s e  two dus t s , i t  was obse rved that 
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d e c r e a s i n g  t h e  p ar t i c l e  s i ze a p p e a r e d  to  i n c r e a s e  t h e  

d e s u l fur i z at i on e ff i c i en c y . For e x am pl e , a t  a b a g  h o u s e  

t empe r a t u r e o f  3 0 0  d e g r e e s  F a n d  a s t o i c h i om et r i c  r a t i o  o f  

a b o u t  0 . 9 ,  t h e  MMD = 27�m ad d i t i v e  r ed u c ed the s t e a d y  

s t a t e  c on c e n r a t i on b y  28 %  - - t h e  c o r r e s p on d i ng r e d uc t i on 

o f  t he MMD = 42�m ad d i t i v e  was 8 % . 

Two t e s t s  wer e c o n d u c t ed a t ' a b a g  hou s e  t em p e r a t u r e  

o f  25 0  d e g r e e s  F .  N o  d i sc e rn i b l e  e f fe c t  o n  S 0 2  r emov a l  

w a s  obs er v ed , a l t h o ug h  t h e  d at a  s e t  w a s  t o o  sma l l  t o  a l l ow 

s pe c i fi c  g e n er a l i za t i on s .  

The S02 r e m o v a l  c a p a b i l i t i e s  o f  commer c i a l  a n d  

d e c om po s e d  sod ium b i c ar bo n a t e  c an b e  d em on s tr at e d  b y  

c om par i n g  F i g ur e s  1 1  and 14 . N a H C 03 wa s found to  b e  

s u pe r i or t o  N a 2 C0 3 a s  a d es u l fu r i z a t i on a d d i t i v e . The 

m a x i mum S0 2 remov a l  a tt a i n e d  w i t h  Na 2 C 0 3 i n j ec t i o n  was 

28 � ; t h i s  oc c u r r e d  a t  a bag hou s e  t em p e r a t u r e  of 300 

d eg r e e s  F ,  a s t o i c h i om et r ic r a t i o  o f  0 . 9 � ,  and add i t i v e  

m a s s  mea n d iamet e r  o f  27�m . I n j e c t i on o f  N a H C 03 a d d it i ve 

o f  s im i l ar s i z e  ( m as s  m e a n  d i am e t e r  o f  32� m )  i n t o  the  

s y s t em a t  a s t o i c h i omet r i c  r a t i o  of  0 . 82 a t  a b a g  hou s e  

tempe r a t u r e  o f  3 0 0  d e g r e e s  F y i e l d ed a S 0 2 r emov a l  o f  7 9 % . 

Mor e ov e r , a l l s i z e s  o f  N a H C 0 3 , w i t h  t h e  e x c e p t i on o f  t h e  

l a r g e s t  ( MM D  = 19 3um ) , a ffec ted g re a t e r  S0 2 r e mov a l  a t  a l l  

tempe r a tur e s  a n d  s t o i c hi om et r ic r a t i o s  t han t h e  MMD = 27pm 
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It has b e e n  w ide ly assum ed that the desulfurizat i on 

of the flue g as by nahcol ite ( NaHC03 ) 1 ncludes the 

i ntermed1ate step of NaHC03 decompos i t 1 0 n  to Na2C03 · The 

mai n  reason for th is assumpt1 0 n  1 s  that the Na2C03 

parti cle produced is rnuch more porous than the parent 

material ,  conse quen tly , better suited as a gas sorbent . 

It has be e n  shown by thi s  research effort that 

decom pos i t i on of NaHC03 i n  bulk pri or to i ts add i t i on to 

the flue gas stream had a detrimental effect on the 

resultant S02 removal efficiency .  Th i s  can poss i bly be 

explai n ed by one or more of the fOllow i n g  postulat i ons: 

firstly , S02 may reaet preferenti ally w ith pure NaHC03 at 

a faster rate than the decompos ition of NaHC03 to Na2C03 ; 

secondly , the method of decompos i n g  the NaHC03 to Na2C03 

(heati ng i n  bulk ) may have produced a l ess porous part icle 

than that produce d by i n ject i n g  the NaHC03 directly i n to a 

rapidly mov i n g  gas stream j and th irdly , the · opti mum 

desulfurizat ion react i on s e quence may require that the S02 

be present imm ed i ately after the pore form i n g  process 

( liberation of CO2 and H20) . It could n ot be determi ned 

from the data acquired dur i n g  th i s  research effort whi ch , 

i f  an y ,  of the above postulat i ons was respons i ble for the 

di fferent performances of the additives . 
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N O  Removal by NaH C O  3 and Na2 CO 3 

The simu1taneous removal o f  N O  and 502 by the two 

sodi um additives was measured i n  seventeen tests ; some N O  

was removed i n  seven of them. Na2c03 a f fected the removal 

of NO i n  only one o f  the seven tests i n  whi c h  that 

additive was injec ted . Na HC03 exhi bited a 1arger capac i ty 

for NO sorpt i on at the tem peratures tested , since some NO 

was removed in six of the n i ne tests w ith that additive .  

By assum i n g  that Equation 6 described the N O  removal 

reaction , an additi ve/ N O  sto i chiometri c  rati o  ( or Na/ N O  

eq u i va1ent rat i o )  was calculated usi ng the molar f10w 

rates of NO and that porti on of the additive that did not 

react w ith the 502 ' These va1ues were computed and 

inc1uded in Appen d i x  E. NO removal as a func ti on of the 

Na/N O  equi va1ent rati o  i s  plotted in Figure 15. A maximum 

removal of 3 6 %  was obta ined with injec t i on of the MMD = 

52um NaHC03• It a ppeared that N O  removal was n ot strong1y 

dependent on additive size , since the maximum removal 

attai ned w ith the sma11est NaHC03 powder ( M�D = 32pm) was 

1ess than that o f  the MMD = 52um powder 30% and 3 6 %  

respective1y . NO removal was also not dependent on the 

Na/NO equ i va1ent rati o  ( see F i gure 1 5) . 

The removal of NO does appear to be dependent on 

the system tem perature . Thi s  i s  il1ustrated in Figure 1 6 , 

i n  whlch i n c reased temperature i nhi bits N O  removal. For 

example , N O  removal by the MMD = 5 2um NaH C03 powder 
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\J NaHC0 3 MMD = 1 9 3  ).Im 
e Na2C03 MMD = 4 2 ).Im 

F igure 16 . NO Removal as a Func t i on of Bag 
Hou s e  Temperature . 
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increased from 7 %  to 3 6% when th e system temperature 

(repre sente d by th e bag hous e tem pe rature) d e creas e d  from 

2 9 5  to 2 4 0  d eg re e s  F .  
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v .  CONCLU8 I ON8 

The maj or o o nclus i ons arrived at as r esult of t h i s  

i nvest igat i o n a r e  s ummar i z ed below . 

1 .  I t  was de monstrated that 70% 802 removal ( at 

st eady s tate o o nd i t i ons ) oan be attained with two 

s i z es of NaHC 03 powde r s . In one o ase ( ad d i t i ve MMD 

= 32um , bag hous e t emper ature = 300 degrees F) , a 

s t o i ohi omet r i o  r at i o  o f  approxi mat ely 0 . 8  would be 

r equi r e d . I n  the other o as e  ( ad di t ive MMD = 52um , 

bag hous e t emperature = 250 degrees F) , a 

s t o i oh i omet r i c  r at i o  o f  app rox imat ely 1 . 3 woul d be 

r equi red . 

2 .  Part i ol e  s i z e , r e pre sent e d  by mas s mean 

d i amet er , has a gr e at e r  e ffeot o n  the 

d esulfuri z at i on c apao i ty of NaHC 03 powd e r s  with MMD 

> 50um th an d o e s  varying th e b ag hous e t empe rature 

from 250 to 300 degrees F .  

3 . D e creasing the bag h ous e t empe rature from 300 

to 2 50 d egr e e s  F oaused a r e duot i on i n  the 8C2 

removal c apab i l i ty of t he smallest NaHCC3 ad d i t i ve 

t e s t e d  ( MMD = 3 2um ) . 

4 .  Whe n  o ompar ed with the S� r emoval capao i ty of 

pure NaHC0 3' dec ompo s i t i o n  o f  NaHC� to Na 2C0 3 i n  

bulk befor e i n j eo t i on y i e lded s i gn i f i cantly poorer 

80 2 r emoval . 
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5 .  In the tests in which the simultaneous removal 

of S0 2 and N O  was measured, 7- 3 6% of the NO was 

removed by the three srn allest NaH C03 ad d itives ( MMD 

< 12 0�rn) . 

6. No appreciable NO removal was observed with 

Na2C0 3 injec tion . 

7 .  Nitric oxid e removal by NaHC03 was inversely 

d epe n d ent on the system temperature. 
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VI . RECOMMENDATIONS FOR ADD ITIONAL RESEARCH 

The followin g  suggest i ons for additi onal research 

indi cat e areas i n  whi ch the pot ent i alities  and l imits of 

nahcolite ( so d ium b icarbonat e )  as a flue gas sorbent need 

to be estab lished : 

a .  The opt imum part icle s i zes for n ahcolite ( as 

weIl as ot her NaHC03 ) /S02 syst ems should be 

pre cisely defined . 

b .  The exac t desulfuri zat i on r eact i on sequence 

should be det ermined at the molecular level . 

c .  Methods of NaHC03 decomposit i on other than the 

one employed herein ( heat ing in  bulk ) should be 

i nves t i gat ed .  

d .  The opt imum paramet ers for NO removal by 

nahcolite  ( and NaHC03 ) should be d etermined . 



LIST OF REFERENCES 



6 9 

L IST OF R E FE R E NC E S 

1 .  E P A . New St a t i o n a r y  Sour c e s  P e r fo r m a n c e  
S t an d a r d s ,  El e c tr i c  Ut i l i t y Ste a m  Gener a t i n g 
Un i t s , Fed e r a l  Reg i s te r  4 4 , no . 1 13 ,  J u n e , 
1 9 7 9 . 

--

2 .  L i u , H .  a n d  R .  Ch a f fe e . F i n a l  R e por t o n  
E v a l ua t i o n  o f  Fa b r i c  F i l t e r  a s  Ch em icäI 
Co n t a c tor far Contr o l  o f  Su l1Ur Dio x ide from 
F l ue G a s , Cont r a c t  P H 22 - 6 8- 5 1 , De p t . of H E W , 
P U b l i c  H e a l th Serv i c e , NA P C A , De c . , 1 9 6 9 . 

3 .  Ve a z i e , F . M . a n d  W . H .  K i e lm e y e r . Fea s i b i l i t y  o f  
F a br i c  F i l t e r  a s  G a s  - Sol id Con t a c tor t6  
Cont r o l  G a s e o uS-POIIu t a n ts , Con t r a c t  

P H-22 - 6 8 -64 , De p a r tmen t o f  H EW , N A P C A , A ug . , 
197 0 .  

4. E v a l ua t i o n  o f  Dr y Al ka l i s for R emov i n g  Sul fu r  
D i ox i d e  from-BOIIe r  Flu e  Gases ,  E P RI R e por t 
F P- 2 07 , p r e p a r ed by BeCntel Cor p . ,  Oc t . , 1 97 6 . 

5 .  H a r t m a n , M .  " Com p a r i s o n  o f  V a r i ou s  C a r b o n a t e s  
a s  Abso r b e n t s  o f  S u l fu r  D i o x i d e  f r o m  Com b u s t i o n  
G a s e s , "  I n te r n a t i on a l  C h em i c a l  
E n g i ne e ri n g , 1 8 : 7 12 ( 19 7 8 ) . 

6 .  Howa t son , J . , J .  W a r d  Sm i t h , D . A .  Outk a , a n d  
H . D . Dewa l d . " Na chco l i t e  P r o p e r t i e s  A f fe c t i n g  
S t a c k  G a s  Po l l u t a n t  Absor p t i on , "  P r oc ee d i n g s  o f  
5 th N a t i o n a l  Co n fe r e n c e  o n  E n e r g y  a n d  t h e  
En v i r onmen t ,  C i n c i n n a t i , O h i o , N o v ember , 1 9 77 . 

1 .  P er r y , R . H .  a n d  C . H . Ch i l to n . Chem i c a l  
Eng i n e e r s '  H a n d book , 5 t h  ed i t i on , New Yor k :  
McGr a w  Ail l ,  1 9 7 3 .  

8 .  C h u r c h a n d  Dwi g h t  Sod i um Bi c a r bo n a t e  
( m a n ufactUr e r ' s  br oc hu r e ) ,  Chu r ch a n d  Dwi g h t  
Co . ,  I nc . , N e w  Yo r k , N . Y . 

9 .  W a t er s , P . L . " Fr ac t i o n a l  Thermo g r a v ime t r i c  
A n a l ys i s , "  Ana l  l c a 1  C h em i s t r y  3 2 : 85 2  ( 1 9 6 0 ) . 

10 .  Kn i g h t , John H .  The U s e  o f  N ahco l i t e  for 
Remov a l  o f  Su1 fur-DiOXIde-a nd N itr o g en-Gx id e s 
from F 1 u e  G a s , T h e  Sup e r i o r  01 1 Co . ,  197 7 . 



70 

1 1. Stern , Frederic R. Bench- Scale Study of Sulfur 
and Nitrogen Oxides Ad sorption by Nahcolite and 
'f'rOna ,  t�asters Thesis , Un iversi t y  of North 
Dakota , 197 8. 

12. Gen co , J.�. and H.S. Rosenberg. " Sorption of 
S0 2 on Groun d Nahcolite Ore , "  JAPCA 26 : 9 8 9  
( 19 7 6 ) .  

1 3. Leven spiel , 0. Chemical React i on Engineering ,  
2nd edition , New York : John Wiley and Sons , 
Inc. , 1 9 7 2. 

14. Shah , N. D. and D. P. Teixeira. " Bench-Scale 
Evaluation of Dry Alkalis for Removing S02 from 
Boiler Flue Gases , "  presented at the Symposium 
on the Trans fer and Utilization o f  Particulate 
Control Techn olog y ,  Denver , Colo. , 1 978. 

15. Ness , Harvey M.  and Stanley J. SeI le. Control 
of Western Power Plant Sulfur Diox ide 
Emissions : Development of the Ash-Alkali FGD 
Process and Dry AdsorptIOn-rechn i ques at tne 
Gran t FOrKS Energy Techn ology Center , Presented 
at the DOE Symposium on Environmental Control 
Activities , Wash ington , D.C. , November , 1 9 7 8. 

16. Davis , W.T. , T.C. Keener , an d J.D. Leitman. 
" Research on the Removal of S02 by Additive 
In jection Tech niques on a Stoker- Fired Boiler , "  
7 1st APCA Con ference , Houston , Texas , June , 
19 7 8. 

17. Davis , W.T. , T.C. Keener , J. R. Carson , an d H. 
Majdeski. " Study of S02 Removal in a Fabric 
Filter Collector by NaHC03 and Nahcolite 
In jection , "  submitted for publication to JA PCA , 
April , 1 9 8 0. 

1 8. Nahcolite Pilot Bag house Study , Leland Olds 
station � SEanton , NorEh Dakota , Noncon fidential 
Test Data Section , 1 9 7 7. 

19. Szekely , J. , J.W. Evans , and H.Y. Sohn. 
Gas-Solid Reactions , New York : Academic Press , 
1 9 76. 



APPENDICES 



APPENDIX A 



7 3 

S O D I U M  C A R EO N A T E / SO DI U M  B I C A R BON A T E  A NALYS I S  

1 .  A por t i o n o f  t h e  a d d i t i v e  w a s  d e s s i c a t e d  fo r 2 4  h o ur s .  

A p p r o x i m a t e l y  1 . 0 gr am o f  t h e  s am p l e  w a s  m i x e d  w i t h  a b o u t  

7 0  m l  o f  d i s t i l l e d w a t e r  a n d s t i r r ed f o r  5 m i n u t e s . The 

to t a l  s am p i e  v o l u m e  w a s  i n c r e a s ed to 1 00 m l  w i t h  d i s t i l l e d  

w a t e r . A 2 0 m l  a l i q u o t  w a s  t h e n  r em o v e d  t o  a f l a s k  a n d  

t i t r a t e d w i t h  0 . 1 K H C L . 

2 .  The a l i q u o t  from s t e p  1 w a s  t i t r a t e d  t o  t h e  

p h e n o l p h th a l e i n  e n d  p o i n t .  T h e  p e r c e n t a g e  o f  N a2 C 03 w a s  

c al c u l a te d  from t h e  fo l l ow i n g  e q u a t i on : 

where 

a ( N ) ( 1 ) ( 1 0 6  g ) x 1 0 0 % 1 0 0 0  ml g-mo l e  

a = vol ume of HCl ( mI ) 

( Eq . 1 0 ) 

b = volume o f  the aliquot before t i t ration ( mI )  

c = t o t al s ampie vo lume be fore t itration ( mI ) 

N = norma l i t y  of the  HCl s o lut ion ( g-�ole ) 

x = grams of addit i ve 

3 . The t i t r a t i o n w a s  t h e n  c o n t i n u ed to t h e  m e t h y l  o r an g e  

e n d  p o i n t .  Th e p e r c e n t a g e  o f  N a H C 0
3 

w a s  c a l c u l a t e d  fr om 

t h e  fo l l o w i n g  e q u a t i o n : 

[ a ' - 2a J N ( 1 0 0� ml ) (g�!ore ) x 100% 
Perc ent NaHC03 = x ( b!c ) ( Eq .  1 1 ) 

where a '  = t ot al vol ume o f  HCl used ( mI )  

a = vol ume of HCl from s t ep 2 (mI ) 
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Addit i ve 

Bic arb onate # 3DF 
Bic arbonat e # 1  
Bic arbona t e  # 2  
Bic arbonate # 4  
Bicarb onate # 5  

Soda Ash # 3DF 
Soda Ash # 1  
Soda Ash # 2  
Soda Ash # 4  
Soda Ash # 5  

Tab le 4 .  Sieve Analy s i s  o f  Addit ives 

Cumulat ive Perc ent P a s s ing Si eve 
2 0 0 -me sh 1 0 0 -mesh 5 0-me s h  

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

5 . 7 4 4 . 1  9 9 . 9  
0 . 3 3 . 9  9 9 . 9  

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

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

*Est imat e d  from log probabi li t y  plot s 

Mas s Mean 
D iamet er* 

67 11m 
1 1 9  11m 
1 5 4  11m 
1 9 3  11m 

6 9  · l1m 
9 4 11m � 

1 0 1  11m \0 

1 8 0  11m 
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T E S T  A P PARATUS 

1 • V i b r a s e r ew Feed e r --Ad d i t i v e  was i n j ee ted wi th  a 

v i b r a t ing , 

e o n t r o l  wa s 

r o t a t i on . 

r o t a t i n g  s e r ew-type conv eyer . Add i t i v e  r a te 

a f fee t e d  b y  v a r y i n g  the  r a te o f  auger  

2 .  Le ar S i eg I e r SM800  S0 2/ NO An al yzer --NO was  mo n i tored  

a t  the  s y st em o u t  let  for  some t e s t s . Th e an a lyzer  

m e a s u r e s  the  a b s or p t i o n o f  u l tr a v io l e t  l i g ht by 50 2 and NO 

mo l ee u l es . 

3 .  Dyn a s e i en e e s  CS-1 000 S0 2 

o u t l e t  e o n e e n tr a t i o n s  

An al yzer --The 

wer e mea sured  

i n l e t  

wi t h  

a n d  

t h i s  

i n s trume n t . The an a l yzer mea s u r e s  t h e  e l e e tr o d e  poten t i a l  

change e a used  b y  t h e  d i f fus i on o f  S0 2 a e r o s s  a memb r a n e . 

4. He a ted S am p I e  L i n e s - - I n s u l a ted , heated  Te flon s ampl i n g  

1 i n es  t h a t  m a i n t a i n ed t h e  G a s  t em p e r a tu r e  a b o v e  the 

d e wpo i n t wer e em p10yed to t r an spor t the  s amp1ed  g a s  t o  the 

Dyn a s e i e n e e s  S0 2 a n a l y zer . 

5 .  Baehar a e h  Fy r i te Anal yzer s--Two a n a ly zer s we r e  u s e d  to 

measure  the  volume t r i e  0 2  a nd C0 2 e on ten t of the flue  g as . 

6. Fi sher  U . S .  S i B n al 

b arometer  was u s e d  t o  

pr e s s ur e . 

Cor p s  Mer e u r y  Barometer--Th i s  

d e te rm i n e  the  10e a 1  b ar ome t r i e  
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7 .  Fisher  4 7 0  Sul fur An a l yzer--Th i s  a n a l yzer  was u s ed to 

d e t erm in e  the we i g ht p e r c e n t  s u l fu r  in  the  ash  s am pI e s . 

The a n a l y zer ut i l i zes an amper om et r i c t i t r a t ion  t e c hn i qu e . 

8 . Cou l t e r  Cou n t er Mo d e l  T a I I--The Cou l t er Coun ter  was 

u sed  t o  d et e rm i n e  the s i ze d i s t r i b u t i o n s  of the sma l l er 

ad d i t i v e s . A s u s p e n s ion  o f  s am p I e  i n  an  e l ectrolyte  i s  

p a s s ed through  a c h a rg ed a p e r t u r e . S i n c e  t h e  pul s e  

h e i g h t s  t h a t  r e s u l t  from th i s  pr o c e s s  a r e  por por t i o n a l  to 

the pa r t i c l e  v o lumes , the  a n a l y z e r  i s  a b l e  to prod u c e  a 

s iz e  d i s t r i but i on a ft e r  e numer a t i n g  the  p u l s e  h e i g ht s . 

9. Ro-Ta p Tyl er  S i e v e  Shaker --The s i ze d i s tr ibu t io n s  o f  

the  l a r g er add i t iv e s  wer e  d e t e rm i n ed b y  f i v e  m in u t e s  o f  

shaki ng i n  t h i s  d e v ic e .  The s i ev e  s i zes u t i l i zed we re  3 0 ,  

5 0 , 1 00 ,  and  200-mes h . 
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CAL C U LAT I ONS 

1 .  The p e r e e n t  mo i s tu r e  in the flue g a s  s t r e am was 

. d e t erm i n ed from the fo l l ow i n g  r e l a t i on sh i p s : 

Pw Percent moi s t ure = Bws x 1 0 0 % = --P x 1 0 0% 
s 

( Eq . 1 2 ) 

where Pw = part i a l  pre s sure o f  the wat er vapor i n  

t h e  flue gas st ream ( i n .  Hg ) 

P s = abs o lute stack gas p re s s ur e  ( in .  Hg ) 

Pw w a s  o b t a i n ed from t h e  C a r r i e r  Equ a t i o n . 

( Eq .  1 3 )  

where PwB 
= vapor pre s s ure o f  wat er at the wet bulb 

t emperature ( in . Hg ) 

Ts 
= s taek t emperature ( Ö F )  

TwB 
= s t ack wet -bulb t emperature ( O F )  

2 .  The mo l a r  flow r a t e o f  S0 2 a t  t h e  s ys tem i n l e t  was  

d et e rm i n e d  fr om t h e  f o l l o w i n g  e q u a t i on : 

( Eq .  1 4 ) 

where nS O  = mo lar S02 flow rat e (mo�e s ) 
2 m�n 

P S02 
= mol ar density o f  S 02 at s tandard eondit ions 

(mo l e s/ft 3 ) 

Qs t d  = t o t a l  volume t rie f low rat e  at s tandard 
cond i t i ons ( ft 3/mi n ) 

CSO = fract i o nal vol umetrie c onc e ntrat ion o f  8 02 2 in the gas s t ream 



where 
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Thus , the ae tual  m o l a r  flow r a t e  o f  S0 2 through the  

s y s t em wa s de t e rm i n e d  by eomb i n i ng e qu a t i o n s .  

5300 R  Ps nS02 = P S02 
CS0 2 

Qae t ( Ts 
) ( 2 9 . 9 2 in . Hg) 

( l-Bws ) 

= 0 . 0 02 7 Ib-mo l e s  

ft3 

(Eq . 1 5 ) 

total vO lu metrie f low rate at ae tual 
e onditions = 963 f t3/min . 

3 . The p r o e edure  for e a lc u l a t i ng the  mo l ar flow r a te o f  

N O  a t  the  sys tem i n l e t  was s im i l a r  t o  t h a t  employed for 

t he S02 fl ow r a t e  c al e u l a t i on . 

where nNO = molar NO f l ow rate ( lb-mol es ) min 

(Eq . 1 6 ) 

- molar dens i ty of NO at. s tandard e ondi ti ons 
= 0 . 0 0 2 6 lb-mol es/ft3 

total volumetrie flow rate at s tandard 
e ond itions ( ft3/min) 

CNo = frae tional v olumetrie e one entration of NO 
in the gas s tream 

4 .  The s t o i c h i om et r ic r a t i o  was c a l c ul a ted  for e a c h  t e s t  

from t h e  fol l ow i n g  equ a t i o n : 

where 

S . R .  = K (Eq. 1 7 ) 

. 
( lb-moles ) nA = additive mol ar f low rate min 

. 
nSO S02 molar fl ow ( lb-moles ) = rate 

2 min 

K = s toichiometrie e oeffie ient 

( K = 1/2 for N aHC03 add itive;  K = 1 for Na2 c03 
add i tiv e) 

5 .  The S Ü2  r emov al was rec a l c u l a ted  to d is r e g a r d  that  
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po r t i o n  of t he a d d i t i v e  and su l fu r  p r o d u c t  t h a t  wer e  

r emo v e d  i n  t h e  b a g  ho u s e  h o p p e r . I t  w a s  a s sumed t h a t  t h e  

u l t i m a t e  d e s u l fu r i z at i o n  p r od u c t  w a s  t he s am e  i n  b o t h  t h e  

h o p p e r  a n d  fi l te r  c a k e  a s h  f r a c t i o n s . Fi r s t l y , 

S 
( )  bag ( n ) ( Eq .  1 8 ) 

where 
n S02 bag = St otal S02 total 

( n S02
) bag = S 02 removal e ffi ci enc y o f  

t h e  add itive t hat was not 
hopper 

that p ort ion o f  
c ol l e ct ed i n  the 

and 

S02 removal e ffi c iency by both the hopper 
and fabric ash fract ions 

= quant ity of sul fur in that ash fraction c o l 
l e c t e d  o n  t he fabric 

- the t ot al quant ity of s ulfur in both t he 
hopp er and fabric ash fracti ons . 

( Eq .  19) 
whe re (M h ) = mas s  o f  ash c o l le c t ed as 

Cs = c oncentration of s ul fur per unit mas s  of ash 

C om b i n i n g E q u a t i on s  18 a n d  19 yie ld ed: 

( Mash ) bag (Cs ) bag 

( Eq . 2 0 )  

T h e  c o l l ec t i o n  e ff i c i e n c y  o f  t h e  h o p p e r  o n  a m a s s  

b a s i s  ( Ehop ) c o u l d  b e  e s t i m a t e d  ( s e e  F i g u r e  1 0 ) . 
S i n c e t h e s u l fu r  c o n c e n tr a t i on i n  t he a sh fr a c t i on s  

( Cs )  a n d  t h e  h o p p e r  c o l l e c t i on e ff i c i en c i e s  ( Eh o p )  

w e r e  known , a n  a p p r o p r i a t e  f o r m  o f  E q u a t i o n  2 0  wa s 

u s e d  to e s t im a t e  t h e  502 r erno v a l  e ff i c i en c y  o f  t h e  
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ad d i t i v e  th a t  p a s s ed t h r o u g h  t h e  h o pp e r  a n d  o n  t o  t h e  

b a g  s u r f a c e . 

( l OO-Ehop ) (CS ) bag ( nS02
) bag = ( l O O-Ehop ) (Cs ) bag + Ehop (CS ) hO P 

( Eq .  2 1 )  

T h e  80 2 r emo v a l  e f f i c i e n c y  o f  t h a t  por t i on o f  t h e  

a d d i t i v e  t h a t  w a s  c o l l e c t e d  i n  t h e  h o p p e r  w a s  

c a l c u l a t e d  w i t h  E q u a t i o n  22 . 

( Eq .  2 2 ) 

6 .  The s t o i c h i om et r i c  r a t i o  t h a t  c o r r e s po n d s t o  a 

s pe c i f i c  S 02 r emov a l  e f f i c i e n c y  o b t a i n e d  v i a E q u a t i on 2 1  

c a n a l so b e  c a l c u l a t e d . T h e  a ppro p r i a t e  s t o i c h i om et r i c  

r a t i o s ( fr om Eq u a t i on 1 7 )  a r e  

and 

( S . R .  ) t o t al 

( S .  R .  ) bag = 

K ( nA ) t o t al -
�nS0 2 > t ot ai 

K ( nA ) bag 
( DS02

) b ag 

T h e  a d d i t i v e  mol a r  f l o w  r a t e , e x c l ud i n g  t h a t  a d d i t i v e  

r emov e d  b y  t h e  h o p p e r , c a n  b e  r e pr e s e n t e d  b y  t h e  

fol l ow i n g  e q u a t i o n : 

( 0 ) = ( n° ) ( l O O-Ehop ) nA bag A t o t al 1 0 0  ( Eq . 2 3 ) 

Th e S0 2 mo l a r  flow r a t e , ex c l ud i n g  t h e  S� r emov ed i n  

thc h o p p e r  fr a c t i o n , c a n  a l s o b e  c a l c u l a te d . 
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. 
[ l O O- ( nS02

) hOP ] ( nS02
) bag = ( nS02

) t ot a l  1 0 0  (Eq. 24 ) 

The sto i e h i omet r i e r a ti o  " e o r r e e t e d "  to e x e lude  the 

hopp e r  e o n t r i but i o n  ean b e  o b t a i n e d  b y  d i v id in g  

Equa t i o n  23 by Equ a t i on 24 a n d  m u l t i p l y i n g  b y  the 

s to i e h i omet r i e  e oe f f i e i en t .  

( S . R . ) bag (Eq . 25 ) 

The form o f  Equ a t i on 25 t h a t  was a e t u a l l y  used i n  the 

e a l e u l a t i on p r o e e d u r e  a ppe a r s  immed i a t e l y  b e l ow .  

( S . R · ) b ag (Eq. 26) 
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Tabl e 5. Test Data 

-'" ... -... '" � '"  e: ..a  
... Ö"� <I! ..... 

Ne: 0 0  "' .� ... ... ... e: ... ... ... �� 
1978 250 290 4 . 0  1 5 . 0  8. 5 1200 · 290 24 76 2 . 30 
8icarb #3DF 

3 1978 295 372 4 . 5  1 1 . 2  10. 5 2820 820 29 7 1  1 .3 5  
Bicarb 1130F 

4 Ilicarb #4 290 360 4 . 5  1 1 . 2  10. 5 2800 1460 52 48 1 . 50 160 160 100 0 43. 6  

6 Soda 14 

7 B icarb 14 

Ba Bicarb # 5  

8b Bicarb # 5  

9 Bicarb # 5  

1 0  Soda 1/ 5  

1 1  Soda � 5  

12a Soda 111 
12b Soda iIl 

13 Soda 112 

14a Bicarb #1 

14b Bicarb # 1  

1 5  B1carb 1# 2  

17a Bicarb 1 1  

17b Bicarb /1 1  

18 Soda # l  

275 366 5 . 1  10. 5 1 1 . 5  2560 2410 94 6 0.75  200 200 100 0 

312 388 5 . 1  10 . 5  11 . 5  1040 670 64 36 1 . 00 190 190 100 0 9 . 6  

3 1 2  388 5 . 1  10. 5 1 1 . 5  1190 950 80 2 0  0 . 85 200 180 9 0  10 9 . 5  

3 1 2  388 5 . 1  1 0 . 5  1 1 . 5  1380 1190 86 14 0 . 70 

239 287 1 . 5  14 . 0  8 . 5  9BO 830 85 15 0.54 ISO 150 100 0 

245 294 1 .  5 14 .0  8 . 5  1970 1870 95 5 0 . 78 130 130 100 0 

300 382 3 . 7  1 4 . 0  8 . 5  2170 2170 100 0 0 . 7 2  200 200 100 0 

305 368 4 . 1  14 .0  8 . 5  1730 1590 92 8 0 . 90 190 190 100 0 

305 368 4 . 1  14 . 0  8 . 5  1440 1200 83 17 1 . 10 

300 364 5 . 8  

295 354 5 . 8  

2 9 5  3 54  5 . 8  

300 364 5 . 8  

1 5 1 0  1370 9 1  9 2 . 00 230 230 100 0 
2780 1640 59 4 1  0 . 66 140 130 93 

2360 1130 48 52 0.78 

7 19. 2 

2120 1230 58 42 0 . 99 220 160 73 27 1 5 . 9  

240 300 4 . 3  14 .0 1 1 . 0  2250 880 39 6 1  0 . 8 1  220 140 64 36 n . o  
240 300 4 . 3  14 . 0  1 1 . 0  1720 570 33 67 1 . 10 

265 305 4 . 3  14 . 0  1 1 . 0  1340 1060 7 9  21 1 . 60 200 170 85 15 19.7  

1 9a B1carb '3DF 252 306 6 . 6  14 . 5  8 . 0  1960 880 45 55  0 . 70 185 130 7 0  30 9 . 3  

1 9 b  Blcarb 13DF 252 302 6 . 6  14 . 5  3 . 0  930 2 3 0  25 7 5  1 . 48  

20a Bicarb '30F 295 3 7 2  5 . 9  1 6 . 0  7 .0 1550 230 15  85 0 . 97 330 240 73 27 

20b B1carb #3DF 295 372 5. 9 16. 0 7 .0 1830 380 21 7 9  0 . 82 

21 Soda 13 325 412 5 . 9  1 6 . 0  7 . 0  1690 1220 72 28 0 . 94  340 340 100 0 

5 . 3  
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S- S- O 0 S- S- U  ttI 
<11 <11 V) ijJ <11 <11 ..... 0:: 
» » 0  

� o  0:: � o ..., 
V) 

Addi ti ve (T1S02 ) Tota1 ( S . R· ) Tota1 

Bi carbonate 82% 0 . 90 
( MMD=3211m ) 
Bi carbonate 47 0 . 72 
(MMD=521lm ) 
Bi carbonate 42 0 . 99 
(MMD= 1 1 91lm ) 
Bi carbonate 48 1 . 50 
(MMD=1 541lm ) 
Bi carbonate 1 5  0 . 54 
(MMD=1 931lm ) 
Soda Ash 1 3  1 . 00 
(MMD=421lm) 

TABlE 6 .  As h Analys i s  

� V) 
V) 
ttI e: 

:E <11 
..... 

s- u 
<11 ..... 
0. I!-
0. I!-
o LLJ :x:: 

( EHO� ) 

9% 

30 

38 

45 

50 

20 

e: 
'r- e: 

..., s- o  
e: s- <11 ..... 
<11 :::I 0. ..., 
U I!- 0. U 
s- ..... O ttl  
<11 :::I :X:: s-

c... V) 1.1.. 

( CS ) HO� 
6 . 38% 

5 . 60 

3 . 47 

5 . 92 

1 . 66 

1 .  95 

§ 
..... 
..., 

c u  
..... ttI 

..., s-
e: S- 1.I.. 
<1.1 :::1 
U I!- U 
� r-- ........ 
<I.I :::I S-

c... V) ..o  
ttI 

1.1.. 

( C s ) Bag 
1 0 . 87 

1 1 . 27 

1 0 . 45 

1 1 . 75 

3 . 68 

3 . 1 9  

<11 
s-
:::I 

<11 ..., 
V) ttI 
:::I S-
0 <11 

.s:: 0. 
C'l e  
ttI <1I  

co I-

°F 

29So F 

295 

300 

290 

239 

285 

� 
e: 

N ,... 0 0 ra s- ..... 
V) > <11 ..., 

o 0. U 
E 0... ra 

. <1.1  0 s-
0:: ::t: 1.1.. 

(T1S02 ) HOe 
4% 

8 

7 

1 4  

S 

2 

� e: 
u o  

C'.t- .,..... ...... 
O ttl S- ..., 
V» ..o u 

o ra ttl 
e 1.1.. s-
<11 1.1.. 

0:: 

(T1S02 ) Bag 

78% 

39 

35 

34 

1 0  

1 1  

U 
..... 

b e: 
<11 0'1 0 
e c ..... 
o o · .... s- ..., 

..... ..... "0 <1.1 :::1 
.s:: ..., :::I 0. ..0  
U ttI ,... 0... ..... 

• .... o:: u o s-
o x :x:: ..., 

..., LLJ e: 
V) 0 
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(S . R· ) Bag 

0 . 9  

0 . 5 
\0 
I-' 

0 . 7  

1 . 0 

0 . 3 

0 . 8  
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