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 Kinetics of Reactions in a Wet Flue Gas Simultaneous Desulfurization and Denitrification System S. G. CHANG, D. LITTLEJOHN, and Ν. H . LIN University of California, Lawrence Berkeley Laboratory, Berkeley CA 94720
 
 A number of processes currently undergoing devel opment for simultaneous removal of SO and NOx have been based on either the oxidation of rela tively insoluble NO to more soluble NO or the employment of a water-soluble ferrous-chelating compound as a catalyst to aid in the absorption of the insoluble NO. These ferrous compounds have the ability to form complexes with the NO and thus promote the absorption of the NO. Once in solution NO can be reduced by the absorbed SO to form molecular N , N O, or reduced nitro gen compounds such as NOH(SO) NH SO -, and NH +; while SO is oxidized to sulfate. The kinetics and mechanisms of reac tions involved in this system are discussed. 2
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 Power plant flue gas contains several hundred ppm N0 and hundreds or thousands ppm SO2. Most N0 is in the form of NO. Several processes, s t i l l in the development stage, are based on using N0 as an oxidizing agent for SO2 in aqueous solution to simultaneously control the emission of both SO2 and N0 in the flue gases. These processes can be divided into two different types: one is classified as an oxidation-absorption-reduction technique, and the other as an absorption-reduction technique. Table I (1, 2) summarizes additives, products, testing conditions, and SO2 and N0 removal efficiencies of some of these processes. Both types of process are being developed mainly in Japan and have not approached the stage of commercial use. Part of the reason for this is that these processes are recent develop ments and have not been tested extensively and the chemistry involved in these systems is not yet well understood. This paper discusses the kinetics and mechanisms of reactions involved in both types of process. X
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 1600 ppm S 0 , 95%; 200 ppm N0 , 80%; flow r a t e = 300 m /hr
 
 X
 
 2
 
 3
 
 1500 ppm S 0 , 99%; 200 ppm N0 , 80-85%; flow r a t e = 50 m /hr
 
 X
 
 2
 
 3
 
 1100 ppm S 0 , 95%; 220 ppm N0 , 80-90%; flow r a t e = 2000 m /hr
 
 X
 
 2
 
 1150 ppm S0 , 90% ; 180 ppm N0 , 80%; flow r a t e = 5000 m /hr
 
 X
 
 2000 ppm S0 , 90-98%; 250 ppm N0 , 80%; flow r a t e = 1000 m /hr
 
 T e s t i n g c o n d i t i o n s and removal e f f i c i e n c y
 
 Table I. A d d i t i v e s and products of some wet simultaneous d e s u l f u r i z a t i o n and d e n i t r i f i c a t i o n
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 and Denitrification System
 
 Oxidation-Absorption-Reduction Processes This type of process i s based on i n j e c t i n g a gas-phase o x i dant, such as O3 or C10 , i n t o the f l u e gas to s e l e c t i v e l y o x i d i z e the r e l a t i v e l y i n s o l u b l e NO to the more s o l u b l e N0 . N i t r o u s and n i t r i c a c i d s are produced i n the aqueous phase a f t e r N0 and/or N 03 are absorbed i n t o s o l u t i o n ; and s u l f u r oxyacids, such as s u l f i t e / b i s u l f i t e or p y r o s u l f i t e , are formed i f S0 d i s solves i n the s o l u t i o n . I n t e r a c t i o n among oxides of n i t r o g e n , n i t r o g e n oxyacids, s u l f u r oxyacids, oxygen, and t r a c e metal ions such as F e ( I I I ) or Mn(II) can take p l a c e i n a f l u e gas wet scrubber. I d e n t i f y i n g a l l r e a c t i o n s i n v o l v e d i n t h i s complex system i s impossible. However, important r e a c t i o n s must be i d e n t i f i e d and c h a r a c t e r i z e d i n order t o improve the performance o f a scrubber. Several Japanese processes (1, 2), such as the Ishikawajima, Chiyoda, or M i t s u b i s h i processes i n which the NO i n the f l u e gas i s o x i d i z e d to N0 by O3 and subsequently passed to a N0 /S0 absorber, have shown that a major f r a c t i o n o f the absorbed N0 i s i n the form of n i t r o g e n - s u l f u r complexes, which are the compounds produced i n the r e a c t i o n between n i t r i t e and s u l f i t e ions. We have reviewed the l i t e r a t u r e (3-20) and found that many concurrent and consecutive chemical r e a c t i o n s can occur as a r e s u l t o f the i n t e r a c t i o n between n i t r i t e and s u l f i t e i o n s . We w i l l summarize the k i n e t i c r e s u l t s o f these r e a c t i o n s and present the r e s u l t s o f model c a l c u l a t i o n s that give the concentration p r o f i l e o f species produced i n t h i s system as a f u n c t i o n o f react i o n time. The e f f e c t s o f temperature, pH, and concentrations o f reactant w i l l be demonstrated. 2
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 Review of Previous
 
 K i n e t i c Studies
 
 N i t r o u s a c i d and s u l f i t e r e a c t to form n i t r o s o s u l f o n i c a c i d , which then continues along one or more o f three r e a c t i o n paths: 1. Further s u l f o n a t i o n to produce hydroxylamine d i s u l f o n a t e and amine t r i s u l f o n a t e . These s u l f o n a t e s can hydrolyze to form s u l f u r i c a c i d and reduced n i t r o g e n s p e c i e s . The l a t t e r can undergo f u r t h e r r e a c t i o n with b i s u l f i t e and n i t r i t e . 2. H y d r o l y s i s to form s u l f u r i c a c i d and hyponitrous a c i d . The l a t t e r decomposes to produce n i t r o u s oxide. 3. A r e a c t i o n w i t h n i t r o u s a c i d to y i e l d s u l f u r i c a c i d and n i t r i c oxide. The extent to which these three d i f f e r e n t paths w i l l c o n t r i b u t e to the system depends on the pH, temperature, and concentration of n i t r i t e and s u l f i t e s p e c i e s . I t i s b e l i e v e d that process 1 i s favored by a n e u t r a l or m i l d l y a c i d i c s o l u t i o n ; processes 2 and 3 are expected to become i n c r e a s i n g l y important as the pH of the s o l u t i o n decreases. A summary o f r e a c t i o n s that can take p l a c e as a r e s u l t o f i n t e r a c t i o n s between s u l f i t e and n i t r i t e ions i s shown i n the f o l l o w i n g r e a c t i o n scheme:
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 ^-•(NH ) (HS0 ) Sulfamic acid
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 The k i n e t i c information o u t l i n e d below.
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 of r e a c t i o n s involved i n t h i s system i s
 
 Formation of Hydroxylamine D i s u l f o n a t e by Reaction of Nitrous A c i d with B i s u l f i t e Ion. Hydroxylamine d i s u l f o n a t e (HADS) i s formed according to the f o l l o w i n g net r e a c t i o n : 2
 
 N0 ~
 
 + 2HS0 ~ •> H O N ( S 0 ) " +
 
 2
 
 3
 
 3
 
 2
 
 0H~
 
 The k i n e t i c s of t h i s r e a c t i o n was f i r s t studied (at pH between 5 and 7) by Seel and Degener (10) over two decades ago. They found two concurrent processes f o r the HADS production as sum marized by the f o l l o w i n g r a t e law: d
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 Yamamoto and Kaneda (11) i d e n t i f i e d the same two processes. How ever, they found that the f i r s t term was r e a l l y a combination of both general a c i d and a c e t i c a c i d s p e c i f i c catalyzed r e a c t i o n s . Seel and Knorre (12) l a t e r i n v e s t i g a t e d t h i s r e a c t i o n (at pH between 6.13 and 6.92) and i n t e r p r e t e d t h e i r r e s u l t s as a s i n g l e process having the f o l l o w i n g r a t e law: d[HADS]
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 Because of the d i s c r e p a n c i e s between these r e s u l t s , we have undertaken a systematic i n v e s t i g a t i o n (7) of t h i s r e a c t i o n over the pH range between 4.5 and 7. The r e a c t i o n has been found to c o n s i s t of two concurrent processes. The r a t e law was shown as
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 The f o l l o w i n g r e a c t i o n mechanisms are suggested: HONO + HS0 ~ t NOS0 " + H 0 3
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 H y d r o l y s i s of Hydroxylamine D i s u l f o n a t e (HADS). HADS hydrol y z e s to give hydroxylamine monosulfonate (HAMS) and s u l f a t e s : 2H0N(S0 ) 3
 
 + H0
 
 2
 
 -> H0NHS0
 
 2
 
 + HS0
 
 3
 
 (7)
 
 4
 
 The r a t e and mechanism of t h i s h y d r o l y s i s was performed by N a i d i t c h and Yost (13). These authors found that h y d r o l y s i s i s c a t a l y z e d by a c i d as w e l l as water, but the e f f e c t of water i s much l e s s than that of a c i d . The r a t e equation can be expressed as _d[H^Sl
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 k g and kg^ are r e s p e c t i v e l y the r a t e constants f o r a c i d - and water-catalyzed r e a c t i o n s . At zero i o n i c strength: a
 
 1 1
 
 k
 
 g a
 
 = 2.1 χ 1 0
 
 , k
 
 g b
 
 - ,-, l l = 1.67 χ 10 i
 
 e
 
 n
 
 "
 
 1
 
 e
 
 7
 
 6
 
 0
 
 0
 
 /
 
 R
 
 T
 
 liter/mole-sec
 
 -23000/RT
 
 sec
 
 (c)
 
 -1
 
 ,,v (d)
 
 The proposed mechanism assumes that the i o n H0N(S0 ) H forms a r e a c t i o n complex with water. The o v e r a l l r a t e i s determined by the r a t e at which the complex i s converted i n t o the h y d r o l y t i c products: 3
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 H y d r o l y s i s o f Hydroxylamine Monosulfonate (HAMS). HAMS hydrolyzes i n a c i d i c s o l u t i o n , but at a much slower rate than that of HADS (13). The h y d r o l y s i s of HAMS produced hydroxylamine (HA) and s u l f a t e s :
 
 *
 
 +
 
 + H 0 •> NH OH+ ζ J
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 Q
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 The r a t e equation may be assumed to be -d[HAMS]
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 k [ H 0 N H S 0 3
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 The r a t e constant was not determined; however, an upper l i m i t can be obtained from the r e s u l t o f N a i d i t c h and Yost (13): . . l l k ^ 2.65 χ 10 0
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 n
 
 -19500/RT . , e liter/mole-sec Ί
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 at an i o n i c strength μ = 0.01 M S u l f o n a t i o n o f Hydroxylamine D i s u l f o n a t e . Seel et a l . (14) s t u d i e d the r e a c t i o n between HADS and b i s u l f i t e and found that t h i s r e a c t i o n produced about 70% a m i n e t r i s u l f o n a t e (ATS) and 30% aminedisulfonate (ADS) i n the temperature range from 25 to 60°C and i o n i c strength from 1.0 to 1.2 M, w i t h r e a c t i o n times ranging up to 4.5 h r a t a pH o f 7. The r e a c t i o n proceeds according to Eqs. (14) and (15): ^N(S0 ) 3
 
 3 3
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 3
 
 ^NH(S0 ) 3
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 Aminedisulfonate can a l s o be formed through the h y d r o l y s i s of hydroxylamine t r i s u l f o n a t e : 3
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 The r a t e o f disappearance o f HADS can be expressed as
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 Q where A = 7.2 χ 10 l i t e r / m o l e - s e c , and A E = 18.0 kcal/mole. This r a t e equation i n d i c a t e s that the r a t e determining step i s r e a c t i o n 14 and/or 15, w h i l e Eq. (16) i s a f a s t r e a c t i o n ; and the a c t i v a t i o n energy determined i s a weighted value o f r e a c t i o n s 14, 15, and 16, l e a d i n g to the formation o f a mixture o f products. Yamamoto and Kaneda (11) measured the rate of formation o f ATS and obtained an i d e n t i c a l r a t e equation with A = 3.4 χ 1 0 ^ l i t e r / m o l e - s e c , and A E = 19.2 kcal/mole a t μ = 1.0 M. a
 
 a
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 S u l f o n a t i o n of Hydroxylamine Monosulfonate (HAMS). Accor ding to Seel et a l . (14), the r e a c t i o n s between HAMS and b i s u l f i t e are branched ones (Eqs. 17 and 18), producing about 70% amined i s u l f o n a t e (ADS) and 30% sulfamate (SAM) i n the temperature range 25-60°C and i o n i c strength range 1.0-1.2 M, w i t h r e a c t i o n times ranging up to 12 hr at a pH of 7: 2
 
 _ ^NH(S0 J
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 Aminedisulfonate can undergo h y d r o l y s i s to form sulfamate: 2
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 The rate determining step i s r e a c t i o n 17 and/or 18. equation i s : _ HHA^l
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 13 where A = 2.0 χ 10 l i t e r / m o l e - s e c , and AE = 24.5 kcal/mole. Hydroxylamine O - s u l f i n i c acids are assumed to be intermediate products. S u l f o n a t i o n of Hydroxylamine (HA). S i s l e r and Audrieth (15) studied the formation of sulfamic a c i d by the r e a c t i o n of hydroxylamine w i t h s u l f u r dioxide i n an aqueous s o l u t i o n and pro posed that the r e a c t i o n mechanism i n v o l v e d c o o r d i n a t i o n between NH20H and S0 molecules with subsequent rearrangement to sulfamic a c i d . The k i n e t i c s of t h i s r e a c t i o n was i n v e s t i g a t e d by Brackman and Higginson (16) at room temperature. They found that i n a d d i  t i o n to sulfamic a c i d , trace amounts of ammonium b i s u l f a t e were a l s o formed and that the percentage of ammonium b i s u l f a t e produced appeared to be independent of pH. Fraser (17) and Gomiscek et a l . (9) s t u d i e d the k i n e t i c s of t h i s r e a c t i o n as a f u n c t i o n of tem perature. The k i n e t i c s t u d i e s by both Brackman and Higginson (16) and Fraser (17) were performed by monitoring the r a t e of disap pearance of t o t a l s u l f i t e during the course of the r e a c t i o n , w h i l e Gomiscek et a l . (9) s t u d i e d t h i s r e a c t i o n by monitoring the rate of disappearance of t o t a l hydroxylamine. This r e a c t i o n can be expressed as a
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 The enthalpy and entropy o f a c t i v a t i o n f o r the formation famic a c i d and ammonium b i s u l f a t e a r e : Sulfamic
 
 acid
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 H y d r o l y s i s of A m i n e t r i s u l f o n a t e (ATS). The h y d r o l y s i s of potassium a m i n e t r i s u l f o n a t e has been studied by S i s l e r and A u d r i e t h (15) at 25, 40, 67, and 100°C. They found that t h i s r e a c t i o n (Eq. 22) i s a c i d c a t a l y z e d and that the ATS was r a p i d l y converted i n t o aminedisulfonate and s u l f a t e s even i n a n e u t r a l s o l u t i o n and at 25°C: 3
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 H y d r o l y s i s of Amine D i s u l f o n a t e s (ADS). ADS hydrolyzes i r  r e v e r s i b l y and q u a n t i t a t i v e l y to form sulfamate (SAM) and s u l  f a t e s according to Eq. 23 ÇL8, 1,9, 20) : ?-
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 4
 
 The r a t e o f the a c i d - c a t a l y z e d r e a c t i o n has been studied (20) over the temperature range 25-45°C. The r e s u l t s a t constant i o n i c strength conform to the r a t e equation: +
 
 -
 
 = k [HN(S0 ) 2-][H ] 2 3
 
 3
 
 The v a r i a t i o n o f the r a t e constant k23 at zero i o n i c with temperature i s described by the equation , k
 
 14 = 2.54 χ 10 0
 
 2 3
 
 1 Λ
 
 (j)
 
 2
 
 strength
 
 -23500/RT _ . , eliter/mole-sec
 
 The r e l a t i v e l y l a r g e value o f the frequency f a c t o r was explained on the b a s i s of a l a r g e p o s i t i v e entropy (AS* = 21.3 e.u.) of
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 formation of the a c t i v a t e d complex due to i t s e l e c t r o s t a t i c i n t e r a c t i o n w i t h the s o l v e n t . The dependence of the s p e c i f i c r a t e constant on i o n i c s t r e n g t h at 25°C, based on the Β r e s t e d - D e b ye-Huckel theory (21) , was s t u d i e d .
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 where A = 0.5065, ζ χ ζ = -2, and 3μ = +0.092. The uncatalyzed h y d r o l y s i s was found to have an undetectable r a t e compared to the r a t e of the a c i d - c a t a l y z e d r e a c t i o n . The i o n i z a t i o n constant f o r r e a c t i o n 23 2
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 i n a sodium c h l o r i d e s o l u t i o n at an i o n i c strength of 1.0 i s 3.2 χ 10" m o l e / l i t e r .
 
 at 25°C
 
 9
 
 H y d r o l y s i s of Sulfamate (SAM). The k i n e t i c s of h y d r o l y s i s of sulfamate i o n was i n v e s t i g a t e d by Maron and Berens (22) ( i n d i l u t e a c i d at 80-98°C) and by Candlin and W i l k i n s (23) ( i n 10*" 3 M to 6 M p e r c h l o r i c a c i d at 95°C). A r e a c t i o n mechanism i n v o l v i n g a p r e - e q u i l i b r i u m between sulfamate i o n and s u l f a m i c a c i d (Eq. 24), followed by slow h y d r o l y s i s of the a c i d (Eq. 25), was proposed: H NS0 " + H 2
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 3
 
 2
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 The r a t e equation can be expressed _ d[SAM] d t
 
 1 =
 
 [
 
 2
 
 3
 
 (25)
 
 as
 
 SO " + NH.SO.H]
 
 N H
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 where k = 2.3 χ 10~^ s e c " at 95°C, i o n i c strength μ = 1M, and Κ i s the i o n i z a t i o n constant of sulfamic a c i d , which has been determined by E.M.F. (24) and conductance (25) measurements. A r e l a t i o n s h i p , - l o g Κ = (3792.8/T) - 24.122 + 0.041544 T, has been deduced from the measurements between 10 and 50°C (K - 0.1 mole/ l i t e r at 25°C, and 0.266 at 95°C). The energies and e n t r o p i e s of a c t i v a t i o n determined by Maron and Berens (22) (30.5 kcal/mole and 9.7 e.u.) i n c l u d e the energy and entropy of formation of sulfamic a c i d ( i . e . , both r e a c t i o n s 24 and 25). The l a t t e r values can be estimated from the data of King and King (24) as +0.9 kcal/mole and +9 e.u., and t h i s w i l l mean values f o r the energy and entropy of a c t i v a t i o n of h y d r o l y s i s of sulfamic a c i d (Eq. 25) of 29.6 kcal/mole and 0.7 e.u.
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 r e s p e c t i v e l y , which are i n good agreement with those determined by Candlin and W i l k i n s (23) (29.7 kcal/mole and 3.2 e.u.). In a d d i t i o n to the A 1 a c i d - c a t a l y z e d decomposition o f s u l  famate i o n , proposed by Maron and Berens (22) and Candlin and W i l k i n s (23), Hughes and Lusty (26) present evidence that an a d d i t i o n a l A 2 path i n v o l v i n g sulfamic a c i d (Eq. 26) a l s o occurs:
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 This mechanism would predominate o r occur e x c l u s i v e l y above 2 M perchloric acid. Reaction o f Sulfamic A c i d w i t h Nitrous A c i d . A k i n e t i c study o f the r e a c t i o n of sulfamic a c i d with n i t r o u s a c i d (Eq. 27) by Hughes (27) revealed that the mechanism NH SO H + HN0 -> N + H S0. + H 0 2 3 2 2 2 4 2 0
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 at a c i d i t i e s l e s s than 0.248 M, proceeded according to r e a c t i o n s 28 and 29: H
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 The protonated n i t r o u s a c i d species r e a c t s with sulfamate a slow step. The r a t e equation can be w r i t t e n as d[HN0 ] ^ = k
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 [ H ][HN0 ][NH S0 2
 
 2
 
 3
 
 ]
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 At an i o n i c s t r e n g t h μ = 0.25 M, k 9 i s 170, 667, 1130, and 2040 l i t e r mole- s e c a t 0, 18, 25, and 34.5°C r e s p e c t i v e l y . This temperature dependence study r e v e a l s that AS* = -6.6 e.u., and ΔΗ* =11.3 kcal/mole. In the a c i d range 0.25-3 M, a second pathway emerges i n which H N 0 a t t a c k s sulfamic a c i d . As the concentration of sulfamate i o n becomes very small at these higher a c i d i t i e s , the r e a c t i o n with s u l f a m i c a c i d w i l l become more important although sulfamate i o n i s more r e a c t i v e than sulfamic a c i d . The two mechanisms a r e operating s i d e by s i d e , with an increase of a c i d i t y f a v o r i n g the r e a c t i o n through s u l f a m i c a c i d . Several more r e a c t i o n s are known to take place i n t h i s s y s  tem i n a d d i t i o n to those discussed above. However, t h e i r k i n e  t i c s and mechanisms have not been w e l l c h a r a c t e r i z e d . Some o f these r e a c t i o n s a r e : 1. Formation o f hyponitrous a c i d ( H N 0 ) from the a c i d catalyzed hydrolysis of n i t r o s u l f o n i c acid. 2. Reaction o f n i t r o s u l f o n i c a c i d with n i t r o u s a c i d to form s u l f a t e s and l i b e r a t e NO. 2
 
 2
 
 2
 
 - 1
 
 +
 
 2
 
 2
 
 2
 
 2
 
 2
 
 In Flue Gas Desulfurization; Hudson, John L., et al.; ACS Symposium Series; American Chemical Society: Washington, DC, 1982.
 
 7.
 
 CHANG
 
 137
 
 Desulfurization and Denitrification System
 
 ET AL.
 
 3. Production o f hyponitrous a c i d and s u l f a t e s from the r e a c t i o n of hydroxylamine monosulfonate with n i t r o u s a c i d . 4. Reaction o f hydroxylamine w i t h n i t r o u s a c i d to y i e l d hyponitrous a c i d o r N2O. 5. Reaction o f hyponitrous a c i d with n i t r o u s a c i d to form n i t r i c a c i d and N .
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 Chemical K i n e t i c s Modeling. The c o n c e n t r a t i o n p r o f i l e s of HADS, HAMS, HA, ATS, ADS, SAM, NH4 , N , and s u l f a t e as a f u n c t i o n of time r e s u l t i n g from the r e a c t i o n o f s u l f i t e and n i t r i t e ions i n aqueous s o l u t i o n s was c a l c u l a t e d a t various c o n d i t i o n s (Figures 1-6). A CHEMK software package developed by Systems A p p l i c a t i o n s , Inc., of San R a f a e l , C a l i f o r n i a , was used f o r t h i s computation. Three d i f f e r e n t i n i t i a l S02 and N 0 concentrations were considered ( i n ppm): 1000, 450, and 50; 1000, 250, and 250; 2000, 250, and 250 respec t i v e l y f o r SO2, NO, and NO2. C a l c u l a t i o n s were c a r r i e d out at two d i f f e r e n t temperatures (55 and 25°C) and three d i f f e r e n t pH s (3, 5, and 7). The pH of the s o l u t i o n was assumed t o be constant throughout the r e a c t i o n . Table I l i s t s elementary r e a c t i o n s con s i d e r e d and rate constants used. The f o l l o w i n g a d d i t i o n a l assumptions were made i n t h i s c a l c u l a t i o n : 1. Gas d i s s o l u t i o n and l i b e r a t i o n r a t e s are much l a r g e r than chemical r e a c t i o n r a t e s . 2. Any r e a c t i o n i n v o l v i n g aqueous HNO3, NO, NO2, N2O3, and N2O4 i s neglected. 3. The e q u i l i b r i u m i s maintained a l l the time f o r r e a c t i o n s 1 through 7. The r a t e constant of the 14 r e v e r s i b l e r e a c t i o n s was adjusted to s a t i s f y the e q u i l i b r i u m c o n d i t i o n . 4. O x i d a t i o n o f NO to NO2 (both i n gas phase and aqueous s o l u t i o n ) i s discounted. Figures 1-4, 5, and 6 show the time-resolved c o n c e n t r a t i o n of s p e c i e s i n a batch r e a c t o r a t various pH s, temperatures, and i n i t i a l p a r t i a l pressures of SO2 and N 0 f o r the f i r s t 2 and 24 hours r e s p e c t i v e l y . The g a s - t o - l i q u i d r a t i o (G/L) i s 75. Figure 1 (at Ps02 1000, P = 450, and PNO2 PP > pH = 5, and Τ = 328K) demonstrated that the removal e f f i c i e n c y of NO i s only about 10%, although NO2 can be removed n e a r l y completely. This i s because NO alone cannot be converted i n t o n i t r o u s a c i d . The major product i s HADS w i t h i n the i n i t i a l 1-1/2 hr; the concentrations of HAMS and s u l f a t e i n c r e a s e while that of HADS decreases as the r e a c t i o n time continues. I f the r e a c t i o n i s allowed to continue, the f i n a l products w i l l be NH4 , N2, and s u l f a t e . Because we d i s r e g a r d the r e a c t i o n o f HAMS and HA with HNO2 and the h y d r o l y s i s of n i t r o s u l f o n i c a c i d , no N2O i s formed. The e f f e c t of the o x i d a t i o n of NO t o NO2 by an oxidant such as O3 i s i l l u s t r a t e d i n F i g u r e 2 (PS02 1000, P^o = N02 ppm, pH = 5, and Τ = 328K). The r e s u l t i n d i c a t e s enormous 2
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 Figure 1. The concentration profile of species as a function of reaction time in a batch reactor (pH 5 and 328 K) at the following initial condition: P = 1000, P = 450, and P = 50 ppm. The gas-to-liquid ratio, G/L, is 75. S02
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 Figure 2. The concentration profile of species as a function of reaction time in a batch reactor (pH 5 and 328 K) at the following initial condition: P o = 1000, P = P — 250 ppm. G/L, 75. 8
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 Figure 3. The concentration profile of species as a function of reaction time in a batch reactor (pH 3 and 328 K) at the following initial condition: Pso — P = P = 250 ppm. G/L, 75. 1000, 2
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 7.
 
 Time (hours) Figure 4. The concentration profile of species as a function of reaction time in a batch reactor (pH 5 and 328 K) at the following initial condition: P = 2000, P = P = 250 ppm. G/L, 75. a0i
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 T i m e (minutes) Figure 5. The concentration profile of species as a function of reaction time in a batch reactor (pH 5 and 328 K) at the following initial condition: P o = J 000, 8
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 Time (hours) Figure 6. The concentration profile of species as a function of reaction time in a batch reactor (pH 5 and 298 K) at the following initial condition: P o — 1000, P = P = 250 ppm. G/L, 75. 8
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 improvement i n N0 removal e f f i c i e n c y . The concentration of HADS, HAMS, ATS, e t c . , species i s l a r g e r (compared to Figure 1) because of the l a r g e r concentration of n i t r i t e / n i t r o u s a c i d i n the s o l u t i o n . By the same token, HSO3" i s consumed at a l a r g e r rate. The e f f e c t of the pH of the s o l u t i o n on the r e a c t i o n i s shown i n F i g u r e 3 (PSO2 1000, P = ?^02 PP > pH = 3, and Τ = 328K). The r e a c t i o n s speed up at a lower pH (between pH = 5 and 3), and N0 i s reduced at a l a r g e r r a t e . The concen t r a t i o n of HAMS i s l a r g e r than HADS a f t e r about 20 min. Simi l a r l y , l a r g e r concentrations of HA, SAM, N2, and NH4 are obser ved at a given time. These are due to the f a c t that the h y d r o l  y s i s r e a c t i o n i s a c i d c a t a l y z e d , and t h e r e f o r e low pH c o n d i t i o n s would favor the formation of h y d r o l y s i s products. I f the S0 concentration i s increased while that of N0 i s held constant, i . e . , at a l a r g e r S02/N0 r a t i o (Figure 4, with X
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 P o = > N0 = N02 " PP > P > )> P " duction r a t e of ATS, ADS, and SAM increases because a l a r g e r S02/N0 r a t i o favors s u l f o n a t i o n r e a c t i o n s . The NH4 /N2 r a t i o increases w i t h an i n c r e a s e of the S02/N0 r a t i o because the N2 formation r a t e i s only s l i g h t l y a f f e c t e d by the change i n the S02/N0 r a t i o . (The e f f e c t due to the increase i n SAM concentra t i o n i s o f f s e t by that due to the decrease i n HNO2 concentration.) However, the NH4 r a t e of formation increases as the concentration of SAM increases at a constant pH of the s o l u t i o n . The e f f e c t of temperature i s demonstrated i n Figure 5 (Ps02 = 1000, P = P Q = 50 ppm, pH = 5, and Τ = 328K) and F i g u r e 6 (PSO2 1 ° > N0 = N02 = PP > P > and Τ = 298K). The r e s u l t s i n d i c a t e that the o v e r a l l r e a c t i o n r a t e speeds up at higher temperatures. 2 0 0 0
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 Processes
 
 This type of process i s based on the a d d i t i o n of metal chelates such as Fe(II)EDTA i n aqueous s o l u t i o n to promote ab s o r p t i o n of NO i n s o l u t i o n s (1, 2). These metal chelates can bind NO to form n i t r o s y l metal chelates which can react with absorbed S0 i n aqueous s o l u t i o n to produce reduced n i t r o g e n species and s u l f a t e while metal chelates are regenerated. I d e n t i f i c a t i o n of an e f f i c i e n t metal chelate f o r optimum a b s o r p t i o n of NO r e q u i r e s knowledge of the thermodynamics and k i n e t i c s of the c o o r d i n a t i o n of NO to various metal c h e l a t e s . Knowledge i s a l s o needed of the k i n e t i c s and mechanisms of the r e a c t i o n between n i t r o s y l metal chelates and absorbed S0 i n s o l u t i o n to c a l c u l a t e the regeneration r a t e of metal c h e l a t e s and to c o n t r o l the products of r e a c t i o n by a d j u s t i n g the scrubber operating c o n d i t i o n s . Not much of t h i s information i s a v a i l a b l e i n the l i t e r a t u r e , although s e v e r a l f e r r o u s and c o b a l t chelates have been used as a d d i t i v e s f o r t e s t i n g i n bench-scale wet f l u e gas simultaneous d e s u l f u r i z a t i o n and d e n i t r i f i c a t i o n scrubbers. 2
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 E q u i l i b r i u m Constants, Enthalpy, and Entropy o f the C o o r d i n a t i o n o f NO to Metal Chelates. Complexes of NO have been known f o r c e n t u r i e s . Many s t u d i e s have been done on determining the s t r u c t u r e of these complexes, y e t few have been done on d e t e r mining t h e i r thermodynamic p r o p e r t i e s and r e a c t i o n k i n e t i c s . Hishinuma et a l . (28) and our group (29) have r e c e n t l y determined the e q u i l i b r i u m constants, enthalpy, and entropy f o r the c o o r d i n a t i o n of NO t o Fe(II)EDTA and Fe(II)NTA. Both these groups performed t h e i r experiments by bubbling a mixture of NO and N2 of known NO c o n c e n t r a t i o n through a metal c h e l a t e s o l u t i o n and then measuring the NO c o n c e n t r a t i o n i n the o u t l e t gas with a N 0 analyzer. NO absorption was c a r r i e d out u n t i l the NO concentrat i o n i n the o u t l e t gas became equal to that i n the i n l e t gas, i . e . , u n t i l e q u i l i b r i u m was reached. The experiments were performed a t s e v e r a l temperatures t o evaluate enthalpy and entropy of the r e a c t i o n . The r e s u l t s of t h i s study are shown i n Table III. We r e c e n t l y determined the e q u i l i b r i u m constant f o r the coord i n a t i o n o f NO t o Fe(II)(H20)5, F e ( I I ) ( c i t r a t e ) , and F e ( I I ) ( a c a c ) 2 using a temperature-jump apparatus (30). The source of the temperature jump i s a h i g h - v o l t a g e d.c. power supply connected to a c a p a c i t o r through a s o l e n o i d switch. A f t e r the c a p a c i t o r i s charged, the switch i s disconnected. By c l o s i n g a v a r i a b l e spark gap, the energy s t o r e d i n the c a p a c i t o r can be discharged through a c e l l c o n t a i n i n g the r e a c t i o n under study. A temperature jump of 8°C occurs w i t h i n s e v e r a l microseconds. The temperature jump induces a change i n the c o n c e n t r a t i o n of reactants and products as the r e a c t i o n s h i f t s to a new e q u i l i b r i u m . The s h i f t i s monitored by a p h o t o m u l t i p l i e r that responds t o changes i n absorption of a n i t r o s y l ferrous chelate. The r e s u l t s a r e d i s p l a y e d on an o s c i l l o s c o p e , which i s t r i g g e r e d by the c l o s i n g of the spark gap. The c o o r d i n a t i o n of NO t o metal c h e l a t e s can be w r i t t e n as X
 
 kl M(chelates) + NO + + M(chelates)(NO) -1
 
 (30)
 
 The r e c i p r o c a l o f the r e l a x a t i o n time equals the forward r a t e constant times the sum of the f i n a l e q u i l i b r i u m concentrations o f M(chelates) and NO plus the backward r a t e constant. When the r e c i p r o c a l o f the r e l a x a t i o n time i s p l o t t e d against the f i n a l concentrations of M(chelate) + NO, the slope o f the curve gives the forward r a t e constant (k^) and the point o f i n t e r c e p t i o n gives the backward r a t e constant ( k _ i ) . The r e s u l t s are summari z e d i n Table I I I . By comparing the e q u i l i b r i u m constants o f r e a c t i o n s l i s t e d i n Table I I I , i t i s obvious that Fe(II)(EDTA) and Fe(II)(NTA) have much l a r g e r a b s o r p t i o n c a p a c i t i e s f o r NO than Fe(II)(H20)5, F e ( I I ) ( c i t r a t e ) , and F e ( I I ) ( a c a c ) 2 have.
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 Formation and D i s s o c i a t i o n Rate Constants of N i t r o s y l Metal Chelates. The a b s o r p t i o n rates of NO i n an aqueous s o l u t i o n of Fe(II)EDTA were measured by Teramoto et a l . (31) and Sado et a l . (32) using a s t i r r e d v e s s e l with a f r e e f l a t g a s - l i q u i d i n t e r face. The forward r a t e constants of the complexing r e a c t i o n were derived on the b a s i s of the theory of gas absorption. The r e s u l t s are given i n Table I I . With a temperature-jump technique we have d i r e c t l y measured the formation and d i s s o c i a t i o n r a t e constants (30) of Fe(II)(H20)5NO, F e ( I I ) ( c i t r a t e ) N O , Fe(II)(acac)2N0, Fe(II)(EDTA)N0, and Fe(II)(NTA)NO (Table I I ) . Values f o r the r a t e and e q u i l i b r i u m constants f o r the formation of Fe(II)(H20)5N0 determined i n t h i s study agree w e l l with those determined by K u s t i n et a l . (33). The forward and reverse r a t e constants f o r the formation of F e ( I I ) ( c i t r a t e ) N O are somewhat smaller than the values f o r the Fe(II)(H20)5NO complex, w h i l e the e q u i l i b r i u m constant i s l a r g e r . The k i n e t i c s f o r the formation and d i s s o c i a t i o n o f the Fe(II)(acac)2NO complex are much slower than any other complex s t u d i e d . For both Fe(II)(EDTA)NO and Fe(II)(NTA)NO, the r e l a x a t i o n times due to the temperature jump were too f a s t to be measured. However, an upper l i m i t of 10 microseconds was e s t a b l i s h e d f o r the r e l a x a t i o n times f o r both complexes. Using t h i s value with the e q u i l i b r i u m constants determined f o r Fe(II)(EDTA)NO and Fe(II)(NTA)NO by Hishinuma et a l . and our group r e s p e c t i v e l y , the lower l i m i t s of forward and reverse rate constants were c a l c u l a t e d (Table I I I ) . K i n e t i c s of Reactions of NO and S02 i n Aqueous Solutions Containing Metal Chelates. Under 02-free c o n d i t i o n s , NO and SO2 can react with metal c h e l a t e s such as Fe(II)EDTA i n aqueous s o l u t i o n to form Fe(II)(EDTA)NO and Fe(II)(EDTA)(SO3 ") r e s p e c t i v e l y . However, when both NO and SO2 are bubbled i n t o an aqueous s o l u t i o n containing Fe(II)EDTA, species such as N20, sulfamate, d i sulfamate, d i t h i o n a t e , and s u l f a t e are produced (34). The k i n e t i c s and mechanisms of r e a c t i o n s involved i n t h i s N0-S02-metal chelates-£«H20 system have not been c h a r a c t e r i z e d y e t . Teramoto et a l . (31) have r e c e n t l y proposed the f o l l o w i n g r e a c t i o n s that could take p l a c e i n t h i s system: 2
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