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LBL-18835 

The Potential of a Wet Process for Flue Gas Simultaneous 
* Desulfurization and Denitrification 

s. G. Chang 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, CA 94720 

Abstract 

The economic and technical aspects of wet flue gas simultaneous desulfurization and denitrification 

systems are presented so that their practicality for utilization by utility industry can be assessed. The 

emphasis is on systems based on the employment of ferrous chelates to promote the solubility of NO and 

the reactivity of NO with S02 in scrubbing liquors. The kinetic measurements are demonstrated. The 

kinetic data are presented. Analytical techniques we developed for characterizing reaction intermediates 

and products are described. Alternative approaches and novel ideas that could develop into a more 

efficient and cost-effective scrubber system employing metal chelate additives are discussed . 

-This work was supported by the Assistant Secretary for Fossil Energy, U.S. Department of Energy under Contract No. DE
AC03-76SF()()()g8 through the Pittsburgh Energy Technology Center, Pittsburgh, Pennsylvania. 
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I. Introduction 

While the development of· flue gas clean-up processes has been progressing for many years, a satis

factory process is not yet available. Lime/limestone wet flue gas desulCurization (FGD) scrubber is the 

most widely used process in th'e utility industry at present. The wide Use of this type of process is due 

primanly to the fact that these processes are the most technically advanced and generally the most 
, .. ' ., 

econoniically attractive. In spite of this, it is expensive and accounts for about 25-35% of the capital and 

operating casts,of a power plant. Techniqties,for the :control of nitrogen· oxides emissions in the post 

combustion have not been, developed as extensively as those for control of sulfur dioxide emissions. 

Several approaches have been proposed. Among these, ammonia-based selective catalytic reduction (SCR) . . 
has received,the most attention. But, SCRmay not be suitable for U:S. coal-fired power plants because of 

reliability con,cerns and other unresolved technical issues!. These include uncertain catalyst lire, water 

disposal requirements, and the effects of ammonia by-products on plant components downstream from the 

reactor. The sensitivity of SCR processes to the cost of NH3 is also the subject of some concern. . .. 
The, development of a process'that is simple and can allow an 'efficient removal of bothS02 and 

!'lOx simu:taneously in one system could provide economical advantage. In the 70's, Japanes~ pursued 

this approach and developed seVeral wet Hue ,gas simultaneous desulf~rization and denitrification 

prOceSses2 which' can be classified into two types. 

The firSt type of processes involve the injection of gaseous oxidant, such as ozone or chlorine dioxide 

into the Hue gas to selectively oxidize insoluble NO to the more. solUble N02. Nitrite and nitrate ions are 

produced .in the aqueous phase after N02 and/or N20 3 are absorbed into scrubbing liquors; and 

sulfite/bisul~te ions are formed When S02 dissoivesin, the sOlutions. Interaction between nitrite and 

bisulfite ion~ can take place 3-7 to produce hydroxylamine, disulfonate (I-IADSJ, hydroxylamine monosul

fonate (HAMS), amine trisulfoilate (ATS), amine disulfonate (ADS), sulfamate (SA), and hydroxylamine 

(HA). These nitrogen-sulfur compounds can be removed from the scrubbing liquors as potassium salt pr~ 

cipitates2,8. The percentage of the absorbed NO converted to nitrate ion ranges from 10 to 50%. The x 

two most common wastewater treatment methods for the soluble nitrate ion are evaporation and biologi-

cal denitrification. Sulfate and sulfite IOns can precipitate as calcium salts by reaction with 
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lime/limestone. Processes of this type2, such as Chiyoda, Ishikawajima-Harima Industries, Mitsubishi, 

Moretana Calcium, and Moretana Sodium, are in most cases simple modifications of commercially avail-

able FGD technology. 

The second type of processes is based on the addition of ferrous chelates in scrubbing liquors to 

enhance the absorption of NO by forming ferrous nitrosyl chelates in aqueous solutions9-11. Ferrous 

nitrosyl chelate can then react with dissolved S02 to produce12 N2, N20, dithionate, sulfate and various 

nitrogen-sulfur compounds as mentioned previously, while some ferrous chelates are oxidized by reaction 

intermediates and residual oxygen in ftue gas to ferric chelates, which are inactive. Therefore, this type of 

process requires regeneration of scrubbing liquors by removing di tI!ion ate, sulfate, and nitrogen-sulfur 

compounds from the solutions and reduction of ferric chelates back to ferrous chelates. Processes such as 

Asahi, Chisso, Kureha, and Mitsui belong to this category2. 

Processes of both type were demonstrated to be highly efficient in SO" and NO removal (more .. x 

than 95% for S02 and 85% for NO ). However, these wet processef, have not reached the commercial x . 

stage yet because they are uncompetitive economically, according to cost evaluation13. ,These cost· 

evaluations, however, were made based on design and knowledge available in the 70's. Critiques13 indi-

cated that these wet processes were in their early st~ges of development and with their maturation, they 

could become competitive in cost. The major cost of the first type of processes is associated with the 

requirement of costly gas phase oxidants. Both ozone and chlorine dioxide are highly unstable so they 

cannot be stored and must be generated on site. Ozone, the most expensive of the two, is generated by a 

high energy comona discharge in air. This instantaneous process requires significantly large amounts of 

electricity. Chlorine oxide is generated by a slower chemical reaction which could make it less responsive 

to boiler load changes. The use of chlorine oxide introduces an additional secondary pollutant, chlorides, 

• besides the nitrate salt problem. Significant amounts of corrosion-resistant material are required for this 

type of processes, regardless of which oxidant is utilized. The development of cost-effective methods for 

the oxidation of less soluble NO to more soluble N02 is essential for the future of this type of processes. 

An extensive review article on the kinetics and mechanisms of important reactions involved has been pub

lished by Chang et al. 3. The major cost of the second type of processes is associated with the low solubil-

ity of NO even in scrubbing liquor containing ferrous chelates, the oxidation of ferrous to ferric chelates 
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by residual'oxygen in flue gas, and the production of undesirable soluble products such as dithionate ion 

and nitrogen-sulfur compounds in the system. The need to refurbish chelates for the loss iIi processing '. . 

also contributes to the costs. 

A preliminary-level economic evaluation13 performed by EPRI (Electric Power Research Institute) 

and TVA (Tennessee Valley. Authority) indicates that a combination of ' electrostatic precipitators (or bag 
, ' . 

'fI, 

house), ammonia-based SCR system, and wet lime/limestone FGD scrubber range between 20% to 200% Ii 

cheaper than wet processes for complete control of particulates, NOx and S02' The lower percentage is 
. . 

for' the second type and higher percentage for the first type of processes. Therefore, the second type oC 

processes appears to be more promising and will be the subject of further discussion in this paper. 

Asahi process was chosen among the second type of processe~ for this cost evaluation. In the Asahi 

process, the flue gas enters a packed-bed absorber where it flows countercurrent to, a6.3 pH sodium-salt 
. . .' 

scrubbing solution containing Fe2+ (EDTA). The liquid effiuent from the absOrber is then pumped to a 
. " 

reducing,tank wher~ Fe3+ (EDTA) ~ reduced by HS03- to, produce 1\e~+' (EDTA) and dithionate' ioil. 

Most of the scrubbing 'liquors~leaving the redueingtank' is recycled to the absorber. Only about 1()"'20% 

of liquors is pumped to an evaporator system in, the regeneration section. The concentrated sOlution from 

the evaporators is then pumped to a cooling crystallizer where hydrated sodium dithionate and sulfate 

crystals are produced under vacuum. These crystals are separated from the mother liquor in a screw 
, 

decanter and sent to a dryer operating at 12()...150· C in which the hydrated crystals are converted to 

anhydrous sodium salts. Most of the mother liquor from the decanter is recycled to the reducing tank and 

a smaller stream is passed through a N-S compounds treatment section. The N-S compounds are con-

verted to relatively insoluble potassium salts by reaction with potassium sulCate. The potassiuin salts oC 

N~S compounds-are separated in a screw ,decanter and sent to a ,thermal cracker Cor -the decomposition at 

about 500· C. 

The high capital investment cost oC the Asahi process is due to the necessity for large absorbers, 

• 

evaporators, crystallizers, dryers, rotary kiln crackers and screw decanter separators. The major operating ~ 

and maintenance costs are electricity,Cuel oil, steam and chemicals such as soda ash, EDTA and lime-

stone .. The requirement Cor consumption oC large 'amountoC utilities is associated with the operation prin-

" 
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ciple and design of the Asahi process. According to the economic evaluation, equipments required for 

NOx and 502 absorption (such as packed-bed absorbers) account for 20% of total direct capital invest

ment; for treatment of dithionate ion (such as evaporates, crystallizer, dryer, and cracker) account for 

about 40%; and for treatment of nitrogen-sulfur compounds (such as screw decanter and cracker) account 

for only 2%. 

The development of more efficient ferrous chelates that can increase the binding rate and equili-

brium constant of NO, and the reaction rate of ferrous nitrosyl chelates with sulfite/bisulfite ion. would 

allow the employment of smaller absorbers, reducing tanks, and L/G (flow rate ratio of scrubbing liquors 

to flue gas) to achieve the same scrubbing efficiencies. The determination of optimum scrubbing condi-

tions and chemistry such that the formation of undesirable products can be depressed or eliminated would 

allow the reduction of cost in the area of scrubbing liquor regeneration. This paper addresses the kinetic 

and thermodynamic information of important reactions involved, the analytical techniques developed for 

the determination of reaction intermediates and products, and the areas for further research that could 

result in substantial improvement in efficiency and cost-effectiveness of this type of processes based on the 

addition of metal chelate additives. 

II. Kinetics and Thermodynamics 

(1) Rever8ible Reaction of NO with Ferrou6 Chelate6 

The binding of NO to Fe2+(L) can be expressed by the following equation: 

(1) 

where L represents chelates. With the temperature-jump technique, Littlejohn and Chang9 directly meas

ured the formation and dissociation rate constants of Fe2+(H
2

0)5(NO), Fe2+(citrate)(NO), 

Fe
2

+(acac)2(NO), Fe2+(EDTA)(NO), and Fe2+(NTA)(NO) (Table 1). The temperature-jump apparatus 

(Figure 2) employed is similar to that described by Czerlinski and Eigen14. The source of the energy for 

the temperature-jump is a high-voltage dc power supply connected to a capacitor through a solenoid 

switch. After the capacitor is charged, the switch is disconnected. When a variable spark gap is closed, 



the energy stored in the capacitor can be discharged through a cell containing the reaction under study. 

A temperature jump oC about 8 • C was 'created by discharging a 0.25-mF .capacitor, charged to 20 kV, 

through platinum~coated electrodes in the cell, whose volume is approximately 1.4 cm3. The discharge 

time is dependent on the ionic strength oC the solution but in general less than 10 JJS. The temperature' 

jump induces a change in the concentrations ,oC reactants and products as the reac'tion shifts to a new 

equilibrium. TheshiCt is monitored by a photomultiplier tube and displayed on an ~cillosc'ope. 

ThereciprocaloCthe relaxation time .equals the Corward rate constant times the sum of the final . . 

equilibrium concentration oC Fe2+(L)and NO plus the reverse rate constant14. When the reciprocal of 

the relaxation time is plotted against the fulal ~oncentrations oC,.Fe2+(L) plus NO, the slope of the curve 
." ~ 

gives the forward rate constant (k1l and the point oCint~rception givestbe reverse rate constant (k_1),' 

The result oC Fe2+(H20)5(NO) is in good agreement with that determined by Kastin et al.15 using 

the same experimental technique. For both Fe2+(EDTA)(NO) and Fe2+(NTA)(NO).' the-relaxation times 

due to the temperature jump were. too Cast to be 'measured: However, an upper limitoC,10 JJS was esta-

blished Cor the relaxation times Cor both complexes. By use of thisvaJue with the equilibrium constants 

·determined for Fe2+(EDTA)(NO)16 and Fe2+(NTA}(NO)1O, the lower limits of Cormation rate constants 

were calculated to be 7 x 107 and 6 x 107 Ilmole-sec, respectively; while the lower limits oC dissociation 

rate constants were 35 and 6 sec-I, respectively at 25 • C. Teramotoet al. 17 has carried out an experi-

ment using a stirred vessel .with a Cree flat gas-liquid interCace and a bubble column, arid obtained a for

mation rate for Fe2+(EDTA)(NO) of 2.6 x 108 Ilmol-sec at 35· C, which is in good agreement with that 

determined by the temperature-jump technique. From the results listed in Table 1, we can conclude that 

the formation rate of Fe2+(EDTA)(NO) is at least 85 times faster than that ot Fe2+(~O)5(NO); 

whereas, thee dissociation rate . of~ Fet+(EDTA}(NO) is about 250 times slower than that of 

Fe2+(H20)5(NO) at 25· C: 

(2) Reaction 0/ NO with Sulfite and Bi8ulfite 

We have recently studied18 the reactions of NO + 503 2: and NO + HS03- using rapid-mixing 

continuous-flow and stopped-flow techniques in conjunction with UV spectrophotometry for detection of 

the reaction ~s product, N-nitrosohydroxylamine-N~sulfonate (Nli,\S). 

\I 

.. 
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The flows of the reactants were varied to produce a range of reactant concentration ratios and range 

of times between mixing and monitoring. The flow rates ranged from 20 to 500 ml/min. In continuous-

flow experiments, the UV spectrum was recorded over a range of 200 to 400 nm, along with the pH of the 

reacting solution. _ In stopped-floW experiments, the spectrometer was set at a wavelength where NHAS 

absorbs. Wavelengths used for monitoring were in the range of 257 to 295 nm, where no other species in 

.. the solution absorbed. A recording of the absorption was started and then the flow was stopped abruptly. 

•• it 

The record of the absorption vs time was used in rate constant determinations. 

A plot of the log of the rate constant vs pH is shown in Figure 3 along with the log percent of sulfite 

and bisulfite vs pH. From the data we get the rate expression: 

(a) 

We obtain k. = 32 ± 10 ~1 sec-1 and k, = 620 ± 100 ~1 sec- l at 25' C. The curve for this rate 

expression is shown in Figure 3 also. The rate comtant for the reaction with sulfite ion is much larger 

than that obtained by Nunes and Powell,l9 who studied the reaction using a stirred reactor by bubbling 

NO gas into a sulfite solution and obtained an expression: 

_ d[NO] = .l32[NO] + .45[NO][SOl-] 
dt 

(b) 

in M sec-1 at 25 • C and pH 13 to 14. They attribute the first term to the hydration of nitric oxide and 

the second term to the reaction of dissolved nitric oxide with sulfite ion. 

NO (dissolved) - NO(H2O)x 2 

NO(H20)x + 5°3
2- - -ONSO -

3 3 

NO (dissolved) + 5°32- - -ONSO -
3 4 

where NO(H.,O) represents hydrated nitric oxide. The reaction of hydrated nitric oxide with sulfite ion 
~ x 

was assumed to be much faster than the reaction of dissolved nitric oxide with sulfite ion. The -ONS03-

intermediate was believed to react rapidly with a second molecule of nitric oxide to form NlL-\S. They 

made no mention of whether the second nitric oxide needed to be hydrated or not. Presumably, because 
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of the rapidity by which the intermediate reacts with nitric oxide, the nitric oxide could be either in the 

dissolved or hydrated form. If this were not the case, the rate expression would be more complex. 

In our sYstem, the hydrated form oCnitric o;nde is formed prior to mixing,so the sulfite-independent 

term would not be observed and the rate constant we obtain is Cor the reaction of hydrated nitric oxide . . . . ~ 

with sulfite ion~ The rate of the reaction of dissolved nitric oxide with sulfite ion is sufficiently slow that 

it would not contribute significantly to the ~ormation oC NHAS in the time scales in which we observed 

the reaction. In experiments where the original sulfite ion concentration was in excess oC that or nitric 
~ , "t 

oxide, we observed concentrations of NHAsequal to half the original nitric oxide concentration sh~rtly 

alter mixing. This indic.ated that at least halC of the nitric oxide was in the hydrated form., Otherwise, 

the NHAS concentration would be lower because the dissolved nitric· oxide could not generate NHAS 

quickly. Other than measurements such as these, w~ have no indication of what the equilibrium constant 

is for the process: 

NO(dissolved) == NO(hydrated) 

In the analysis oC experimental data. and calculating rate constants, it w~ nece~aryto correct the 
. , 

results Cor the hyclrolysisoC NHAS whose kinetics CoHow. 

(9) HlIdrolll&i& of N-nitr,o&ohlldrozlllamine-N-6ulfonate 

NHAS hydrolyzes, to produce nitrous oxide ~d sulCate: 

- - ° 2-ON(NO)S03 - N2 + S04 5 

The rate. of this hydrolysis was studied by Seel and Winker20 at pH 6.8-7.6 and Ackermann21 

between pH 5.5 and 11. These authorsCound that hydrolysis is catalyzed by acid as well as heavy metal 

Ions. By the addition of EDTA in ,the system it was possible to avoid the catalysis due to heavy metal 

ions. Seel and W-inker have obtained a hydrolysis rate equation: 

\II ~, 
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(e) 

with k6 = 1.1 x 104 sec-I. The rate obtained by Ackermann and Powell without EDTA has a hydrogen 

ion dependence that is less than first order, and can be expressed as: 

where k' 6 = 1.6 x 103 sec-I. The primary effect or trace heavy metal ions appears to be an increase or 

the decomposition rate at neutral and alkaline pH conditions. 

Our kinetic results or the hydrolysis or NHAS between pH 4 and 5.8 were obtained rrom the analysis 

or rapid mixing stopped-flow experiments in the kinetic studies or NO reaction with HSOi. Fig. 4 shows 

the curve or absorption versus time ror a typical stopped-flow experiment at pH 4.6. The flow was 

stopped at 4 seconds on the scale shown in the figure. The absorbance initially rises due to the continued 

reaction or NO with HS03- and S032-. As the reactants are depleted, the hydrolysis or NHAS causes the 

absorbance to decrease. The decaying absorbance curves obtained from these experiments were used to 

determine the hydrolysis rate constant for NHAS as a function of pH. Short intervals of the decay curve 

were used to calculate values or the rate constant. Intervals or the curve taken shortly after the flow was 

stopped yielded values which were low, due to the continuing rormation or NHAS by NO + HS03- and 

S03-. At longer times, the values became consistent when the NHAS rormation reaction no longer 

occurred at a significant rate. These values were averaged to obtain the hydrolysis rate constant. This is 

shown in Figure 5, along with results obtained at higher pH conditions by Ackermann21 and Seel and 

W· kl 20 10 er . 

tt) Reaction 0/ Fcrrou6 Nitr06yl Chclatc6 with SO /-/ HSO 9-

The reaction is known to produce a large number of products12, including N20, N2, hydroxylamine 

disulfonate (HADS), SO /-, S2062-, and Fe3+. Reports of the reaction have indicated that it is compli-

cated. There are contradictions in the literature as to what the reaction products are, as well as the 

kinetic behavior. 
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Sada and co--workers22 studied this reaction using a system where NO gas was continuously flowed 

into a Fe2+(EDTA) + Na2S03 solution." They conclude that the reaction proceeds by S(lV) reacting with 

NO coordinated to the ferrous co~plex to produce N20 and Fe3+. Their basis for this conclusion is the 

appearance of higher concentration of N20 in solutions of Na2S03 ,and Fe2+(~DTA) tlia:D in solutions of . " 

Na2S03 alone when nitric oxide was bubbled through. They attribute NHAS to be the source of N20. 

No ratewas given Cor the reactions of Fe,2+(EDTA)(NO) withei~her SO 3 2- or HSO 3 - ~. 

In our study of the reactionI2, degassed solutions of reagent grade sodium sulfite and/or sodium 

metabi~ulfite were added to the spectrophotometer cell and the cell was evac·uated. The solution contain-

ing the ferrous nitrosyl complex; which was prepared on a ~acul!-m line,' was added and the solutions were 

m1xed ~nd placed in the spectrophotometer for monitoring. The initial disappearance of the ferrous 

nitrosyl chelates could be described as: 

(d) 

'[Fe(II)(NTA)NO] <10-3 Mand 10-2 M < [S(rv)] < 1O-1-M .. For L = EDTA at 25 0 C and pH 4 to 8; 
, 

k" 0-5 , .;1 d' k' ' ... ..-1 -1 F ED· -5 
~ = 5.6 x 1 sec an ~, == 0.175 LV! sec' .. or TA at 55, C and.pH 4 to 8, kd = 9;0 x 10 

~ .!. . , 
sec-

1 ~d k~,= 0.60 M"l sec-I. These~alues for EDTAare valid for 10-4 M < [Fe(II)(EDTA)NO] < 

10-3 MandlO-3 M < [S(IV)] < 10-1 M. 
" 

In order to understand the reaction mechanisms, we have an~yzed reaction products vs reaction 

time; Gaseous productS were analyzed by an Aerograph A700gas chromatograph with a Porapak Q 

column; SF 6 was used over most solutions to allow determination ot N2 generated by the reaction mix

tures. Occasi6nally, gas samples·were withdrawn and.run,on an,A.E.I. MSl2 mass spectrometer to check 

the results obtained by gas chromatography. 

Ferrous i~n concentrations were determined by the 1,10 phenanthroline method. Test solutions were 

acidified to pH - 2.5 to a~oid interference from the ligands used in the reaction mixtures. The N-S com-

pounds in reaction mixtures were determined by a laser Raman spectroscopic and ion chromatographic 

techniques,that have recently been developed in our laboratory and' will be described .iat,er in this paper. 

.. , 
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The following reaction mechanism appear to be able to explain the experimental data we obtained 

at high pH conditions where SOa 2- is the dominant species of S(IV) in solutions. 

Fe2+(L)NO 
k_l 

Fe2+(L) + NO -'" 1 
"" kl 

NO + xH20 - NO(H2O)x 2 

NO(H20)x + SOa 2- - (ONSo
a

)2- a 

NO + SOa2- - (ONSo
a

)2- 4 

NO + (ONS0
3

)2- - -ON(NO)SOa - 6 

-ON(NO)SOa- - N20 + S04
2
- 5 

2Fe2+ + (NO)2S032- - 2Fea+ + N
2

0 + SOa 2- 7 

We did not include a direct reaction between Fe2+(L)NO and SOa2- because it appears that the reactions 

listed account for disappearance of Fe2+(L)NO when mixed with 5°3
2-. 

While there is uncertainty in kl and k_l for Fe2+(NTA)NO and Fe(II)(EDTA)NO, the rate constants 

for reaction (1), Littlejohn and ehang,9 and Teramoto, et al. I7 indicate that kl is on the order of 107 ~I 

sec-I. The equilibrium constants Kef = : 1 are fairly well establishedlO as being about 106 M"1 at 
"" -1 

25· e, indicating that k_l is about 10 sec-I. From this approximate value of k_l and the consumption rate 

equation for NO + S032-, we can calculate a consumption rate for Fe2+(L)NO. However, the calculated 

rate is considerably faster than that of the observed rate. The calculated rate was obtained assuming that 

the nitric oxide release by the ferrous chelate reacts at the rate for hydrated nitric oxide. 

A more likely assumption would be that the nitric oxide is not hydrated until it is released by the 

ferrous chelate. Since the hydration rate is so slowI9 (k - 0.14 at 25' e), the rate of reaction of 

Fe2+(L)NO + 50/- no longer depends on k_ir but on Kef and the hydration rate constant. Using this 

methodology, the calculated rates agree well with the observed rates for both Fe2+(EDTA)NO and 

Fe2+(NTA)NO. For example, with initial concentrations of [Fe2+(NTA)NOj = I x 10-3 M and [S032-] 

= 1 x 10-2 M, the observed rate is 1.3 x 10-6 M sec-I. Using K'f = 2.0 x 106 ~fI, the calculated rate is 
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1.4 x 10-6 M sec·I . The c~culated rate for Fe2+(EDTA}NO is slightly larger, in agr;ementwith what is 

observed. ' 

Measurements of the absorption of nitric oxide by Fe2+(EDTA} solutions done by Teramoto et al. 17 

allowed them to estimate kl to be on the order of 108 ~I sec-l for the EDTA~o~plex. This indicates 

that NO does not need to become hydrated to bind to the ferrous chelate. This explains why Sada et 

aI.22 saw much ~ore N20 from the Fe2+(EDTA) + S032- solutions than from se;lutions of S032- alone. 

In the limited time available to extract NO from a gas bubble, the solutio~ with Fe2+(EDTA) could col

lec,t much more because of the relative rates of Fe2+(EDTA) + NO and S03 2~ + NO (dissolved). This 

led to their erroneous conclusion that the sulfite ion reacted with coordina.ted nitric oxide. 

At lower pH conditions, ~here HS037 is the predominant S(IV) species, somewhat different chemis-

, try occurs in the reaction between Fe2+(L)NO + S(IV). The rate is slower and this can he attributed to 

the slower ,rate of NO + Hs03- relative to NO + S032-. HADS and S2062- are produced in significant 

amounts, although N20 is also ,present. S2062- is produced by the',reaction of Fe2+ witbHS03-. This 

does not occur at high pH conditions where HS03- is not present. 

The procesS by which HADS is prod~ced appears to be ,somewhat more complicated~ At present, the 

most plausibl~ mechanism based on our experimental data-obt~ned so (ar is: 

> Fe2+(L)NO + HSO~· --" Fe2+(L }NOHS03- 8 ...-

2Fe2+(L)NOHS03 - 2Fe2+(L) + HON(S03-)2 + HNO 9 . 
Fe2+(L)NOHS03- + Fe2+(L)NO - 2Fe2+(L) + NOS03- ,+ RNO 10 

HSOa-+ NOS0
3
- - , HON(S03-)2 11 

The last'step of the process is the Same as that proposed3,4 for the preparation of HADS from bisulfite ion 

and nitrous acid. The nitrosyl ion, NO-, could dimerize and decompose to N..,O. More work is required 

to clarify the HADS formation process. 
ii 
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(5) Formation of Nitrogen-Sulfur Oompound6 

Once HADS is Cormed, it can Curther react to Corm other nitrogen-sulCur compounds (Figure 1). 

Chang et al.3 has published an extensive review article on the kinetics and mechanisms oC important reac-

... tions involved. 

.~ 

• 

HADS can hydrolyze to produce hydroxylamine monosulConate (HAMS) and sulCate 

H+ 
HON(S03)22- + H20 ---- HONHS03- + HS04- 12 

The rate and mechanism oC this hydrolysis was perCormed by Naiditchand Yost.23 

HAMS hydrolyzes in acidic solution, but at a much slower rate than that of HADS.23 The hydrolysis 

oC HAMS produces hydroxylamine (HA) and sulCates: 

H+ 
HONHS03- + H20 - NH30H+ + HS04- 13 

HADS and HAMS can undergo sulConation to Corm aminesulConates. 

14 

15 

16 

17 

The rate and mechanisms oC these sui Conation reactions were studied by See I et al. 24 

Sulfonation of HA produces sulCamic acid and ammonium bisulCate. The reaction mechanism 

involves coordination between NH20H and S02 molecules with subsequent rearrangement to yield pro

ducts.25 



_ . -' NH2HS03 + ~O 
H 0""""'" . 

2 ~ -
--"'NH HSO 

4 4 

14 

18 

19 

Fraset26 arid Gomiscek d ai. S studied the kinetics oC this reaction as a Cunction of temperatures and 

obtained rate constants and enthalpy and entropy oC activation. 

AminetrisulConate (ATS) hydrolyzes rapidly to Corm aminedisulConate (ADS) which can undergo \(. 

Curther hydrolysis27 to produce sulfamate. 

.3-
H+ 

NH(S03}2
2
- :- HS04-N(S03)3 + H2O --- 20 

HN(S03)22- + H2O 
H+ 
~ H2NS03- + HS04: 21 

(6) Oz.'dationo/Ferroua Cne/atta to Ferrie Chelatea 

Fhie, gas contains about'S% oxygen. When dissolved, oxygen can oxidize Cerrous ions .. to ferric ions· 

which are inactive for coordination' with NO. The oxidation rate oCferrous ions is accelerated in the-pres-. 

ence oC chelating agen~, EDTA ,and NTA.This acceleration may be ascribed to the stabilization -of the 

oxidized form by the chelation. 
, 

Kurir'nura et al. 28 studied the oxidation oC Fe2+(EDTA) and Fe2+(NTA} by dissolved oxygen in 

aqueous solutions and suggested that the oxidation proceeds through two parallel reaction patbs, ohe of 

which involves the oxidation oC the protonated chelate while the other involves the oxidation oC the nor-

mal chelate. Th . h' d28 29 ~ 11 e reactIon mec amsms suggeste ' are as 0 ows: 

Fe2+(HL) + 02 
k22 

Fe3+(L) + H02-- 22 

Fe2+(L) + 02 
k23 

Fe3+(L) + 02- 23 -
01)- + H+ - H02 24 .. 
Fe(II) + H02 - Fe(lII) + H02- 25 

H0
2
- + 11+ - H202_ 26 

,. 



.. 

Fe(II) + H202 

Fe(II) + OH 

-
-

Fe (III) + 011 + OH 

Fe(III) + 0I1 

27 

28 

15 

In these equations, Fe(ll) and Fe(m) represent the ferrous and ferric ion species respectively. The 

rate equation for the oxidation is: 

(e) 

For EDTA, k22 = 6.8 x 103 and k23 = 2.7 x 102 ~l sec-I; while for NTA, k23 = 80 ~l sec-l at 25 0 c. 

As can be seen from these results, protonated chelates proceed more rapidly than that of the normal 

chelate. 

In addition to the oxidation by 02' Fe2+(L) can be converted to Fe3+(L) in an aqueous system con

taining only Fe2+(L) + NO + S032-. Preliminary results from our laboratory, by mixing Fe2+(NTA} or 

Fe2+(EDTA) with NHAS have shown the formation of Fe3+ and the liberation of N20. The kinetic 

stud:" of this reaction is in progress. 

(7) Reduction 0/ Ferrie CheiatelJ by HSO 9" and Formation 0/ Dithionate 

Fe3+(EDTA} can be reduced by HS03-, while dithionate together with a small amount of SO 4 2" are 

produced.30 It was found that the rate of reduction of Fe3+(EDTA} is first order with respect to HS0
3
" 

and Fe3+(EDTA), and inversely first order with respect to Fe2+(EDTA) concentration. 

(C) 

The rate constant k is 8.8 x 10"6 sec "I at 55 "C. The apparent activation energy was found to be 21.3 

kcal/mol. The following reaction mechanism were suggested: 

Fe3+(EDTA} + HS03-

FeS0
3 

+ 

FeS03 + + H+ + EDTA 

Fe2+ + S03" 

29 

30 
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Fe2+ + EDTA - Fe2+(EDTA) 31 

S03- + H+ - HS0
3
- 32 

HS03 + HS03 - S02-+2H+ 
2 6 33 

IlL AnalytiealTeehniques 

One of the probiems in studying this type 'of procesS to determine an optimuin design and' operating 

condition of scrubbers is the difficulty in quantitatively detecting all important species present under a 

wide range of reaction conditions. Specifically, a large number of N-S compounds can be produced and 

there was no methodology available that can be conveniently employed for the determination of these 

species. 

We have developed a laser Raman spectroscopic31 and ion chromatOgraphic32 techniques that can 

be succesSfully us~d in the determination ofN.S compounds in reaction mixtures. Both techniques require . . 

only a. smallaino~nt of the sample and allow simple, rapid and simultaneous ·determination of these com;,; 
. , 

pounds. Figure 6 shows Raman' spectra of the N-Scompounds along with the sulCate ion referen~e peak 

at 980 cm a 1. The spectra can be quantified by adding a known amount of a reference compound; such . as 

CIO 4-' to the sample and comparing peak heights. The peak heights must be corrected for the relative 

l!ICattering efficiencies of the compounds (Table 2). The majorlioiitation of Ramanspecttometry is lack of 

sensitivity. Samples 'with low conc,entrations (0;001 - 0.01 M)of the compounds of interest require very 

long data 8.cquisition times. Usin'g a Dionex 2010i ion chromatograph equipped with Dionex Aq4 guard 

column, a Dionex AS4 anion .separation column, and a Dionex anion fiber suppressor, we can make deter-

mination of N-S compounds, (Figure 7). For the determination of HAMS and sulfamate; a 1.5 mM bicar-

bonate eluent was used with a Bow rate of 2.0 mL/min at a pressure-of 700-800 psi. For the determina-. 
tion of HADS, ADS, and NHAS, the AG4 column alone was used as the separation column with 12 or 18 " 

mM carbonate eluents.the flow rate was 1.5 mL/minat a pressureo( 200-300 psi. De~ection limits for 

the compounds were obtained where the detection limit was defined as the concentration that generated a 

peak with a height twice that of the background noise. The detection limits obtained are as follows: 

HAMS, 0.5 x 10-6 M; sulfamate, 0.6 x 10-6 M; ADS lAx 10-,6 M; HADS; 7.4 x 10-6 M; and NHAS, 12 x 
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10-6 M. As the retention time of a compound increases, the peak broadens and deceases in height. Thus 

it is advantageous to have as short a retention time as possible within the limitations of obtaining separa-

tion between the peaks of the chromatogram. 

IV.. Future Research Areas 

The improvement over the existing Japanese processes can be made by developing a more efficient 

ferrous chelate such that it can provide better absorption efficiency for NO, faster reaction rates between 

NO and S02' and better stability for the ferrous chelate toward oxidation, compared to Fe2+(EDTA} or 

Fe2+(NTA) employed in Japanese processes. The development of an efficient and cost-effective method 

for the reduction of ferric chelate to ferrous chelate without producing dithionate ions could make the pro-

cess attractive. In addition to these area, the study of several alternative approaches and novel ideas 

could develop into a much more efficient and cost-effective scrubber system employing metal chelate addi-

tives. 

(1) Immobilization of the ferrous chelate onto a solid substrate33. If an efficient immobilized ferrous-ion 

catalyst can be found, it could provide important improvements over the presently available 

Japanese processes. These improvements include simplification in processes design for species 

separation, reduction of water, energy, and catalyst consumption, and reduction of operating costs. 

(2) Investigation of non-ferrous metal chelates that can efficiently absorb NO and provide stability 

toward oxidation. Many cobalt, copper, manganese, molybdenum, nickel, osmium, rhenium, rho-

dium, ruthenium and vanadium chelates have been demonstrated to be able to coordinate NO. 

Their application to flue gas scrubbing systems should be explored. 

(3) Development of metal chelates suitable for employment in a spray drying system34. Spray drying 

systems have been demonstrated to be more cost-effective than wet systems ror control of S02 emis

sions from power plants. The addition of metal chelates to the alkali spray slurries for simultaneous 

control of SO., and NO could be very effective. The Fe2+(EDTA} and Fe2+(NTA} type metal .. x 

chelates are not suitable for use in spray drying systems, however. Because the metal chelates suit-

able ror employment in spray drying systems must be able to absorb or react with NO irreversible at 



18 

the scrubbing conditions. As the droplet p88Ses through thefiuegas, it will heat up. This has the 

effect of reducing the liquid volume through evaporation and changing the kinetics due to the tern· ' 

pera.ture dependence of the rate constants and equilibrium constants. The increase in temperature 

will also reduce the solubility of NOx and 502' II the droplet loses all, its water by evaporation, the 

NO ~ttached to Fe2+(EDTA} or Fe2+(NTA} type ferrous chelates will dissociate and return to the 

gas phase. From the kinetic information presented in this paper, one can calculate35 that only a. 

sm~l fraction of absorbed NO will be reacted by dissolved;S02.during about 10 sec residence time 

of the droplet in spray drying chamber. A cost.effective method for the recovery of metalchelates 

must be available for the procesS to be attracti~e. 
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Table 1 

XlDeUc and Thermodynamic Data for RegersibJe NO CoordinatiOQ Lo Ferrous Chelates 

Ferrous Chelat.es 1£1' mol/eL"s) k_l" I 
-1 K.L/mol at. 29B K ~H·. kcal/mol ~SO. eu 

Fe2+ (H2O}5(NO) (7.1::; 1.0) )( 105 (1.5 ::; 0.8) )( 103 (4.7 = 2.0) )( 102 a 

Fe2+ (acac)2(NO) (4.0 = 3.0) )( 102 24=2 17 = 14c 

Fe2+(oxal)(NO} "'1.0)( 105 

Fe2+ (cit.)(NO) 4.9)( 104 ..a. 8 -7.4 

Fe2+ (cit.)(OH-)(NO) 2.1)( 105 -3.7 12.0 

Fe2+ (cit.){lDA}(NO) a 3.3)( 105 

Fe2+ (IDA}(NO) 2.1 )( 105 -9.1 -6.3 , 

ChelexlOO{Fe2+){NO) 1.8)( 104 -7.3 -5.1 

Fe2+(NTA)(NO} a 7)( 107 a35 2.14)( 108 b -11.94b -11.0b 

Fe2+(EDTA}(NO) 28)( 107 28 1.15)( 107 c -15.Bc -20.7c 

Example: For P HO == 1000 ppm, [Fe2+(NTA)]o == 0.1 M, iJ == 0.1 M, and T = 50 C 

[Fe2+(NTA)NO] == 0.036 M 

[Fe2+(NTA)NO] / [NO].i~' "~'Me = 30,000 



Table 2. Raman Shifts and Relative ~1olar Intensities of Some Species Involved 
in Flue Gas Scrubbers 

Species 

HSO = 
4 

52°5-

HADS' 

HA (pH ~ 7) . 
HA (pH ~ 9) 

ATS 

ADS 

~A (,pH ~ 1) 

SA (pH~.l 3) 

I 
I 

I 
I 

818 

1240 

1331 

1050' 

692b 

Il15b 

1383b 

1285 

967 

1023 

~ 455' 

981 

1055 

1050 

."-' 700 

1084 

'" 420 , 

'" 760 
1058 

1004 

918 

1097 

1084 

1063 

1049-

a .' ,. -1 
, 504 • 98l,cm 1in~ ·'1.000 

Relative molar 1ntensitya 

0.053 

~ 0.025 

0.125 . 

0.95 

weakb , 

we,akb , 

strongb 

'" 0.18 
0.12 

0.10 

"'0.07 

LOO 

'" 009 

0.05 

'\i 0.20 

1,.4,.) 

'" 0 .1.3 

,'\i0.08 

0.48 

'0.21 

0~09 

0.10 

0.056 
c 

0.41 

b Rauch, J.E.; Decius, J.e., Spectrochim. Acta 1966,22,1963. 

eNo value obtained. 
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Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig. 4. 

Fig. 5. 

Fig. 6. 

Fig. 7. 
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Figure Captions 

A summary of reactions that can take place as a result of interactions between nitrite and 

bisulfite ions. 

A schematic of a temperature-jump apparatus. 

A plot of the log of the rate constant vs pH for the reaction between NO and HS03-/S03-. 

A UV absorption at 280 nm versus time for the reaction between NO and HS03-/SO/- in a 

typical stopped-flow experiment at pH 4.6. 

The pH dependence of the NHAS hydrolysis rate. 

Raman shifts obtained for some nitrogen-sulfur compounds. A sulfate ion peak at 980 cm-1 is 

used as a reference. 

Ion chromatogram of some nitrogen-sulfur compounds. 
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HsoiHsoi HSO· 
HNO Z • ., H0't:SNO .; .. ;::::==~. (HO,S) 2NOH...; .. ;:==::3~"(HOS) N 

Ni~Tous acid Nitros~sulfonic Hydroxylamine' Amine t~isalfonic 
acid disulronic acid acid 

HNV lB+ tH+ !H+ 
NO • HSO; ~SO; HSO; . HSO~ 

+ . + 
HNO Z HSO; 

H N ° _ .. t--=--- (HO S) NHOH __ ..:.....o .. ~ NH (HSO ) 
HYPo~i~r~us Hydr~xylamine Amin~ Z 

+ 

HNO
Z 

/ ..... aC!id monosulfonic .acid . disulfonic acid 

/'.... + I H+ IH~ 
NZ + HN0 3 + HZO .. NzOH Hst~ -Hst-

4·' . ,4 
.+ +: SO 

NH OH' . • .Z~ (NH ) (HSO ) 
Hydro·~yl~mine. SUlfamic ~cid 

·~~2· 
+ - • NH + HS04 NZ + HS04 

,! 

Figure 1 



')- 4: 

Tungsten 
Light 

Stabilized DC 
Power Supply 

Temperature Jump Apparatus 

tv10 h 

Temperature 
Jump 
C 

PMT 
Power Supply 

Rv1T 

0 SP~GOP T Trigger Pr~-. Oscilloscop I I · I I amplifier 
High Voltage 
Power Supply 

High 
Voltage 

Capo citor 

e 

XBL819- 6549 

Figure 2 ~ 
CI'I 



~(NHAS) . = ko(NO) (HSO;lt kb(NO) (SO;> dt 

3 
_------- 298 K 

t •.••••••••••••••••••••• 284K • 0001000.. • 

0" _ . . . . 

26- - -,----- - - - - ---../[ ~ ,/ ...... ",,_--- - ~g pe;c~~t-of Sit~; SO~ 
'. '. '.... ., 

.0" ~ ,....;:.., 
log k 

(M-1sec-l) 

o 

.. " '" ,~, .' '" ", .. ~ '", 
~ /' , 

•• e , 

.0' " .' •• ".0./ '\.. lI' _ 
." ....... ' 1','\ log percent of S . as HS0

3 ' , , , 
/ '~ " , / ~ 

/ '\ , , , , , , 
-I' " I. l------~~'----~L---~~~--~~:---~~~----~~~--~I~·------7 

3 4 5 6 7 8 9 10 II 
-pH 

X8L8~3-5938 

Figure 3 

" 
, ,. 

N 
c:n 



-E 
c: 
o 
CX) 
(\J -

2.0 

pH 4.6 

2 4 

27 

6 8 10 12 
Time (seconds) 

XBl 859-3780 

Figure 4 



';'2 
10 

khyd 
(sec-I) 

104 

" 

28 

pH 

X B ll5 1-6394 

Figure 5 



-'" .. ... 
~ ... 
II: 
C 
II: .. ... 
c: 
II: 
C .... 
r: -II: Z 
&0.: .. 
2' ... 

MAns 

IW1S 

HA 

ATS 

~~~~,~~._,'~ 
, , , . ' , ' , , , . 

SA 

, . 
1300 1200 

, . , 

I 
1100 

I 
1000 

RAMAN SHI" (C}o!-l) 

Figure 6 

I 
900 800 

XBL B28-10802 

29 



-CIt ---c: 
~ 

>
~ 

a ... -., 
0 .... 

D ... 
oS 

o 

30 

18 mM CO; eluent 

HN(SO;'2 

. -
~ONHso3 

6 "12' 18 
Time ,After Injection (minutes) 

~, 

Figure 7 



This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 



~-.... 

LA WRENCE BERKELEY LABORA TOR Y 

TECHNICAL INFORMATION DEPARTMENT 
UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

--




