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Abstract 

Employment of ferrous cysteine additives creates different and simpler scrubber chemistry, compared 

to Japanese processes using ferrous chelates such as Fe2+(EDTA). Instead of being mainly converted to 

nitrous oxide, nitric oxide in flue gas can be concentrated and/or reduced to nitrogen gas, and production 

of dithionate ions and nitrogen-sulfur compounds in scrubbing systems can be suppressed or avoided. 

Fixation of nitric oxide can take place by rapid reaction with ferrous cysteine to form solid 

cystinatodinitrosyl iron (II) which can release NO upon heating. Cysteine can rapidly reduce ferric to 

ferrous ions while itself is oxidized to form cystine. The latter can be reduced back to cysteine by S02' 

t On leave rrom Chemical Engineering Department. Chengdu University or Science and Technology, Chengdu, Sichuan, Peoples 
Rp.public or China 
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I. Introduction 

Japanese have developed a few flue gas simultaneous desulfurization and denitrification processes in 

the 1970s, and have shown that these wet processes are very efficient in S02 and NOx removal (more than 

85% for NO
x 

and 95% for S02). However, these wet processes have not reached the commercial stage yet 

b h . . . 11 d· 1 . 1 2 ecause t ey are uncompetltlve economIc a y, accor mg to cost eva uatlOns. ' 

The most promising type of wet process developed so far is based on the addition of ferrous chelates 

In scrubbing liquors to enhance the absorption of NO by forming nitrosyl ferrous chelates in aqueous 

solutions. The nitrosyl ferrous chelates can then react1,3 with dissolved S02 and 02 to produce N2, N20, 

dithionate, sulfate and various N-S compounds 4,6 using the type of chelates patented by the Japanese such 

as EDTA and NTA, while some ferrous chelates are oxidized by residual 02 in flue gas and by 

intermediates produced in the system to ferric chelates, which are inactive. Therefore, this type of process 

requires regeneration of scrubbing liquors by removing dithionate, sulfate, and N-S compounds from the 

solutions and reduction of ferric chelates back to ferrous chelates. 

? 
The regeneration of scrubbing liquors and ferrous chelates associated with Japanese's processes~ are 

very costly. For example, in the Asahi process, scrubbing liquors are pumped to an evaporators in the 

regeneration system. 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 250 °F_ 

300 OF in which the hydrated crystals are converted to anhydrous sodium salts. Most of the mother liquors 

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 converted to relatively insoluble potassium salts 

by reaction with potassium sulfate. The potassium salts of N-S compounds are separated in a screw 

decanter and sent to a thermal cracker for the decomposition at about 930 of. 

The high capital investment cost of 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, fuel oil, steam and chemicals such as soda ash, EDTA and limestone. 



2 

The requirement for consumption of large amount of utilities is associated with the operation principle and 

design of the Asahi process. 

We have recently developed new additives for combined removal of S02 and NO from flue gas. 7,8 x 

The new additives include ferrous cysteine, alkalis, and borate. Employment of these new additives 

creates different and simpler scrubber chemistry compared to Japanese processes using ferrous chelates 

such as Fe2+(EDTA). The production of dithionate and nitrogen-sulfur compounds can be suppressed or 

avoided by using these new additives. Ferric ions formed can be reduced by cysteine back to ferrous ions. 

This paper addresses the chemistry involving ferrous cysteine, NO, S02' and 02 that applies to a wet as 

well as spray drying flue gas clean up sustems. 

ll. Experimental Section 

The reaction of ferrous cysteine with NO can behave differently depending on the molar ratio of 

cysteine to ferrous ion, ney.teille/nFe2i", and the pH of the solutions. We have performed experiments to 

determine the absorption capacity of NO in aqueous solutionscontainitl.g ferrous cysteine complexes at 

various neysteille/nFe'l+' pHs and 55'C using a bench-scale gas scrubber. Also, we have characterized the 

precipitates produced from reactions by means of an infrared spectroscopy and elemental analysis, and 

gaseous products by a mass spectrometery. Oxygen in flue gas can oxidize cysteine to cystine. This 

oxidation is catalyzed by ferrous ions. The effect of oxygen to the absorption of NO in ferrous cysteine 

solutions was also studied with the gas scrubber. S02 in flue gas can reduce cysteine to cystine. The 

reaction of S02 with cystine in solutions was characterized by laser Raman spectroscopy. 

A general experimental procedure is outlined below for the case where ncy.&eine/nFe2i" in the reaction 

mixture is -1 and the reaction temperature is 55 ·C. In 200 ml distilled water were dissolved 6.866 gm (9 x .. 

reagent). The _pH of the solution was adjusted to the desired value by addition of NaOH or H2S04, The 

solution was transfered to a, reaction column (50 mm ID x 210 mm; pyrex) and then purged with N2 to 
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then added and the solution was again purged with N2. The NO obtained from Matheson Co. was a 

mixture of 2.55% NO in N2 with N02 impurity of less than 255 ppm; this NO was further diluted by 

adding N2 to between 650 and 1,000 ppm. The experiments were carried out by bubbling a mixture of NO 

and N2 of known NO concentration through a NaOH solution to absorb N02 impurity in gas. This N02-

free mixture on NO and N2 gas was then bubbled through the ferrous cysteine solution, and the NO 

concentration in the outlet gas was measured with a Thermoelectron Model 14A chemiluminescent NO
x 

analyzer. The gas flow rates were 630-800 mL/min. NO absorption was carried out until the NO 

concentration in the outlet gas became equal to that in the inlet gas, i.e., until saturation was reached. 

The resulting solutions were filtered in the absence of oxygen and the precipitates collected were dried in a 

vacuum dessicator. The precipitates were analyzed by infrared spectroscopy and elemental analysis. 

Gaseous products were obtained when the reactions of NO with ferrous cysteine were carried out in a 

batch system at 25·C using a vacuum line setup. 50 ml distilled water was placed in a 100 ml round 

bottom fl~k and 0.702 gm (8 x.1O-2 M) cysteine and 3.433 gm (0.18 M) Na2B40 7.10H20 (as buffer) were 

added. The pH of the solution was adjusted to the desired value by addition of NaOH or H2S04, The 

flask containing the reaction mixture was evacuated and then filled with argon gas. 0.392 gm (2 x 10-2 M) 

Fe(NH4)2(S04)2.6H20 was added and the solution was again degassed. Pure NO (triple-distilled) was 

then expanded into the round bottom flask to about 760 mm Hg. The solution was stirred until the 

pressure over solutions was stable, and gas sample above the solution was allowed to expand into a 

previously evacuated flask for mass spectral analysis. The solution was then filtered, and the solid 

preciptates collected were dried and subjected to infrared studies and elemental analysis. 

III. Results and Discussions 

Figure 1 shows the effect of pH on the absorption of NO when the reaction temperature is 55·C and 

ncysteine/n~: is 4. The amount of NO absorbed per mole of Fe2+, nNO/n~:, and per mole of cysteine, 

nNO/ncysteine, increases from 0.5 to 2.7 and 0.12 to 0.70 respectively, as the pH of the solution increases 

from 6 to 8. nNO/n~: and nNO/ncysteine remain unchanged between pH 8 and 10. The effects of ncysteine/n~: 
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on nNo/nit and nNO/neyaleine at pH 7 and 8, and 55 'C are shown in Figure 2. nNO/ney!\eine decreases 

steadily from 0.57 to 0.24 as neysteine/nit increases from 2 to 6 at pH 7. When pH is at 8, nNO/neystoine 

increases from 0.39 to 0.7 as neysteine/nit increases from 2 to 4 and then gradually decreases to 0.64 at 

ncysteine/nft of 6. This same behavior was observed for nNo/nit in solutions at pH 7. nNo/nit reaches the 

maximum value of 1.5 at ncysteine/nit of 4 and decreases slightly with increasing ncysteine/nit ratio. 

However, at pH 8, nNo/nit increases monotonously from 0.78 to 3.82 as neysteine/nit increases from 2 to 6. 

Varying the pH of the solution and the ratio of cysteine to Fe2+ not only affects the amount of NO 

absorbed but also changes the nature of the reaction products. Figure 3 shows the IR spectra of the 

precipitates obtained from the reaction of Fe2+ + 4 cysteine with NO at 55 'C and different pH's. Also 

shown in Figure 3 are the IR spectra of solid cysteine and cystine for comparison. It is obvious from these 

IR results that the nature of the solid is very different when the pH of solutions is changed from 7 to 10. 

The IR spectrum of precipitates at pH 7 shows several bands at 350(sh), 515(m), 920(w), 990(w), 1140(sh), 

1255(m), 1265(m), 1310(m), 1430(m), and 1775(s) em-I, in addition to all the bands of cystine. The band 

~1 
at 1775 em can be attrlJuted to the M-NO stretching LIM-NO' The relative intensity of this band 

decreases for solid precipitates obtained at pH 7.5, where the only other bands observed are those of 

cystine. The m spectrum of solids at pH 8 shows different features than those at pH 7 and 7.5. The 17i5 

cm- 1 LIM-NO band disappears, neither does those bands due to cystine as observed in solids obtained at pH 

7 and 7.5. However, the absence of the cystine bending bands 5s-NH3 + (1490 em-I), 03l-NH3 + (1580 and 

1620 em-I), and the stretching band LI-NH
3 
+ (3030 em-I); and the presence of LI,-NH

2 
(3280 em-I), Ll

3I
-

~1I2 (3350 and 3370 cm -1) indicate the bonding of the cystine amino group to the ferrous ion. The m 

spectrum of solids at pH 10 resembles that of Fe(OH)2 and/or Fe(OH)3' The complete assignments of IR 

bands are in progress. The IR results are in good agreement with results of elemental analysis. Table 1 

shows the nNo/nit and nCysteine/nit, obtained from elemental analysis, in the precipitates of reactions at 

pH 7 and 8 and 55 ·C. The solids at pH 7 contain two moles of NO per each mole of Fe2+ found (Table 

2), whereas, the solids at pH 8 does not contain NO at all. The solids obtained from reactions at pH 10 

and 55' C contain only iron, but neither cysteine nor NO. 

.. 
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The influence of nCysteine/nit on the nature of precipitates produced were studied. Figure 4 is the IR 

spectra of solids obtained at pH 7 and 55 'C. A strong band at 1775 cm -1 was observed for all ratio of 

ncysteine/nit. Additional bands at 515, 990, 1255, 1265, 1310, and 1430 cm- 1 appear for solids obtained 

when the ratio of ncysteine/nft are more than 3. Figure 5 shows IR spectra of the precipitates collected 

from the reaction at pH 8 and 55 'C. There is no NO complex in the reaction products as evident from the 

absence of a band at 1775 cm -1. Notice the increase in the Intensity of the bands at 550, 849, 1125, 1300, 

1340 cm-1, as the nCysteine/n~f increases from 2 to 6. Additional bands at 775 and 1470 cm- 1 were observed 

for solids obtained when the ratio of ncysteine/nit were 4, 5 and 6; and two more bands at 455 and 870 cm-1 

when the ratio is 5 and 6; 

When the solid sample containing M-NO was subjected to heating r 155 'C) or vacuum (::; 10-2 

torr), NO would be released. Figure 6 shows the IR spectra of solids after heating at 155 'C for 2 and 7 

hours. Part of the NO was released after heating the solid sample for 2 hrs, and all the NO had 

disappeared after heating for 7 hrs. Analysis of the gaseous species evolved after heating showed mostly 

NO with a trace of N')O. This again confirms that absorbed NO is present in the solid precipitates. . - . 
The analyses of gaseous products, from the reaction of ferrous cysteine with NO, by mass· 

spectrometry indicate that at pH 10, all the NO absorbed is reduced by the ferrous cysteine in solutions to 

yield a mixture of N2 (78.5%) and N20 (21.5%). At pH 8, 46.5% of the absorbed NO is converted to a 

mixture of N') (54.0%) and N,)O (46.0%), while the rest remained in the solutions (none in preciptates as -.. . 

can he seen in Table 1). At pH 7,45.7% of the absorbed NO is reduced to a mixture of N') (46.7%) and 
-, -

N20 (50.3%). The rest of the absorbed NO presumably ends up in the precipitates (Figure 4 and Tables 1 

and 2) and possibly some remaining in liquid solutions. 

The reactions of NO with ferrous cysteine in solutions behave differently depending on the 

concentration of reactants and pH of the solutions. The reactions involved have not been well 

characterized, however, the following reaction sequences appear to take place. 

Fe2+ +CyS~ Fe(CySlz +NO , Fe(CySSCy)(N0lzL 
-N2j-NzOj 



-NOj, Fe(CySSCy) +CyS-, Fe(CyS)2 + CySSCy 
~ 

Where CyS and CySSCy are cysteine and cystine respectively. 
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Oxygen, in the amount of about 5% in flue gas, can dissolve in ferrous cysteine solutions and oxidize 

the ferrous ion to ferric ion and thus decrease NO absorption efficiency. An experiment was carried out by 

bubbling a. mixture of gases containing 800 ppm NO and 5% 02 with the remaining N2 into a 10-2 M 

ferrous cysteine solutions (m'olar ratio of cysteine to ferrous ion was 1). The result shows a substaintial 

92.8% reduction in NO absorption, compared to the case where there was no oxygen in flue gas (Table 3). 

A spearate run was conducted for solutions containing Fe2+(EDTA) under similar conditions to those used 

for Fe2+( cysteine). The results indicated a 90% reduction in NO absorption with the presence of .5% 02' 

The absorption capacity of NO in Fe2+( cysteine) solutions is almost twice as much as that in 

Fe2+(EDTA) solutions without the presence of 02 and about 30% more efficient with 5% of 02 under 

experimental conditions employed (Table 3). 

Once ferrous ion is oxidized to ferric ion by 02' cysteine ~"!Ul rapidly reduce ferric back to ferrous ion 

while itself is oxidized to cystine. Reactions of 02 with ferrous cysteine in solutions can be represented by 

CyS~ Fe(CyS)2 + CySSCy 

Sulfite and bisulfite Ions do not appear to react with coordinated NO in ferrous nitrosyl cysteine 

complexes, however, they do react with cystine to form cysteine and thiocysteine as shown in Figure 7. 

The Raman shifts at 934, 961, and 1023/1055 cm-1 correspond to CIO 4-' S032-, and HS03- respectively, 

where CI04- was used as a reference compound. A new Raman peak at 1021 cm- 1 appears after mixing 

the S03 2-/H~03 - with cystine/CIO -1- solutions. The 1021 cm -1 peak corresponds to thiocysteine. The 

Raman shifts for cysteine and cystine are too weak to be detected at the concentrations employed. The 

equilibrium constants of the reactions have been determined at variou~ pHs. 4 
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Thiocysteine can undergo hydrolysis to produce cysteine and sulfate. The hydrolysis rate is acid 

catalyzed and is very slow unless at very low pH conditions. Reactions of S02 with cystine in solutions 

can be shown as follows: 

IV. Conclusion 

The cysteine can bind to ferrous ion to form ferrous cysteine which can efficiently bind and react 

with NO to form cystinatodinitrosyl iron(II) Fe(CySSCy)(NO)2. When ferrous ion is oxidized to ferric ion 

by residual oxygen in flue gas, cysteine can reduce ferric back to ferrous ion very quickly, while, cysteine is 

reduced to cystine, which is a dimer of cysteine. Both cystine and cystinatodinitrosyl iron(II) are not very 

soluble in neutral aqueous solutions, and will precipitate. Cystinatodinitrosyl iron(II) can undergo 

thermodecomposition at relatively low temperature (T - 150 ·C) to produce ferrous cystine and release 

NO. The concentrated NO gas can be recycled into the boiler or used for HN03 manufacturing: The 

ferrous salts can be recycled. The cystine can dissolve in basic solutions and be reduced to cysteine for 

recycle by either chemical or electrochemical reduction methods, which are commercial available 

techniques. Also, the cystine can be reduced by absorbed S02 (sulfite/bisulfite) to produce cysteine and 

cysteinesulfonate which undergoes acid catalyzed hydrolysis to form cysteine and sulfate. 

In the Japanese processes, dithionate ion is produced as a result of the reduction of ferric IOn by 

bisulfite, and N-S compounds are produced as a result of reaction between Fe2+(EDTA)NO and 

bisulfite/sulfite. In processes using ferrous cysteine additives, ferric ion can be reduced by cysteine rapidly, 

therefore, minimizing the possibility for ferric ion to interact with bisulfite, the dithionate formation can 

be minimized or eliminated as a result. Also, the coordinated NO in cystinatodinitrosyl iron(II) does not 

appear to react with dissolved S02 to produce N-S compounds. 

Spray drying systems have been demonstrated to be more cost-effective than wet systems for control 

of S02 emissions from power plants. The addition of metal chelates to the alkali spray slurries for 

simulatneous control of S02 and NO could be very effective. The Fe2+(EDTA) and Fe2+(NTA) type _ x 
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metal chelates are not suitable for use in spray drying systems, however, because the metal chelates 

suitable for employment in spray drying systems must be able to absorb or react with NO irreversibly 

under the scrubbing conditions. As the droplet passes through the flue gas, it will heat up,. This has the 

effect of reducing the liquid volume through evaporation and changing the kinetics due to the temperature 

dependence of the rate constants and equilibrium constants. If the droplet loses all its water by 

evaporation, the NO attached to Fe2+(EDTA) or Fe2+(NTA) type ferrous chelates will dissociate and 

return to the gas phase. From the kinetic information, one can calculate that only a small fraction of 

absorbed NO will react with dissolved 502 during less than 10 sec residence time of the droplet in spray 

drying chamber. 

Unlike Fe2+(EDTA) and Fe2+(NTA), absorption of NO to ferrous cysteine is not reversible and 

undergoes a chemical change to produce cystinatodinitrosyl iron(II). This product is stable in solid form 

and would not release NO even at NO-free atmosphere unless heat or evacuation is applied. The reaction 

rate of NO with ferrous cysteine has not been measured, indications from absorption experiments are that 

it is probably as fast as that of NO with Fe2+(EDTA), i.e., ~ 108 Nfl sec -1. Therefore ferrou; cysteine 

appears to possess the right property for use with alkali such as lime/limestone or trona/NaOH in spray 

drying systems for combined removal of NO and SO" from flue gas. A cost-effective method for x _ 

regeneration of cysteine from cystine is also available.9 
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Table 1 

The Chemical Composition of Precipitates from Reactions of Ferrous 
Cysteine with NO at pH 7 and 8, and 55 • C 

/ Z+ nc),ueiDe nFo 2 3 4 5 (3 

nNO 
1.95 1.g 2.2 2.1 1.92 --

n 2+ Fe 
pH 7 

neysteine 3.0 2.0 2.0 4.3 2.0 
n 2+ Fe 

DNO 
0 0 0 0 0 --

n 2+ Fe 
pH 8 

Deysteine 1.73 2.07 2.14 2.83 3.42 
n 2+ Fe 
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Table 2 

The Elemental Analyses of Precipitates from 
Reactions of Ferrous Cysteine with NO at pH 7 and 55 • C 

nCYOltine/ nFe2+ C H N S Fe Empirical Formula 
(%) (%) (%) (%) (%) 

2 20.27 3.80 11.90 16.69 9.59 Fe(C3H7NS)3(NO)2 

3 19.66 3.40 14.85 17.73 14.70 Fe(C3H6NS)2(NO)2 

4 20.88 3.60 14.83 17.82 13.10 Fe(C3H6NS)2(NO)2 

5 24.26 4.18 13.48 20.56 8.65 Fe(C3H7NS)4(NO)2 

6 19.67 3.58 14.15 17.10 14.12 Fe(C2H7NS)2(NO)2 
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Table 3 

Comparison of NO absorption Capacity in Aqueous 

Solutions Containing Fe2+ (cysteine) and Fe2+ (EDTA) 

(Fe2+ = cysteine = EDTA = 10-2 M, 
PNO = 800 ppm, pH =- 7 and at 55 ·C) 

Metal Complexes °2 NO absorbed (N1) 

0 -3 

Fe2+ (cysteine) 
9.0 x 10 

5% -4 5.5 x 10 

Fe2+ (EDTA) 
0 5.0 x 10-3 

5% -4 5.1 x 10 



Figure 1. 

Figure 2. 

Figure 3. 

Figure 4. 

Figure 5. 

Figure 6. 

Figure 7. 
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Figure Captions 

The effect of pH on the absorption of NO in aqueous solutions containing ferrous cysteine, 

with molar ratio of cysteine to ferrous ion of 4 and at 55 'C. 

The effect of molar ratio of cysteine to ferrous ion on the absorption of NO in solutions at 

pH 7 and 8, ahd 55'. 

Infrared spectra of cysteine, cystine, and solid products of reaction Fe2+ + 4 cysteine + NO 

at different pHs and 55 'C. 

Infrared spectra of solid products from reactions of NO with ferrous cysteine, at various 

molar ratios of cysteine to ferrous ion and at pH 7 and 55 'C. 

Infrared spectra of solid products from reaction of NO with ferrous cysteine, at various 

molar ratios of cysteine to ferrous ion and at pH 8 and 55 'C. 

Infrared spectra showing the thermal stability (at 155 'C) of solid products obtained from 

reaction Fe2+ + 4 cysteine + NO at pH 7 and 55 'C. 

t) 

Raman spectra of a mixture of a mixture of (A) HS03-jS03 M

- at pH 7; (B) cystinejCI04-; 



14 

3.0 

2.0 

1.0 

nNQ/nCysteine 

0~-1:=----~7~-----i8------~9------fc)--
6 pH 

X at. 863-7581 

Fig. 1 



4.0---------------------------------------

3.0 

2.0 

1.0 

nNoftlcysteine, pH = 7 

0~~2------~3~----~4------~5------~6--~ 

ncysteine /n Fe2+ 
X8L863-7S82 

Fig. 2 

15 



i 

IJ.J 
U 
Z 
<[ 
co 
a:: 
o 
(/) 
CD 
<[ 

16 

Cysteine 

Cystine 

pH=8 

4000 3000 2000 1500 1000 500 
WAVENUM 8ER (em-I) 

XBL 863-7583 

Fig. 3 



• 

w 
u 
Z 
<f 
CD 
a: 
o 
en 
CD 
<f 

17 

pH = 7 

4000 3000 2000 1500 1000 50 a 
WAVENUMBER (em-I) 

XBL 86~-7584 

Fig. 4 



w u z 
<: 
CD 
a:: 
o 
~ 
<: 

18 

,. 

pH: 8 

. ncyste ine In Fe2+ 

4000 3C()Q 2000 1500 1000 500 
WAVENUMBER (em-I) 

X 8l.1t63-~8~ 

Fig. 5 



• 

IJ.J 
(,) 
Z 
<t 
(D 

a:: 
o 
en 
(D 

<t 

NO 
HEATING 

I I I , I 

4000 3000 2000 1500 1000 500 

WAVENUMBER (em-I) 

XBL 863-7586 

Fig. 6 

19 



4---~----+----+--~~--~--~--~~--~~~----~~ 
• c c • -

c c 
• c c 

01 

c c 
1---~----+----+~~~--~--~----~~~--~----+C 

• c 

~ 
C 

e -

c c • 
c 

~ 
c 

• c 

20 

.r-""\ -J 
E 
U 

"'--' 

+' 
4-

....c: 
IJl ..... 

c: OJ) 
OM 

to ~ 

E 
to 

a::::: 



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 

) __ ...4., 


