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SIMULTANEOUS SO,/ NO, REMOVAL TESTING AND
TOXICS CHARACTERIZATION

This report describes the work completed in the first phase of the Simultaneous SO, / NOx«
Removal Testing and Toxics Characterization test program. Tasks covered in this report

as specified in the Statement of Work included:

Task 1.2.0  Equipment Modification and Reagents Procurement
Task 1.3.0  Testing at the 5 kW Scale

Task 1.3.1 Temperature Enhanced Fe(IfI)EDTA Reduction
Task 1.3.2  Electrolytic Cell Fe(III)EDTA Reduction

Task 1.3.3  Chemical Regeneration Agents Testing

Task 1.3.4 Combination of Strategies

Task 1.4.0  Data Analysis and Phase I Report

Proposed in Task 1.3.4 are combinations of regeneration methods (based on data
generated in Tasks 1.3.1 to 1.3.3) that gave the best results at the lowest possible cost.
The Test Plan approval (Task 1.1.0) was previously submitted under separate cover. The

proposed project timeline for potential Phase II operations is shown in Figure 1.
L OBJECTIVES OF PHASE 1

The Clean Air Act Amendments (CAAA) introduced in 1990 require more stringent
control on SO, and NO; emissions from coal-fired electric generating units in the US.
Sixteen percent of the units effected by the Clean Air Act are located in Ohio where their
primary source of coal is in-state. Replacement of this high sulfur coal with out-of-state
low sulfur coal to lower SO, emissions will result in a continued decline in Ohio coal
production. To maintain high coal production in the state of Ohio, it is therefore
important to develop near term post combustion technologies which achieve strict
emission reductions on SO, and NO,. The ThioNO, process, using Dravo Lime

Company’s Thiosorbic lime, was developed to simultaneously remove SO, and NO,. This '
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technology could be readily incorporated into new or retrofit flue gas desulfurization
(FGD) systems and is especially suitable for boilers burning high-sulfur Ohio coals. The
ThioNOx technology integrates the SO, / NOx removal process which may be more cost-

effective than a combination of control schemes.

The overall project objective is to achieve commercialization of the ThioNOy process. In
order for this technology to develop commercially, certain goals must be met. The
percentage removal of SO, should exceed 99% and NO, removal should exceed 60%. In
addition, retrofit costs to existing wet scrubbing FGD systems using this proposed
technology should be less than that associated with currently available NOy removal
technologies. Other goals which must be met but can not be adequately achieved by S kW
testing include removal of air toxics utilizing the condensing heat exchanger, establishing
that current stabilization techniques can be used to safely dispose of the by-products, and
showing that the disposal cost for these materials is less than the current cost involved in
disposal of by-products from wet FGD systems. These concepts will be tested at Miami
Fort pilot plant once a ferrous ion regeneration method for NO, removal has been deemed

successful by meeting the operating objectives at the 5 kW level.

There are several unresolved technical issues which must be addressed during the 5 kW

and Miami Fort pilot plant test program.

o The regeneration of ferrous ion must be lower in cost than competitive SO, / NOx

removal technologies.

¢ In previous Miami Fort pilot plant testing conducted in 1991, DOE Contract No: DE-
AC22-90PC90362, sodium based regeneration agents have been used which allow
high concentrations of sulfite / bisulfite ions to accumulate in the liquor. Additional

sodium ions can contaminate the leachate from the landfill, increasing costs associated

with disposal. Therefore avoiding the introduction of sodium ions into the process




chemistry will have to be evaluated as to its impact on SO, removal and solids

dewatering.

e Air toxics emission data from FGD systems needs to be collected to determine if

further abatement measures would be necessary when pending regulations are issued.

It was the goal during Phase 1 to examine different methods of ferrous ion regeneration to
determine the most effective method for NO, removal. For the ThioNOx process, the
ferrous ion concentration determines the NOx removal. It was also important that the
regeneration method not adversely affect the system chemistry. Tests which satisfy these
criteria were subjected to a detailed economic analysis for cost comparison with
competitive SO, / NO, removal technologies. The specific objectives of Phase I are given

below.

a. ThioNOj tests will be conducted at various conditions without application of a
regeneration method. This will establish the baseline ferrous ion concentration and
NO4 removal. This will allow the effect of flue gas oxygen concentration and
absorber packing on SO, and NO, removal to be observed. Any NOy removal
above that observed for the baseline tests when carrying out different regeneration

methods will be due strictly to the regeneration method used.

b. A series of regeneration agents will be examined for their ability to maintain a high
concentration of ferrous ion and associated NO, removal. The chemical agents
selected are listed below:

e iron
e iron using a digestion tank
e zinc

e aluminum

¢ hydroxylamine




e hydrazine hydrate

e hydrazine sulfate

¢ sodium sulfide hydrate
e sodium tetrasulfide

o sulfide / polysulfides

¢ ammonium thiosulfate
The evaluation will consist of monitoring key parameters given below:

e SO, removal as a function of test time.

e NOy removal as a function of test time.

o Ferrous ion concentration maintained after steady state established.
e Analysis of system chemistry and filtercake solids content.

o Adherence of the NO, removal to the proposed model.

¢ Economic analysis based on reactivity of regeneration agent.

These evaluation parameters will determine the suitability of the regeneration agent.

C. The thermal regeneration method will incorporate a vessel equipped with a heating
rod. The heating rod will maintain an elevated liquor temperature which could
greatly improve the ferrous ion regeneration rate. This hypothesis will be verified
by conducting test runs. The factors evaluated will be the same as those for the
chemical regeneration agents. The values of these factors will determine the

effectiveness of thermal regeneration as a method for high NOx removal.

d. An electrochemical cell will be introduced into the 5 kW system to determine its
ability to maintain a high ferrous ion concentration. The evaluation method will
consist of the same parameters as that used for the chemical regeneration agents

and thermal regeneration method. Factors influencing the performance of the .

electrochemical cell will be identified and their operating values found. The




economics for the electrochemical cell will be compared with the cost of the

regeneration agents.

A combination of regeneration methods will be carried out pending the results of
the different regeneration methods. The method of evaluation will involve the
same criteria as that used for the regeneration agents, thermal regeneration, and

electrochemical cell.

A detailed economic analysis of the method possessing the highest NOy removal
with no adverse affect on system chemistry will be performed. A comparison of
the results of this analysis with alternative SO, / NO, removal processes will be

made to determine if ThioNOx is lower in cost.




IL. DISCUSSION, TEST RESULTS, ECONOMIC ANALYSIS, ATTAINMENT
OF OBJECTIVES

A. Baseline Tests

Baseline tests were carried out to determine the ferrous ion concentration and NOy
removal with no regeneration method used. Several different configurations were tested
and include packing and non-packed modes in the absorber module, and variable flue gas
oxygen content. This includes a test conducted with exhaust gas blanket over the recycle
tank. The packing and non-packed tests were further subdivided into 100 mM and 50 mM

initial total iron concentration.

Figure 2 illustrates a schematic flow diagram of Dravo Lime Company’s 5 kW scale test
unit. The facility consists of a scrubber, recycle tank, thickener, heat exchangers, tubing,
pumps, pH controllers, temperature indicators, analyzers for SO,, NOyx and O,, data
acquisition ‘system, and gas cylinders. The scrubber body consists of a 5.5 1LD. x 24”
long plastic column. Up to five pieces of perforated trays can be installed inside this

column with or without packing.

The recycle tank is constructed on one 7.5” LD. x 18” long plastic column capable of
holding up to 12 liters of liquor. The nominal amount of liquor kept in the recycle tank is
~9L. Lime can be added to this tank to neutralize the acidified liquor from the
downcomer of the scrubber. A mixer is installed in the tank to insure adequate mixing and
to prevent solids from settling. The thickener is made of a piece of 11.5” LD. plastic
column with four overflow ports. The volume of the liquor collected at the downcomer is
measured to determine the liquor circulation rate through the scrubber. The liquid-to-gas

ratio or L/G is then calculated based on the circulation rate and the total gas flow rate.

To maintain the temperature of the recirculated liquor entering the scrubber at ~50°C, a

portion of the recycle tank liquor is pumped through a heat exchanger via two 3/8” O.D.
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stainless steel coils submerged in hot water controlled at ~75°C. All the pumps used to

move the liquor from one vessel to another are Peristaltic pumps.

The flue gas is synthesized by blending nitrogen and CO, with the in-house compressed
air. The mixture is then doped with SO, and NOx to get the desired inlet concentrations
for O,, SO, and NO,. The flow of each gas stream is monitored and controlled by its
respective rotameter. The flue gas from either the inlet or the outlet of the scrubber is
pulled by a vacuum pump through a three-impinger train in ice water baths. The moisture
condensed inside the first impinger is then pumped out continuously through a dip tube
inserted in this impinger. The gas leaving the impinger train then runs through a heat-
traced 1/4” O.D. stainless steel tubing and the O,, SO,, and NOx concentrations are then
measured by their respective analyzers. The inlet concentrations are monitored at least
twice per run to insure that the concentrations are not drifting. Immediately before a test,
the O,, SO, and NO analyzers are zeroed by nitrogen. Calibrations are then performed by
flowing standard gases with different O,, SO, and NO, concentrations into the analyzers.
After a test is completed, the above procedures are repeated to insure that the analyzers

are not drifting.

Two Signet pH controllers are available to control the pH of the recirculated liquor. The
SO, concentration is monitored on-line by a Western Research Model 721 AT SO,
analyzer, O, by a Servomex Series 1400 O, analyzer, and the NOx (NO and NO,)
concentration by a Thermo Environmental Instruments Inc. Model 10 chemiluminescent

analyzer.

The values of the pH’s, SO,, NO,, and O, are recorded by an IBM compatible PC
equipped with a Labtech™ (trademark of Laboratory Technologies Corporation)
Notebook real time data acquisition and control software. Up to eight signals can be

received and acquired simultaneously. The monitor can display values of any two of the

eight signals.




1. Non-packed Tests —|

J
a) 5 kW Configuration

For the non-packed tests, the 5 kW was configured as shown in Figure 3. The

objective was to determine the NO, removal and ferrous ion concentration when |
no packing was present in the absorber. This would provide the baseline data |
necessary for determining the enhancement to NOx removal provided by a

regeneration method.

Synthetic Flue Gas

l > Recycle
Tank

Thickener

Figure 3. Flow Diagram for the Standard 5 kW Test Facility

b)  Test Resuits

For test DT031094 (non-packed mode, ~100 mM initial total iron concentration,
recycle tank pH = 6.4, L/G = 44, 6.5 vol.% O;) SO, removal reached greater than '




98% after 20 minutes of testing. There was only one excursion below 95%. Other
than this excursion, SO, removals remained above 98%. The SO, removal is
depicted in Figure 4. During the first hour of testing the largest drop in NO,
removal occurred. After this, NO, removal declined only gradually. By the end of
testing the steady state NOy removal was at 20%. This is illustrated in Figure 5.
The ferrous ion concentration determines the NO removal. After three hours of
testing, the ferrous ion concentration dropped from 45.1 mM to 8.6 mM.
Afterwards the ferrous ion concentration decreased slowly to 6.5 mM by the end
of testing. The steady state ferrous ion concentration averaged to ~ 7.7 mM.
Even without a regeneration method, there is still a small concentration of ferrous

ion in the system after the chemistry has attained equilibrium.

On examination of the system chemistry shown in Table 1 the sodium ion
concentration was found never to exceed 100 ppm, which is typical for a ThioNOy
system. The sulfite ion concentration increased from 2,824 ppm at the beginning
of testing to 7,890 ppm by the end of testing. The magnesium ion concentration
followed the same increasing trend. As a result of the increasing trend of these
ions, the alkalinity increased from 2,102 ppm to 4,587 ppm. At this alkalinity, SO,
removal should be high. The solids éontent of the filtercake reached 80 wt.%.

The adherence to the NO, removal model was high with a correlation coefficient
of 0.8695. This suggests the effective ferrous ion concentration closely

approximates the concentration of ferrous ion. This is illustrated in Figure 6.

For test DT030994 (non-packed mode, ~50 mM initial total iron concentration,
6.5 vol.% O,), SO, removals reached greater than 98% after 5 minutes of testing.
Figure 7 shows the SO, removal curve. Figure 8 illustrates the decrease in NOy
removal from 46% initially to 17% by the end of testing. The ferrous ion
concentration had the usual trend of decreasing as testing progressed, where the

most rapid change occurred at the beginning of testing. The ferrous ion




concentration was initially at 15.5 mM but decreased to a steady state value of
~2.8 mM. This is shown in Figure 9. This test had a high correlation to the NOy

removal model which was found to be 0.7552 as shown in Figure 10.

The system chemistry shown in Table 2 reveals a low average sodium
concentration of 43.8 ppm. Unlike test DT031094, the sulfite ion concentration
was high throughout the test resulting in high alkalinities and magnesium ion
concentration. Despite the high sulfite levels, the calcium ion concentration
averaged only 154 ppm. The filtercake solids content did not increase during the
test. The final solids content-was 57.9 wt.%.

¢) Attainment of Objectives

A baseline ferrous ion concentration was established without any regeneration
method for a non-packed mode. This is necessary for the evaluation of ferrous ion
concentration when regeneration methods are applied. The baseline NOy removal

at 6.5 vol.% O, in the non-packed mode was 20%.

10
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Figure 6. NO removal vs. [Fe ]
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Table 1. Chemistry Data

Clock Time Recy Tank | Alkalinity [ [SO;*] as | [Fe™]rynx [SOs™] [ADS] Mg™] [Ca™ Total Felgyr| [Na™] | Filtercake
(Hr: Min) Liquor pH (ppm) analyzed (mM) corrected for (mM) (ppm) (ppm) (ppm) (ppm) Solids
(ppm) [Fe™ Ty (Wt %)
(ppm)
10:05 6.4 2102 4628 45.1 2824 15.66 6044 1733 5252 75 69.1
11:00 6.4 3069 4275 216 3411 15.42 6145 1623 4790 53.7 71.5
12:00 6.4 3353 4451 21.9 3575 16.69 6643 1172 4907 70.4 72.7
13:00 6.4 4387 4948 8.6 4604 2434 7238 1533 5143 527 75.3
14:00 6.4 4453 6581 85 6241 36.7 7646 832 4986 54.4 80.5
15:00 6.4 4537 8230 7.2 7942 43.65 8218 1373 4906 52.9 83
16:00 6.4 4587 8150 6.5 7890 55.02 8716 731 4949 53.5 854
avg: 6.4 3784 5212 7236 1285 4990 59.0 78.1




Table 2. Chemistry Data

Clock Time Recy Tank Alkalinity | [SOs%Jas | [Fe*yx [SO;7] [ADS) Mg [Ca®]  [Total Felgy [Na* Filtercake
(Hr: Min) Liquor pH (ppm) analyzed (mM) corrected for (mM) (ppm) (ppm) (ppm) (ppm) Solids
(ppm) [Fery 1 (Wt %)
(ppm)
10:15 6.4 2035 5644 15.5 5024 1.00 3592 251 2067 54.2
11:00 6.5 3570 7590 4.6 7406 1.00 4700 922 1971 223 59.5
12:00 6.4 4120 8839 8.6 8495 2.02 5122 116 1856 26.4 65.9
13:00 6.4 4837 8943 238 8831 3.77 5371 106 1958 58 60.4
14:00 6.4 4654 9255 25 9155 438 5566 145 1852 479 60.6
15:00 6.4 4753 9299 22 9211 6.47 5881 174 1711 52 59.8
16:00 6.4 4837 9327 2 9247 8.8 6107 193 1882 45.8 57.9
avg: 6.41 4115 8196 5191 154 1900 438 60.7




2. Packing Test

a) 5 kW Configuration :

For the packing test, the 5 kW apparatus was configured the same as for the non-
packed mode except for packing inserted between trays 1 and 2, 2 and 3, 3 and 4,
and 4 and 5. Between trays 1 and 2, 2 and 3, and 3 and 4, 1/8” ceramic berl
saddles were used extending to a height half the distance between the trays.
Between trays 4 and 5, 3/8” ceramic berl saddles were used extending to a height
half the distance between the trays. The general configuration is shown in Figure
11. The tests were conducted at 100 mM and 50 mM initial total iron

concentration.

Synthetic Flue Gas

I > Recycle
Thickener Hasls

Figure 11. Flow Diagram for Packing Test
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b)  Test Results

For test DT030394 (packing mode, ~100 mM initial total iron concentration
recycle tank pH = 6.5, L/G = 44, 6.5 vol.% O,), SO, removal reached greater than
98% after 20 minutes of testing. For a good part of the test, SO, removal was
above 99%. The SO, removal curve is shown in Figure 12. During the first hour
of testing the largest drop in NOx removal was observed. After this period, the
NOx removal gradually declined to a steady state removal of 16%. This is similar
to the final NOx removal achieved without packing. It should be pointed out that
even without a ferrous ion regeneration method, there is NOx removal in the 5 kW
system. This is shown in Figure 13. After 45 minutes of testing, the ferrous ion
concentration dropped from 20.8 mM to 7.4 mM. After this, the ferrous ion
concentration slowly dropped from 7.4 mM to 3 mM by the end of testing. The

steady state ferrous ion concentration averaged ~3 mM as shown in Figure 14.

On examination of the system chemistry, shown in Table 3, the sodium ion
concentration never exceeded 100 ppm. The sulfite and magnesium ion
concentrations both gradually increased during testing reflecting the steady
increase in alkalinity from 3,086 ppm to 6,205 ppm. With packing, a higher
alkalinity resulted. This is r;ot surprising since SO, removal is enhanced. The
filtercake solids achieved levels higher than 80 wt.%. This level of filtercake solids
is the goal of the ThioNOy process.

The correlation coefficient of the data points to the NOx removal model was
0.9381 suggesting the concentration of ferrous ion closely follows the effective

ferrous ion concentration. The NO, removal model curve is shown in Figure 15.
For test DT030294 (packing mode, ~50 mM initial total iron concentration,

recycle tank pH = 6.6, L/G = 44, 6.5 vol.% 0,), the SO, removal did not reach
99% until later in the testing. This is shown in Figure 16. The NO, removal was -

12




initially at 36% but decreased to a steady state value of 17% by the end of testing.
This is similar to the NO, removal obtained for test DT030394. The NO, removal
curve is shown in Figure 17. The ferrous ion concentration was 11.8 mM initially
before dropping off to a steady state value of 2.4 mM. This curve is shown in

Figure 18.

The system chemistry shown in Table 4 was low in sodium ion concentration
averaging only 45 ppm. The sulfite ion concentration was high and steady leading
to alkalinities above 5,000 ppm.. Because of the high sulfite ion concentrations,
the calcium ion concentration'averéged above 200 ppm. Because the pH was
maintained above 6.5, it is not unusual to see this high a sulfite ion concentration.
The filtercake solids content increased from 59.7 wt.% to 65.7 wt.%. This is not
unusual in the absence of a regeneration technique. The correlation to the NO,

removal model is shown in Figure 19 and was found to be high at 0.8655.

c)  Attainment of Objectives

A baseline ferrous ion concentration was determined without any regeneration
method for a packing mode at both 100 mM and 50 mM initial ferrous ion
concentration. This is necessary for the baseline evaluation of ferrous ion
concentration and NO, removal when regeneration methods are applied to a

packing configuration. The baseline NO, removal was found to be 17%.

13
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Table 3. Chemistry Data

Clock Time | Recy Tank | Alkalinity | [SOs*] as | [Fe™“Iryx [SO5™] [ADS] Mg™] [Ca™] [Total Felpym {Na"'] | Filtercake
(Hr: Min) | LiquorpH | (ppm) | analyzed (mM) corrected for | (mM) (ppm) (ppm) (ppm) (ppm) Solids
(ppm) [Fe™lry (wt %)
(ppm)
10:45 6.5 3086 3739 20.8 2907 16.12 6499 2309 5287 61.6 71.2
11:30 6.6 4120 3307 7.4 3011 17.58 6742 1973 5015 72.4 76.3
12:30 6.6 4754 3347 7.8 3035 22.04 6973 1909 5184 63.8 78.7
13:30 6.6 5254 3347 4.5 3167 26.44 7249 1646 5268 67.3 80.7
14:30 6.5 5838 3860 2.6 3756 34.11 7668 1422 5509 69.2 82.2
15:30 6.5 6088 3907 29 3791 83.1
16:00 6.6 6205 4067 3 3947 43,98 8518 1038 5332 63.1 84.3
avg: 6.56 5049 3373 7275 1716 5266 66.2 79.5




Table 4, Chemistry Data

Clock Time | Recy Tank | Alkalinity | [SO,%] as | [FeJpyn| [SO:%) [ADS] | [Mg" [Ca'Y [Total Feleym | [Na™] | Filtercake
(Hr: Min) Liquor pH corrected for | (mM) (ppm) (ppm) (ppm) (ppm) Solids
[FeJryme (Wt %)

(ppm)
8119 1 4985 188 2926 48.1
7730 1 5293 167 2901 389 59.7
7774 1.9 5238 245 2620 33.8 64.2
8082 2.7 5123 159 2721 55.8 66.1
8114 3.47 6039 225 2550 46 67.9
8767 52 5859 211 2405 45.4 67.9
8615 6.43 5975 276 2501 493 65.7
8172 5502 210 2661 45 65.3




Exhaust Gas Blanket Test

a) 5 kW Configuration

The 5 kW was set-up the same as for the non-packed modes except a bleed from
the exhaust synthetic flue gas line was directed to the recycle tank to provide an
atmosphere over the recycle tank liquor. In this manner, the effect of oxidation of

ferrous ion could be analyzed. The general set-up is shown in Figure 20.

Y

Synthetic Flue Gas

\

Thickener

Figure 20. 5 kW Exhaust Gas Blanket Configuration
b)  Test Results
For test DT041394 (non-packed mode, ~50 mM initial total iron concentration
recycle tank pH = 6.2, L/G = 44, 6.5 vol.% O;) SO, removal reached greater than

96% after 10 minutes of testing. SO, removal exceeded 98% after 90 minutes of

testing and remained above this value for the duration of the run as shown in’
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Figure 21. The NOx removal dropped much less rapidly during the first hour of
testing than the baseline tests run without the exhaust gas blanket. During the test
run, the NOx removal gradually declined to reach a final steady state value of 15%.
The final value for NOy removal is actually less than the final removals obtained in
the other four baseline tests run without an exhaust gas blanket. The NOx removal
curve is shown in Figure 22. There was a significant drop in the ferrous ion
concentration during the first two hours of testing from 33.8 mM to 8.2 mM.
After this there was only a gradual decline from 8.2 mM to 4.3 mM at the end of
testing. The steady state ferrous ion concentration was ~6.05 mM which is similar
to the baseline results without an exhaust gas blanket. The recycle tank ferrous ion
concentration is shown in Flgure 23. This suggests that exhaust gas blanketing has
no effect on the ferrous ion oxxdatlon rate except for possibly decreasing the rate

at which steady state NOx removal is achieved.

The sodium ion concentration was well below 100 ppm during the test run while
the sulfite ion concentration increased from 5,185 ppm initially to a final value of
8,564 ppm. The increase in sulfites resulted in high SO, removals during the test.
The magnesium ion concentration followed the same increasing trend. At these
sulfite concentrations, the alkalinity averaged 3,283 ppm. The solids content of
the filtercake reached 62.5 wt.%. This is typical for a process in which no
regeneration agent is used. These values are shown in Table 5. The correlation
coefficient of the data points to the NO, removal model is shown in Figure 24 and

was found to be 0.9166.

c) Attainment of Objectives

It was determined that the oxygen concentration in the head space over the recycle
tank had little effect on the baseline steady state ferrous ion concentration. For
this test the baseline NO, removal was 15%. This was a surprise since the

oxidation rate of ferrous ion should decrease with lower oxygen content in the

15




recycle tank. This indicated that oxidation of ferrous ion occurs primarily in the

absorber.
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Table 5. Chemistry Data

Clock L/G | Recycle | Alkalinity | [SO;?%) {Fe*)) [SOsY (ADS] (sA] | Mg? | [Ca™) |(TotalFe]| Na™']| [SOs | [SO¢* | [CI] | Filtercake
Time Tank (ppm) | as analyzed| (mM) adjusted for | by IC by IC | by ICP | by ICP | by ICP |by ICP| byIC by IC by IC Solids
(Hr: Min) Liquor (ppm) Felayn | (M) | M) | (ppm) | (ppm) (ppm) | (opm) [ (pm) | (epm) | (ppm) | (W %)
pH (ppm)

10:13 44 6.4 3369 7574 33.8 6222 0.12 3707 108.0 1909 70.5 5185 4605 80

11:00 44 6.3 3153 9896 20.8 9064 221 0.75 4482 88.6 2327 210 | 779 4540 580

12:00 44 6.1 3019 10072 8.2 9744 2.57 1.86 4452 79.6 2282 39.8 8836 4556 202 66.1

13:00 44 6.2 3303 9904 6.7 9636 4.61 2.70 4557 719 2242 369 | 8938 4482 162 613

14:00 44 6.2 3403 9832 5.0 9632 7.02 3.31 4849 82.1 2319 367 | 9158 4826 116 62.0

15:00 44 6.1 3453 9671 4.3 9499 9.73 3.52 5075 106.4 2338 45.8 8564 4688 80 60.7
Six pts. avg: 6.22 3283 8966 4520 90,4 2236 41.8 8079 4616 203




Variable Flue Gas Oxygen Content

a) 5 kW Configuration

The 5 kW was configured identical as the non-packed mode runs with the flue gas
oxygen concentration at 3 and 12 vol.% respectively. The layout is shown on

Figure 3.
b)  Test Results

For test DT120194 (non-packed mode, ~50 mM initial total iron concentration,
recycle tank pH = 6.9, L/G = 44, 3 vol.% O;) SO; removals were greater than
99% after 20 minutes of testing and remained high throughout the test run. SO,
removal for test DT120594 (non-packed mode, ~50 mM initial total iron
concentration, recycle tank pH = 6.9, L/G = 44, 12 vol.% O,) was greater than
99% after 15 minutes and remained at this level for the duration of the test. The
SO, removal curves for both tests are shown in Figures 25 and 26. It is interesting
that the overall drop in NOy removal for the run with low O, concentration was
10% compared with a 28% drop in NOx removal for the test with an O,
concentration of 12 vol.%. This is shown in Figures 27 and 28. The final NO,
removal was 38% at 3 vol.% O, with the NO, removal curve leveling off the last
30 minutes of testing. For the test conducted at 12 vol.% O, concentration the
final NO, removal was 16% with the NOy removal curve leveling off the last 20
minutes of testing. The higher oxygen concentration in the synthetic flue gas
leads to a more rapid decay of the NO, removal curve than that observed with a
lower oxygen concentration. For this reason it is not surprising that the drop in
ferrous ion concentration was more significant for test DT120594 (12 vol.% O,
level) than for test DT120194 (3 vol.% O, level). The drop in ferrous ion
concentration was nearly 14% during the first hour of testing for test DT120194
and 17% during the first hour for run DT120594. After the first hour of testing for '
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run DT120194, the decrease in ferrous ion concentration was slow with time. The
decrease in ferrous ion concentration for run DT120594 was also gradual after the
first hour of testing. The final ferrous ion concentration was 18 mM for
DT120194 and 2.1 mM for test DT120594. These results are illustrated in Figures
29 and 30. This result suggests that the oxygen concentration in the flue gas

increases the decay rate of ferrous ion in solution.

The sodium ion concentration was higher for test DT120194 (>100 ppm) than for
test DT120594 (<50 ppm) as shown in Tables 6 and 7. The sulfite concentration
averaged nearly 7,000 ppm for test DT120194 and approximately 5,416 ppm for
test DT120594. Both these concentrations are in the range of normal ThioNOy
operation. For each of the tests, the sulfite concentrations were fairly constant.
The magnesium concentration was fairly steady for test DT120194 averaging
5,227 ppm. For test DT120594, the magnesium concentration slowly increased
averaging 5,000 ppm. The alkalinities were similar for each test averaging 4,400
ppm. Both tests exhibited standard chemistries for a ThioNOy system. Because no
regeneration methods were used for these tests, the filtercake solids content was
below 70% for both tests. This is not unusual for a baseline test. The correlation
coeflicients of the data points to the NO, removal model was 0.8100 for test
DT120194 and 0.99014 for test DT120594. This is shown in Figures 31 and 32.

c) Attainment of Objectives

The goal of determining whether the flue gas oxygen concentration had an effect
on ferrous ion decay was met. The ferrous ion decays more slowly as the flue gas
oxygen concentration decreases. It was anticipated before testing that the oxygen
concentration would play a role in influencing the ferrous ion decay rate. During
regeneration methods testing control of the oxygen concentration in the flue gas
will have to be exercised to eliminate its control on the steady state NO, removal.

This will make comparisons between test results more accurate.

18
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Figure 27. NO concentration and removal vs. time
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Table 6. Chemistry Data

Clock L/G | Rocycle | Alkalinity |[5;0,%] by| [S0)*}by | {Fe"Jrymx | [50y) [ADS] (sA] | (5:05%)| Mg? | [Ca") |(TotalFe]| [Na*'] | {SO*] | [SO*) | [CI"] | Filtercake

Time Tank | (ppm) |Ix-titration| ILetitration | by Spec 20 |adjusted for by IC by IC [ by IC | by ICP |by ICP{ by ICP |by ICP| by IC | by IC | by IC Solids

(Hr: Min) Liguor (opm) | (ppm) mM) | [5,0,%) & (mM) mM | pm) | @em) | epm) | (ppm) | (pm) | (pm) | (ppm) | (ppm) | (Wt %)
PH ['Fe"] .

(ppm)

13:30 44 6.90 4237 202 8503 40.8 5095 nd. 1.66 64 5088 208 2992 124 7132 5663 80 nd

14:30 44 710 4454 75 8006 27.0 57192 0.32 1.16 51 5059 128 3064 131 6539 5272 78 65,0

15:30 44 7.00 4570 1456 8210 2.7 5434 1.27 1N 56 5338 107 3198 142 6664 4963 88 68.6

16:30 44 6.80 4737 8334 18.0 6894 1.94 2.19 59 5422 108 3101 114 7485 5504 93 62.5

4-pt avg: 5804 6955




Table 7. Chemistry Data

Clock L/G |Recycle| Alkalinity| (SOsJby | [Fe*) [50s*) [ADS) [SA] | [5:0% | [Mg®] | [Ca%] |(TotalFe}| [Na™) [505% (804} [ery Filtercake

Time Tank | (ppm) | Ir-titration | by Spec20 | adjustedfor | by IC | by IC | by IC | by ICP |by ICP| by ICP | by ICP { by IC | by IC by IC Solids
(Hr: Min) Liquor (ppm) (mM) [Fe* (M) | (mM) [ pm) | C(pm) | (ppm) | (ppm) | (ppm) (ppm) (ppm) (opm) (wt %)

pH (ppm)

11:25 4 | 73 | 3936 9125 313 6621 0.64 nd. nd, 4658 16 | 2654 31

12:30 44 7.0 4470 8990 139 7878 143 Q.18 nd, 4768 163 2700 21 5175 4281 134 55.4

13:40 4 | 68 | 437 8668 65 8148 3.67 0.1 nd. 4917 127 | 2697 35 5904 4880 147 61,1

15:00 4 | 67 | 4410 8265 38 7961 631 0.33 nd. 5129 140 | 2690 35 5341 5070 139 60.9

16:00 44 68 | 4620 7740 21 1572 3.74 041 nd. 5373 158 | 27130 36 5244 5476 165 61.8




Chemical Regeneration Agents

Sodium Dithionite / Ascorbic Acid

a) S kW Configuration

The screening tests conducted under project 5253 were anticipated to be
potentially less expensive on a mM ferrous ion concentration and NTU removal
basis than this mixture of regeneration agents. To accurately access the
consumption economics for the regeneration methods, the consumption economics
for sodium dithionite / ascorbic acid had to be well defined. Hence, two tests were
carried out at different oxygen concentrations in the synthetic flue gas to ascertain

a typical cost on a mM ferrous ion concentration and NTU removal basis.

Tests DT021496 (packing mode, ~100 mM initial total iron concentration, recycle
tank pH = 6.0, L/G = 90, 10.3 vol.% O,) and DT021696 (packing mode, ~100
mM initial total iron concentration, recycle tank pH = 6.0, L/G = 90, 6.0 vol.% O,)
were carried out with the mixture sodium dithionite / ascorbic acid. The agent was
added directly to the recycle tank in ~5:1 weight mixture sodium dithionite to
ascorbic acid. The consumption rate of sodium dithionite was 60 g/hr and 13.2
grams ascorbic acid/hr for test DT021496. For test DT021696, the consumption
rate was 40 grams sodium dithionite/hr and 8 grams ascorbic acid/hr. Because
many of the regeneration tests were run with packing in the absorber, both these
tests were conducted with packing. A schematic of the process flow is shown in
Figure 33. The ascorbic acid acts as an ferrous ion oxidation inhibitor while the

reaction believed to occur with dithionite is as follows:

S,0,7 +2Fe* +2H,0 —» 280, +2Fe* +4H"
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Y

Synthetic Flue Gas

i Recycle

Thickener

Figure 33. Solids Addition S kW Configuration
b) Test Results

Test DT021496 shows the SO, removal reached after 60 minutes of testing. The
SO, removal continued to increase after this period. The removal curve is shown in
Figure 34 The NO, removal was between 50% and 60% the last 3 hours of testing
demonstrating the regeneration ability of this mixture. As expected, the steady
state ferrous ion concentration was high averaging ~70 mM. At ferrous ion
concentrations this high, the NO, removal should be high. The NO, removal and

ferrous ion concentration curves are shown in Figures 35 and 36.

Not surprisingly, the sodium ion displayed an increasing trend as testing
progressed, as shown in Table 8. High sodium ion concentrations can result in an
interference in the operation of the recycle tank pH probe. The magnesium ion
concentration was in the normal range for a ThioNOy process while the calcium
ion concentration was slightly elevated. However, the calcium ion concentration

displayed a decreasing trend with run time so that by the end of testing the calcium
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ion concentration was less than 250 ppm. One of the benefits from adding
dithionite is that one of the products of the regeneration reaction is sulfite which
helps maintain high alkalinity. The sulfite ion concentration exhibited an increasing
trend from 8,011 ppm at the beginning of testing to 10,925 ppm by the end of
testing. The solids content of the filtercake increase from 72.2 wt.% at the
beginning of testing to 77.0 wt.% at the end of testing. This is a typical solids
content when a regeneration agent is used. The correlation of the data points to
the NO, removal model was low for this test (* = 0.03533). This is depicted in
Figure 37. | |

The SO, removal for test DT021696 increased rapidly to 99% and stayed at this
level for the duration of testing. This is shown in Figure 38. The high SO,
removal can be attributed to a liquid to gas ratio of 90. The steady state NOy
removal was between 50% and 60%. This high NO, removal can be explained by
a high ferrous ion concentration at steady state. The steady state ferrous ion
concentration was ~45 mM. The NO, removal and ferrous ion concentration

curves are shown in Figures 39 and 40.

Like test DT021496, the sodium ion concentration increased significantly during
testing as shown in Table 9. This is not surprising since sodium ion was added to
the system. A continued increase in sodium ion concentration will lead to
increased sulfite ion concentrations since the positive charge associated with
sodium jon must be balanced by the negative charge of the sulfite ion. In addition,
sulfite ion is one of the products of the regeneration reaction with dithionite.
Thiosulfate ion exhibited an increasing trend since dithionite and sulfite ion react to
form thiosulfate. Because of the increasing anion concentration the calcium ion
concentration is slightly elevated with values above 200 ppm. The solids content
of the filtercake increased from 68.8 wt.% at the beginning of testing to 76.4 wt.%
at the end of the test. During the initial part of testing, the solids content displayed

a rapid increase followed by a steady solids content, for the remainder of the test.
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The solids content of 75.6 wt.% achieved during steady state represents a typical

value when a regeneration method is employed.

The correlation to the NO, removal model was low (<0.500) as depicted in Figure
41. The mathematical model for NO, removal does not account for regeneration
of ferrous ion. The activity coefficient for ferrous ion concentration can not be

taken as unity in this particular case.
¢} Economics

These two tests were performed in order to compare the consumption economics
of other regeneration methods to the cost associated with the sodium dithionite /
ascorbic acid mixture since. one of the principle goals is to find regeneration
methods more cost effective than sodium dithionite / ascorbic acid. A 5:1 weight
mixture of sodium dithionite / ascorbic acid is an expensive agent at $1.78/b,,.
The cost of a 5:1 weight mixture of sodium dithionite / ascorbic acid on a mM
ferrous ion concentration and NTU removal basis was found to be
$0.01332/day'mM Fe*vol.% O, and $0.9954/day"NTU-vol.% O,, respectively.
Obviously, it was hoped that regeneration methods could be found which were

more economical than this mixture.

d)  Attainment of Objectives

The economics associated with a 5:1 weight mixture of sodium dithionite /
ascorbic acid was determined. This would allow a comparison with other
regeneration methods. Ideally, the selection of a regeneration method would
depend primarnily if it was more cost effective than sodium dithionite / ascorbic
acid. The liquor chemistry would also have to exhibit typical ion concentrations.
For sodium dithionite / ascorbic acid, sulfite and sodium ion concentrations were

becoming elevated. Sulfite ion concentration increases could lead to precipitation

22




if calcium ion concentration increases. Sodium ion may cause erroneous

measurements indicated by the pH probes of the process liquor.
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NO Removal (NTU)
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Table 8. Chemistry Data

Clock Rooyclo | Alkalinity [ (Fe'*hyym | [80y%) by | [805°] [(ADS)ucused| [SA] | [SA)cisita [Mg™] [Ca*’] | [TotalFe] | [Na*'] | [3:05"] (505%) [s0s*) [Cr') | Filtercake
Time Tank (ppm) |by 8pec-601| I, titration | adjusted for (mM) by IC by IC by ICP by ICP by ICP | by ICP by IC by IC by IC by IC Solids
(Hr: Min) | Liquor pH (M) (ppm) {Fe ™ Inyme mM) | (mM) (ppm) @m) | erm | pm) | epm) (ppm) (ppm) @rm) | w%)
(ppm)

9:40 53 1,668 88.9 12,746 9,190 0,91 0.64 1.58 7,899 640 3,601 27 nd, 8,011 7,938 3,482

10:00 58 2,786 76.0 10,584 7,544 1.35 0.30 1.65 7,704 384 3,397 149 nd. 6,730 8,449 3,822

11:.00 6.1 4,370 66.4 10,968 9,497 2.06 3.50 5.56 7,857 456 5,425 651 nd 7,289 8,444 3,981 122
12:00 6,25 5,154 67.9 12,153 10,382 4.46 1.07 $.53 7,991 432 5,417 1,279 nd 1,782 7,497 3,122 72.4
13:00 6.3 5,187 72.1 13,098 11,706 4,45 5.19 9.64 7,671 403 5,361 2,001 nd 7,369 6,036 3_‘444 73.4
14:00 6.3 5,438 70.9 14,390 11,535 2.05 8.31 10.36 7,467 260 5,267 2,583 x_n_{L 10,003 6,870 2,498 76.0
15:00 6.3 5,671 749 14,371 10,780 5.96 10.77 16.73 71,500 219 5,292 3,361 nd 9,616 35,903 2,154 75.9
16:00 6.3 6,021 66.8 15,220 11,101 11.98 10,04 23_.02 7,430 223 5,179 4,045 !_l_.d. 10,925 6,053 2,264 77.0




Table 9. Chemistry Data

Clock Recycle | Alkalinity| [Felayn | [SO,?) by [R{eNy] [ADS)wara | [SA] | [SA] siais Mg") [Ca?] | [TotalFe] | Na®?] | [5:04%) | {50s*) | [SO4*] | [C1'] | Filtercake
Time Tank | (ppm) iby Spec-601| I titration | adjustedfor | (mM) by IC | by IC by ICP by ICP| by ICP |by ICP| by IC | by IC | by IC | by IC | Solids
(Hr: Min) | Liquor pH (mM) (ppm) (Fe™Jrym, (mM) (mM) (ppm) epm) | @pm) | Gpm) | (pm) | (pm) | (pm) | (pm) | M%)
(ppm)
10:00 6.1 4,170 76.9 11,041 7,965 011 1.57 1.46 8,822 327 5,963 440 nd. 7,095 8,855 | 4634 68.8
11:00 6.35 5,271 67.2 11,937 9,249 -0.04 2.10 2.06 8,744 338 5,788 950 100 9123 | 9252 | 4,563 71.3
12:00 5.8 4,337 58.5 13,482 11,142 5.26 2.52 7.8 8,291 233 5,675 1,636 80 9766 | 7,651 | 3,496 75.1
13:00 6.0 5,504 49.5 13,210 11,230 6.63 3,36 10.49 8,493 232 5,583 2,055 | 269 11,740 | 8,893 | 4,069 74.8
14:00 6.0 5,738 46.9 13,186 11,310 8.83 $.51 14.34 8,334 215 5,511 2,646 | 354 12,504 | 8513 | 4,178 74.9
15:00 6.1 587 46.6 13,601 11,827 15.39 7.03 22.42 8,148 280 5432 | 3,034 | 442 12,921 | 8239 | 3,778 76.8
16:00 6.3 6,605 45.1 14,107 12,303 7.5 14.42 21.93 8,309 379 5265 | 3,458 | 600 13,161 | 8048 | 3,779 76.4




Iron

a) 5 kW Configuration

Tests were conducted using the chemical regeneration agent iron. The 5 kW
configuration was that of the baseline tests with 4 gram quantities of 100 mesh iron
powder added manually to the recycle tank every 30 minutes. The reaction

believed to occur with iron is as follows:
2 (Fe"-EDTA)" + Fe — 2 (Fe'? - EDTA)? + Fe*

It should be cautioned that this reaction involving ferric ion has not been
substantiated. No modifications from the baseline set-up were required. Figure 33

depicts the 5 kW configuration.
b)  Test Results

Test DT031794 (non-packed mode, ~50 mM initial total iron concentration,
recycle tank pH - 5.3, L/G = 44, 6.5 vol.% O,) and test DT032294 (non-packed
mode, ~50 mM initial total iron concentration, recycle tank pH =53 to 5.8, L/G =
44 to 88, 6.6 vol.% O,) were performed using iron as the regeneration agent. For
test DT032294, an L/G of 44 was used for the first five hours followed by a L/G
of ~88 for the remainder of the run.” Also during this test run, the pH was initially
set at 5.3 but raised to 5.8 after 8 hours.

SO, removal curves for each test are given in Figures 42 through 43. SO, removal
was poor at the beginning of test DT031794 run but increased to reach 95% by
completion of the test. The SO, removal for test DT032294 followed the same
trend as observed for the first test. The highest removal for this test was observed

at L/G of 88 and pH of 5.8. At these conditions the SO, removal was 98% to
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100%. The low initial SO, removals indicate the need to maintain a pH above 5.3
in the recycle tank. The initially low SO, removals for both tests could be the
result of a non-packed mode. SO, absorption into the liquid stream will increase
with greater gas-liquid contacting resulting from packing. NOy removal averaged
25% to 30% for test DT031794 as depicted in Figure 44. The increasing and
decreasing patterns in NOx removal is due to the periodic addition of iron to the
recycle tank. Shortly, after the addition of iron, the NO, removal would rapidly
decrease until the next addition of iron where the NO, removal would increase
again before dropping. The fact that NO, removal immediately decreased after
addition of iron without leveling off suggests that greater additions of iron (greater
than 8 grams 100 mesh iron/hr) will result in higher initial removals followed by a
rapid drop in ferrous ion concentration until the next addition of iron.
Unfortunately, not all of thé iron v&‘fas utilized. Some of the iron settled to the
bottom of the thickener, recycle tank, and heat exchanger tubing. It also
accumulated on the trays of the absorber. There is a point beyond where
additional amounts of iron powder will not be utilized because the excess iron will
settle out in the system. The NO, removal averaged 25% to 30% for test run
DT032294, as illustrated in Figure 45. The low NOx removals can be explained by
the ferrous ion concentration. The ferrous ion concentration in the recycle tank
dropped from the beginning of test DT031794 until three hours after testing when
the ferrous ion concentration began to increése to eventually reach 20 mM by the
end of the test. This is depicted in Figure 46. The ferrous ion concentration for
test DT032294 dropped rapidly for the first two hours then increased to an
average concentration of 15.4 mM for the next 4.5 hours as shown in Figure 47.
For the last three hours, the ferrous ion concentration decreased to an average
concentration of 9.1 mM. The ferrous ion concentration never recovered after its

initial drop in value.

The sodium ion concentration averaged below 50 mM for both tests. This is

shown in Tables 10 and 11. The sulfite ion concentration increased throughout
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both the runs. The sulfate ion concentration also elevated significantly in
concentration during test run DT032294. With this increase in sulfite and sulfate
ion concentrations, the magnesium and calcium ion concentrations became larger.
The increase in these species can lead to scaling if the condition continues. The
filtercake solids content averaged below 65 wt.% for both tests. The solids
content was thus lower than typically achieved with a regeneration method. The
correlation to the NO, removal model was poor for both test runs (<0.650)
indicating that the ferrous ion concentration and effective ferrous ion concentration
differ substantially from each other. The NO, removal model curves are shown in

Figures 48 and 49.
¢) Economics

Iron is an inexpensive agent at $0.15/b. The cost of iron on a mM ferrous ion
concentration and NTU removal basis was found to be $0.000691 / day'mM
Fe*-vol.% O, and $0.0295 / day-NTp-vol.% 0O,. The cost on both scales is shown
in Figures 50 and 51. Regenération using iron powder with and without a digestor
represents the most economical chemical regeneration agent examined so far. The
operating costs are comparable to those of the electrochemical cell. It is evident
that iron with and without a digestor is more cost effective than a 5:1 weight
mixture of sodium dithionite and ascorbic acid. The cost of this mixture is
$0.01332/daymM Fe**vol.% O, and $0.99541/day-NTU-vol.% O, which makes
this agent prohibitive for consumption in a scaled-up process. This is what initially
prompted the investigation into alternative regeneration methods. The low cost of

this regeneration agent makes this agent an attractive choice for scaled-up testing.

d) Attainment of Objectives

The suitability of iron as a chemical regeneration agent was determined. The effect

on process chemistry was also determined. The addition of 4 gram of iron every '
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30 minutes was moderately successful for NO, removal since both tests displayed a
'NOx removal recovery after an initial drop. The final removals were within 10% of
the initial NO, removals for both test runs. The ferrous ion concentration also
increased after an initial drop in concentration for both tests representing the
regeneration ability of iron powder. The maximum NOy removal of 35% was well
below the target stated in the test plan. During these tests, SO, removal reached
98% to 100% only after the pH was increased from 5.5 to 6.0 coupled with an L/G
increased to 88. Unfortunately, after the pH was increased for test run DT032294,
the NO, removal and ferrous ion concentration dropped. The pH was kept low
initially to help dissolve the iron. For test DT031794, the sulfite ion concentration
was observed to increase in concentration as testing continued. A similar trend
was observed for the sulfite and sulfate ion concentrations for test DT032294.
This will pose a problem for long term testing because calcium ion will increase in
concentration to maintain charge balance. This will eventually lead to scaling in
the scrubber and recycle tank. The low solids content was a surprise and poses a
question to the suitability of this agent for a NOx removal process. This was
especially the case for test DT032294 where the filtercake solids content averaged

less than 60 wt.% during the course of the test run.
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Figure 42. SO, concentration and removal vs. time
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Figure 43. SO, concentration and removal vs. time
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Figure 44. NO concentration, NO removal, and [Fe+2] vs. time
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Table 11. Chemistry Data

ClockTime | L/G | RecyTank | Alalinity | [SO5 Jry7x | [F€ heym | [SOs Jaymc | [ADSlymc | Mg”Irymc | [Co”Inymx | [Total Felsym | Na"rym | [5O3 Jry me | (304 Iy me| [CI™ Try 1 | Filtercake
(Hr: Min) LiquorpH | ssenelyzed | asanslyzed | by Spec-20 | comected for | by IC by ICP | by ICP | by ICP | by ICP | byIC | by ic | by IC [ Solids
(ppm) (ppm) (mM) [Fe” Ty 1 (mM) (ppm) (ppm) (ppm) (ppm) (epm) (ppm) (ppm) | (m%)
(ppm)
Alkalinity [Fe*)

10:33 44 5.80 1685 7318 31.6 6054 0.61 3431 145 1691 323 5860 5720 122
11:30 44 5.35 784 8967 11.3 8515 3.5 3630 181 1570 24.1 8980 5725 7
12:30 44 5.30 767 9920 5.5 9700 5.99 4174 171 1683 25.2 10333 6189 74 524
13:15 44 535 984 10449 19.4 9673 5.02 4409 191 1846 314 10206 6993 76 54
14:15 44 5.35 1050 10784 10.8 10352 10,22 4929 188 1753 39.1 10730 7936 78 53.6
15:15 44 5.30 1134 11337 16.3 10685 10,36 5583 184 1710 37.5 11391 9133 88 52.5
16:15 88 5.30 1485 12962 15.3 12350 16.18 6065 224 1793 39.8 12125 10721 205 50.4
17:10 88 5.30 1384 12714 15.3 12102 21.47 6888 270 1739 39.7 12864 12450 332 525
18:00 88 $.30 1651 13490 10.3 13078 16.67 7111 413 1738 37.6 14008 13210 106 56.5
1900 88 5.80 2185 10192 9.3 9820 17.18 6922 160 1253 372 9190 13230 100 61.6
19:40 88 5.80 2352 10312 8.7 9964 27.02 7378 153 1298 395 9382 14058 102 59.3
20:30 88 5.80 2467 10824 8.1 10500 3233 8089 174 1369 473 10220 15374 110 59.9




Iron Using a Digestor

a) SkW Set-up

Three tests DT071795 (packing mode, ~150 mM initial total iron concentration,
recycle tank pH = 5.5 - 5.9, L/G = 44, 10 vol.% 0O,), DT072595 (packing mode,
~100 mM initial total iron concentration, recycle tank pH = 5.6, L/G = 44, 10
vol.% O,), and DTO072795 (packing mode, ~100 mM initial total iron
concentration, recycle tank pH - 5.7, L/G = 44, 10 vol.% O,) were conducted
using iron as the chemical regeneration agent and a process modification
incorporating a digestor and settling tank. This process design modification was
intended to increase the ferrous ion concentration and subsequent NO removal. It
was of concern that not all of the iron added was going into solution when added
directly to the recycle tank. A digestor was added to the process scheme to
alleviate this concern. The key to fulfilling the objective of the digestor was to
maintain the digestor liquor in the pH range from 4.0 to 4.5. Twenty percent by
volume sulfuric acid solution was used to control the digestor pH. The
temperature of the digestor liquor was maintained at 95°C to enhance the
dissolution of iron powder. In addition to the digestor, a settling tank was used
where any undissolved iron would settle to the bottom of the vessel preventing
iron from settling in any of the other vessels associated with the 5 kW. The
settling tank overflow would be directed to the recycle tank. If the settling tank
was operating properly, the overflow would be clear of iron particles. A schematic

of the process flow is shown in Figure 52.
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Figure 52. Flow Diagram for Iron using a Digestor
b) Test Results

Tests DT072595 and DT072795 were short term tests each lasting a little longer
than six hours. For both of these tests SO, removals of 99% were achieved.
Results were particularly promising for test DT072595 where SO, removals
reached 99% and stayed at this level for the entire test period. The SO, removal
curves are shown in Figures 53 and 54. The method of addition of the
regeneration agent was 5 grams of 100 mesh iron powder added to the digestor

every 15 minutes.

During extended periods of the 60 hour long term test DT071795 99% SO
removal was realized. This is shown in Figure 55. The pH of the recycle tank
liquor was initially 5.5 before being raised to ~5.9 for the remainder of the run. It
was after the pH was increased to 5.9 that SO, removals averaged 99%. The -

method of iron addition was changed several times during testing. To start with,
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5 grams of iron was added to the digestor every 15 minutes and 25 grams of
Na,EDTA was added to the digestor every 30 minutes. This was then changed to
5 grams of iron added to the digestor every 15 minutes and 20 grams of EDTA
acid added every 30 minutes. The final regeneration agent addition made was 10

grams of iron added to the digestor every 15 minutes with no EDTA addition.

The process modification had a positive impact on NO, removal for the removal
attained levels of 50% before dropping to 40% for test DT072595. Similar results
were achieved for test DT072795 where the NO, removal attained levels of 50%
removal before dropping late in the testing to 40% removal. For both these short
term tests, NO, removal was between 40% and 50%. The NO, removal curves are
shown in Figures 56 and 57. This is a significant improvement in NO, removal
over that obtained by adding iron directly to the recycle tank. For the 60 hour run
(DT071795), the NO, removal exceeded 50% at various times. The NOy removal
seldom dropped below 45%. The high NOx removals attained during the long
term test are very promising. The NO, removal curve for this long term test is

shown in Figure 58.

For test DT072595, the ferrous ion concentration dropped in the first couple hours
of testing then increased above 20 mM in concentration. This is higher than the
ferrous ion concentration observed when iron was added directly to the recycle
tank. The ferrous ion concentration did not drop significantly during test
DT072795 with the ferrous ion concentration staying above 25 mM during the
course of testing. This is an improvement over those tests with iron addition
directly to the recycle tank. The ferrous ion concentration varied from 40 mM to
70 mM for test DT071795. The ferrous ion concentration .was cyclical in variation
demonstrating that iron added to the digestor regenerated the ferrous ion
concentration over the run time. The ferrous ion concentration curves are

depicted in Figures 59 through 61.
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Sodium ion concentrations were below 60 ppm as illustrated in Tables 12 and 13
for tests DT072595 and DT072795 respectively. For a ThioNO, system the
sodium ion level should be low. The sodium level was high for the long term test
(DT071795) but this is because Na,EDTA was added to the digestor for the first
6.5 hours of testing. After discontinuing the addition of Na,EDTA, the sodium ion
concentration began to decline as shown in Table 14. At 10 vol.% O, in the
synthetic flue gas, the sulfites oxidized to form sulfate. This occurred for both
tests DT072595 and DT072795 where the sulfites dropped in concentration while
the sulfates increased in concentration. A similar trend was not observed for test
DTO071795 where both the sulfite and sulfate concentrations decreased. The
decrease in sulfite ion concentration is a concern since the absorption of SO, is
facilitated by the sulfites present in the ThioNO, liquor. Although the sulfite
concentration decreased for each test run, the alkalinity was sufficient for high SO,
removals. The magnesium ion concentration was approximately 7,000 ppm for
runs DT072595 and DT072795. For the long duration run, the magnesium ion

concentration was higher due to higher anion concentrations.

The major problem that developed for this test series was the low solids content of
the filtercake. For tests DT072595 and DT072795, the solids content of the
filtercake was initially above 60% but continuously decreased during testing to
below 50%. This significant decrease in solids content can be explained by the
presence of a constituent in the filtercake which lowers the dewatering ability. The
iron powder is believed to participate in a side reaction where an iron compound is
formed due to the reaction of ferrous ions and anionic species in solution. The
amount of iron which can be added to the digestor is limited by this side reaction.
It was postulated that ferrous hydroxide could be formed which is a gelatinous
colloidal material with crystal size on the order of 5-15 um. For the long term test
the average solids content of the filtercake was 58.6 wt.% which is also low. One
of the economic advantages of the ThioNOx process is the high solids content that )

can be achieved. This translates into a saving in disposal cost of landfill material.
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Since the ThioNOy process is capable of producing 80% solids in the filtercake,
this series of tests was unsuccessful in achieving the high solids content that can be

obtained in this process.

The correlation to the NO, removal model was low for both tests DT072595 and
DT072795. The same poor correlation to the NO, removal model exists for test
DTO071795. The correlation curves to the NOx removal model are shown in

Figures 62 through 64.

¢)  Economics of Iron Digestion

The agent used in this process is iron but there is a process modification in the
method of addition that alters the economics from that of iron addition directly to
the recycle tank. The cost of iron digestion on a mM ferrous ion concentration
and NTU removal basis was found to be $0.000465/day-mM Fe**-vol.% O, and
$0.0382/day-NTU-vol.% O,, respectively. This process is comparable to iron
addition directly to the recycle tank and the electrochemical cell. Economically,
this represents an attractive technique for NOy removal. The use of iron powder
incorporating a digestor is nearly as cost effective as iron powder without a
digestor. Its comparison with sodium dithionite and ascorbic acid is presented in

the economics section of iron powder.

d)  Attainment of Objectives

The effectiveness of iron as a regeneration agent using a digestor in the 5 kW
system was determined along with changes in process chemistry resulting from its
use. The addition of 5 to 10 grams of iron every 15 minutes led to NO, removals
ranging from 40% to 50%. The long term test was even more promising since
NO; removals seldom went below 45%. SO, removal reached 99% at different

times for all three tests satisfying the SO, removal objective stated in the test plan.
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The high solids content which can be achieved in this process was not fully realized
for this series of test runs. In all cases, the average solids content was below
60wt.%. The removal of the gelatinous iron hydroxide from the filter cake is

necessary in order to make the iron digestion technique more attractive.
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Table 13, Chemistry Data

Clock Reoyclo | Alkatinity [ [Fe**) | [80,") by | [80,”) {SA] | [SAleisiis | [ADS)cucuians | [Mg"*] [Ca*’]  |[TotalFe]| MNa") | [8:05%) | INOs'] | [805%) | (80, | [C1'] | Filterceke

Time Tank | (ppm) | by Spec-601| I, titration | adlustedfor | by IC [ by IC (mM) by ICP by ICP by ICP |byIcP| by IC | by Ic | tyIc | by IC | by IC Solids
(Hr: Min) Liquor (mM) @pm) | (Fe*laym | M) | (mM) (ppm) (ppm) @pm) | em) | @pm) | Gpm) | Gpm) | Gpm) | (pm) | (M%)

pH (ppm)

10:00 5.60 2,352 43,1 7,214 5,490 1.56 2.88 132 6,644 431 4,494 40 nd. trace 5,133 6,814 4,090

11:00 5.60 2,685 316 7,614 6,350 1.72 6.38 4.66 7,017 305 5,280 48 106 trace 5,558 8,217 4,724 62.8

12:00 8,75 2,469 37.9 6,805 5,289 2.47 8.49 6.02 6,618 349 4,936 44 140 trace 4,005 7,250 3,823 578

13:00 6.00 3,036 29.3 3,604 4,432 4,16 14.60 10.44 6,656 605 4,835 43 150 frace 3,066 8,328 3,962 56.0

14:00 3,70 2,018 37.5 5,596 4,096 3.36 15.70 10.34 6,783 707 4,863 49 201 trace 3,188 9,620 4,306 574

15.00 5.80 5,138 347 4,620 3,232 17.96 23.5 15.54 6,596 856 5,488 50 203 trace 2,406 9,334 3,989 59.5

16:00 6.00 2,652 2_5.3 4,115 3,103 8.92 31.70 22,78 6,525 1,318 4,348 51 194 frace 2,267 9,672 3,834 49.7




Table 14, Chemistry Data

Clock Recycle | Alkalinity | [Fehyn | [S0:") by | [505%] | (SA) | [SAJecidified | [ADSTowntwes | [Mg") [cs”) [TotalFe] | [MNa"] | (80" INO"] | [50y7)
Time Tank (pm) | by Spec-601 | L titration | adjustedfor [ by IC | by IC M) | byICP by ICP byICP | byICP |byIC| byIlc | byIC

(Hs: Min) Liquor (mM) erm) | [Fe™lym | (M) (mM) (ppm) {opm) (ppm) (ppm) | Cpm) | Cpm) (ppm)

pH (epm)

17/95 9:00 51 984 61 12,025 9,585 1.56 4.26 21 8,544 1,062 6,070 174 4 4 9,036
17195 11:00 51 2,085 45.1 11,761 9951 3.26 9.93 61 8,748 608 6,810 837 60 tr 9,317
717195 13:00 52 2,685 428 1,729 | 10017 13 246 116 9,119 788 1,966 1519 | 245 r 8,669
M9515:00 | 515 2,085 549 11,793 9,597 145 392 247 9,598 838 3,866 2,361 328 tr 9,614
7/17/95 17:00 5.05 2,218 55.3 10,368 8,156 18.8 44.8 26.0 9,951 879 9,557 2,497 492 tr 8,270
1795 19:00 65 4,770 354 6,165 4749 | 228 494 266 9,788 1,436 9,319 2,69 192 & 2,696
717195 21:00 51 2,235 704 14275 | 11459 | 195 53.9 344 10,950 1,649 12,300 2,591 624 tr 10,707
717095 23:00 52 4,370 739 13234 | 10278 | 275 558 283 10,660 1,849 12,670 2,391 931 ir 12,267
7/18/95 1:00 5.05 2,969 531 11,481 9,357 3.5 491 122 10,090 2,889 11,210 1634 | 851 tr 6,800
/18/95 3:00 5 2,652 614 10,985 8,529 271 59 319 10810 2315 12,130 1,662 | 448 & 7,428
7/18/95 5:00 5.6 5,171 69 8,102 5,342 324 68.6 36.2 10,840 2,698 11,790 1,506 584 r 4,920
7/18/95 7:00 6 7,656 69.9 8,166 5370 324 70.6 38.2 10,970 3,433 11,980 1,522 ! tr 4,728
7/18/95 9:00 4.85 3,069 65.2 11,473 8,865 23.4 60.2 36.8 9,795 2,152 10,920 1,051 452 tr 7,362
/18195 11:00 49 3,570 57.5 10832 | 8532 2712 69.1 425 9,510 2315 11,260 1,006 | 42 tr 7,563
218/9513:00 | 485 3,169 616 10,792 8,088 285 68.2 397 10,460 2,862 12,380 1,087 | 331 tr 6,644
/18195 15:00 46 1418 68.2 1,78 | 9,057 XA 91.8 547 11,400 2,895 13,630 L3 | 37 w 7,221
7189517:00 | 505 3,603 619 10448 | 7972 30.2 8.5 483 10,060 2,420 11,920 1099 | 334 tr 6,684
718195 19:00 51 3,536 493 9,623 7,651 29.7 722 425 10,280 3,017 12,300 Lo | 36 &r 6,560
7/18/95 21:00 56 5,254 414 7,382 5726 321 83.5 514 9,918 3,598 11,770 1000 | 37 tr 3,788
7/18/95 23:00 56 5,254 566 7,79 5,526 294 81.2 51.8 9,884 3,879 11,850 945 410 r 4,228
7/19/95 1:00 56 4,220 53.0 7,462 5,338 322 131 98.8 9,617 3,127 10,720 1051 | 287 w 3,762
2/19/95 3:00 52 3,169 568 7,646 5374 337 134 1003 9,798 3,051 11,290 1,064 | 324 tr 4,19
7/19/95 5:00 6 6672 446 5,756 3972 379 155 117.1 9,484 4,099 11,170 999 221 tr 2,960
7/19/95 7:00 58 6972 574 7,037 4,741 3 164 1250 9,397 4270 10,800 925 318 | 349
7/19/95 9:00 5.65 5,054 51.6 5,532 3,228 40.5 130 89.5 8,547 3,582 9,973 925 254 T 3,19
79K9511:00 | 535 4,237 69.7 7,822 5,034 404 141 1006 8,602 3,953 9,691 905 232 tr 3,066
19/95 13:00 53 3,570 616 6,631 3,933 51 162 1110 8,702 4417 9,510 861 498 3 3,502
719595 15:00 62 5,738 83.5 6,397 3057 | 466 149 102.4 8,791 5,569 8217 849 669 tr 2,584
7/19/95 16:00 5.4 2,902 86.1 6,917 3,473 59.8 205 145.2 9,044 4,325 9,163 871 664 tr 4,401
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a) 5 kW Configuration

No process modifications were required using zinc as a chemical regeneration
agent. The configuration of the 5 kW is illustrated in Figure 33. The regeneration

reaction believed to occur with zinc is as follows:

-2

2(Fe™* ~EDTA)" +Zn—2(Fe" ~EDTA) " +Zn"

For test DT031694, (non-packed mode, ~50 mM initial total iron concentration,
recycle tank pH = 5.3, L/G = 44, 6.5 vol.% O,) the zinc was added manually to the
recycle tank every 30 minutes. The addition rate was 12 grams/hr. To facilitate

dissolution of the zinc, the liquor in the recycle tank was maintained at a pH of 5.3.
b) Test Results

The SO, removal was less than 90% for most of the test run. The average pH of
5.3 for the recycle tank liquor is low for achieving high alkalinities essential for
high SO, removals. The SO, removal curve is shown in Figure 65. The NOx
removal was initially between 35% and 40% as illustrated in Figure 66 before
decreasing to less than 20% by the end of the test run. The NO, removals would
show a sudden increase with zinc addition followed by a rapid decrease. The NOy
removal would probably increase with larger additions of zinc. Like iron,
however, not all of the zinc is utilized. Some of the zinc settles to the bottom of
the thickener, recycle tank, and heat exchanger tubing. The addition of more zinc
would not be utilized because the excess would settle out in the system. The low
NO, removal can be explained by the low ferrous ion concentration after steady

state was achieved. The average ferrous ion concentration was 10.2 mM well
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below that necessary to obtain high NO, removals. The ferrous ion concentration

is illustrated in Figure 67.

Table 15 shows the sodium ion concentration was low, averaging 50.1 ppm. The
sulfite ion concentration displayed an increasing trend which may have resulted
from zinc ion concentration increasing as the test progressed. The accumulation of
zinc ion indicates the zinc was acting as a regeneration agent. There was a drop in
total iron concentration as testing continued. The drop in total iron concentration
could be associated with the displacement of iron in iron-EDTA by zinc to form
zinc-EDTA. The loss in toﬁal iron presents a problem since this also indicates a
loss in ferrous ion. Calcium ion concentrations averaged 398 ppm. The solids
content of the filtercake displayed an increasing trend during the run. The final
solids content was 72.1 wt.%. This represents a solids content that is typically
achieved in the ThioNOy process. The correlation to the NOx removal model is

shown in Figure 68. The correlation coefficient is 0.9007, indicating a good fit.

c¢) Economics of Zinc Addition

The cost of this regeneration agent is $0.53/lb,, On a mM ferrous ion
concentration and NTU removal basis the cost was found to be $0.00643/day-mM
Fe?vol% O, and $0.297/day'NTU-vol.% O,, respectively. This was a less
expensive agent than aluminum, hydroxylamine sulfate, and both hydrazine
compounds. The use of zinc was also found to be more economical than the
thermal regeneration method. The comparative economics of this regeneration
agent is displayed on Figures 50 and 51. Zinc was a member of a class of
regeneration agents consisting of zinc, hydrazine, sodium tetrasulfide, thermal
regeneration method, and sodium dithionite/ascorbic acid ranging from $0.0005 to
$0.0200/day-mM Fe'>vol.% O,. This group of agents represented the middle
ground in terms of cost effectiveness. A second group was more economical while

a third group was less.




d) Attainment of Objectives

The objective of testing zinc to determine its sﬁitability as a regeneration agent was
satisfied. The SO, removal objective was not met. The SO, removal for this test
was low averaging less than 90%. NO, removals were below 30% for all but the
beginning of the test run. Obviously NO, removals were not high enough to justify
its use. There is also evidence that zinc is stripping iron from EDTA resulting in a

drop in ferrous ion concentration. High ferrous ion concentrations are essential for
high NO, removal.
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Figure 66. NO concentration and NO removal vs. time

Check inlet concent<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>