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Disclaimer 
 
This report was prepared as an account of work sponsored by an agency of the Untied 
States Government.  Neither the United States Government nor any agency thereof, nor 
any of their employees, makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owed rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or otherwise does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof.  The views and opinions of authors 
expressed herein do not necessarily state or reflect those of the United States Government 
or any agency thereof.  
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ABSTRACT 
 
The primary objective of this investigation is to determine the effect of different iron 
catalysts on the production of NOx during fuel-rich and fuel-lean combustion of coal.  
Iron in various forms and quantities will be introduced with the pulverized coal and tested 
in a laboratory-scale combustion furnace. The testing protocol is based on simulation of 
the near burner region in a full-scale boiler.   
 
This semi-annual report describes the selection of the iron catalysts used in the program 
as well as catalyst preparation. A detailed description of the combustion reactor and 
ancillary equipment is provided combined with a discussion of the test procedures. The 
first preliminary data have been collected and are presented followed by the plans to 
complete the project over the next six months. 
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INTRODUCTION 
 
Nitrogen oxide emissions introduced into the atmosphere generated from the burning of 
fossil fuels have demonstrated significant adverse effects on human health as well as 
adverse effects on the environment.  Nitrogen oxides contribute to ozone formation, acid 
deposition, particulate pollution, and visibility degradation within the environment. 
 
Control and reduction of these emissions has been a high concern for the U. S. 
Environmental Protection Agency since the implementation of the Nitrogen Oxides 
(NOx) Reduction Program under Title IV of the Clean Air Act Amendments (CAAA) of 
1990 that establishes NOx emissions standards for coal-fired utility boilers.  The act 
addressed these issues by requiring that all existing plants, in addition to new plants, 
reduce their emissions of SO2 and nitrogen oxides (NOx).  Unlike earlier legislation, the 
CAA did not dictate compliance technology or emission rate limits.  Instead, a 10 million 
ton reduction in SO2 emissions from 1980 levels (a 62% drop from utility coal emissions 
of 16 million tons) and a 2 million ton reduction in NOx emissions from 1980 levels (a 
33% drop from utility coal emissions of 6 million tons) was targeted and each plant was 
assigned an emission ceiling based on the number of Btu’s burned. 
 
Iron catalysts have been shown to be effective in reducing the amount of char nitrogen in 
certain coals under pyrolysis conditions. In effect, the iron appears to drive more of the 
nitrogen from the coal matrix into the gas phase where there is an absence of oxygen. The 
ultimate result of this is to provide a pathway to lower NOx emissions by converting the 
fuel nitrogen to harmless N2.  While this concept is encouraging, there are several 
fundamental questions that need to be addressed in order to make this a feasible NOx 
reduction technology: 
 

��Is iron an effective catalyst under combustion conditions? 

��Are certain types of iron more effective than other types? 

��What quantity of iron is needed to promote nitrogen evolution? 

��What are the effects of different coal types on nitrogen release using iron 
catalysts? 

��Are there other chemicals in coal that might also be effective catalysts? 

��Can a precombustion process be economically developed that will result in lower 
NOx emissions? 

In response to these questions, Headwater researchers have developed a program to 
investigate the possibility of using different types and quantities of iron catalysts to treat a 
run-of-mine Pennsylvania coal under combustion conditions. The goal is to determine if a 
precombustion process can be effectively applied to coal that will ultimately produce 
molecular nitrogen rather than nitrogen oxides. A pre-combustion catalyst has many 
advantages: 

��It will be applicable to all types of boilers, 

��It can be used at new and existing plants, 
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��There will be no chemical by-products, 

��The are no additional processing or handling requirements at the utility, and 

��There are little or no associated capital or operating costs at the site. 

 
 
This report describes the first six months or research activity. 
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EXECUTIVE SUMMARY 
 
Iron catalysts have been shown to be effective in reducing the amount of char nitrogen in 
certain coals under pyrolysis conditions.  In effect, the iron appears to drive more of the 
nitrogen from the coal matrix into the gas phase where there is an absence of oxygen.  
The ultimate result of this phenomenon is to provide a pathway to lower NOx emissions 
by converting the fuel nitrogen to harmless N2.  While this concept is encouraging, it has 
not been established under typical coal combustion conditions. This needs to be 
addressed in order to make this a feasible NOx reduction technology. 
 
To evaluate the concept of a precombustion NOx control technology, Headwater 
researchers have developed a program to investigate the possibility of using different 
types and quantities of iron catalysts to treat a run-of-mine Pennsylvania coal under 
combustion conditions.  The goal is to determine if a precombustion process can be 
effectively applied to coal that will ultimately produce molecular nitrogen rather than 
nitrogen oxides. 
 
River Hill, a Pennsylvania bituminous coal, is used as the project baseline coal and has 
been characterized at Penn State University and Advanced Fuel Research in a separate 
program.  Two different concentrations of three catalyst types will be added to the 
baseline reference coal.  The treated coal as well as an untreated reference coal are 
matched and tested under fuel-rich and fuel-lean combustion conditions in a flow reactor 
furnace using a system designed and built by the Headwaters Fuels laboratory.  Gas and 
solids analyses are done on the matched sets as they are run. 
 
The testing protocol is based on providing a simulation of the near burner region in a full-
scale boiler.  Typically in a commercial boiler, the coal is transported through the 
pulverizer and to the burner with between 15-18% of the stoichiometric amount of air 
required for complete combustion.  All remaining air is introduced as secondary or 
combustion air in the regions that surround the primary air/coal stream or in the overfire 
air ports separated from the burners. 
 
The test protocol prescribes that the fuel-rich portion of the testing be done at 18% of the 
required combustion air.  Fuel-lean tests, which simulate overall combustion, will be run 
with 20% excess air.  The main focus during these initial six months was to design, 
procure, fabricate, calibrate and utilize a combustion reactor for performing the iron 
catalyst tests.  Each piece of the combustion reactor system has been received and 
calibrated.  
 
The test matrix comprises 20 separate test conditions using three different catalysts. 
Including repeats for each test, more than 52 tests will be completed.  After several 
facility checkout tests were done, official testing began. Currently about 10% of the tests 
have been done and analytical work is being completed on the ash samples. All tests 
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should be completed by early August, which will allow sufficient time to complete the 
detailed data analysis and economic assessment.   
 
 
 

EXPERIMENTAL 
 

Task 1 of the project was to quantify the impact of iron-based catalysts on NOx 
emissions.  Three different catalysts were prepared for these tests. The first catalyst was 
based on FeCl-type catalysts as seen in the literature.  The second two catalysts were 
prepared in house by HTI, based on proprietary research done in conjunction with 
research on nano-catalysts used in hydrocarbon manufacturing and refining. 
 
The testing protocol is based on providing a simulation of the near-burner region in a 
full-scale boiler.  Typically in a commercial boiler, the coal is transported through the 
pulverizer and to the burner with between 15-18% of the stoichiometric amount of air 
required for complete combustion.  All remaining air is introduced as secondary or 
combustion air in the regions surround the primary air/coal stream or in the overfire air 
ports separated from the burners.  Therefore, for this program the test protocol prescribes 
that the fuel-rich portion of the testing be done at 18% of the required combustion air.  
Fuel-lean tests, which simulate overall combustion, will be run with 20% excess air.    

Catalyst Preparation 
 
The desired amount of iron powder was dissolved in a nano-dispersion agent solution. 
The ratio of the dispersion solution-to-iron should be at least 1:1, and ideally should be 
higher than 3:1. The pH of the solution was then adjusted to a range of 1-5. The solution 
was agitated overnight or heated to boiling for at least 5 hours under reflux conditions to 
allow the formation of organometallic complexes between the nano-dispersion agent and 
the iron. The colloidal suspension formed by such preparation techniques has a typical 
nano-iron particle size less than 10 nm. This procedure was used to prepare the two nano-
scale iron catalysts. 

Combustion Tests 
 
River Hill coal is used as the project baseline coal.  This coal has been characterized at 
Penn State University and Advanced Fuel Research in a separate program.  At least two 
different concentrations of each catalyst type are added to the baseline reference coal.  
The treated coal as well as an untreated reference coal are matched and tested under fuel-
rich and fuel-lean combustion conditions in a flow reactor furnace using a system 
designed and built by the Headwaters Fuels laboratory. Gas and solids analyses are done 
on the matched sets as they are run.   
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The main focus for Task 1 during these initial six months was to design, procure, 
fabricate, calibrate and utilize a combustion reactor for performing tests to evaluate the 
potential NOx reduction of iron catalysts. This has been completed and will be described. 
 

Combustion Facility 
 
Figure 1 is a schematic diagram of the combustion facility designed and built by 
Headwaters personnel. Briefly, both air and argon are metered and are used to sweep past 
the end of an auger from the coal feeder. The coal/air/argon mixture is then dropped into 
a ceramic combustion chamber inside the electrically heated furnace where fuel-rich or 
fuel-lean combustion occurs depending upon the test conditions. A thermocouple is 
inserted into the ceramic chamber to record the temperature.  
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Combustion 
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Figure 1. Schematic diagram of combustion facility. 
 

 
 
The product gases (and any entrained particles) pass from the ceramic chamber and go 
through an ice/water bath to condense tars, etc. and then pass through a particle trap to 
remove any remaining char particles prior to the flue gas analyzers. Three analyzers have 
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been procured and are used in this program – NOx, CO and O2. These analyzers are 
calibrated with certified standards at the beginning of each test. At periodic intervals 
during each test, gas samples are collected in Tedlar gas sample bags for gas 
chromatographic analyses using an HP 5890 gas chromatograph with a Thermal 
Conductivity Detector. Measurements of CO, O2 and CO2 are made to verify test 
consistency. The flue exhaust is then vented according to regulations. 
 
Each piece of equipment has been calibrated to ensure accurate and consistent feed rates. 
All gas flow meters have been calibrated using a wet-test meter while the coal feeder was 
calibrated by measuring the weight gain in a vacuum bag as a function of the feeder 
potentiometer setting. Figure 2 shows the calibration curve for this Acrison coal feeder. 
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Figure 2. Coal feeder calibration. 

 
 
 

Figure 3 is a photograph of the combustion facility and the ceramic combustion chamber 
showing how they are assembled. 
 

Test Program 
 
The test program for Task 1 is clearly defined; the objective is to determine if the 
addition of iron, in various forms and quantities, can reduce NOx emissions from 
pulverized coal during fuel-rich and fuel-lean combustion testing. The primary 
measurement technique to be used to determine success will be the char nitrogen content. 
It is well known that if the nitrogen in the coal can be volatilized in the initial fuel-rich 
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environment, combustion techniques are available to reduce this NOx to N2. However, if 
the nitrogen remains in the char during devolatilization, and is not released until the char 
oxidation step, it reacts to form NOx and is difficult to get to N2 using in-furnace 
combustion techniques. 

 
 

 
 

Figure 3. Photograph of combustion facility and reaction chamber. 
 
 
 

Approach 
 
To accomplish this objective a baseline coal was selected. River Hill, a Pennsylvania 
bituminous coal was used as the baseline coal as this is the same coal that has been 
characterized by Headwaters in a separate program. There have been three different 
methods used to prepare iron catalysts based on the research at HTI. At least two 
different concentrations of each catalyst type will be tested under fuel-rich and fuel-lean 
combustion conditions in the new flow reactor furnace using the system discussed in the 
previous section.  

The testing protocol is based on providing a simulation of the near-burner region in a 
full-scale boiler. Typically the coal is transported through the pulverizer and to the burner 
with between 15-18% of the stoichiometric amount of air required for complete 
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combustion; this air is termed primary air. All remaining air is introduced as secondary or 
combustion air in the regions surrounding the primary air/coal stream or in overfire air 
ports separated from the burners. Low-NOx burners, which are now the standard burner, 
are designed to have the secondary or combustion air surround the initial fuel-rich flame 
and completely mix into the flame at a significant distance from the burner face.  

 

This delay in mixing the combustion air allows for a majority of the nitrogen in the fuel 
to devolatilize in a fuel-rich environment. Thus, the products from the nitrogen 
devolatilization will be cyano-compounds and amines rather than oxides. These 
compounds can then react with hydrocarbon radicals to form nitrogen gas. This is the 
principle behind low-NOx firing. The more and faster the nitrogen devolatilizes in the 
fuel-rich, near-burner region, the better the opportunity to reduce the final NOx 
concentration. 

The fuel-rich portion of this test program is therefore designed to simulate this near-
burner region where there is only about 18% of the required combustion air present. 
Because of the small amount of fuel to be fed in this facility, using just 18% of the 
required air will not provide adequate entrainment for the fuel into the furnace. 
Therefore, a mixture of air and argon will be used to sweep past the exit of the coal auger 
and carry the coal into the furnace. Based on preliminary testing in the furnace, about 8.5 
SCFH of gas flow should be used to transport the coal and reduce particle carry-over. 

 Therefore, we will keep the flow rate to a maximum of 8.6 SCFH; this corresponds to 
25-g/hr coal feed for the River Hill coal. As different coals may be used for comparison 
during the program, it should be noted that each coal has a different amount of air 
required for complete combustion due to differing composition. Therefore, the air and 
argon flow rates must be calculated for each different coal. The resulting gas blend will 
be used with each coal and all iron catalyst-doped tests. Table 1 lists the air and argon 
flow rates needed as well as the percent O2 in the feed-gas mixture for both the fuel-rich 
and fuel-lean tests using River Hill coal. Note that all the fuel-rich tests will have 18% of 
the required stoichiometric air, and the fuel-lean tests will all have 20% excess air. 
 

Table 1. Air/Argon Flow Rates for each Test 
 

River Hill Coal Air Flow (SCFH) Argon Flow (SCFH) Mixture O2 (%) 
Fuel-Rich Tests 1.3 7.3 3.1 
Fuel-Lean Tests 8.6 0.0 20.8 

 
 
 

Test Conditions 
 
The test conditions have been established to confirm the catalytic ability of iron to reduce 
NOx under realistic and optimum operating conditions and are listed in Table 2. River 
Hill coal has approximately 1.1% iron (Fe) in the coal and a recommended dosage of 
catalyst reagents is about 2%. Therefore, for Tests 2, 5, 12 and 15 the HTI-produced 
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catalyst solutions will be doubled to determine their effectiveness in reducing NOx 
emissions.  Because the catalysts have about 21.8g Fe/200g solution, the corresponding 
iron added to the coal is only about 5% of the inherent iron in the coal; therefore not 
much change. Tests 3, 6, 13 and 16 are designed to greatly increase the iron content of 
the coal and therefore determine under optimized conditions whether the iron is an 
effective catalyst for reducing NOx emissions on River Hill coal. Multiple runs (2-3) at 
each test condition are to be completed. 

 

 

Table 2. Test Conditions 

Test No. Test Type Catalyst Type Total Iron 
Amount (%)* Coal Type 

1 Fuel-rich None Baseline River Hill 
2 Fuel-rich I (HTI-A) 1.1 River Hill 
3 Fuel-rich I (HTI-A) 2.2 River Hill 
4 Fuel-rich None Baseline River Hill 
5 Fuel-rich II(HTI-B) 1.1 River Hill 
6 Fuel-rich II(HTI-B) 2.2 River Hill 
7 Fuel-rich None Baseline River Hill 
8 Fuel-rich III (FeCl3) 2.2 River Hill 
9 Fuel-rich III (FeCl3) 1.65/6.0** River Hill 
10 Fuel-rich None Baseline River Hill 
11 Fuel-lean None Baseline River Hill 
12 Fuel-lean I (HTI-A) 1.1 River Hill 
13 Fuel-lean I (HTI-A) 2.2 River Hill 
14 Fuel-lean None Baseline River Hill 
15 Fuel-lean II(HTI-B) 1.1 River Hill 
16 Fuel-lean II(HTI-B) 2.2 River Hill 
17 Fuel-lean None Baseline River Hill 
18 Fuel-lean III (FeCl3) 2.2 River Hill 
19 Fuel-lean III (FeCl3) 1.65/6.0** River Hill 
20 Fuel-lean None Baseline River Hill 

*Calculated as percent total iron in coal. 
**If there is a significant NOx change with 2.2% Fe then the test 
will be run at 1.65% Fe in the coal. If there is not a significant NOx 
change with 2.2% Fe, then the test will be run with 6.0% Fe in the 
coal. Calculations are shown for both tests. 

 
 

Test Procedures and Measurements 
 
Many checkout tests have been completed in the combustion facility in order to 
determine the most effective and efficient way to evaluate the iron catalysts. The most 
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important facet of the procedures is that they be consistent between all tests, including the 
baseline tests without catalyst as well as all catalyst tests. Based on these checkout tests, 
the following general procedures were developed and are being used in all tests: 

1. Carefully prepare the iron catalyst-doped coal per the test condition.  

2. Once the ceramic crucible is in the furnace, all connections made and heat-up 
initiated, begin air and argon gas flows into the furnace at the required flow rates. 

3. Calibrate the NOx, CO and O2 analyzers. 

4. When the system is at the desired temperature condition, start recording data and 
begin coal feed.  

5. Continuously record the NOx, CO and O2 measurements and take gas samples for 
the gas chromatograph at regular intervals. 

6. Continue testing for about 1 hour. 

7. Shut down the facility and record the time. 

8. Leave the crucible in the furnace at temperature for one additional hour. 

9. Collect and weigh all samples and prepare the facility for the next test. 

 

The following data are collected during each test: 

1. All operating conditions including coal and gas flow rates 

2. Important times (initial, ending, etc.) 

3. Continuous NOx, CO and O2 analyses and samples for chromatography 

4. Weight and nitrogen analysis of the beginning coal sample and all char samples 

 

RESULTS and DISCUSSION 
 
Approximately 10% of the tests have been completed in the furnace as part of the 
program. Unfortunately, not all analyses have been received. Figure 4 shows the data 
collected during Test 1 repeated twice. Several items are noteworthy; first the 
repeatability between the tests completed on separate days is very good. Apart from the 
first couple of minutes of the test, the temperature, NOx and O2 measurements show 
consistent and repeatable trends. Test 1 is a fuel-rich test with less than 20% of the 
oxygen needed for combustion present. The downward trend in NOx during these tests 
may be due to some plugging of the sample line with tars, etc. This is being investigated 
further.  
 
The same repeatability between tests has been noted for the fuel-lean baseline test as 
shown in Figure 5. Clearly these tests show more consistency than the fuel-rich test. 
Comparing the fuel-lean and the fuel-rich tests, it is noted that the temperature inside the 
ceramic crucible is higher in the fuel-lean tests as expected due to the excess oxygen 
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present during combustion. Also, as expected, the fuel-lean tests result in higher NOx 
values as well as more repeatable levels. 
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Figure 4. Fuel-rich Test 1 repeated twice. 
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Figure 5. Fuel-lean Test 11 repeated twice. 
Complete data analyses on these tests as well as other tests performed have begun. 
Analytical results from the chars and feed coal samples have not yet been received, but 
have been submitted for analysis. Based on the reproducibility of the tests, we are 
confident that these tests will demonstrate whether or not iron does act as a catalyst in 
reducing NOx emissions from the River Hill coal.  

 

CONCLUSION 
 
The test matrix listed 20 separate tests using three different catalysts, and when duplicate 
or triplicate repeats for each test are counted, the total tests to be completed are 52. These 
should be done in early August, which will allow sufficient time to complete the detailed 
data analysis and economic assessment. In addition, should these tests and economic 
analysis prove positive, a larger scale test program will be developed and proposed. 
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