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ABSTRACT 
 
Flue gas desulfurization (FGD) systems at coal-fired power plants using sodium 
bicarbonate are becoming more common. The FGD from a sodium bicarbonate system 
may have different characteristics than the byproduct from a lime or limestone based 
FGD system, since the primary product of the scrubbing is sodium sulfate or sulfite 
rather than calcium sulfate or sulfite. These differences may become important when 
these coal combustion residuals (CCR) are landfilled, particularly if water is added for 
dust control prior to transport.  The effects of different moisture conditioning and 
handling procedures on the physical and leaching characteristics of the FGD byproduct 
were investigated to provide insight into the best ways to handle the byproduct at a 
landfill. The amount of water added had a significant impact on the strength and 
hydraulic conductivity of the FGD byproduct, while having much less impact on the 
leaching behavior.  Whether the wetted FGD byproduct is compacted or allowed to form 
pellets has a major impact on the hydraulic conductivity and leaching behavior of the 
byproduct. Thus, FGD byproduct handling practices at the landfill may have a major 
impact on both the physical and leaching characteristics of the material. 
 
BACKGROUND 
 
To meet the regulatory requirements of removing acidic gasses from discharges, flue 
gas is treated with alkaline reagents.  The targeted acidic gas is sulfur dioxide (SO2) for 
flue gas desulfurization (FGD).  Limestone (CaCO3) and lime (CaOH2) have been the 
predominant reagents used for treating flue gasses with approximately 3 percent of 
FGD byproducts produced from dry or other FGD materials1.  The alkaline calcium 
products react with the acidic SO2 to form a mixture of calcium sulfite and calcium 
sulfate.  Due to the prevalence of limestone and lime treatment, industry is more familiar 
with this byproduct. 
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An alternate alkaline reagent is sodium bicarbonate or trona, a mix of sodium carbonate 
and bicarbonate.  Sodium bicarbonate can also be mixed in a dry state.  This paper will 
use the naming convention of dry sorbent injection (DSI) to refer to the use of sodium 
bicarbonate in the FGD process.  The sodium bicarbonate reacts with the SO2 to form 
sodium sulfite and sodium sulfate.  Due to the much greater solubility of sodium sulfate 
versus calcium sulfate.  It is anticipated that the DSI material will display different 
properties than gypsum. 
 
PURPOSE 
 
A laboratory study was performed on DSI material to evaluate the effects of moisture 
addition and handling on the physical and leaching characteristics of the material after 
placement in a landfill.  During this study, the moisture holding capacity, the hydraulic 
conductivity, the strength over time, and leaching characteristics were evaluated.  For 
leaching characteristics, the pelletized material and permeameter leaching evaluations 
were performed to evaluate the variation of behavior under different placement 
conditions. 
 
The power plant generating the DSI evaluated in this study injects the dry sodium 
bicarbonate downstream from the electrostatic precipitators used for fly ash removal, 
see Figure 1.  The reacted DSI material is removed from the flue gases in the 
baghouse.  The DSI material recovered from the baghouse is delivered to the waste 
management facility as a dry dust.  Water is added to the DSI for dust control prior to 
transport and disposal. Other additives used upstream for mercury and nitrogen oxide 
management are not anticipated to significantly affect the behavior of the DSI material. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Simplified schematic of air emission system. 
 
MATERIAL COMPOSITION 
 
The composition of a sample of the DSI collected in March 2014 was evaluated using a 
hot nitric acid digestion and analysis using inductively coupled plasma atomic emission 
spectrometry.  The results of this analysis are provided in Table 1. 
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Table 1: Results of compositional analysis of the DSI dust. 
Element Concentration, mg/kg 

Aluminum 66,000 
Calcium 150,000 

Iron 35,000 
Magnesium 26,000 

Sodium 34,000 
Sulfur 16,000 (48,000 as sulfate) 

Non-digestible components 
(Solids not dissolved in hot nitric 

acid digestion) 
41.5% 

 
The high concentrations of calcium, iron, aluminum, and non-digestible components 
suggests that the DSI baghouse material contains both fly ash and DSI FGD material. 
 
MATERIAL MACROSCOPIC BEHAVIOR 
 
The DSI is a fine grained particulate material collected in the baghouse.  This material is 
handled dry and pneumatically blown into holding silos at the facility’s waste processing 
area, as shown in the sample on the left in the photo below (Figure 2).  Prior to 
placement in the landfill the DSI material is moisture conditioned in a pin mixer prior to 
loading into haul trucks to minimize dust during transport and placement in the landfill. 
   
The DSI material will typically form clumps that dry into pellets after being exposed to 
moisture if not mechanically compacted, see the middle sample in Figure 2.  Moisture 
conditioned DSI material can be compacted prior to forming pellets to form a 
homogeneous intact material, see the sample on the right in Figure 2.  Sufficient water 
can be mixed with the DSI material to form a slurry.  The slurried DSI will not form 
pellets.  If allowed to form pellets, the material cannot achieve the densities attained by 
the slurried or compacted material.   
 
 

 
Figure 2: Image of different forms of DSI.  From left to right: DSI material (minimal 
moisture content), pelletized DSI (following 15% water addition), and moisture 
conditioned and compacted DSI (at 15% added water).  
 



MOISTURE HOLDING CAPACITY 
 
To evaluate the material behavior with water, tests were performed to determine how 
much water the DSI baghouse material can hold.  Different amounts of water were 
added to 100 g of the dry DSI baghouse material.  Samples were allowed to react 
overnight.  The following day the samples were subjected to a paint filter test (US EPA 
SW846 Method 9095A) in which the free water is allowed to drain through a paint filter. 
The test was modified to allow for a drain time of 1 hour rather than the 5 minutes 
prescribed in the test, and the amount of water passing through the filter was measured.  
The volume of water retained by the sample was calculated to determine the moisture 
holding capacity of the DSI baghouse material.  Figure 3 presents the results of the 
moisture holding capacity test with the volume of water added to the sample on the 
horizontal axis and the volume of water absorbed on the vertical axis.  The results show 
that the DSI baghouse material can absorb approximately its weight in water prior to 
generating free water.  The DSI material is a slurry at this water content.  Figure 3 also 
presents the results of a similar test performed on DSI baghouse material after it was 
allowed to form pellets.  The pellets provide a lower moisture holding capacity, 
maximum at approximately 50%, as compared to the original DSI baghouse material. 
   
 

 
Figure 3: Results of the moisture holding capacity test. 

 
STRENGTH CHARACTERISTICS 
 
Strength testing was performed on cylinders of moisture conditioned DSI material 
allowed to set for 7 days, 32 days, and 125 days.  The moisture content of the material 
was varied.  Cylindrical samples with diameters of 2 inches and heights of 4 inches 
were lab remolded at moisture contents of 15, 20, 30, and 40 percent.  Samples were 
either remolded by allowing the slurry to set or compacting the sample by hand into the 
mold.  After curing, the unconfined compressive strength of the samples were tested at 



a strain rate of 0.5 percent per minute to failure in accordance with ASTM D2166.  Table 
2 provides the results of the unconfined compressive strength tests.  The results show 
high strengths for the DSI baghouse material, even at the higher moisture contents.  
Strengths increased with decreasing water contents, and the strengths increased with 
curing time suggesting that there were pozzolanic reactions occurring with strength gain 
over extended curing times. 
 

Table 2: Unconfined compressive strength (UCS) test results. 
Added 
Water 

Results After Cure Time 
7 Day 32 Day 125 Day 

UCS, kPa Moisture 
Content, 

% 

UCS, kPa Moisture 
Content, 

% 

UCS, kPa Moisture 
Content, 

% 
15% 7,302 10.6 15,234 9.9 18,443 9.8 
20% 5,027 12.6 7,701 12.2 14,285 12.6 
30% 2,116 25.1 2,604 24.0 3,735 23.1 
40% 1,147 34.5 856 33.0 2,060 31.1 

 
HYDRAULIC CONDUCTIVITY 
 
Flexible wall permeameter tests in accordance with ASTM D5084 were performed on 
DSI baghouse samples remolded at similar dry densities and moisture contents as the 
DSI baghouse material strength test samples presented in Table 2.  The remolded 
samples were allowed to cure for seven days prior to setup for the flexible wall 
permeameter test.  The results of the flexible wall permeameter tests are presented in 
Table 3.  The samples remolded at lower moisture contents and higher densities 
resulted in lower hydraulic conductivities in the 10-7 cm/s range. 
 

Table 3: Flexible wall permeameter test results. 
Sample mc (%) γd (kN/m3) k (cm/s) UCS (kPa) 

DSI+15% 15.1 17.4 3.9E-07 6,840 
DSI+20% 20 16.9 1.9E-07 4,717 
DSI+30% 28.6 14.7 2.4E-06 2,450 
DSI+40% 37.4 13.0 1.2E-05 874 

mc= moisture content 
γd = dry unit weight 
k = hydraulic conductivity 
UCS = unconfined compressive strength 

 
LEACHING CHARACTERISTICS 
 
The leaching characteristics of the DSI material was also evaluated.  Leaching tests 
were performed by sampling and testing leachate that had flowed through the flexible 
wall permeameter cells.  Similar leaching tests were performed on pellets of DSI 



baghouse material.  The leaching evaluations were performed to characterize the 
leaching conditions of the samples.   
DSI Permeameter Sample Leachate: 
 
The total dissolved solids (TDS) was evaluated based on the specific conductance of 
the leachate collected over time from the compacted DSI baghouse samples. (Specific 
conductance is directly correlated to the TDS.)  Figure 4 presents the specific 
conductance data.  These data show a similar TDS pattern for the samples tested with 
a high initial TDS content followed by washout. 
 

 
Figure 4: Total dissolved solids leaching from the DSI permeameter samples at different 
added moisture contents (15% to 40% added moisture).   
 
The different water content samples did have different pH leaching patterns as shown in 
Figure 5. 
 



 
 
Figure 5: pH results on leachate from permeameter samples at different added moisture 
contents (15% to 40% added moisture). 
 
  
DSI PELLET LEACHATE 
 
Pellets of DSI material were formed by adding 15 and 20 percent water (by weight) to 
two samples of DSI and allowing the mixtures to dry and form pellets.  Water leach tests 
were performed by filtering deionized water through a column of the DSI pellets.  The 
results of the specific conductance of the pellet leachate in comparison to the 
compacted sample leachate are shown in Figure 6.  These results show that the pellets 
leaching potential is lower than the compacted permeameter samples, but the potential 
for both materials is relatively high. 
 
 



 
Figure 6: Specific conductance leachate results for pellets and permeameter DSI 
samples. 
 
The results of pH measurements are shown in Figure 7.  Similar to the specific 
conductance results the pellets appear to leach less than the compacted permeameter 
samples.  It should be noted, that the experimental approach for the compacted 
permeameter samples forces water to leach through the samples.  The DSI pellets have 
a much higher hydraulic conductivity similar to the hydraulic conductivity of gravel, so 
under field conditions more water would leach through a zone of pellets than compacted 
DSI material.   
 



 
Figure 7: pH results for leachate from pellets and permeameter DSI samples.  
 
ADDITIONAL SAMPLES 
 
A second batch of DSI baghouse material was received the following year for additional 
testing. The second batch had a slightly different compositional analysis, reflecting more 
DSI and less fly ash in the sample (Table 4). 
 

Table 4: Compositional analysis of the DSI dust for the 2014 and 2015 samples. 
Element Concentration, mg/kg 

March, 2014 June, 2015 
Aluminum 66,000 53,000 
Calcium 150,000 110,000 

Iron 35,000 25,000 
Magnesium 26,000 20,000 

Sodium 34,000 95,000 
Sulfur 16,000 55,000 

 
 For this second batch, the moisture density relationships were determined using the 
standard Proctor effort (ASTM D698) and additional flexible wall permeameter tests 
were performed.  The standard Proctor test resulted in a maximum dry unit weight of 
101 pcf at an optimum moisture content of 19 percent for the DSI baghouse material.  
This is shown graphically in Figure 4 with the results of the first batch of flexible wall 
permeameter tests (data presented in Table 3) and the second batch of flexible wall 
permeameter tests. 
 
 



 

  
Figure 8: Summary of moisture density relationship and hydraulic conductivity tests. 
 
The moisture-density relationship shows that the material compacts similar to a soil 
where under constant compactive effort there is a maximum dry density that can be 
achieved at an optimum moisture content.  Similar to the testing on the first batch of 
samples, it is expected that lower moisture contents result in higher strengths. 
 
What is evident from the data presented in Figure 8 is that there was a change in the 
DSI baghouse material between the 2014 and 2015 samples of DSI.  The first two 
samples fabricated for the first batch of tests are above the moisture-density 
relationships developed for the 2015 DSI baghouse material.  The moisture-density 
relationship for the material collected in the electrostatic precipitator is provided for 
reference.  The measured hydraulic conductivities are higher for the 2015 DSI 
baghouse samples.  The 2015 samples also swelled during the tests which was not 
observed for the 2014 samples.  The final unit weight is shown for the 2015 test points 
with arrows pointing from the start to the finish point.  These results emphasize the 
temporal nature of the waste streams that are coming from plants.  The byproduct 



properties are expected to change in time with changes in coal inputs and facility 
process changes. 
 
CONCLUSIONS 
 
The handling of the DSI baghouse material impacts the material behavior in the 
following ways: 

• Adding 15 to 20 percent water by weight and compacting appears to provide a 
durable, strong, low permeable material 

• Increasing the water content results in less strength and higher hydraulic 
conductivity 

• Moisture content does not affect the leaching potential other than impacts due to 
hydraulic conductivity 

• Adding 15 to 20 percent water by weight and allowing to form pellets results in 
higher hydraulic conductivity and a high leaching potential 

• The byproduct stream from a facility changes with time with potential impacts to 
the physical behavior of the material. 
 

Additional work that would provide insight into the behavior of the DSI baghouse 
material includes: 
 

• Measure hydraulic conductivity after longer cure times. 
• Evaluate moisture-density relationships of the material to evaluate impact on 

improved compaction on the engineering properties of the DSI.  
• Compare limestone and lime based FGD baghouse byproduct with DSI 

baghouse byproduct for strength and hydraulic conductivity. 
• Continued testing with time to determine the range of anticipated material 

behavior. 
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