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ABSRACT 
 
Microorganisms play an important role in geochemical cycling and chemical 
transformation of metals and inorganic elements in the environment. Nitrogen and sulfur 
cycling, iron and manganese oxidation and reduction, and methanogenesis are 
examples of microbial interaction with minerals.  Microbes reduce selenate to insoluble 
selenite and selenium.  Microbes catalyze redox reactions involving chromium, mercury, 
iron, and other metals with some becoming much less soluble while others become 
more soluble.  Microbes also generate metal oxides, sulfides, carbonates, phosphates, 
and hydroxides with various metals. Although microbes perform several beneficial 
reactions that can reduce leaching of metals and inorganics from coal combustion 
residuals (CCR), little research has been devoted to CCR biogeochemistry.  We 
recently used next generation sequencing to identify over 500 species of bacteria in flue 
gas desulfurization (FGD) waste, a material that is a seemingly inhospitable habitat for 
microbes.  The species diversity was surprising and interesting in that several metabolic 
pathways were represented among the bacteria.  An examination of sulfur phases in an 
old FGD settling pond indicated activity of both sulfur-oxidizing and sulfate-reducing 
bacteria. These results suggest that other CCR wastes may also harbor microbes able 
to influence the geochemical state (solubility and mineral phases) of inorganics and 
metals. Based on the ability to engineer the material properties of FGD waste to create 
a marketable product, other beneficial bioreactions in CCR wastes may be engineered 
to provide novel CCR management tools to economically alter leachate composition, 
gas production, metal solubility, geotechnical stability, and other characteristics affecting 
CCR properties. These reactions may reduce the cost and complexity of long-term CCR 
storage, enhance the marketability of low quality residuals, or convert problematic 
wastes into saleable resources.  
 
INTRODUCTION  
 
Coal combustion and desulfurized gas production from electric power generating 
facilities produce over 110 million tons of coal combustion residuals (CCR) or waste by-
products each year1,2.  CCR wastes are often disposed of in landfills or at the facility in 
on-site impoundments1,3. Depending on the source of coal, CCR by-products may 
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contain trace metals, including selenium, arsenic, and mercury1,3,4.  To reduce the risk 
of chemical leaching from CCR wastes into the environment and to minimize the risk for 
human exposure to chemical contaminants, the EPA has established regulations for the 
disposal, storage, and the re-use of coal ash by-products (40 CFR 257).  These include 
guidelines for controlling and minimizing release of contaminants to the environment 
through discharge of effluent or run-off, release of dust particles from operations, and 
from leakage of on-site storage.   
 
The Federal CCR Rule fundamentally alters the management of coal combustion 
residuals (CCR) including various ashes and flue gas desulfurization (FGD) byproduct. 
Monitoring potential groundwater impacts from CCR landfill and surface impoundment 
leachate is a two-step process.  Indicator (Appendix III) parameters designed to detect 
the influence of CCR leachate on groundwater provide the criteria (Step 1, Detection 
Monitoring) for more extensive monitoring (Appendix IV) (Step 2, Assessment 
Monitoring) with the intent of identifying inorganics that may be leaching from 
accumulated CCR waste.  As long as the monitored constituents do not exceed the 
established groundwater protection standard (GWPS), no correction action other than 
groundwater monitoring is required.  The GWPS is defined as the EPA’s Maximum 
Contaminant Limits (MCL) or background concentrations, whichever is higher.  If 
assessment monitoring becomes necessary and the groundwater contains excessive 
amounts of any of the assessment parameters, corrective action to remediate the 
impact is required.  In the case of unlined surface impoundments, the unit must no 
longer receive waste and initiate closure in addition to remediating the impact. An 
overview of the groundwater monitoring system is presented in Figure 1.  
 
The cost and liability to assess corrective measures, select the remedy, and to 
implement the approved corrective plan can be substantial. Depending on the facility, 
the type of required corrective action can range from groundwater remediation to 
removal millions of tons of CCR into a lined containment cell/landfill.  Avoiding removal, 
placement, and restoration is an advantageous goal.  While the CCR Rule allows 
closure in place, an efficient and cost-effective technology to achieve this goal is not 
available at present.  However, the liabilities and costs associated with moving millions 
of tons of CCR make the development of a reliable in place closure technology 
attractive, if in place closure can be done within a reasonable timeframe and for a 
reasonable cost. Preliminary estimates for in-place closure are thought to be on the 
order of 10 to 20 percent of the cost of aggressive actions required if a CCR 
impoundment is found to impact groundwater.   
 
The elemental composition of CCR (defined here as fly ash, bottom ash, flue gas 
desulfurization (FGD) material, and boiler slag) is essentially fixed but the aqueous 
solubility of most of the assessment parameters (metals, metalloids, and naturally 
occurring radionuclides) can be altered in situ to yield stable insoluble chemical states 
that will not leach. Here, we describe two major components to this challenge – CCR 
microbiology and CCR biogeochemistry. Specifically, we seek to provide key 
background on CCR microbiology and describe how microbes present within CCR 



 

wastes may influence the geochemical state (solubility and mineral phases) of inorganic 
CCR waste contaminants.  
 
ASH MICROBIOLOGY 
 
Scientific literature documents that microorganisms occupy every environmental niche 
with the highest microbial numbers associated with the open oceans and soils5.  The 
number of bacterial cells per gram varies depending on the type of soil and can range 
between 2000 cells per gram (cells/g) for heavy metal contaminated soils to at least 8.3 
million cells/g in nutrient rich forest soils6,7.  Bacteria are equally numerous in extreme 
environments such as those found in the Arctic and hot springs.  The Arctic Deserts are 
subjected to extreme cold (-55°C), severe desiccation and oligotrophic (nutrient-starved) 
conditions, yet the soils contain between 106 and 108 cells/g soil8. Similarly, hot springs 
with temperatures as high as 70°C contain up to 1011 bacterial cells/g of soil9. 
The ubiquity and diversity of bacteria suggest that ash is likely to contain its own 
microbial community that may vary by surface impoundment, land leachate, and/or 
power plant.  Studies performed on flue gas desulfurization (FGD) waste, a well 
characterized CCR byproduct, have revealed the presence of more than 500 individual 
bacterial species10.  This is surprising considering FGD is an oligotrophic, high salt, 
alkaline environment consisting primarily of minerals.  The investigation by Graves et 
al.10 brought to light numerous active sulfur oxidizing (SOB) and sulfur reducing bacteria 
(SRB) within the FGD matrix capable of either oxidizing or reducing sulfur compounds. 
They were able to engineer an aerobic reaction using sulfur oxidizing bacteria to 
transform calcium sulfite into gypsum with the end result being an enrichment of FGD 

 
 
Figure 1. Overview of the Federal CCR Rule for management of coal combustion 
residuals (CCR). 



 

waste with a starting gypsum concentration of 50 percent into a final product containing 
96 percent gypsum with a similar reduction in calcium sulfite concentration11.   
A well-known byproduct of sulfate reduction is hydrogen sulfide (H2S), which is 
exclusively generated by sulfate reducing bacteria (SRB) in environments with sulfate 
and little to no oxygen. Bacteria capable of driving other chemical reactions were also 
observed by Graves et al.10 and included chlorate reducing and ammonia oxidizing 
bacteria. In a separate investigation into CCR byproducts, Brown and co-workers3 
reported substantial quantities and diversity of bacteria present in four FGD-related 
waste-streams. Though all four waste streams harbored similar groups of bacteria, the 
physiochemical differences in each waste stream dictated the quantities and distribution 
of the groups present. The work of Brown et al.3 also substantiated work performed by 
Graves et al.10 that industrial solid wastes typically assumed to be inhospitable to 
bacteria or even sterile in fact harbor significant numbers and diversity of 
microorganisms.  This level of metabolic capacity offers opportunities to engineer 
conditions in the ash to favor reactions that will immobilize metals and prevent them 
from leaching into groundwater similar to the way bacteria was used to convert low 
gypsum content FGD waste into a high gypsum product.   
Assuming a similar microbial diversity in ash, the requisite microbes for immobilizing 
assessment inorganics are expected to be present.  Ash treatment becomes a process 
of altering conditions in an ash impoundment to favor microbial reactions that lead to 
metals immobilization.  The irreversibility of the metal immobilization is a function of 
maintaining reducing conditions (achieved with a cap or sustained microbial activity) 
and time for the immobilized metals to become part of the mineral matrix of the ash. 
 
ASH BIOGEOCHEMISTRY 
 
Although naturally occurring microorganisms offer several reactions or metabolic 
processes that could be beneficial for managing CCR surface impoundments, little is 
known about the diversity of CCR microbial communities and their role in 
biogeochemical cycling of trace metals and inorganic compounds characteristic of coal 
ash. Previous studies of biological processes associated with CCR have focused on 
understanding the impact of fly and bottom ash on naturally occurring plant and 
microbial populations. This stems from concern that potential re-use of coal ash for 
agriculture or in other land application projects could potentially disrupt essential 
ecological processes12,13.  In studies where soils were amended with fly ash the activity 
of natural microbial populations were either reduced or inhibited.  The authors suggest 
this was likely due to a combination of high alkalinity, the presence of toxic metals in the 
coal ash, and the natural properties of the amended soils12,13,14.  
 
However, in a study by Schutter and Fuhrmann13, the application of bituminous fly ash 
to soils did not appear to have an adverse effect on the natural soil microbial 
community. Differences in response between the two studies is likely due to variations 
in physio-chemical characteristics of the coal ash applied to the native soil microbial 
communities. Neither study included an effort to encourage the growth of bacteria by 
engineering more favorable conditions. Relatively simple soil adjustments are likely to 



 

stimulate the survival and growth of bacteria which in turn would be expected to 
produce conditions that reduce metal solubility.  
 
In addition to assessing native microbial responses to CCR, focus has also been placed 
on microbial stabilization of CCR as a strategy to enable cementation of CCR, thus 
prevent leaching of inorganics.  As described above, the chemical nature of the 
environment will either favor the establishment of select microbial groups or suppress 
them. The importance of microbial-environmental interactions was recently 
demonstrated by Gonzalez et al.4. They showed that adding two known biocement-
forming bacterial species, Sporosarcina pasterurii and Myxococcus xantus, to fly ash 
enabled cementation. However, due to the geochemical properties of the cemented coal 
ash and microbial interactions with outside environmental factors (e.g. rain), the 
potential for bioleaching of trace metals increased, probably due to the formation of 
water soluble metal carbonates. Since microbial communities work in concert with their 
environment, identifying key microbial species, their growth characteristics, and their 
functional capabilities can provide the information needed to avoid unintentional 
consequences such as increased metals leaching.   
 
GEOCHEMISTRY OF CCR IMPOUNDMENTS 
 
In a recent survey of power facilities, the U.S. EPA identified over 600 surface 
impoundments, each capable of occupying greater than 50 acres with an average depth 
of 6 meters1. CCR by-products disposed into these impoundments include fly and 
bottom ash, boiler slag, and flue gas desulfurization materials. Based on the facility 
process and the source of coal utilized at the facility, the geochemical blend of CCRs 
will vary. Depending on the design of the impoundment, the geochemical blend of CCR 
byproducts, and microbial community structure of the impoundment, a number of 
biogeochemical reactions are likely to occur, thus complicating in-place management of 
CCR toxic metals. 
 
Based on published descriptions of CCR leachate and CCR byproducts, it is possible to 
identify key biogeochemical reactions that are likely to occur.  For example, as 
described in the above sections, FGD waste contains sulfite which is can be oxidized to 
form a sulfate-metal complex (e.g. CaSO4) in the presence of sulfate-oxidizing bacteria.  
Across facilities, FGD waste, as well as, other S-containing products are often disposed 
of in impoundments. Based on the age of the impoundment, anaerobic and aerobic 
zonation of microbial species will be observed.  Assuming the presence of sulfite and/or 
sulfate within the impoundment, we can identify four potentially key biogeochemical 
pathways for immobilization of toxic metals.  These include direct reduction of oxidized 
metal species, microbial induced reduction of metals, precipitation of elements from 
addition of inorganic salts or compounds, and bioaccumulation of inorganic metals. An 
overview of the proposed biochemical pathways and reactions is provided in Table 1.   
 
 
 
 



 

FUTURE DIRECTION 
 
Microbial processes are likely to play an important role in the biogeochemical 
transformation and/or immobilization of metals and metalloids in ash.  Based on proven 
ability to engineer the chemical composition of FGD waste using sulfur-oxidizing 
bacteria11, other beneficial reactions in CCR wastes may also be engineered by 
efficiently and economically using microorganisms to alter leachate or groundwater 
composition, gas production, metals stabilization, geotechnical stability, and other 
characteristics affecting CCR management and ash and groundwater remediation.  
 
What is currently lacking is a detailed understanding of CCR microbiology. Due to 
previous limitations in high resolution methods for microbial community analysis, very 
little is known about the diversity of ash microbial communities.  To the best of our 
knowledge only one study characterizing the microbial diversity and abundance of coal 
ash has been published. In a study by Klubek et al.15, the microbial activity, abundance, 
and diversity was examined in ash collected from three coal ash basins (two closed and 
one current use basin) near Savanah River, Georgia. Samples were representative of 

Table 1. List of expected biological processes and corresponding insoluble metal 
precipitates for removal of groundwater assessment constituents [Appendix IV, 80 
FR 21500, Apr. 17, 2015].  
 

 
a Mechanisms for microbial- and chemical- mediated precipitation of Lithium are unclear and is not listed in the 
table. 
**Low Ba2+ release has been attributed to formation of sulfide –complexes when sulfide was present 
(McCready et al 1980; Phillips et al 2001). However, direct evidence for the removal of Ba2+ by these 
precipitates is limited.  Primary removal is through chemical reactions.    
 



 

coal ash derived from the same source, but different types of ash. By utilizing culture-
dependent methods, the authors were able to target specific groups of bacteria. 
Classification of bacterial populations included Actinomycetes, Fungi, nitrifying bacteria, 
denitrifying bacteria and selenite-reducing bacteria.  
 
Similar to the FGD findings, the Klubek results indicated microbial diversity increases 
with the age of the ash. This study indicates considerable diversity of microbial types in 
ash; however, the investigation was limited to the selective medium used to grow each 
type of microbe.  Non-culturable bacteria were not detectable by this method and other 
types of bacteria may have also been present but not detected because culture 
conditions were not appropriate for their selection and growth. Fortunately, advances in 
high-throughput 16S rRNA sequencing enables complete microbial characterization at 
high-resolution.   
 
Moving forward, there is a need to characterize and understand the biogeochemical 
diversity and capability of CCR microbial communities. This level of understanding will 
provide the essential foundation and enable a systems level approach for developing 
remedial actions rather than addressing inorganic constituents and remedial action on 
individual levels. Based on the general concepts described above, we propose that the 
metabolic diversity of naturally occurring microbial communities be harnessed to drive 
reactions that yield insoluble forms of the assessment metals (Figure 2). This approach 
offers a cost-effective and efficient in place remediation option for CCR surface 
impoundments and storage cells that have impacted groundwater. 
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