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ABSTRACT 
 
Activated Carbon Injection (ACI) using Powdered Activated Carbon (PAC) is commonly 
used for control of mercury in coal-fired flue gases.  It has become the dominant 
technology for compliance with the EPA’s Mercury and Air Toxics Standard (MATS) rule 
and is used on many coal types and unit configurations.  The ash often can be sold for 
beneficial use in concrete or as road base, with common PAC-fly ash blends of <0.5 to 
1 wt% PAC in ash.  New requirements for treatment of scrubber discharge under the 
Effluent Limit Guidelines (ELG) rule drive increased concern at power plants about the 
fate of metals in the power plant.  Intersecting requirements for air pollution control, 
effluent limits and coal combustion residuals under the Coal Combustion Residuals 
(CCR) rule underscore the importance of understanding the fate of metals including 
mercury, selenium and arsenic in the power plant system.  Mercury has been 
demonstrated as stable once collected with PAC in the power plant flue gas train, and 
other metals have had variable results.  This study analyzes the stability of these metals 
in ash and with the use of PAC injection for mercury control and describes the 
implications regarding the ELG and CCR rules.  New PAC sorbents are being 
developed to improve metals uptake and stability. 
 
BACKGROUND: THE INTERSECTIONS OF MATS, ELG AND CCR RULES 
 
Developments in environmental regulation calls for an increased understanding of the 
disposition of metals including mercury, selenium, and arsenic in coal-fired power 
plants. With the implementation of the Mercury and Air Toxics Standards (MATS), more 
metals are transferred from air emissions to solid and liquid waste streams. The Effluent 
Limit Guidelines (ELG) rule places the first limits on metals from scrubber discharge, 
combustion residual leachate, and other liquid waste streams, and the Coal Combustion 
Residual (CCR) rule requires groundwater monitoring and corrective action at coal 
combustion residual landfills and surface impoundments. It is advantageous to 
concentrate and sequester metals in CCRs to reduce their environmental release in flue 
gas and liquid waste streams. Whether the metal-enriched CCRs are being beneficially 
used or disposed of in landfills, it is important to evaluate the stability of these elements 

2017 World of Coal Ash (WOCA) Conference in Lexington, KY - May 9-11, 2017
http://www.flyash.info/



Wong, et al.   2017 World of Coal Ash  PAC Impacts on Ash 

2 
 

in CCRs to ensure that the environmental burden is not simply transferring further 
downstream.  
 
Mercury, selenium, and arsenic are three key constituents of concern in management of 
coal-fired power plants because they are not always fully separated from flue gas by 
traditional air quality control systems.  Once separated (or partitioned) from flue gas, 
these elements end up in CCRs or scrubber liquor.  If they end up in the scrubber liquor, 
they can create a challenge for wastewater treatment, and if they end up in ash, they 
may create a concern for groundwater leaching.  The chemical form and reactivity of 
these compounds, matrix of other constituents in the various streams, and the process 
conditions all influence the ultimate fate and stability of these components. 
 
The single-point focus of environmental compliance on stack emissions is being shifted 
by the regulation of solid and liquid waste streams in the ELG and CCR rules. 
Understanding the underlying fate of potential constituents of concern is a cornerstone 
in approaching a more integrated approach to environmental controls. Three facets of 
developing remediation responses involve: 1) understanding where the trace species 
are currently being sequestered 2) evaluating the stability and environmental availability 
of the pollutants in their final form and 3) addressing the effects of new modes of 
operation on overall plant operations, pollutant fate, and beneficial reuse of CCRs. This 
paper focuses on the status of using activated carbon to enhance the sequestration and 
stability of metals, particularly mercury, selenium, and arsenic as a holistic approach to 
MATS, CCR, and ELG compliance.  
 
MERCURY AND AIR TOXICS STANDARDS 
 
MATS has been in full effect, including plants that obtained one-year extensions, since 
April 2016.  In this time frame coal plants have operated their chosen controls over the 
full-load ranges, seasonal variabilities, fuel variabilities, and in light of all the other 
compliance burdens that plants face.  The EPA requires reporting of MATS compliance 
data along with the methodology varying by pollutant and measurement type.  
Measurements are required at the flue gas stack.  It does not account for the final 
disposition of the mercury; but rather, just quantification of mercury emitted into the air.  
For mercury two compliance reporting measurement options exist: (1) sorbent traps, 
which use halogenated PAC to capture the mercury in an in-situ sample that is then 
analyzed in the laboratory via direct thermal decomposition and atomic absorption 
detection, and (2) continuous emissions monitors (CEMS), which use extractive 
sampling to process and analyze the flue gas using Cold Vapor Atomic Fluorescence 
(CVAF) or Cold Vapor Atomic Absorption (CVAA).  The resulting data are then reported 
to the EPA and posted to the Air Markets Program Database (AMPD), which is publicly 
available at: https://ampd.epa.gov/ampd/.  The data can be accessed by unit and 
include a description of the emissions control technologies on the unit, the hourly 
emissions data, the hourly heat input and other pertinent process information.  From the 
AMPD some information regarding compliance choices can be seen.  Other studies also 
have looked at technology choices by plants and some trends can be established1,2.  
The relevance of these trends is the link to the fate of the mercury and other trace 
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metals, which is dependent on technology selection and the particular combination of air 
quality control technologies (especially additives) employed, unit operating conditions, 
coal type, and flue gas chemistry.   
 
The primary compliance techniques referenced in the AMPD are activated carbon 
injection (ACI) and additives.  ACI is the flue gas injection of PAC into the flue gas, 
which has been established as Best Available Control Technology (BACT) and 
Maximum Achievable Control Technology (MACT) for mercury control since the early 
2000’s in the U.S.  “Additives” is a general term that may refer in any given case to a 
coal additive, such as is common in the addition of CaBr2 or another halogen to the 
coal.  In addition, it may refer to scrubber additives, such as sulfide compounds or PAC, 
which can remove oxidized mercury from solution by sequestering it in a solid form.  
Additive techniques be used both separately and in combination depending on the 
complexities of the unit operation.   
 
The additives can have an impact on the fate of the trace metals, which in turn impact 
wastewater streams and solids management.  For example, use of calcium bromide 
injection on the coal belts (Boiler Chemical Addition or BCA) in a study reported by 
GRE, URS (now AECOM) and EPRI in 2012 resulted in significantly higher selenium 
levels at the outlet from the Electrostatic Precipitator (ESP)/inlet to the WFGD than 
baseline (no BCA).  This was reinforced through several measurements including flue 
gas, ash, and scrubber solids and liquid samples.  This impact of selenium partitioning, 
in which more of the selenium reports to the scrubber rather than the ash collected in an 
ESP, was relieved by using ACI in conjunction with the BCA or by using brominated ACI 
without BCA.3  The implication is that MATS technology selection can have a broader, 
beneficial impact on planning for ELG and CCR. 
 
Activated carbon injection has been a successful technology for MATS compliance that 
also has continued to reap the benefits of deep operations learning curves and shared 
best practices as well as continued product development, improving effectiveness and 
reducing the amount of sorbent required.  These advantages directly benefits CCR 
utilization options through lower loading, as well as identification of sorbent designs that 
are preferential for utilization with air entrainment agents, as described later in this 
paper. 
 
MATS compliance is working for US units.  Figure 1 shows two, one-hour snapshots of 
all the operating units, showing that all units are close to the 30-day rolling average 
requirements of 1.2 lb/TBTU for non-low rank and 4 lb/TBTU for lignite (low rank coal) 
units.  This chart does not show a 30-day rolling average, which is the MATS 
compliance requirement for most units; it is just a one-hour snapshot per data point.  
There is some variability of operation around the actual rolling-average emissions limits, 
which is not surprising within a shorter averaging window. 
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Figure 1: Snapshot of one‐hour AMPD data showing mercury emissions levels.  Each data point represents one hour of 

operation; each operating unit has two consecutive hours in September 2016 represented. 

EFFLUENT LIMITATION GUIDELINES 
 
The ELG establish new requirements for Wet Flue Gas Desulfurization (WFGD) unit 
wastewater, ash transport waters, and waters associated with flue gas mercury control 
by establishing discharge limits for arsenic, mercury, selenium, and nitrogen.  Plants are 
expected to comply with these limitations between November 1, 2018 and December 
31, 20231, depending on the timing of their discharge permit renewal and/or choice to 
opt into a zero discharge alternative. 
 
Native capture utilized by many plants for MATS compliance with Selective Catalytic 
Reduction (SCR), ESP, and WFGD systems may be effective for shifting metals within 
the plant system to the scrubber liquor, but complications may arise when treating 
scrubber wastewater due to multiple phase partitioning and complex process 
chemistries within these unit operations. The final disposition of potentially harmful 
contaminants should be in an encapsulated solid form. This can be achieved by uptake 
with fly ash, uptake with fly ash enhanced with activated carbon and/or alkaline 
injection, sorption to scrubber additives (PAC or other), or by treatment of WFGD 
wastewater.  A desirable solution is to sequester contaminants upstream of the 
scrubber to avoid relying on complicated scrubber chemistry for multi-pollutant control.  
For example, when discharged with scrubber effluent, selenium is difficult to remove, 
especially if it is in the selenate (+6) form.   

                                                            
1 As of April 2017 EPA has requested that the deadlines for ELG compliance be stayed pending their review of the 
standards. 
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Removal of ELG-regulated constituents upstream of the scrubber can provide benefits 
by minimizing the following: inefficiencies in transfer or partitioning of contaminates 
between phases, interferences in operating conditions, and complicated WFGD 
wastewater treatment requirements.  In their exploration of selenium capture through a 
WFGD, Senior et al speculated as to why a significant portion of selenium passes 
through a WFGD while high removal rates of oxidized Hg and SO2 are typically 
observed. They concluded that selenium removal is likely mass transfer limited. An 
initial rapid quench within the scrubber is a thermodynamically favorable environment 
for the condensation of selenium; however, the submicron particles available for 
condensation are too small to be captured by most WFGDs. Post-ESP lime injections 
were capable of increasing selenium removal by increasing the available surface area 
for the compounds to complex chemically. The larger lime particles could be removed 
by the scrubber.4  The approach to sequester selenium in a final stable state requires 
multiple transitions of the contaminant between phases – gas to solid to liquid and 
ultimately to solid via wastewater treatment.  
 
EFFECT OF PAC IN SEQUESTERING METALS 
 
The role of activated carbon in sequestering mercury (Hg), arsenic (As), selenium (Se), 
cadmium (Cd), chromium (Cr), lead (Pb), and nickel (Ni) was evaluated by the 
University of North Dakota Energy and Environmental Research Center, as reported in 
2006. For both spray dryer absorber (SDA) and fly ash samples, total Hg content was 
higher for when activated carbon was injected. When ACI was collected downstream of 
the primary particulate collection device (as in for example, a TOXECON® 
configuration), there was also an increase in the Se content of the fly ash. The same 
increase was not observed for As, Cd, Cr, Pb, or Ni. This observation implies that 
activated carbon plays a key role in capturing mercury and potentially selenium from 
flue gas.5 
 
In their work to ensure that changes in air pollution control do not merely transfer 
environmental burden from one media to another, the EPA Office of Research and 
Development and the Air Pollution Prevention and Control Division published a report in 
2009 that evaluated 73 CCRs from 31 coal-fired power plants using a variety of air 
pollution control systems.  Five case studies looked specifically at how ACI influenced 
metals partitioning.  Results for total metals content in fly are displayed in Table 1.  Total 
metals content increasing with ACI are highlighted in blue, decreasing in red, and flat 
levels in yellow.  The five cases show fairly consistant increases in mercury content with 
ACI, but inconsistant results for selenium and arsenic.  Notably the plant that uses 
COHPAC® to collect sorbent separately from the ash demonsrated increased 
concentrations of both selenium and arsenic with ACI.  In this configuration, also known 
as TOXECON, PAC is injected downstream of a primary particulate matter collection 
device, which collects the bulk of the fly ash.  The low-ash  flue gas and injected PAC 
are subsequently collected in a baghouse.6 
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Table 1: Total content of fly ashes with and without ACI.6 

Site 
Hg (mg/kg)  As (mg/kg)  Se (mg/kg) 

Baseline  ACI  Baseline  ACI  Baseline  ACI 

Brayton Point  0.7  1.5  81  28  BDL  BDL 

Salem Harbor  0.5  0.4  26  26  42  44 

Facility C 
(COHPAC) 

0.02  1.2  93  506  BDL  206 

St. Clair  0.1  1.2  43  41  11  13 

Facility L  0.01  0.04  20  19  4  4 

BDL = Below Detection Limit 

 

Encapsulating pollutants early in the treatment train to minimize the burden and 
oversizing of downstream water treatment is highly desirable. Sorbent enhancement to 
sequester selenium and other metals is a focus of ongoing work for ADA Carbon 
Solutions, EPRI and others. 
 
COAL COMBUSTION RESIDUALS RULE 
 
Upstream capture of metals within CCRs, as described above, is a favorable option for 
minimizing scrubber water treatment; though, when considering new requirements for 
solid and liquid waste streams, careful consideration of the stability of these pollutants in 
their final state is important.  The CCR rule calls for more substantial construction and 
monitoring of CCR storage areas while safeguarding the nonhazardous status of CCRs.  
The rule sets out guidelines that individual states are expected to follow in regulating 
CCR placement and usage including more frequent and thorough monitoring of existing 
storage areas, specific guidelines for the use and analysis of required monitoring wells, 
and immediate initiation of corrective action assessment and implementation upon a 
statistically significant exceedance of specific contaminants.7  
 
The new rule safeguards the beneficial use of CCRs.  The EPA came to this conclusion 
based on the environmental benefits and minimal health impacts of CCR beneficial 
usages.  However, beneficial uses are dictated in part by market factors that vary 
regionally.  The potential for use is affected by local/regional supply and demand, and 
ash specifications are defined in part by the local market.   
 
October of 2016 was the deadline for plants to address many of the physical 
requirements of the CCR rule for landfills and surface impoundments including initial 
closure plans and safety factor, hazard potential, and structural stability assessments. 
More recently, the focus has shifted to completing the first annual groundwater report 
due in January 2018 and stopping sluicing of CCR and non-CCR wastes.  Whether 
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CCRs are being stored or beneficially reused, it is important to understand how 
changing operating conditions affects the stability of trace elements in CCRs.  
 
THE EFFECTS OF PAC ON STABILIZING METALS IN CCRS 
 
In the report by the EPA Office of Research and Development and the Air Pollution 
Prevention and Control Division described above, leaching characteristicts of fly ash as 
a function of pH and liquid solids ratios was evaluated in addition to total content.6 
Leaching of Hg, As, and Se for paired cases with and without ACI can be seen in Figure 
2. Maxium contaminant level and toxicity characterisitic levels are also plotted for 
comparison. 

 
Figure 2: Leachate ranges for Hg, As, and Se from fly ash samples with and without activated carbon injection.6 

For the case of Hg, all sites showed concentrations an order of magnitude or more 
under the maximum contaminant level. Even though the total mercury content increases 
with ACI, the leachability is not subsequently increased. Activated carbon is effective in 
capturing flue gas mercury in a stable state.  
 
For As and Se, there was no consistent pattern in the effect of ACI on leachability. For 
example, at Brayton Point, fly ash with activated carbon showed a decrease in the As 
leachate concentration and an increase in the Se leachate concentration when activated 
carbon was being injected compared to the baseline. As depicted in Figure 2, this 
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pattern did not hold for all sites. In the case of Pleasant Prairie, ACI caused the 
leachability of Se to decrease, but had very little effect on the leachability of As.  
 
Results were typically a strong function of pH and sometimes of the liquid to solids ratio 
at the natural pH. Leaching profiles as a function of pH can be seen in Figure 3.  The 
vertical red lines show the typical range of leachate pH values, and the circled data 
point indicates the leachate concentration at the natural pH of the sample. The leaching 
profiles were not consistent between CCRs. For example, Brayton Point, shown in 
green, reaches a minimum for As leachability in the mid-pH range, and shows a slight 
increase for Se leachability as pH increases. For Facility L, in red, the leachability profile 
for both As and Se dips around a pH of 5. This is an example of how the leaching 
profiles are not consistent regardless of them both being combustion byproducts of 
bituminous coal. Some cases appear to be controlled by adsorption while others by 
solid phase solubility.6 

 
Figure 3: Leaching profiles of Hg, As, and Se as a function of pH for paired cases of fly ash collected with and without ACI.4 

Hasset et al. also evaluated the effect of ACI on leachability of the metals. Mercury was 
not readily leachable from fly ash or FGD materials with or without ACI, even though 
increases in total content were observed. Again, conflicting results were observed on a 
case-to-case basis for arsenic and selenium.5 
 



Wong, et al.   2017 World of Coal Ash  PAC Impacts on Ash 

9 
 

Both studies observed variability in leaching, for all constituents, to be orders of 
magnitude larger than that of total content. It was clear that the leaching of 
contaminants is dependent on complex partitioning chemistry and that total content 
cannot be used as a predictive measure for leaching risks. This minimizes the fear of 
increased groundwater impact as a direct result of increases in the partitioning of 
pollutants to fly ash. Further work to understand the important factors involved in the 
partitioning of these elements (Se and As) and the potential benefit of activated carbon 
is warranted.  
 
THE EFFECTS OF PAC ON CCRS FOR BENEFICIAL REUSE 
 
While the need for CCR disposal in the U.S. has not yet been fully offset by beneficial 
reuse, an increasingly large percentage of CCRs are being repurposed. With coal-
based power production dropping, ash supply is also dropping, proportionally increasing 
the beneficially-used fraction.  In addition to understanding how metals are sequestered 
and stabilized in CCRs, it is also important to evaluate how changes in CCR quality 
affect the ash marketability. 
 

 
Figure 4:  Current uses of fly ash per ACAA 2015 survey results8 

As seen in Figure 4, the largest segment of beneficial reuse is fly ash in concrete. 
Residual levels of unburned carbon or activated carbon can absorb air entrainment 
agents (AEA) into their pore structure thus affecting the ability of concrete to retain air 
voids.  AEAs are surfactants that generate air bubbles in concrete to act as expansion 
chambers, enabling freezing water to expand into the voids. Excessive amounts of air, 
however, reduces the compressive strength of the concrete. Therefore, it is important to 
ensure that the concrete has the appropriate range of air content or void space.7  
 
Once in the field, air content cannot be adjusted, so predictability becomes very 
important. The suitability of fly ash in concrete has traditionally been determined by 
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means of a foam index test. This test involves the slow addition of a known AEA to a 
mixture of fly ash and water then shaking until a stable foam is formed. The simplicity of 
this test makes it useful, but it can be highly subjective and lack precision, as 
demonstrated in other work.7,9  A more quantitative surfactant adsorption approach to 
improve precision and minimize subjectivity was developed by Headwaters. In this test, 
a solution with a known concentration of surfactant is dripped through a column 
containing ash, and the amount of surfactant absorbed is quantified. 
 
In the interest of determining relative effect of advanced PAC products on beneficial use 
for concrete, a scenario was run using Headwaters’ test method.  A PRB fly ash was 
blended with ADA Carbon Solutions’ PACs to compare. Five generations of PAC 
products were dosed into fly ash at concentrations correlating to PAC injection rates of 
1, 2, 3 and 5 lb/MMacf as shown in Figure 5.  Fly ash that adsorbed less than 0.7-1 mg 
of surfactant per gram is typically acceptable for sale.   

 
 
 

Figure 5: Single point surfactant adsorption results for fly ash dosed with different levels of five generations of PAC products 
corresponding to PAC injection rates. 
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The values in Table 2 illustrate the injection rates for which surfactant adsorption 
exceedance would impact the concrete compatibility of fly ash. These results are only to 
be taken as guidance, as they could be site specific. Also, the injection ratios for 
effective mercury control by advanced PACs are lower than for earlier generations.  
Figure 5 represents comparability as a function of injection ratio, which is not 
necessarily the best indicator for mercury control effectiveness. The results show that 
for generation 1-4 PACs, there is little difference in surfactant adsorption, although there 
is a slight improvement in the behavior of generation 4 compared to generation 1 and 
generation 2 products. The generation 5 PAC, has the highest surfactant adsorption, 
and therefore would be expected to have the highest impact on fly ash marketability. 
The generation 5 PAC also enhances mercury capture steepening the mercury capture 
curves. This allows compliance at lower, more consistent PAC injection rates, offsetting 
the impact of mercury compliance on fly ash.  
 

Table 2: PAC injection rates corresponding to the surfactant adsorption cut off range for fly ash concrete compatibility. 

PAC 

Maximum PAC Injection 
Rate For Fly Ash Utilization 

Without Treatment 
(lb/MMacf) 

Typical Injection Rate for 
Sufficient Mercury Control* 

(lb/MMacf) 

Generation 1: PowerPAC Premium  2.3 – 3.3  1‐3 

Generation 2: FastPAC Premium  2.4 – 3.6  <1‐2 

Generation 4 PowerPAC Premium  2.8 – 4.1  <2 

Generation 4 FastPAC Platinum  2.7 – 3.9  <2 

Generation 5 FastPAC Platinum Plus  1.8 – 2.7  <2 

*Varies by application     

 
PAC injection rates at the source plant for the fly ash are typically about 1.7 lb/MMacf. 
All generations of ADA PACs would uphold the marketability of fly ash at this level. 
However, the typical mercury removal performance would improve by ascending 
generation.  For example, a Generation 1 PAC may require 3 lb/MMacf to meet target 
mercury levels, while a Gen 2 PAC would need about 2 lb/MMacf in the same 
application, and Gen 4 still less PAC.  The best case in this combined scenario of high 
PAC effectiveness for mercury control and improved performance for air entrainment is 
ADA’s Gen 4 PAC.  This PAC is suitable for certain niche applications but not all 
applications, as is Gen 5.  These advanced PACs address certain challenging flue gas 
environments and concrete compatibility is just one of several operational 
considerations.   
 
If the requirements for the plant require PAC into a range that inhibited the ability of 
concrete to hold air voids, then the fly ash could still be made marketable by either: 
changing the AEA, modifying the PAC, adding more AEA to compensate for adsorption 
by PAC, or adding a passivation agent. Each of these methods requires a consistently 
impacted fly ash starting material (or “carbon blocker”). 
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These solutions may require batch monitoring of ash and control of ACI to achieve 
consistent levels in the fly ash.  Having a consistent quantity of AEA demand within fly 
ash from a single source is a practical advantage for marketability.  As described in 
previous work,9 each family of AEAs has unique properties and some AEAs may work 
better with a specific activated carbon than others.  At the same time, there are different 
types of PACs from different raw materials and treated in different ways by the various 
PAC suppliers.  In general, a newer generation PAC will be more effective in mercury 
capture than an older generation, and therefore there will be less PAC in the fly ash.  
The amount of AEA can also be increased to the point where the PAC is saturated and 
the excess AEA can perform its task of creating air bubbles in the concrete.  Finally, a 
passivation agent, a chemical that reduces the PAC impact on the AEA, can be added.  
The best solution is the one that preserves the fly ash marketability at the lowest costs.  
Determining the best approach should be worked out between the utility, PAC supplier 
and fly ash marketer.  
 
An example of a solution to the problem of ash management in the case of excess AEA 
consumption by PAC was described by Headwaters recently using their RestoreAir® 
additive.  This sacrificial agent is added at levels <0.25% of the bulk ash and results in 
recovery of use for concrete applications.  It also stabilized air content of the concrete 
over a longer period, mapping closely to a control case with no PAC.  This commercial 
solution has successfully preserved ash sales and depending on economics, may be 
preferred to a sorbent-based solution.10 

 

SUMMARY AND CONCLUSIONS  
 
MATS rules went into full effect in 2016, while deadlines for CCR and ELG compliance 
are approaching. In considering future compliance requirements, the best approach is to 
focus on an integration of all emission control systems. This requires a holistic 
understanding of the fate of contaminants, the stability of the contaminants, and the 
interrelation of process variables. The versatility, inertness, and engineerability of 
activated carbon make it a leading solution to past and future power plant compliance. 
This paper sets the stage for considering activated carbon in irreversibly sequestering 
constituents of concern without disrupting process variables or sacrificing by-product 
marketability. 
  
Tangible benefits from this approach are the reduction in size of backend effluent 
treatment systems, improved control of the fate of the trace metals, and sequestering 
these materials in a way that prevents their re-introduction into the environment.   
  
In addition, PAC supports ongoing use of byproducts in encapsulated uses through 
engineering design and lower injection rates.  Adding in the potential for plants to 
control byproduct PAC levels through control systems or adding a masking agent 
makes PAC a successful approach for a wide range of power plants needing mercury 
and multi-metal control.  The secure capture of the trace metals other than mercury is 
an area that requires further study and needs to be evaluated on a plant-by-plant basis, 
areas that the authors are pursuing in current and ongoing work. 
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