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ABSTRACT 
 
Powdered Activated Carbon (PAC) is commonly used for control of mercury in coal-fired 
flue gases, often in a configuration that results in PAC-fly ash blends of 0.5 to 1 wt% 
PAC in the ash.  Fly ash is often sold for use in concrete.  Preserving or creating these 
opportunities for the beneficial use of ash is important to power plants.  With MATS 
compliance approaching in April 2015 and April 2016, many plants will be starting or 
increasing PAC dosing with subsequent increases in the concentrations of PAC in ash.   
 
ADA Carbon Solutions’ newer Generation 2 and 3 PACs are designed to minimize or 
eliminate ash impacts.  The key metric is the amount and consistency of Air Entraining 
Agent (AEA) needed per weight of cement, which acceptable levels are specifically 
driven by each local market.  Existing specifications and test methods do not 
necessarily address whether these ash products are suitable for concrete use.  PAC 
has a couple of key characteristics for interaction with these AEAs, which are 
measurable and manageable with the right tools.  This paper will discuss these 
characteristics and present an approach for analyzing ash products that contain PAC, 
including the relevance and shortcomings of various test methods. 
 
BACKGROUND: THE NEW CCR RULE 
 
The newly enacted coal combustion residuals (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.  Existing storage areas are 
to be monitored more frequently and thoroughly.  Monitoring wells are required for all 
storage areas with specific monitoring and analysis guidelines.  Corrective actions are 
expected to start immediately after an issue is identified. 
 
New storage areas will need to be designed according to more stringent standards 
including having composite liners.  Placement locations will be restricted: (1) over 
aquifers; (2) near wetlands; (3) near geological fault lines; (4) in seismic impact zones; 
and (5) at sites classified as "unstable areas".  Closure rules are defined and closure 
includes either removal of the CCRs or capping and substantial post-closure monitoring 
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of the existing site.  All records pertaining to the storage area including; inspections, 
monitoring results, etc. are to be maintained on site and on a publicly accessible web 
site.   
 
These new rules will force the closure of some existing storage sites and increase the 
cost of designing and building new sites as well as increasing the operating costs of old 
and new sites.  Ohio State University (OSU) developed a model for estimating the life 
cycle costs for a CCR storage area.  Although the model was developed before the rule 
was finalized, it is still felt to be fairly accurate and, if anything, understating the total 
costs.  The OSU example in Figure 1 is for a new storage area containing 6.5 million 
tons of CCRs with a 20 year life.  Operating costs are estimated at $8.00 per ton while 
total cost, including capital is estimated at $16.35 per ton of CCR placed. 
 
 
 

 
Figure 1: Estimated construction and operating costs for CCR storage (OSU model)1 

 
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.  Beneficial use has been defined as CCRs meeting four specific criteria: 
 

 The CCR must be used in a beneficial manner; 
 The CCR must substitute for a virgin material; 
 The CCR must be used in accordance with specific technical practices; and 
 Unencapsulated CCRs used in excess of 12,400 tons will require specific 

monitoring and record keeping. 
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The rule specifically exempts roadway applications from the fourth criteria and highlights 
that encapsulated CCR usage need only meet the first three criteria.  Encapsulation 
means that the CCR is bound within a solid matrix that minimizes the mobilization of 
CCR constituents into the environment.  The most common forms of encapsulation are 
the use of fly ash in concrete and synthetic gypsum in wall board.   The rule also does 
not cover the placement of CCRs in active or abandoned mines and notes that this 
usage will be covered by regulations developed by the Department of Interior in 
conjunction with the EPA.  Figure 2 identifies the proportion of current uses and those 
that are encapsulated and not.  To avoid future problems, unencapsulated CCRs that 
are used for beneficial purposes, whether in large quantities or not, should be able to 
pass standard leachate testing. 
 

 
Figure 2: Broad categories for CCR beneficial use (ACAA 2103)2 

 
VALUE OF CCRs 
 
The replacement value for fly ash in concrete is roughly $90 - $100 per ton, while the 
replacement value of gypsum in wallboard is roughly $35 - $45 per ton, and the 
replacement value of bottom ash for fine aggregate is roughly $10 - $20 per ton.  These 
are the relative values of the material being replaced.  This article will concentrate on fly 
ash as it has the largest volume of CCR and has the highest potential monetary value.  
However, utilities should consider all CCRs when developing control and storage 
strategies.   
 
Figure 3 demonstrates the current (2013) uses of fly ash in order of descending 
monetary value starting at the 12 o’clock position and moving clockwise.  The first two 
applications, concrete / grout and blends / clinker feed, are considered encapsulated.  
Structural fill would require additional monitoring and analysis in situations where more 
than 12,400 tons are used, with the exception of road construction.  Mining applications 
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are not covered by the new rule.  Waste stabilization and other uses would need the 
additional monitoring described in the rule when CCRs are used in large quantities.  

 

 
Figure 3:  Current uses of fly ash per ACAA 2013 survey results2 

 
SELECTING THE CONTROL STRATEGY 
 
Today, utilities are expected to control several airborne pollutants simultaneously.  
These include NOx, SOx, particulate matter, Hg and HCl.  Each of these pollutants has 
their own control technologies as demonstrated in Table 1.  The selection of some or all 
of these control strategies may already be made or even installed.  Ideally, a utility will 
holistically consider the entire spectrum of required controls and the potential sale of 
CCRs for beneficial use.  These costs generally include: 
 

 Capital for the installation of environmental controls; 
 Operating and maintenance costs for the environmental controls; 
 Costs of all reagents used for environmental controls; 
 Revenues from the sale of CCRs;  
 Capital costs for long term CCR storage;  
 Operating costs for long term CCR storage; and 
 Closing costs for long term CCR storage. 
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Table 1: Common control technologies for gaseous pollutants and corresponding 
reagents 

 
Notes: DSI is Dry Sorbent Injection, Dry Gas Scrubber (DGS) includes all evaporative scrubbing, WGS 

is Wet Gas Scrubber.  Sodium includes Trona and sodium bicarbonate. 
 
As can be seen in Table 1, a large variety of reagents can be used in a modern utility.  
Reagents used for one control can counteract or have consequences on other control 
strategies.  For example SO3 may be beneficial for PM collection in an ESP, but may 
hinder mercury collection with activated carbon.   SO3 and NH3 slip from an SCR / 
SNCR system could produce condensable particulates and / or a visible plume.  In 
addition, the different reagents can have different impacts on the marketability of the 
CCRs.  Table 2 indicates the impacts of common solid reagents on the use of fly ash as 
a cement raw material, a cement component, and a concrete additive respectively.  
Therefore, the control technology and the reagents should be selected based on the 
cost effectiveness of pollution control including the potential revenue from CCR sales. 
 

Table 2:  Common reagents and their usage limitations in cement applications 

 
 

 
PAC AS THE SORBENT OF INTEREST 
 
Powdered activated carbon (PAC) has been the reagent of most focus in cement and 
concrete.  The activated carbon can impact the ability of concrete admixtures to perform 
their specified functions.  However, this is a problem that can be solved.  Concrete 

Pollutant Common Controls Reagents

NOx Low NOx burners, Staged 
Combustion, SNCR & SCR

Ammonia, Urea

SOx DSI, DGS, WGS Lime, Limestone, Sodium

PM ESP, Baghouse SO3

Hg ACI, WGS w/ or w/o 
enhanced oxidation

ACI, Br2

HCl DSI, DGS, WGS Lime, Limestone, Sodium

Reagent        Usage Cement Raw
Materials

Cement Component Concrete Additive

Lime Large Amounts Medium Amounts Small Amounts

Limestone Large Amounts Medium Amounts Medium Amounts

CaBr2 Large Amounts Small Amounts Small Amounts

Mercury Very Small Amounts Large Amounts Large Amounts

Activated Carbon Large Amounts Very Small Amounts Very Small Amounts

Trona Small Amounts Very Small Amounts Very Small Amounts

Sodium Bicarbonate Small Amounts Very Small Amounts Very Small Amounts



admixtures are made up of a wide range of chemicals that are added to the cement 
and/or fresh concrete to control its properties.  Admixtures can be used to speed up or 
slow down setting times, improve flowability and/or reduce concrete water content, and 
provide specific properties, such as color, reduced permeability and water proofing.   
 
One group of the more commonly used cement/concrete admixtures are air entraining 
agents (AEAs).  These chemicals are used to create small air bubbles or voids in the 
concrete structure.  These air bubbles are used as expansion chambers enabling the 
freezing water to move into the voids.  Concrete exposed to freeze-thaw conditions 
would incur surface scaling without these expansion chambers.  Air entraining is called 
for in most construction where concrete will be exposed to freeze-thaw conditions.   
 
The quantity of voids, called the “air content” of the concrete is measurable in the field 
and the laboratory.  Concrete that does not have a high enough air content will have to 
be removed and replaced.  At the same time, the concrete usually needs to meet 
compressive strength targets.  Too much air in the concrete reduces its compressive 
strength.  Therefore, it is important for concrete producers to be able to ensure the 
correct range of air content, not having too much or too little.  Predictability of the air 
content is very important as once the concrete is placed in the field, it is too late to 
adjust and must be removed if it does not meet the specifications. 
 
AEAs can be absorbed in the activated carbon’s pore structure, thus making it 
unavailable for producing the desired air content in the concrete.  Traditionally, the foam 
index test has been used as a rough guide for the suitability of fly ash in cement and 
concrete applications.  This test consists of slowly adding a known AEA to a solution of 
fly ash and water and shaking vigorously until a stable foam is developed above the 
liquid.  This test is easy to perform, but has several faults as demonstrated in previous 
work3.   In summary the foam index test is very subjective and not very precise, 
especially when being performed by different technicians.  The foam index test is at 
best indicative of performance, but not a guarantee of results. 
 
IODINE NUMBER AND METHYLENE BLUE TESTS 
 
Some technicians have tried to relate the iodine number of the PAC to its interaction 
with AEAs.  The Iodine Number (IN) capacity (the amount (mg) of iodine absorbed by 
one gram of carbon in controlled test conditions) has been used historically and widely 
by activated carbon producers to mimic the adsorption capacity of PACs for small liquid 
phase molecules.  
 
The IN can be determined by ASTM D4607-13, Standard Test Method for 
Determination of Iodine Number of Activated Carbon.  Citing the ASTM web site: “The 
iodine number is a relative indicator of porosity in an activated carbon.  It does not 
necessarily provide a measure of the carbon's ability to absorb other species.  Iodine 
number may be used as an approximation of surface area for some types of activated 
carbon.”4  
 



Since IN is basically an indication of total surface area, other species that are different 
in molecular size, shape and chemical functionality compared to iodine are not 
necessarily accurately represented.  Based on this, examination of the appropriateness 
of the test to evaluate any given species is needed.  
 
Iodine is a small diatomic molecule with a molecular weight of 106 g/gmol and a 
molecular diameter of less than 6 Angstrom, assuming a spherical shape.  This implies 
that the IN porosity indication is oriented to the small micropores in the activated 
carbon.  Iodine may also dissociate in solution and exist as a charged ion with 
significantly smaller size and with the ability to bond onto functional groups on the 
activated carbon’s surface.  Therefore, the IN capacity is highly influenced by activated 
carbon surface functionality and pore size.  It is generally accepted that the IN 
measures adsorption capabilities of all pores down to the 3-5 angstrom range. 
 
Air Entrainment Agents are long-chain surfactants with molecular weights much greater 
than 200 g/gmol and that contain both hydrophobic and hydrophilic moieties.  These 
chains have molecular sizes that would exceed 35 Angstrom in size.  Additionally, the 
anionic and cationic moieties would interact with the PAC’s surface functionalities.   
 
The behavior of an iodine molecule with respect to its interaction with PACs would be 
very different from that of the behavior of AEAs.  Micropores (<20 Angstrom in diameter) 
within the PAC’s pore structure will definitely interact and be filled with Iodine, but will 
have little or no interactions with the much larger AEA molecules.   
 
Another test that is sometimes used to characterize PAC is the Methylene Blue test.  In 
this test the ability of the PAC to remove methylene blue from solution is quantified.   
 
Methylene blue is a large heterocyclic aromatic molecule with a molecular weight of 320 
g/gmol and in hydrated form is associated with three water molecules.  Its molecular 
structure is generally considered to indicate mesopore quantity in pore sizes more in 
line with the molecular size of the AEAs.   
 
However, the surfactant behavior of the AEAs would favor a PAC surface interaction 
that would sterically hinder access to a great majority of the PAC’s surfaces and pores.  
The adsorption relationship of Iodine or methylene blue on PAC and AEA on PAC would 
be drastically different and would not be linear in behavior.  Therefore, it would be 
inaccurate to draw similarities of Iodine and/or methylene blue adsorption with AEA 
adsorption on PAC. 
 
MANAGING THE PAC IMPACT ON AEAs 
 
The issue is that the activated carbon impacts the AEA and therefore the air content of 
the concrete.  If this impact was completely consistent, then the fly ash could still be 
made marketable by either: 
 

 Changing to a different AEA;  



 Modifying the activated carbon; 
 Increasing the quantity of the current AEA to compensate for the loss of air 

content; or 
 Adding a known amount of passivation agent. 

 
There are different families of AEAs from different feed stocks and sold by different 
suppliers.  Each family and specific chemical 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 
and fly ash marketer.    
 
The above assumes that the PAC and other process variability impact on AEA is 
completely consistent over time.  Unfortunately, this is rarely the case, as shown in the 
example in Figure 4.  Foam Index testing conducted by the same trained personnel 
daily in the field provides a reasonable indicator for fly ash usage screening.  Figure 4 
shows 14 months of daily foam index data during a period of consistent PAC injection 
for mercury control.  Over myriad operating conditions and many months, the fly ash 
marketability was maintained.  However an excursion exists, triggering further work, 
which is the subject of ongoing analysis.  This then requires another level of 
sophistication where the variations in the fly ash, possibly due to higher PAC 
concentration in those samples, need to be measured and countered before the 
concrete is placed in the field.  In this case, the impact of PAC on the air content of the 
concrete needs to be held to a minimum.  One means to achieve this is to develop a 
routine analysis of the fly ash to be marketed and adjust either the AEA content and / or 
the passivation agent content as required to maintain a consistent fly ash. 
 

 



Figure 4:  Variations in the foam index test on fly ash over 16 months 
 
The selections of both the AEA and the PAC should still be optimized to avoid increased 
costs of AEA and passivation agents.  Figure 5 indicates the potential difference 
between a 2nd and 3rd generation PAC on both quantity and consistency in the fly ash.  
Generation 3 PACs are more reactive and effective in capturing mercury, so require 
less carbon usage and less variation in injection rate.  Whereas, Generation 2 PACs 
require more PAC and span a wider injection rate range thus creating higher level and 
wider variation in carbon content, which are all detrimental to fly ash quality and 
consistency.  
 

 
Figure 5:  Variations in quantity and consistency between 2nd and 3rd generation PACs 
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COST SUMMARY AND CONCLUSIONS 
 
The CCR rule increases the requirements and costs for storing CCRs.  At the same 
time, the rule safeguards the beneficial use of CCRs and clearly shows a preference for 
encapsulated uses.  The rule also gives approval for use in roadway construction and 
notes that mine fill applications are not covered (to be covered in future rules by the 
Department of Interior).  Table 3 indicates a hypothetical case, showing the cost 
difference that a utility might experience between the two extremes of marketing versus 
long term storage (disposal) of all generated CCRs.  In either case, the Activated 
Carbon Injection (ACI) system is required for mercury control.  It is also considered that 
a CCR storage area would need to be established for partial usage.  Therefore, the 
differences in cost to the utility come from the revenues gained by CCR sales and the 
costs avoided by not placing that CCR.   
 

Table 3:  Hypothetical costs incurred with and without marketing CCRs (300,000 ton 
CCR/year).  All quantities and costs are approximate and need to be analyzed for a 

given plant. 
 

 
 

 
Fly ash is the CCR with the highest volumes both generated and used beneficially.  
Cement substitution with fly ash has the highest value of any of the common CCR uses.  
Preserving the value of fly ash as a cement substitute clearly makes a big difference 
between revenue for sales and costs for storage.  Therefore, determining the best 
strategy for environmental compliance should take into account the possible future 
sales of fly ash and other CCRs. 
 
It is suggested to consider the local market for CCRs as a starting point.  Utilities should 
develop the potential cost for storage (capital and operating costs) as well as the 
potential sales revenue for the CCRs.  These can often be worked out with CCR service 
companies, many of whom do both storage management and marketing of CCRs.  
Once all of the costs are known, the environmental compliance strategy can be 
developed or adjusted to enable marketing the optimum amount of CCRs.   
 

CCRs Stored CCRs Marketed Difference

Capital for the installation of ACI system (est at $2 mn) (400,000)$                (400,000)$                ‐$                          

Operating and maintenance costs for ACI system  (est at 4%) (80,000)$                  (80,000)$                  ‐$                          

Costs of PAC for ACI system (est at $1/lb and 2 lb/MMacf) (2,300,000)$            (2,300,000)$            ‐$                          

Revenues from sales of CCRs (est at $10/ton) ‐$                           3,000,000$              3,000,000$             

OSU model cost for long term storage: est at $16/ton (4,800,000)$            ‐$                           4,800,000$             

Total Annual Costs (7,580,000)$            220,000$                  7,800,000$             

Basis: about 300,000 tons of CCR per year; could approximate an 800 MW PRB unscrubbed unit



Technology selection goes hand in hand with reagent selection.  The paper presents 
some common guidelines for achieving CCR revenues, but each case is unique and 
needs to be evaluated on its own.  The basics will be the same though: 
 

 Consistency is more important than absolute reagent quantity; 
 Where possible, minimize the quantities of PAC (while maintaining 

consistency); and 
 Work with PAC suppliers and CCR marketers to ensure market acceptance of 

the CCR. 
 
The ideal PAC will provide a marketable CCR that also passes the leachate tests 
enabling unencapsulated usage as well.  Newer generation PACs may be more costly 
on a unit basis, but also may make the difference between receiving CCR revenues and 
paying CCR storage costs. 
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