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DEPARTMENT OF ENVIRONMENTAL QU
STATE AQ PROGRAM i

Soda Springs Plant

1853 Highway 34

P.O. Box 816

Soda Springs, Idaho 83276-0816
Phone: (208) 547-4300

Fax: (208) 547-3312

April 17, 2015

VIA CERTIFIED MAIL;
RETURN RECEIPT REQUESTED — 7013 1710 0000 3213 0942

Mr. Darrin Pampaian

Air Quality Division

Department of Environmental Quality
1410 North Hilton

Boise, ID 83706

RE:  MBACT Tier Il Permit Application

Dear Mr. Pampaian:

P4 Production, LLC (“P4”) submitted a Tier II permit application for Mercury BACT (MBACT) to IDEQ
on March 5, 2015. On April 7, 2015 we received your email with attached letter stating your
determination of incompleteness of the MBACT Tier II permit application. In addition, P4 discussed the
MBACT permit application in an April 2, 2015 conference call with IDEQ. This letter presents requested
information regarding technical challenges of mercury control technologies reviewed in the MBACT
analysis portion of the MBACT permit application.

In 2008 and 2009 P4 initiated a program to identify viable mercury air emission control technologies that
could be compatible with the Soda Springs Phosphate Kiln. This was done to support the development of
the MBACT based regulation by IDEQ that P4 and ICL petitioned the Department to develop. P4
engaged Monsanto corporate ESH, Technology (R&D), and reputable external environmental engineering
resources to identify viable MBACT and permitable emission limits. That evaluation included an
extensive survey of existing control technologies for mercury that had been deployed on commercial scale
processes and those that were under development in laboratory and pilot scale research systems. The
results of this effort are summarized in the P4 MBACT Tier II permit application and supporting
documentation. To summarize those findings, all available control technologies have significant
incompatibilities and uncertainties associated with their application to the P4 kiln.

P4 operates a unique process, the only elemental phosphorus plant in the US, and to the best of our
knowledge the only Phosphate nodulizing kiln in the world. The product from this plant provides the key




intermediate for the manufacture of Roundup®© brand herbicide. The raw materials and process conditions
simply do not resemble any other industrial process that has technically demonstrated, cost-effective
mercury control. One ubiquitous statement in literature on mercury air emission control is ‘there is no
universal solution for mercury control, and a case-by-case approach must be taken to establish a
compatible method.” The uniqueness of the phosphate kiln coupled with the uniqueness of mercury
control methods make this a scientific challenge that will require significant development to resolve,

An example of this critical challenge surfaced from the results of recent mercury stack tests. The MBACT
evaluation utilized a data-driven approach to derive an estimated 35% mercury control efficiency in
existing exhaust gas pollution control equipment (spray tower, dust bins, hydrosonics, and SO2
scrubbing) and a “potential to emit” type permit limit of 746 1b/yr. In 2014 P4 began utilizing ore from a
new mine, which was found to contain equal or slightly lower mercury content as the previous mine,
however, the apparent mercury control efficiency dropped significantly, compared to the 2002 mercury
emission measurement. This indicates that the chemical and physical conditions required for mercury
evolution from phosphate ore in the kiln and capture in the existing system are not well understood nor
easily predictable. P4 now understands that many of the properties and behaviors of the raw material have
not been thoroughly elucidated at high temperature under the conditions of the process. Similarly we have
implemented an R&D program to combat an increase of trace metals that have cropped up in the P4
process after transitioning to this new mine. Any generalizations made from coal or precious metal
refineries are simply not valid due to the complex chemical composition of phosphate ore. More
importantly, it has been found that Hg emissions can change upon switching from one ore body to
another, which happens even within the same mine. These attributes together could make it difficult to
develop an effective mercury control technology and devise a point source permit limit for mercury from
the P4 kiln.

All available mercury control technologies have been developed to exhibit highly efficient mercury
capture for industrial processes that have significantly different characteristics than the P4 kiln, including:
coal fired power plants, cement kilns, waste incinerators, metal refineries, etc. Consider for a moment that
Phosphate kilns do not draw the same visibility as many of these more common industrial mercury
emitters. For example, coal fired power plants, cement kilns, etc. have established domestic and global
research institutes (i.e., EPRI), contract research laboratories and organizations, and a wide variety
research based academic degree programs and university departments focused on collective advancement
of these industries that are well known to impact daily lives. This makes sense as there are a much larger
number of power plants, cement kilns and waste incinerators than P4 kilns in the world. As a result, the
development of control technologies in and for the Phosphorus industry is therefore comparably limited
in scope. Therefore, the availability of mercury control technology for the Phosphorus industry is lagging
in development and P4 cannot be held to the same standards and timelines as other industries without
similar, broad scientific development and support available to the other mercury emitting industries.

The general process chemistry and engineering challenges that P4 faces for mercury control are (i) the
large volume of gas, (ii) relative mercury concentration, (iii) limited temperature regime, (iv) short
residence time in existing process, (v) and myriad of chemical species present at significantly higher
concentration that compete for and inhibit mercury control efficiency. The last attribute (v) is probably
the easiest to articulate the impact on MBACT. For example, phosphate rock contains a wide variety of
trace metal impurities, including approximately 0.5 ppm total mercury; however it also contains 0.25%




total zinc. Both of these species are known to volatilize to some extent, therefore Zn is four orders of
magnitude more abundant in the gas phase than mercury. The leading mercury controls on the market
include injection of activated carbon and/or halide oxidants, and because neither is selective for mercury,
any estimated cost must account for the capture of other species, such as Zn which has similar gas phase
chemical properties as mercury. So for option #1 in the MBACT evaluation a cost estimate of $8400/lb
Hg captured (based on the amount of injected material required just for the Hg content in the gas stream)
could, in fact, be as much as four orders of magnitude higher to account for the simultaneous collection of

Zn. When taking into account the other species present that would compete for these mercury controls
(Le., SO, Metals, Moisture, etc.) this figure would likely be much higher. The uncertainty and lack of
physical data to support the design and evaluation of these technologies for Hg removal in the P4 kiln
precludes their inclusion in P4’s MBACT, and also precludes the ability of reputable MBACT vendors to
provide any relevant estimate on technology applicability.

The table below is pulled from a variety of EPA and other mercury control reports that clearly indicate
that the P4 kiln process conditions do not match other processes that have established mercury control
with existing methods. For example, the mercury content is much higher than power plants but lower than
metal smelters, the flow rates are intermediate, etc.

Flue Gas Coal Fired Oil Fired Municipal Metal Cement P4 Kiln
Parameters Utility Utility Waste Smelters Kilns

Boiler Boiler Incinerator
Temperature | 121 -177 121177 177299 550 — 800 163 — 880 68 — 800
Q)
Mercury 1-25 02-2 400 - 1,400 | 50,000 — 2-23 ~300
Content 750,000
(ug/dscm)
Halide 1,000 — 1,000 — 200,000 — ? ? ?
Content 140,000 3,000 400,000
(ug/dscm) »
Flow Rate 11,000 - 10,000 — 80,000 — 700,000 9,000,000 300,000
(dscm/min) 4,000,000 2,000,000 200,000

Beyond the lack of selectivity, there are numerous other incompatibilities with existing conditions in the
P4 kiln. Halide and ACI injection require a few seconds residence time to effectively react with mercury
to initiated control. The existing P4 process design and ductwork provides residence times measured at
microseconds or milliseconds, which could require orders of magnitude more reagent use for efficient
mercury capture. Also, the kiln exhaust gas does not operate in the temperature range required for
efficient mercury control. So, additional cost would be required to reheat cooled gas or to cool hot gas.
Therefore, implementation would be much more extensive than simply injecting some new material or
reagent into the P4 off-gas stream. The installation would require significant corrosion protection and
equipment redesign, rebalancing plant water balance to incorporate significant quantities of condensate.
The theoretical approach identifies cost prohibitive incompatibility.

Another good example to consider is that phosphate rock injection has been demonstrated in other
industries to control and immobilize a number of metal species, including mercury air emissions from
some processes. The off-gas in the P4 kiln is loaded with 20 — 35 tons per hour of phosphate rock dust,




but that dust has been shown to contain lower mercury than the native phosphate raw material for the
same reasons that ACI and Halide injection are not expected to offer much Hg removal efficiency.

Additional background information can be found in the attached supplemental responses to the original
MBACT Tier II permit application, submitted on July 25, 2012, October10, 2012, November 6, 2012,
February 6, 2013 and January 16, 2014.

In accordance with IDAPA 58.01.01.123, I certify based on information and belief formed after

reasonable inquiry, that the statements and information in this document are true, accurate, and complete.
If you have any questions regarding this submittal, please contact Mr. Jim McCulloch at (208) 547-1233.

Sincerely,

S

Roger W. Gibson
Vice President, Operations

enclosures

T
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ECF: Air -> Tier II Operating Permit
Aalbers (scanned copy)

Vaughn (scanned copy)

Cooper (scanned copy)

Wilkinson (scanned copy)
McCulloch (scanned copy)
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P4 Production, LLC

Soda Springs Plant

1853 Highway 34

P.O. Box 816

Soda Springs, Idaho 83276-0816
Phone: (208) 547-4300

Fax: (208) 547-3312

July 25, 2012

. VIA CERTIFIED MAIL;

RETURN RECEIPT REQUESTED — 7010 2780 0002 0464 3477

Mr. Dan Pitman, P.E.

Department of Environmental Quality
1410 North Hilton

Boise, Idaho 83706

RE:  Facility ID No. 029-00001, P4 Production, LLC, Soda Springs
Tier II Permit Application and Mercury Best Available Control Technology Analysis

Dear Mr. Pitman:

P4 Production, LLC (P4) submitted a Tier II Permit application and Mercury Best Available Control
Technology (MBACT) Analysis to IDEQ on April 6, 2012. On May 7, 2012, P4 received an email and
attached letter stating that DEQ had determined that the application was incomplete.

P4 offers the following information in response to the letter received on May 7, 2012:

1. Application materials indicate that the existing air pollution control system has a mercury
control efficiency of 35%. Please provide the mass balance data that supports this
determination, including all calculations.

The stated mercury control efficiency of 35% for the kiln air pollution control system referenced
on pages 3 and 6 of the MBACT For Elemental Phosphorus Process evaluation was calculated
from a simple material balance that accounts for the primary inputs and outputs from the kiln.
The pertinent data and calculations used for the material balance for operating years 2006 through
2011 are shown in the excel file enclosed with this letter in the file titled “Response to Question 1
— Kiln Mercury Material Balance”. The concentration of mercury in-the primary inputs and
outputs from the kiln is based on the same comprehensive analytical data and production figures
used for P4’s TRI emission estimates, which is enclosed with this letter in the file titled
“Response to Question 1 — Northern Analytical Metals Report.” Using production data for
operating years 2006 through 2011, the approximate average control efficiency is 33%.
However, because the control efficiency for 2011 is slightly higher (approximately 39%), P4
estimated the control efficiency to be 35%. This is equal to the calculated control efficiency




using production data from 2006. It is notable that the air emissions calculated by the material
balance are comparable to stack test data for total Hg, .

Activated carbon injection with halide injection (control option 1) is estimated to have 50%
mercury removal efficiency, and bromated activated carbon injection (control option 2) is
estimated to have 30% mercury removal efficiency. Please document the basis of these
estimates, or how these removal efficiencies were determined.

Page 18 of the MBACT For Elemental Phosphorus Process evaluation states that mercury control
efficiency between 70% and 90% have been achieved on coal-fired power applications using
activated carbon injection (ACI) or brominated activated carbon injection (BACI). However,
Section 3.4.1 estimates a control efficiency for ACI combined with halide injection of 50%, and
Section 3.4.2 estimates a control efficiency for BACI of 30% for the P4 kiln exhaust gas. These
comparably lower control efficiencies are due to the significant differences between the
properties of P4 kiln exhaust gas and respective air pollution control equipment and those at any
coal-fired power plant or other industrial facility utilizing halide injection/ACI or BACI for
mereury control. The expected control efficiency for P4 would be significantly reduced due to
adsorption of numerous metallic species (i.e., Cd, Zn, etc.) and sulfur containing species present
in the ore and the kiln off-gas (see the ore analysis in the file titled “Response to Question 1 —
Northern Analytical Metals Report,” as well as P4 TRI data) that are not present in coal-fired
power plant applications and would compete for halide, ACI, and BACI adsorption since these
materials are not selective for mercury removal. Since the control efficiency of ACI and BACI
have never been determined on a gas stream with comparable chemical speciation, flow rates, and
temperature profile, the respective control efficiencies of 50% and 30% were determined by
estimating the effect of the presence of the numerous metallic and sulfur containing species

Present in the ore and kiln off-gas, based on the fact that the combined average concentration of

such species exceeds the average concentration of mercury by orders of magnitude. The control
efficiency of ACI with halide injection is estimated to be higher due to the combination of the
tivo control technologies being utilized in tandem.

Baghouse capital cost is estimated based on EPA’s Air Pollution Control Technology Fact
Sheet (EPA-452/F-03-025). This fact sheet providés a rough estimate of baghouse capital
cost that is between $6 and $26 per scfm. This document provides a good overview of
baghouses and may provide an order-of-magnitude estimate of baghouse control
technologies but should not be used to provide a capital cost estimate for a MBACT
analysis. EPA’s Air Pollution Control Cost Manual (January 2002) is intended to provide
comprehensive costing of control equipment and using it would be acceptable for
determining the cost of the baghouse, including the cost of the bags. Please provide a more
precise cost estimate for the baghouse.

The capital cost estimate for a five module, pulse-jet baghouse is provided in the Excel file
named Appendix B & C (R1).xls. The cost methodology is found in Chapter 1 of the USEPA
OAQPS Manual (EPA-452/B-02-001) and adjusted from 1998 dollars using the Engineering
News Record Construction Cost Index. The calculations are shown in the attached file Soda
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Spring BH est EPA-452-B-02-001.pdf. The revised methodology results in a cost of control of
$24,200 per pound for Option 1 and $35,500 per pound for Option 2.

Annualized cost for each control option and for control equipment should be based on the
life of the control equipmeént, not the duration of the loan for the baghouse. For the
baghouse, provide an estimate of the useful life of the baghouse and the corresponding
annualized baghouse cost. EPA’s Air Pollution Control Cost Manual (January 2002) states
that the baghouse lifetime varies from 5 to 40 years, with 20 years being typical. Please
provide an updated cost analysis including documenting how the useful lifetime of the
baghouse and other equipment was determined.

A baghouse life of 10 years is used in the cost model due to the conceptual level design and
uncertainty of the effects of the exhaust gas on major components of the baghouse. The baghouse
components that would experience deterioration include major items such as the housing, venturi
throats, bag support cages, and dampers. Causes of the deterioration include corrosion of metal
components by absorption of water and steam into the fabric filter media. As a result, it is
anticipated that a major rebuild of the components or replacement of the baghouse would be
necessary after 10 years of service. This is consistent with the life of the existing equipment in

- the facility’s nodulizing process, which similarly deteriorates due to corrosion. Therefore the 10-

year life used to calculate the annualized cost of capital is justified for this application and the
cost calculation in the MBACT submittal is appropriate.

A significant cost component of both control options is attributed to “Steam Reheat”, or the
cost of energy necessary to raise 300,000 acfm of flue gas from 161 Fahrenheit to 250
Fahrenheit. A critical assumption of the cost analysis is the need to generate 59 kib/hr of
steam. Please provide documentation on how this steam demand estimate was derived, and
whether other engineering alternatives such as adding heat exchanger in the existing system
could be used to reheat the exhaust.

A steam driven heat exchanger is included in the conceptual design and the steam demand is
based on a rise of 88°F. The calculation of the steam demand is included in the Excel file
provided (Appendix B & C.xls, and Appendix B & C (R1).xls).

A waste heat boiler cannot be operated with an exit temperature less than 700°C because sulfuric
acid in the off-gas would condense and corrode pipes and other equipment.

Activated carbon injection and the use of a particulate matter control device to remove the
activated carbon is a demonstrated control technology for reducing mercury emissions from
coal fired utility boilers. Exhaust from coal fired utility boilers and the exhaust from the
phosphate ore nodulizing kiln are similar in that both have a large volume of flue gas with
low concentrations of mercury present. EPA and DOE estimated that the cost of activated
carbon injection to control mercury emissions ranged from $4,900 to $70,000 per pound of
mercury, with the average estimated cost being $31,454 per pound of mercury. From the
EPA and DOE studies it can be concluded that maximum degree of reduction practically




achievable by activated carbon injection is expensive on a dollar per pound of mercury
basis, as are nearly all mercury control options because of the relatively small amount of
mercury involved. Please describe why the maximwn degree of reduction practically
achievable is not justified for the control of mercury emissions from the nodulizing kiln.
Simply stating it is too expensive because the cost per pound of mercury removed is not
sufficient justification to eliminate the control option, environmental impacts and other
impacts to the source must be considered. Environmental impacts should include impacts
of mercury emissions.

Activated carbon injection (ACI) coupled with the use of PM countrol devices was eliminated as a
control option for numerous reasons.

First, P4 estimates the control efficiency of halide injection/ACI (control option 1) and BACI
(control option 2) to be no greater than 30% and 50%, respectively. In contrast, the average
control efficiency of the existing controls is approximately 35% (as stated in Response to
Question 1), not an additional 30%. At best, use of ACI and BACI will therefore result in an
additional 15% of mercury control efficiency above existing controls. The control efficiencies
(and therefore, the expected emission rate and expected emissions reduction) of ACI and BACI
thus are not considerably greater than the control efficiency of existing controls.

Second, the economic impacts resulting from the control efficiency that are estimated to result
from control options 1 and 2 are considerable relative to the small incremental control efficiency
increase. The properties of exhaust gas from coal-fired power plants differ greatly from P4 kiln
exhaust gas, and thus the cost effectiveness of the use of these technologies for mercury control in
coal fired power plants cannot be directly generalized to the P4 process. The concentration of
fotal mercury in coal-fired power plant exhaust gas is on the order of <25 pg/dscfim. In contrast,
the total mercury concentration in P4’s kiln off-gas has been quantified by kiln stack test
sampling and analysis to be ~300 pg/dscfm, more than an order of magnitude higher than the
concentration found in coal-fired power plant exhaust gas. In addition, the phosphate ore raw
material contains numerous metals at significantly higher concentrations than coal (refer to
Response to Question #2), and many of these species are present in the exhaust gas stream.
Therefore, it is likely that additional halide and/or ACI or BACI utilization would be needed at an
estimated cost near $70,000 per pound of mercury and an annual operating cost of $26.4M or
$48.4M, respectively, for the theoretical control efficiencies mentioned above, Significantly, the
cost of handling, disposing of, and/or regenerating the captured activated carbon containing
mercury and other species has not been included in these cost schemes.

In addition, the environmental impact associated with the incremental increase in control
efficiency is negligible. Any reduction in the metrcury air emissions would not result in a decrease
in mercury discharged to the environment, as any mercury reduced from the air emissions would
essentially be transferred to land emissions in the form of solid waste discharges due to handling
and management of mercury containing activated carbon material.
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In fact, any dramatic shift in operating costs similar to those estimated above might reduce the
competitive position of the sole domestic source of elemental phosphorus and result in the need to
import greater quantities of elemental phosphorus manufactured in countries that offer little if any
environmental controls, including mercury, and it has been well established that mercury air
emissions are a global concern. Models suggest that greater than 80% of mercury atmospheric
deposition in Idaho originates from the global atmospheric pool. In addition, the trends in
patterns of measured mercury in fish tissue from Idaho reservoirs and streams do not demonstrate
any clear, direct relation to industrial activities in Idaho. (See the report enclosed with this letter
in the file titled “Response to Question 6”)

These combined factors would result in significant added cost to P4’s elemental phosphorus
production with little certainty for improvement in total environmental impact. '

It is unclear if halogen and activated carbon injection prior to the venturi scrubbers
(without the addition of baghouse) was determined to be technically feasible. It is stated
that there are challenges to employing this technology, though it is not made clear whether
an engineering evaluation was completed to determine whether such an option is technically
feasible or not. Please provided details on whether this option is technically feasible or not.
If it is determined to be technically feasible, please include it as a control option and
perform a cost effectiveness analysis. In addition, it appears that only CaBr2 was evaluated
for use in the halide injection control option. Please support why other mercury oxidizing
and/or complexing agents were not considered. In addition, were gaseous oxidants (such as
HCl injection) considered in combination with the existing dual-alkali serubber (or with wet
flue gas desulfurization) as control option(s)?

Control by halide injection and activated carbon injection prior to the venturi scrubbers was
deemed technically infeasible for mercury control. Calcium bromide (CaBry) was evaluated
because it is the most common source of halide and because P4’s supporting search of RBLC and
other literature did not identify other commercially available halides in use for mercury control.

First, calcium bromide injection is technically infeasible for use in P4’s operations because halide
injection requires elevated temperatures and prolonged contact time to promote the oxidative
conversion of elemental mercury into divalent mercury for subsequent capture in aqueous
scrubbers or activated carbon. A solution of calcium bromide would presumably be injected into
the kiln, or sprayed onto the ore feed. The kiln sustains sufficiently high temperatures to
disassociate the calcium bromide (which requires 1,300° F or higher). Oxidation of the Hg0
would begin at gas temperatures below 1,000° F and would continue until the gas drops below
300° F. The gas should remain within this temperature range for at least two or three seconds to
provide sufficient contacting time to oxidize the gaseous elemental mercury. But, as described in
the MBACT For Elemental Phosphorus Process evaluation, the kiln off-gas temperature drops
suddenly in the spray tower from 1,100° F to 160° F, bypassing the working temperature range
needed for the bromide anion to oxidize the mercury. In other words, water soluble gas phase
bromide species would be scrubbed in the spray tower before having the opportunity to oxidize




any significant portion of the metallic mercury in the lower temperature region beyond the spray
tower,

Calcium bromide injection is also technically infeasible for use in P4’s operations because there
is potential for accelerated corrosion of ductwork and expensive process equipment. While
bromide is considered to be less corrosive and more reactive towards mercury than other halides
that have been injected into coal-fired boilers such as chloride, the long-term performance and
equipment corrosion data for all the components that come into contact with the gas stream is not
available.

In addition to the options for mercury control reported in the MBACT for Elemental Phosphorus
Process evaluation, P4 also considered injection of sodium hypochlorite solution into the kiln
exhaust stream. This technique was specifically developed and proposed by the EPA ORD for P4
during an ICR related to a MACT evaluation in 2010. P4’s understanding is that the EPA Region
X and ORD collaborators determined this control, along with other commercially available
mercury control technologies, to be technically infeasible because P4’s existing equipment does
not offer either the temperature or contact time required for mercury oxidation, and the soluble
halide type species injected would be scrubbed and neutralized by the spray tower and/or venturi
scrubbers prior to having any impact on mercury control. In addition, the resulting chloride would
result in the rapid corrosion of gas and water handling equipment. Also, it is notable that the
management of the process water treatment facility at P4 is dependent on the accumulation of
dissolved chlorides to mitigate corrosion and prevent the loss of equipment, and any. increase in
chlorides or other halides would have a significant impact on the plant water balance. For these
reasons, EPA ORD has not pursued its proposal to test this control. Mercury oxidation by HCI
injection was not evaluated because it was not identified as a commercially utilized mercury

control reagent, and because it would have a similar negligible impact on mercury control and

induce corrosion.

Halide injection in combination with the existing dual alkali (wet flue gas desulfurization
scrubbers) was determined to be technically infeasible because stack tests suggest that the
conversion of SO; into SO, and SO;* byproducts by the scrubbers may create a reducing
environment for the re-emission of Hg0. While chemical binding and complexing agents are
available to prevent oxidation of divalent mercury and re-emission as gaseous elemental mercury,
P4 is not aware of any testing with respect to their compatibility with complex dual alkali
aqueous chemistries that would support their use for the capture of elemental mercury.

Please address if it would be technically feasible to inject activated carbon and a halogen as
proposed in Option 1, but then use the existing spray tower to cool the exhaust gas to 250 F
then add the baghouse downstream of the existing spray tower prior the existing venturi
scrubbers. If it is determined to be technically feasible please include it as a control option
and perform a cost effectiveness analysis. :

Injecting activated carbon and a halogen as proposed in Option 1, then using the existing spray
tower to cool the exhaust gas and adding a baghouse downstream was determined to be
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technically infeasible for a variety of reasons, including poor mercury control and negative
impacts on the existing kiln off-gas and emissions control processes. The spray tower was
designed and installed to quench and scrub the exhaust stream of the kiln nodulizing process.
Specifically, the kiln is designed to agglomerate calcium fluotapatite ore (Cayo(PO,)sF;) by a
thermal process that brings it to a state of incipient fusion (the point at which it starts to melf)
while evolving fluorine, sulfur and carbonaceous gases, and vaporizing light-boiling metals and
blowing out in the gas stream tens of tons per hour of fine ore. All of these solid, gaseous, and
vaporous materials that exit the kiln are removed, primarily, by the spray tower deluging them
with a large excess of serubbing water. If the spray tower were used to only cool the stream, all
(or at least, most) of these materials would move through the spray tower to the activated carbon
and halogen injection point and then enter the proposed baghouse downstream. These materials,
which may enter the baghouses in amounts as great as 40 tons per hour, along with the added
water vapor from the partial cooling process, would overwhelm any filter media used in that
baghouse, as baghouses are designed to be used to remove relatively low concentrations of solids
and are easily blinded with moisture. Solid materials are generally removed from the baghouse
filter media by pneumatic pulsing, and blinding with moisture would interfere with this removal
process. Additionally, the wet-dry interface in the spray tower would quickly result in scaling and
spalling of the concrete inside the spray tower, which would foul and shut down the equipment.
Also, the activated carbon and halide would preferentially adsorb the large quantity of dust, gas
and vapor relative to the low concentration of gaseous mercury, which would overwhelm the
adsorption kinetics necessary for effective mercury control.

The mercuric chloride scrubbing technology (Boliden-Norzink process) was stated to be
eliminated from consideration due to technical concerns. Though the application seems to
indicate the technology was eliminated due to the scale of equipment required (implying
that the technology would be too costly). Again please make clear whether this option is
technically feasible or not. If a technology is techmically feasible it must be eliminated
considering energy, economic and environmental impacts.

The mercuric chloride (HgCly) scrubber, a technology not identified in the RBLC, was
determined to be technically infeasible because it was designed for use and has been
demonstrated on exhaust gas streams from metal roasters with a flow rate of ~12000 dscfm and
an elemental Hg content of 300 mg/dscfm. In contrast, P4’s air pollution control system has a
flow rate of 300,000 dscfm and an elemental Hg content of approximately 300 pg/dscfm. To the
best of P4’s knowledge, mercuric chloride scrubbing technology has not been demonstrated in
conditions that resemble P4’s process conditions. Therefore, the reference to the scale of the
equipment does not imply that the equipment itself would be too costly, but rather that the scale
required for P4’s air pollution control system is beyond the designed and demonstrated feasible
capacity of the commercially available mercuric chloride scrubbing technology.

The use of a mercuric chloride scrubber would be infeasible due to differences between
demonstrated conditions and P4’s operations, and due to potential effects on P4’s operations. In
order to maximize the scrubber’s efficiency, P4’s off-gas would require cooling to ~100°F. This
would result in a large quantity of condensed process water, the management of which would be a




challenge to incorporate info the existing plant water balance. In addition, the captured mercury in
the form of calomel (Hg,Cly) would either need to be purged from the system for disposal, sale,
or reprocessing via chloride regeneration, from which liquid metallic mercury would be produced
for disposal or sale. The market of both calomel and liquid metallic mercury of the quality
produced from these processes are uncertain. In addition, the added effects of low levels of
species present in kiln exhaust are unknown, but it is likely that there would be some interference
with mercury capture coupled with issues in regenerating the scrubber fluid.

10. Please provide an electronic copy of the spreadsheet that was used to estimate costs.

An electronic copy of the spreadsheet that was used to estimate costs is enclosed with this letter
in the file titled “Response to Question 10.”

In accordance with IDAPA 58.01.01.123, I certify based on information and belief formed after
reasonable inquiry, that the statements and information in this document are true, accurate, and complete,
If you have any questions regarding this submittal, please contact Mr. Jim McCulloch at (208) 547-1233.

Sincerely,

— (= -2
Sheldon Alver
Plant Manager

enclosures



P4 Production, LLC

Soda Springs Plant

1853 Highway 34

P.O. Box 816 :
Soda Springs, Idaho 83276-0816
Phone: (208) 547-4300

Fax: (208) 547-3312

October 10, 2012

VIA CERTIFIED MAIL;
RETURN RECEIPT REQUESTED - 7010 2780 0002 0464 3101

Mr. Dan Pitman, P.E.

Department of Environmental Quality
1410 North Hilton

Boise, Idaho 83706

RE: Facility ID No. 029-00001, P4 Production, LLC, Soda Springs
Tier IT Permit Application and Mercury Best Available Control Technology Analysis

Dear Mr. Pitman:

On September 10, 2012, P4 Production, LLC (“P4”) received your email and attached letter
stating that the Idaho Department of Environmental Quality (“IDEQ”) has determined that P4’s
Tier II Permit application and Mercury Best Available Control Technology (“MBACT”)
Analysis is incomplete. P4 offers the following information in response to your letter:

1. The capital equipment costs for control Option 1 (CaBr2 + ACI) includes $980,000 capital
cost for control Option 2 (BACI system). It appears that this cost may actually be for either
a BACI or an ACI system. If this correct please update the capital cost spreadsheet to
indicate that the capital cost is for either BACI system or ACI system.

The $980,000 capital cost stated in the application is the cost of equipment associated with
the activated carbon injection system (including storage, conveyance, and injection of a
powdered sorbent material into the kiln exhaust stream), and could be applied to ACI and/or
BACI. Additional costs are associated with Control Option 1, including the cost of
equipment associated with the oxidant injection system (including storage and injection of
calcium bromide and a liner in the ductwork to the hydrosonic scrubbers). The capital cost
spreadsheet has been updated to reflect this (refer to the ‘“Capital Cost App B&C”
spreadsheet in the title and at rows 10, 18, 26-30).

2. The economic analysis spreadsheet includes a baghouse cost of $7,800,000 instead of the
updated cost of $2,100,000 that was provided on August 16, 2012. The updated cost was

1 pacr System — Storage and conveyance $900,000; Injectors $80,000.



reflected in P4’s response to question #3 but the spreadsheet was not updated. Please
update the spreadsheet to include the updated baghouse cost.

The economic analysis spreadsheet has been updated as requested (refer to the “Capital Cost
App B&C” spreadsheet at row 22).

3. The economic analysis that has been provided is based on control Option 1 providing a 50%
control for mercury above what is currently controlled by the existing system?, and on
control Option 2 providing a 30% control above what is currently provided by the existing
system. However, in P4’s response to question #6 it is stated that at best the two options will
provide no more than 15% mercury control above the existing controls. Please clarify
these discrepancies and if necessary update the economic analysis to reflect the estimated
control efficiencies,

The economic analysis that has been provided is not based on control Option 1 providing a
50% control option for mercury above what is currently controlled by the existing system,
nor on control Option 2 providing a 30% control above what is currently provided by the
existing system. Rather, the estimated control efficiencies are for overall or total mercury
control. The cost estimates in appendices B and C have been updated to more accurately
reflect these control efficiencies (refer to the spreadsheet titled “Option 1 App B (101012)” at
rows 106 and 107, and the spreadsheet titled “Option 2 App C (101012)” at rows 102 and
103).

Note that estimated mercury emissions from the current system are 753 1b/yr (not 735 1b/yr,
as stated in your letter), which reflects a 35% control efficiency resulting in the removal of
405 1b/yr of mercury. The existing control is generated by the combination of kiln thermal
and atmospheric conditions, dust collection devices, spray tower, and hydiosonic/LCDA
scrubbing equipment. The estimate of approximately 35% control efficiency in the existing
equipment is based on mass balance and supported by stack test results (refer to P4’s
response dated July 23, 2012 at response #1 and section 1.2 of the MBACT report) which
ranges between 31 and 39% control between 2006 and 2011. It is noteworthy that the
material balance was constructed using the best available data from process inputs and
material analysis. Because the P4 kiln process is non-stoichiometric, the raw materials are
processed in hundreds of thousands to million of tons on an annual basis and are highly
heterogeneous, and the exact input measurements are based on average material quantities
transported and loaded by heavy vehicular equipment, The actual control efficiency could
therefore vary by as much as +5 — 10%.

Estimated mercury emissions with control Option 1 in place are 579 1b/yr, which reflects a
50% control efficiency resulting in the removal of 579 Ib/yr of mercury. Estimated mercury
emissions with control Option 2 in place are 811 1b/yr, which reflects an approximate 30%
control efficiency resulting in the removal of 347 1b/yr of mercury. This should be noted as a
correction to the mercury control efficiencies for control Option 1 and control Option 2 stated
on pages 27 and 28 of the MBACT analysis.

% Estimated mercury emissions from the current system is 735 Ib/yr., total estimated emissions after the
addition of Control Option 1 is 376.5 Ib/yr.
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A detailed explanation for the basis of these estimated control efficiencies are given in P4’s
response #2 and #6 dated July 23, 2012. To reiterate these key points, no mercury control
technology has been demonstrated at any scale on any industrial process exhaust gas with
chemical speciation, flow rates, residence time, and temperature profile comparable to the P4
nodulizing kiln exhaust gas stream. The expected control efficiency for either control Option
1 or control Option #2 as applied to P4’s process would be significantly impacted by
numerous gaseous and particulate phase metallic species (i.e., Cd, Zn, etc.), sulfur-containing
species, and moisture present in the kiln off-gas. These species are present at a combined
average concentration that exceeds the average concentration of mercury in other industries
by orders of magnitude and would compete for injected halide and ACI (control Option 1) or
BACI (control Option 2) adsorption since these control materials are not selective for
mercury removal. Together, these effects would result in a significant increase in operating
cost because excessive quantities of halide and/or ACI/BACI would be required. Control
Option 1 may provide a 15% increase in mercury control over the existing equipment at an
annual cost of $9.2M, for an incremental increase of 174 Ib/yr of mercury ($53,000/1b),
whereas control option 2 is estimated to provide no increased control at an annual cost of
$7.9M. In fact, the installation of a halide injection system in control Option #1 could have a
negative impact on the mercury control efficiency estimated for the existing equipment.
Since these technologies have not been demonstrated under comparable conditions, there are
significant uncertainties associated with any cost estimate. In addition, the cost for either
control option is likely to be much higher than those seen for other industrial processes (refer
to response #5 below), and the concentration of mercury and other metallic species in spent
activated carbon would impact the technical and economic ability to handle and dispose of or
regenerate these materials (refer to response #4 below).

It is notable that EPA Region X and EPA Office of Research and Development (ORD)
collaborators determined that commercially available mercury control technologies are
technically infeasible because P4’s existing equipment does not offer either the temperature
or contact time required for mercury capture (refer to P4’s July 23, 2012 response #7).

4. In response to question #6 P4 states that it is significant that the cost of handling, disposing

of, and/or regenerating activated carbon is not included in the economic analysis. However,
the economic analysis that has been provided does include carbon costs and disposal costs.
Please address this apparent discrepancy and if necessary update the carbon and disposal
costs that have been provided in the economic analysis. The economic analysis should
include estimates for any significant costs.

You are correct that the MBACT evaluation does quantify carbon disposal costs. Response
#6 should state that “Significantly, only the cost of handling and disposal of the spent ACI
disposal has been incorporated in the cost estimate; the cost of regenerating the captured
activated carbon containing mercury has not been included.” This economic analysis
therefore does not reflect the full economic impact of transferring mercury from air
emissions to land discharges.

5. In response to question #3 P4 provides that the cost of mercury control, as reflected by the

updated baghouse cost analysis, is $24,000 per pound for Option 1 and $35,000 per pound
for Option 2, In response to question #6 P4 states the estimated cost to achieve the




theoretical control efficiencies is likely $70,000 per pound of mercury. Please addresses
these discrepancies and update the economic analysis spreadsheet that has been provided.

Note that the cost estimates in appendices B and C have been updated to more accurately
reflect these control efficiencies (refer to the spreadsheet titled “Option 1 App B (101012)” at
rows 106 and 107, and the spreadsheet titled “Option 2 App C (101012)” at rows 102 and
103). The response to #6 does not state that the cost of ACI or BACI would be $70,000, but
rather implies that there are a myriad of uncertainties in the application of any available
control technology proposed for controlling mercury emissions from the P4 kiln stacks and
that the operating costs would be closer to the upper end of the EPA/DOE published cost
estimates for coal fired power plants or other industrial processes. These technologies have
not been successfully tested nor demonstrated at any scale on any industrial process under
conditions comparable to those in P4’s kiln. The cost estimate provided in P4's July 23,2012
response to question #3 is unable to account for the unknown costs of operating a control
system in a process with a total mercury concentration more than an order of magnitude
higher than the concentration found in coal-fired power plant exhaust gas, and with a raw
material input containing numerous metals and other species at significantly higher
concentrations than coal. Therefore, P4 anticipates that there will be substantial additional
cost for the significant volume of ACI or BACI powdered sorbent control materials that
would be required, but that cost cannot be quantified at this time.

In accordance with IDAPA 58.01.01.123, I certify based on information and belief formed after
reasonable inquiry, that the statements and information in this document are true, accurate, and

complete. If you have any questions regarding this submittal, please contact Mr. Jim McCulloch
at (208) 547-1292.

Sincerely, _ ¢
= (=

Sheldon Alver
Plant Manager

Enclosures
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Alternate Appendix B

P4 Production, L.L.C. - Hqg BACT Analysis

Conceptual Control Option 1

[Includes oxidant injection (CaBr,) and ACI]

Nodulizing Kiln

|conirol Etiiciency () 50.0|
Facility Input Data
Operating Schedule
Shifts per day 3
Hours per day 24
Days per week 7
Total Hours per year 8760
Economic Life, years 10
Interest Rate (%) 7
Source(s) Controiled Nodulizer Kiln
Total Flowrate {acfm) 300,000 -
Hg from Kiln Operation {{b/hr) 0.132
Hg from Kiln Operation (Ib/yr) 1,158
Site Specific Electricity Cost ($&Wh) 0.043
Sia Speclfic Operating Labor Cost ($/hr) $45.00
Site Specific Maint. Labor Cost {§/hr) $45.00
Capital Costs
Direct Costs
1.) Purchased Equipment Cost
a.) Equipment cost + auxiliaries $5,599,000 See Capltat Cost Estimate, A
b.} Instrumentation $0 Included
¢.) Sales taxes $0 Included
d.) Freight $279,950 0.05 XA
Total Purchased equipment cost, (PEC) $5,878,950 B
2.) Direct Installation costs
a.) Fourdations and supports $293,900 0.10xB
b.) Handiing and erection $1,175,800 0.20XB
¢.} Electrical $58,800 001xB
d.) Piping $58,800 0.01x8B
e.) Insulation for ductwork & painling $58,800 001 xB
1.) Stack modification $117,600 0.02x8B
Total direct instailation cost $1,763,685 0.30xB
3.) Site preparation $200,000 As Required, SP
4.) Buildings NA As Required, Bidg.
Total Direct Cost, DC $7,842,600 1.308 + SP + Bldg.
Indirect Costs (Installation)
5.} Engingering $117,800 0.02x8
6.) Construction and field expenses $293,500 0.05x8B
7.) Contraclor fees $587,900 0.10x8B
8.) Start-up $117,600 0.02x8
9.) Performance test $58,800 0.01x8
10.} Conlingencles $881,800 0.15xB
Total Indirect Cost; IC $2,057,600 0,35 x B + Other
Total Capltal Investment (TCl) = DC +1C $9,900,200 1.61B + SP + Bldg. + Other

1ofb
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Alternate Appendix B

P4 Production, L.L.C. - Hag BACT Analysis
Conceptual Control Option 1

[Includes oxidant Injection (CaBr,) and ACI]
Nodulizing Kiln

|Control Etficiency (%) 50.0}

Annual Costs

20f§

1) Electricity
Fan Power Requirement (kW) 1,648 Estimale
Electric Power Cost ($/kWh) 0.043
Cosl ($/y1) $620,769
2) Operating Costs
Operaling Labor Requirement (hr/shift) 1 1 hour per shift Estimate
Unit Gost ($/hr) $40.00 Facllity Data
Labor Cost ($/yr) $43,680
3) CaBr, Cost ($/gal) 9.00
Hourly Requlrerment (galhour) i4 Based on CaBr2:ACI ratio of 0.15 Estimale
Annual requirement (galfyear) 118,260
Total NaOGI Costs {$fyear) $1,064,340
4) Steam Reheat
Temperalure rise {°F) 88
Steam requirement (kib/hr) 59 Estimate
Steam cost ($/Kib) $9.0 Estimated
Total Cost $4,651,560
5) AC Cos! ($/1b) $1
Houry Requirerment (Lbs/hour) 90 5 Ib/MMactm Estimate
Annual requirement (Lbs/year) 788,400
Total BAC Cosls ($/year) $788,400
6) Resltdual Disposal
Annual Quantity (TPY) 434 Esitamie
Cost ($/T) $200 Special Waste Assumed
Tolal Disposal Cost ($/year) $86,724
Total Operating Costs $7,255,473
7) Supervisory Labor OAQPS
Cost {$/4y7) $6,550 15% Operating Labor
8) Maintenance
Maintenance Labor Req. {(hr/year) 876.0 10% Operating Hours Estimate
Unit Cost ($/hr) $45.00 Facility Data Eslimate
Labor Cos! ($/yr) $39,420
Materlal Cost ($/yr) $39,420 100% of Maintenance Labor OAQPS
Total Cost ($/yr) $78,840
9) Indirect Annual Costs )
Overhead $77,440 60% ol O&M Costs OAQPS
Administration $198,000 2% of Total Capital Investment OAQPS
Property Tax $99,000 1% of Total Capital Investment OAQPS
Insurance $99,000 1% of Total Gapital Investment OAQPS
Capital Recovery $1,409,570 10 yr fife; 7% Interest OAQPS
Tolal Indirect {$/y1} $1,883,010
Total Annualized Cost ($/yr) $9,223,900
Total Controlied (ib/yr) 579.0
Cost Effactiveness (§/1b) $15,800
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Alternate Appendix C
P4 Production, L.L.C. - Hqg BACT Analysis
Conceptual Control Option 2
[Does not Include oxidant injection (CaBry); BACI only]

Nodulizing Kiln

|controt Efficlency (%) 30.0|
Facility Input Data
Qperating Schedule
Shilts per day 3
Hours per day 24
Days per week 7
Total Hours per year 8760
Economic Life, years 10
Interest Rate (%) 7
Source(s) Controlled Nodulizer Kiln
Total Flowrate {acfm) 300,000
Hg from Kiln Operation (ib/hr) 0.132
Hg from Kiln Operation (Ib/yr) 1,158
Site Specific Electricity Cost (&KWh) 0.043
Site Specific Operating Labor Cost ($/hr) $45.00
Site Specific Maint. Labor Gost {$/hr) $45.00

Capital Costs

Direct Costs
1.) Purchased Equipment Cost
a.) Equipment cost + auxiliaries ) $5,181,000 See Capital Cost Estimate, A
b.} instrumentation $0 Included
¢.) Sales taxes $0 Included
d.) Freight $259,050 0.05X A
Tolal Purchased equipment cost, (PEC) $5,440,050 B
2.) Direct installalion costs
a.) Foundations and supports ) ' $272,000 0.10xB
b.} Handling and erection . $1,088,000 0.20xB
c.} Electrical $54,400 0.01x8
d.} Piping $54,400 0.01x8B
e.) Insulation for ductwork & painting $54,400 0.01xB
f.) Stack modification $108,800 002x8
Total direct Installation cost $1,692,015 0.30xB
3.) Site preparation $200,000 As Required, SP
4.) Bulidings NA As Required, Bidg.
Total Direct Cost, DC $7,272,100 1.30B + SP + Bidg.
Indirect Costs (installation)
5.) Engingering $108,800 0.02x8B
6.) Construction and field expenses $272,000 0.05xB
7.) Contractor fees . $544,000 0.10xB -
8.) Start-up $108,800 0.02xB
9.) Perlormance test $54,400 0.01xB
10.) Contingencies $816,000 0.15xB
Total Indirect Cost, IC $1,804,000 0.35x B + Other
Total Capital fnvestment (TG =DC + IC $9,176,100 1.61B + SP + Bldg. + Other

3of B




Alternate Appendix C
P4 Production, L.L.C. - Hq BACT Analysis
Conceptual Control Option 2
[Does not Include oxidant injection (CaBr,); BACI only]

Nodulizing Kiln

[Control Efticlency (%) ’ 130.0|

Annual Costs

1) Electricity
Fan Power Requirement (kW) 1,648 Esti
stimate
Electric Power Cost ($/kWh) 0.043
Cost ($1y1) $620,769
2) Operating Costs
Operating Labor Requirement (hr/shifty i 1 hour per shift Estimate
Unit Cost {$/hr) $40.00 Facility Data
Labar Cost ($47) $43,680
3) Steam Reheat
Temperalure rise (°F) a8
Steam requirement (kib/hr) 59 Estimate
Steam cost ($/kib) $9.0 Estimated
Total Cost $4,651,560
4) BAC Cost ($/ib) $1
Hourly Requirerment {Lbs/hour) 80 5 iW/MMacim Estimate
Annual requirement (Lbs/year) 788,400
Tolal BAG Costs ($/year) $788,400
5) Residual Disposal
Annual Quantity (TPY) 434 Esitamte
Cost ($/T) $200 Speclal Waste Assumed
Tolal Disposal Cost ($/year) $86,724
Tolal Operating Cosls $6,191,133
6) Supervisory Labor . OAQPS
Cosl {$fyr) $6,550 15% Operating Labor
7) Maintenance
Maintenance Labor Req. (hr/year) 438.0 5% Operaling Hours Estimate
Unit Cost ($/hr) $45.00 Facllity Data Estimate
Labor Gost ($/yr) $19,710
Materlal Cost ($/yr} $19,710 100% of Malntenance Labor OAQPS
Tolal Cost ($/yr) $39,420
8) Indirect Annual Costs
Overhead $53,790 60% of O&M Costs OAQPS
Administration $183,520 2% of Total Capital Investment OAQPS
Property Tax $91,760 1% of Total Capital Investment OAQPS
Insurance $91,760 1% of Total Capital Investment OAQPS
Capltal Recovery $1,306,470 10 yr life; 7% interest QAQPS
Total indirect ($/yr) $1,727,300
Total Annualized Cost ($yr) $7,964,400
Total Controlied (Ibfyr) 347.0
Cost Effectiveness ($/lb) $23,000

40f5
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Activated Carbon Injection System
Storage and conveyance

Alternate Appendix B

&C

P4 Production, L.L.C - Hg BACT Analysis

Equipment Capital Cost Estimate
for Conceptual Control Options 1 & 2

$900,000

United Conveyor price list

iy,

A,

Integrated Control System (Option 2)

$471,000

Injectors $80,000|Estimate
Oxidant Injection (CaBr2) (Included for Conceptual Control Option 1 only)
Storage (CaBr2) $100,000|Tank cost estimate RS Means
Injection system $80,000|Estimate
Steam Reheat :
Housing $100,000|RS Means
Steam Line $100,000{RS Means
Heat Exchanger $1,000,000fAB&CO - TT Boilers (316 SS)
Ductwork, Dampers, & Fans
FRP Liner to hydosonic scrubbers $200,000{Est. (Included for Conceptual Control Option 1 only)
Dampers $60,000|Estimate
Fans $250,000{RS Means
Baghouse
Baghouse $2,100,000|EPA-452/B-02-001 (escallation used based on ENR)
Hopper $60,000|Estimate
Residual Storage $60,000|Estimate
Controls
Integrated Contro! System (Option 1) $508,000|10% of equipment cost

10% of equipment cost

Capital Cost Total
Integrated Control System (Option 1)
Integrated Control System (Option 2)

$5,599,000
$5,181,000

10% of equipment cost
10% of equipment cost
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P4 Production, LLC

Soda Springs Plant
1853 Highway 34
P.0. Box 816

o,
]

£ Soda Springs, Idaho 83276-0818
Phone: {208) 547.4300

£ Fax: (200) 647-3312

¢ November 6, 2012

VIA CERTIFIED MAIL;

A,

RETURN RECEIPT REQUESTED — 7010 2780 0002 0464 3132

£
.
:

Mzr. Dan Pitman, P.E.

Department of Environmental Quality
1410 North Hilton

Boise, Idaho 83706

RE:  Facility ID No. 029-00001, P4 Production, LLC, Soda Springs
Tier I Permit Application and Mercury Best Available Control Technology Analysis

Dear Mr. Pitman:

On October 19, 2012, you called P4 Production, LLC (“P4™) to discuss two questions regarding
¢ P4’s Tier II Permit application and Mercury Best Available Control Technology (“*MBACT?)
- Analysis. P4 offers the following information in response to your call:

£ 1. P4’s spreadsheets submitted on October 10, 2012, show a cost effectiveness ($/Ib) based on
) the overall or total mexrcury control (including existing controls), while P4’s response letter
submitted on that date states the cost effectiveness based on the ineremental merecury
control (above existing controls). Please update the spreadshests so both approaches to cost
effectiveness are addressed.

AT,

The enclosed spreadsheets have been updated per your request,

= 2. P4’s Response #3 in its letter submitted October 10, 2012, states that control Option 2
will provide no increase in mercury control, Please explain why installing additional
control technology (in sequence with, rather than in place of, existing control
equipment) will not provide any increased controls.

£ Based on material balance data and stack testing, the total mercury control efficiency of the
- existing control equipment is estimated to be between 31 and 35%. This is comparable to the
estimated total 30% control efficiency that may be achieved by installing control Option 2
downstream from the existing hydrosonic scrubbers and SO2 control processes. In other
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words, the installation of control Option 2 will provide essentially no increase in mercury
control above the existing air pollution control equipment.

P4 has determined control Option 2 will provide no additional increase in mercury control
due to the conditions unique to P4’s process, including the mercury speciation, the low
mereury concentration and residence time, the high exhaust gas moisture content, flow rate
and temperature, and the presence of a myriad of chemical species present at much higher
concentrations than mercury that will compete for BACL Control option 2 has never been
demonstrated at any scale on any gas stream with comparable conditions. The numerous
challenges and resulting uncertainty to effectively using control Option 2 are detailed at page
22 of the MBACT Analysis and in P4’s correspondences dated July 23, 2012, and October
10, 2012,

For the sake of calculating a cost effectiveness for control Option 2, P4 has estimated an
increase in mercury control of one pound.

In contrast, control Option 1 may achieve an additional control efficiency of up to 15%. This
is because control Option 1 would use both an ACI injection system, similar to the BACI
proposed for control Option 2, and a halide injection system, which would inject halides
upstream of the existing controls. The potential incremental increase in mercury contrdl
might result fiom the presence of the halides in the system.

In accordance with IDAPA 58.01.01.123, T certify based on information and belief formed after
reasonable inquiry, that the statements and information in this document are true, accurate, and
complete. If you have any questions regarding this submittal, please contact Mr. Jim McCulloch
at (208) 547-1233.

Sincerely,
=, e

Sheldon Alver
Plant Manager

Enclosures
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AppendixB&C
P4 Production, L.L.C - Hg BACT Analysis

Equipment Capital Cost Estimate
for Conceptual Control Options 1 & 2

Activated Carbon Injection System

Storage and conveyance $900,000{United Conveyor price list
Injectors $80,000{Estimate
Oxidant Injection (CaBr2) {Included for Conceptual Control Option 1 only)
Storage (CaBr2) $100,000{ Tank cost estimate RS Means
Injection system $80,000|Estimate
Steam Reheat
Housing $100,000{RS Means
Steam Line ’ $100,000{RS Means
Heat Exchanger $1,000,000{AB&CO - TT Boilers (316 SS)
Ductwork, Dampers, & Fans
FRP Liner to hydosonic scrubbers $200,000{Est. (Included for Concentual Control Option 1 oniy)
Darnpers $60,000{Estimate
Fans $250,000{RS Means
Baghouse
Baghouse $2,100,000|EPA-452/B-02-001 {escallation used based on ENR)
Hopper $60,000|Estimate
Residual Storage $60,000|Estimate
Controls
Integrated Control System (Option 1) $509,000]10% of equipment cost
Integrated Control System (Option 2) $471,000{10% of equipment cost
Capital Cost Total
Integrated Control System (Option 1) $5,599,000]10% of equipment cost

Integrated Control System (Option 2) $5,181,000]|10% of equipment cost

y




Appendix B - Total Control

P4 Production, L.L.C. - Ho BACT Analysis

Conceptual Control Option 1

[Includes oxidant injectlon (CaBr;) and ACI}

Nodulizing Kiln
{control Effiiency (%) 50,0]
Facility input Data
Operaling Schedule
Shifls per day 3
Houss per day 24
Days per week 7
Total Hours per year 8760
Economic Life, years 10
Inlerest Rate (%) 7
Source{s) Controlled Nodufizer Kiin
Tolal Flowrale (actm) 300,000
Hg from Kiln Operation (Ibfr) 0.132
Hg fram Kiln Operation (Ibfyr) 1,158
Site Specific Electricity Cost ($/KWh) 0.043
Site Specific Operating Labor Cosl {$/h0) $45.00
Sile Spaciic Maint. Labor Cost {($/hr) $45.00

Capital Costs

Direct Gosts
1.} Purchased Equipmenl Cost

a.) Equipment cost + auxillaries $5,509,000 See Capilal Gost Estimate, A
9.) Instrumentalion 50 Included
¢.) Sales taxes $0 Included
d.) Freight $278.950 0,05 XA
Total Purchased equipment cost, (PEC) $5,878,950 B
2.) Direct installalion costs .
a,) Foundations and supporls $293,900 0.10x8
b.) Handling and ereclion $1,175,800 0.26x8
c.) Electrical $58,800 0.0ixB
d.) Piping $58,800 001xB
e.) nsutation for duclviork & painting $58,800 001 xB
f.) Stack modification $117,600 0.02x8
Total direcl inslaliation cost $1,763,685 0.30xB
3.) Slte preparation $200,000 As Required, SP
4.) Buiidings NA As Required, Bldg.
TYotal Direct Cost, DG $7,842,600 1,30B + SP + Bldg.
indirect Costs (installation)
5.) Engineering 3$117,600 0.02x8
6.) Consiruclion and field sxpenses $293,500 . 0.05%xB
7.) Contractor fees $587,900 010xB
8.) Start-up $117,600 0.02x8
9.} Perlormancs test $58,800 0.0f{x8
10.) Contingendies $881,800 0.15xB
Total Indirect Cosi, IC $2,067,600 0.35 %X B + Olher
Tolal Capital Investment (TCI) =DC + 1 $9,900,200 1818 + SP + Bldg. + Other

20f9
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Appendix B - Total Control

P4 Production, L.L..C. - Hg BACT Analysis

Conceptual Control Option 1

[Includes oxidant Injection (CaBr,) and ACI]

Nodulizing Kiin

|contren Eniciency (%)

50,0}

Annual Costs

3of8

1) Electricity
-an Power Requirement (kW) 1,648 Estimale
Electric Power Cost ($/kWh) 0.043
Cost (§hr) $5620,768
2) Operating Costs
Operaling Labor Requirement (hr/shift) 1 1 hour per shift Estmale
Unit Cos! (Shr) $40.00 Facility Data
Labor Cost {$hyr) $43,880
3) CaBr; Cost (§/gal) 89.00
Houdy Requirerment (galhour) 14 Based on CaBr2:ACt ralle of 0.15 Estimate
Annual requlrement (gallyear) 118,260
Total NaQCl GCosts {$/year) $1,064,340
4) Steam Reheat
Temperalura fise (°F) 88
Stearn requirement (Xib/hr) 59 Eslimale
Steam cost (37kib) $9.0 Estimaled
Total Cost $4,651,560
5) AC Cost {S/ib) 31
Hourly Requirerment (Lbs/hour) 90 § bividactm Estimate
Annual requirement {Lbsfyear) 708,400
Total BAC Costs {$iyear) §788.400
6) Residual Disposal
Annual Quaniity (TPY) 434 Esitamle
Gosl {$1T) $200 Special Wasle Assumed
Total Dis | Cost ($lyear) $86,724
Total Oporating Costs $7,255473
7} Supervisory Labor 0AQPS
Cosl ($r) $6,550 15% Operating Labor
8) Malntenance
Malntenance Labor Req. (hrfysar) 876.0; 10% Operating Hours Estimale
Unit Cost ($/r) §45,00 Facility Data Eslimale
Labor Cost {$/y) $39,420
Material Cost {Shyr) $39,420 1009 of Malntenance Labor OAQPS
Total Cost ($h1) $78,840
9} Indirect Annual Costs
Overhead $77.440 60% of O&M Costs OAQPS
Administration $198,000 29 of Total Capital Investment OAQPS
Property Tax $99,000 1% of Tolal Capital Investment 0AQPS
Insurance $99,000 1% of Total Capital Investment OAQPS
Capital Recovery $1,408,570 10 yr Iife; 7% interest OAQPS
Tolal Indirecl (Siyr) $1,883,010
Total Annualized Cost ($fyr} $9,223,900
Total Gontrolled {iblyr), including current controls 579.0
Cost Effectiveness ($/1b}) $15,900




Appendix C ~ Total Control

P4 Production, L.L.C. - Hg BACT Analysis

Congeptual Control Option 2

[Does pot Include oxidant injection (CaBr,); BAC! only]

Nodullzing Kiln

[Gontro! Etficiency (%) 20,0}
Facility Input Data
Operaling Schedule
Shitls per day 3
Hours per day 24
Days par waek
Total Heurs per year 8760
Economic Life, yesrs 10
Inlerest Rate (%) 7
Sourca(s) Conirolted Nodutizer Kin
Tolal Flovrate (aclm) 300,000
Hg from Kiin Operation (tb/hr) 0.132
Hg from Kitn Operation (ibyr) 1,158
Site Specifio Electricity Cost ($/kWh) 0.043
Sie Spectic Operaling Labor Gost ($/Mr) $45.00
Blie Specific Maink. Labor Cost ($/hr) $45.00

Capital Costs

Direct Gosts
1.} Purchased Equipment Cost

a.) Equipment cosl + awdiades $5,181,000 See Gapital Cost Estimate, A
b.) Instrumentation S0 Included
©.) Salss faxes 30 Included
d.) Frelght $259,050 0.05XA
Telal Purchased equipment cost, (PEC) $5,440,050 B
2.) Direclinstatation costs
a.) Foundations and supporls $272,000 0.10xB
b.) Handiing and ereclion $1,088,000 020x8
¢.} Electrical $54,400 0.01x8
d.) Piping $54,400 001x8
o.) Insulation for ductwork & painting $54,400 00ix8
f.) Stack modification $108,800 0.02x8
Tolal direct instaliallon cost $1,632,015 030x8
3.) Site preparalion $200,000 As Requlred, SP
4.) Bufldings NA As Required, Bldg.
Total Direct Cost, DG $7,272,100° 1.30B + SP + Bldg,
Indlrect Costs {instaflation) .
§,) Engineering $108,800 002xB
8.) Conslruclion and field expenses $272,000 005x8
7.} Conlractor fees §644,000 010x 8
8.} Start-up $108,800 0.02x8
9) Performance les( $54,400 0.01xB
10.) Contingencies $816,000 0.15xB
Total Indirect Cost, IC $1,904,000 0.35 x 8 + Other
Total Capifal Investment {TG)) = PC +IC §5,176,100 1.61B + 5P + Bldg. + Other

40f 8
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Appendix C - Total Control

P4 Production, L.L.C. - Hg BACT Analysis

GConceptual Control Option 2

[Daoes not Include oxidant injection (CaBr,); BACG! only]

Nodulizing Kiln

[Controt Etficiency (%)

30.0}

Annual Costs

==

e
Bt

e e - e e A s M——\ =S OTfEE==

50f8

1} Electricity
Fan PgwerReqtﬁremenl (W) 1,648 Eslimale
Electric Power Cost ($/kWh) 0.043
Cost (3iyr) $620,769
2) Operating Costs
Operaling Labor Requirement (hr/shifty 1 1 hour per shift Estimale
Unit Cost ($r) $40.00 Fatility Data
Labor Cosl ($/r) $43,680
3) Steam Reheat
Temperature fise F) 88
Steam requirement (kb 59 Eslimale
Steans cost ($/kib) $9.0 Estimaled
Tolal Casl $4.661,560
4) BAC Cost {$/Ib) st
Hourly Requirerment (Lbs/hour) 90 5 {oMMacim Eslimate
Annual requirement (Lbs/year) 788,400
“Tolal BAC Costs ($iyear) $788,400
) Residual Disposal
Anaval Quantily (TPY) 434 Esitamte
Cost {§fT} $200 Special Wasle Assumed
Total Disposal Cost {$year) $86,724
Total Opgrating Cosls $6,191,133
6} Supervisory Labor OAQPS -
Cost {$fy1) $6,550 15% Operaling Labor
7) Malatenance
Malntenance Labor Req. (hriyaar) 43B.0 5% Operaling Hours Eslimata
Unlt Cost ($/hr) $45.00 Facility Dala Eslimate
Labor Cost ($iyr) $19,710
Malerlal Cost ($fyr) 318,710 100% of Maintenance Labor 0AQPS
Total Cosl (Siyr) $39,420
8) Indirect Annual Costs
Overhead $53,790 60% of O&M Costs 0AQPS
Administration $183,520 2% of Tolal Gapital Investment 0AQPS
Proparty Tax $91,760 1% of Tolal Capital Investment QAQPS
lnsurance $91,760 1% of Total Capital Investment 0AQPS
Capilal Recovery $1,306,470 10 yr life; 7% inferest OAQPRS
Total Indirecl ($4yr) $1,727,300
Total Annualized Cost ($fyr) §7,964,400
Total Controlled (Ibfyr}, Including current conimls 347.0
Cost Effectiveness ($/1b) $23,000




Appendix B - Incremental Control
P4 Production, L.L.C. - Hg BACT Analysis

Conceptual Control Opt'ion 1
[Includes oxidant injection (GaBr,) and ACI]

Nodulizing Kiin

[Control Efficiency (%)

50.0]

Facility Input Data

Operaling Schedule
Shifts per day 3
Hours per day 24
Days per waek 7
Tolal Hours per year 8760
Economilc Life, years 10
Interest Rate (%) 7
Source(s) Confrolled Nodulizer Kiln
Tolai Flowirate {aclim) 300,000
Hg from Kiln Operation (ibfhr) 0.132,
Hg from Kiin Operation (Ibfye) 1,158
Site Speciiic Electricity Cost ($/kWh) 0,043
Site Specific Operaling Labor Cost ($/hr) $45.00
Site Specific Mainl. Labor Cost ($/f) $45.00
Capital Costs

Direct Costs
1.) Purchased Equipment Cost

a.) Equipment cost + auxiliaries §5,599,000 Sea Capital Cost Estimate, A
b.) Instrumentalion $0 Included
¢.) Sales taxes $0 Included
d.) Frelght $279,850 0.05 XA
Total Purchased equipment cost, (PEC) $5,878,950 B
2.} Direct installation costs
a,) Foundalions and supporis $293,900 0.10xB
b.) Handling and erection $1,175,800 0.20xB
¢.) Elecircal $58,800 0.01xB
d.) Fiping $58,800 0.01x8
e.) Insulation for duciwork & painting $58,800 a.0ixB
1) Stack modification $117,600 0.02xB
Teotal direct installation cost $1,763,685 0.30x8B
3.) Sile preparation $200,000 As Regquired, SP
4.) Bulldings NA As Required, Bldg.
Toteal Direct Gost, DC $7,842,600 1.308 + SP + Bldg.
Indirect Gosts {installation)
5.) Engineering $117,600 0.02xB
6.) Construction and field expenses $2093,900 0.05x8B
7.) Contraclor fees $587,200 0.10x8B
8.} Start-up $117,600 0.02xB
9.) Performance lest 558,800 0.01 xB
10.) Conlingencies $881,800 0.15x8
Total indirect Cost, IG $2,057,600 0.35 x B + Other
Total Capital Investment (TCl) = DG + G $9,900,200 1.61B + SP + Bldg. + Other

Annual Costs




1) Electricity
Fan Fower Requirement (kW) 1,648 Eslimate
Electric Power Cost {($/kWh) 0.043
Cost ($in) $620,765
2) Operating Costs )
Oparating Labor Requirement (hi/shift) 1 1 hour per shift Eslimale
Unit Cost ($/hr) $40.00 Facility Data
Labor Cost (Sfyr) $43,880
3) CaBr, Cost ($/gal) 9.00
' ' Hourly Requirerment {galhour) 14 Based on CaBr2:AC] ratio of 0.15 Eslimale
; Annual requirement (gallyaar) 118,260
Total NaOG! Costs (S/vear) $1,064,340
) 4) Steam Reheat
{ Temperature rise °F) 88
. Steam requirement (kib/hr) 59 Eslimale
§ Steam cost ($/klb) $9.0 Estimated
& Total Cost $4,651,560
¢ 5) AC Cost (3/1b) $1
Hourly Requirerment {Lbs/how) 0 5 ib/MMacim Estimate
Anaual requirement (Lbsfvear) 788,400
Tolal BAC Cosls ($fyear) $788,400
6) Resldual Disposal .
g: Annual Quantity (TPY) 434 ‘ Esitante
. Cost {$/T) $200 Special Waste Assumed
F: Total Disposal Cost ($fyear) $86,724
Total Operating Costs $7,255,473
7) Supervisory Labor ) 0AQPS
£ Cost (§hyr) $6,550 16% Qperaling Labor
E 8) Maintenance
- Maintenance Labor Req. (hriyear) 876.0 10% Operaling Hours Estimale
Unit Cost (s/hr) $45.00 Facility Data Estimate
Labor Cost {Shr) $39,420 '
Materlal Gost {$/yr) $39.420 100% of Maintenance Labor OAQPS
Total Cost ($hr) $78,840
9) Indirect Annual Costs
Ovethead §77,440 80% of O&M Cosls OAQPS
P Administralion 5198,000 2% of Total Caplial invesiment 0AQPS
5 Propenly Tax ’ $98,000 1% of Total Capital Investment OAQPS
insurance $98,0600 1% of Total Capital Investment OAQPS
Capital Recovery 51,408,570 10 yr life; 7% interest QAQPS
Total Indirect (S/yr) $1,863,010
Total Annualized Cost {$fyr) $9,223,900
£ Total Gonftrolled (Ibfyr), above current controls 174.0
Gost Effectiveness ($/ib) $53,000
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Appendix G - Incremental Gontrol
P4 Production, L.L.C. - Hg BACT Analysis

Gonceptual Control Option 2

[Does not Include oxidant injection (CaBr,); BACI only]

Nodulizing Kiln

|centre! Efficlency (%)

0.0

Facility Input Data
Operaling Schedule
Shifts per day 3
Hours per day 24
Days per wieek 7
Total Hours per year 8760
Economic Life, years 10},
Int t Rale (%) 7
Source(s) Controlled Nodulizer Kiin
Total Fiowrate (acim) 300,000
Hg from Kifn Operation (Ib/hr) 0.132
Hg from Kiln Operation (ibjyr) 1,156
Site Specific Electicity Cost ($/kWh) 0.043]
Site Specific Operating Labor Cost (§/hr) $45.00( 7
Site Specific Malnt. Labor Cost ($/hr) §45.00°

Capital Costs

Direct Costs
1.) Purchased Equipment Gost

a.) Equipment cost + auxlliades $5,181,000 See Capilal Cost Eslimate, A
b.) Instrumentation ] Included
c.) Sales taxes $0 Included
d.) Freight $259,050 0.05 XA
Total Purchased equipment cost, (PEC) 55,440,050 B
2.} Dlrect instaliation costs .
a.) Foundalions and supporis $272,000 0.10xB
b.) Handling and erection $1,088,000 0.20xB
¢.) Eleclical $54,400 0,01 xB
d.) Piping $54,400 0.01xB
.} Insulation for duciwork & painling $54,400 0.01xB
f.y Stack medification $108,800 0.02xB
Tolal direct instaliation cost $1,632,015 0.30xB
3.) Site preparalion $200,000 As Required, 8P
4.) Buildings NA As Required, Bldg,
Total Direct Cost, DG $7.272,100 1.308 + SP + Bidg.
indirect Costs (instaliation)
5.) Engineering $108,800 0.02xB
8.) Conslruction and field expenses $272,000 0.05x8
7.) Conlractor fees $544,000 0.10xB
8.} Starl-up $108,800 0.02xB
9.) Performance test 854,400 0.01x8
10.) Contingencles $816,000 0.15x8
Tofal Indirect Cost, IC $1,904,000 0.35 x B + Other
Total Gapital Investment (TC)) = DC +{C $9,176,100 1.61B + 5P + Bldg, + Other

Annual Costs
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1) Electricity
Fan Power Requirement (kW)

1,648

Estimatle
Electric Power Cost ($/kWh) 0.043
Cost ($iy1) $620,768
2) Operating Costs
Operaling Labor Requiremsnt (hr/shift) 1 1 hour per shift Estimate
Unit Cost (8/h1) $40.00 Facllity Data
Labor Cost {$/yr1) $43,680
3) Steam Reheat
Temperalure rise (°F) 88
Steam requirement (kib/hr) 59 Estimate
Steam cost {$/kIb) $9.0 Estimated
Tolal Cost $4,651,560
4) BAC Cost (§/ih) $1
Hourly Requirerment {Lbs/hour) 80 5 |biMMacim Estimate
Annual requirement {Lbsfyear) 788,400
Total BAC Costs ($fyear) $788,400
5) Resldual Disposal
Annual Quantity (TPY) 434 Estlamte
Cast{$/T) $200 Special Waste Assumed
Tatal Disposal Cost (Sfyear) $86,724
Total Operating Costs $6,191,133
6) Supervisory Labaor
Cost ($/yn) $6,550 15% Operaling Labor ORQFS
7) Maintenance
Maintanance Labor Req. (hriyean 438.0 5% Opetating Hours Estimate
Unlt Cost ($/hr) $45.00 Facility Data Estimate
Labor Cost (§/yr) 19,710
Material Cost ($iyr) $19,710 100% of Maintenance Laber OAQPS
Total Cost ($/yr) $39,420
8) Indirect Annual Costs
Overhead $53,790 60% of O&M Costs OAQPS
Administration $183,520 2% of Tatal Capital Investment OAQPS
Property Tax $91,760 % of Tolal Capital investment OAQPS
Insurance $61,760 1% of Total Capital Investment OAGPS
Capital Recovery $1,306,470 10 yr life; 7% interest 0AQPS
Total Indirgct ($lyr) $1,727,300
Total Annualized Cost ($lyr) $7,864,4060
Total Controlled (lblyr), above current controls 1.0
Cost Effectiveness {$/ih) $7,964,400
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P4 Production, LLC

Soda Springs Plant

1853 Highway 34

P.O. Box 816

Soda Springs, ldaho 83276-0816
Phone: (208) 547-4300

Fax: (208) 547-3312

February 6,2013

VIA CERTIFIED MAIL;
RETURN RECEIPT' REQUESTED — 7010 2780 0002 0464 3279

Mr, Dan Pitman, P.E.

Department of Environmental Quality
1410 North Hilton

Boise, Idaho 83706

RE:  Facility ID No. 029-00001, P4 Production, LL.C, Soda Springs
Tier IT Permit Application and Mercury Best Available Control Technology Analysis

Dear Mr, Pitman;

On December 17, 2012, you emailed P4 Production, LLC (“P4”) a list of questions regarding
P4’s Tier II Permit application and Mercury Best Available Control Technology (“MBACT”)
Analysis. P4 offers the following information in response to your inquiry:

1. An MBACT analysis was not provided for the nodule crushing and screening operation
because emissions are two orders. of magnitude greater from the kiln. MBACT is
triggered for all sources that emit mercury IDAPA 58.01.01.401.02.a.ii), Since close to
3 pounds per year of mercury is estimated to be emitted from the crushing and
screening operation an MBACT assessment will need to be provided for this source.

Table 2 to the Facility Wide Potential To Emit Emission Inventory identifies all 37 point
sources at the facility that, together with fugitive sources, have the potential to emit 757.07
pounds of mercury each year. The MBACT For Elemental Phosphorus Process final report
(the “MBACT Analysis”) prepared by Environmental Resources Management (“ERM”)
evaluates MBACT for the kiln hydrosonics, which has the potential to emit 753 Ib/yr, or
99.46% of mercury emitted from the facility. In contrast, the nodule crushing and screening
scrubber stack has the estimated potential to emit only 2.72 Ib/yr, or 0.36% of mercury
emitted from the facility, and all other sources together have the potential to emit only 1.28
Ib/yr, or 0.17% of mercury emitted from the facility. If controls were installed to effectively
remove 100% of all Hg air emissions from all P4 emission sources except the kiln hydrosonic
stacks, the total environmental impact would be negligible, the cost would be significant, and
emissions from the kiln hydrosonics stacks would still exceed the 62 1b/yr threshold.




The mercury emitted from the nodule crushing and screening scrubber stack is characterized
only as Hg(PM). (P4 has not collected data for gaseous Hg air emissions since P4 does not
expect the process conditions to result in any mercury chemical transformation or
volatilization during nodule crushing and screening,) In all cases, stack test results for the
nodule crushing and screening source for Hg(PM) were below the analytical detection, so P4
conservatively estimated the emissions by using half the detection limit according to SARA
guidance (refer to lines 14-18, column F, “TRI Calculations,” of the enclosed emissions

“calculations). If P4 were to use a less conservative mass balsance approach using more

accurate analytical data to calculate Hg emissions from this point source, such as multiplying
the total PM emissions per year from the source by the mercury concentration in nodules of
5e-8 1b Hg/lb, the potential Hg(PM) emissions would be approximately 0.0020 1b/yr, which is
over three orders of magnitude lower than that used by P4 for the PTE in the MBACT
Analysis. Furthermore, the trace levels of mercury contained in nodule particulate matter
emitted from the nodule crushing and screeing scrubber stack are not expected to pose as
significant a threat to the environment as gas-phase mercury that contributes to the “global
pool” and has the likelihood for deposition and uptake in flora and fauna (refer to the
“Response to Question 6™ submitted with P4’s response dated July 23, 2012).

Considering these combined factors, P4 respectfully suggests that the contribution of mercury
by emission sources other than the kiln hydrosonics is insignificant and that a MBACT
evalvation for those sources, including the nodule crushing and screening scrubber stack, is
unnecessary. P4 notes, however, that Table 2 does not identify emissions from the Thermal
Oxidizer or flares, The Thermal Oxidizer did not come online until October 1, 2012, after the
initial permit application was submitted. P4 cannot estimate with any accuracy the Hg
emissions from these sources due to the limited data available. However, operation of the TO
should not result in a net increase in emissions of Hg across the plant. P4 has existing plans to
prepare estimates of mercury emissions from the Thermal Oxidizer in 2013 and will submit
them to IDEQ as soon as they are available.

Considering these combined factors, P4 respectfully suggests that the contribution of mercury
by emission sources other than the kiln hydrosonics is insignificant and that a MBACT
evaluation for those sources, including the nodule crushing and screening scrubber stack, is
unnecessary. '

ACI and calcium bromide injection was evaluated as a technically feasible option,
Additional mercury was estimated to be removed at a cost of $53,000 per pound,
including the cost of corrosion prevention measures. In addressing the conceptional
control option of injecting calcium bromide prior to the existing scrubbers to increase
mercury capture in the scrubbers P4 states the use of calcium bromide is technically
infeasible due to temperature and corrosion issues, Please address these apparently
contradictory assertions regarding the technical feasibility of injecting calciuwm bromide
to enhance mercury oxidation,

Control options #1 and #2 are the leading technologies on the market used to effectively
remove 70 — 90% of gaseous mercury in elemental or divalent species fiom exhaust gas from
a variety of indusfrial sources. In the MBACT Analysis, P4 identified certain challenges to
installation of an ACI and calcjum broinide injection system (control Option #1) upstream of
the hydrosonics LCDA scrubbers, including mercury speciation, short residence times, the
presence of compounds and ions that compete for activated carbon sites, process temperatures
out of range for ACI adsorption, and the particulate recovery efficiency in the wet scrubbers.
However, the MBACT Analysis also notes that “[a]n ACI or BACI system could be designed
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downstream of the venturi scrubbers that would include ACI or BACI, reheating the flue gas
to the target temperature and above the saturation temperature, and a baghouse or other pm
removal device for carbon removal. For this reason, ACI and BACI are retained for further
evaluation.” These options could be installed and applied to P4’s process without any need
for a complete redesign of the existing kiln process, but would only offer marginal Hg control
as described in detail in the MBACT evaluation and follow-up incompleteness responses
dated July 27, 2012 and October 10, 2012,

To reiterate, there are no off-the-shelf mercury control technologies that are universally
applicable to all industrial sources, and even with sigunificant modification and process
development P4 does not estimate that these technologies would offer efficient Hg control for
the P4 kiln,

It is stated that the oxidation of mercury by calcium bromide injection begins to occur
at 1,000 F, and continues until the gas drops below 300 F. Please provide the reference
documentation for these reaction temperatures. From the process flow diagram that
was provided the kiln off gas temperature drops into this range sometime after the dust
bin, possibly in the boiler, and presumptively remains in this range until the spray
tower. Please provide the residence time of the off gas in the temperature range of 1,000
°F to 300 "F. Please provide an estimate of the additional oxidation of mercury that
would cccur from adding bromine during this residence time, even if not at the
optimum temperature, and provide an estimate of the increase in mercury control that
would occur in the scrubbers due to the additional mercury having been oxidized. Also,
since additional control is apparently achievable by oxidizing the mercury prior to the
scrubbers please provide the incremental cost for this control in dollars per pound of
mercury removed, :

Numerous experimental and theoretical works debate the exact temperature range in which
oxidation of mercury by calcium bromide occurs. For example, Chapter 5 of EPA-600/R-01-
109 (see attached) provides a comprehensive summary of gas-phase oxidation of mercury
species in coal fired power plant exhaust gas-and that summary states that oxidation begins to
occur at 538 °C (1,000 °F), In contrast, the attached research report “Investigation of Mercury
Transformation by HBr addition in a Slipstream Facility with Real Flue Gas Atmospheres of
Bituminous Coal and PRB Coal,” 21 Energy Fuels, 2719-2730 (2007)., suggests that mercury
oxidation by HBr formed from the injection of brominated species into flue gas occurs in the
range between 300 °C and 700 °C. This document generally agrees with numerous reports
available in peer-reviewed technical literature on the same topic. In addition, these
temperature ranges were confirmed during personal communications with mercury control
technology vendors (1) Gary Tonnemacher, Nalco Mobotec: November 23 and November 30,
2009 and (2) Mike Phillips, Alstom Power: December 1, 20009.

The-process flow diagram in figure 1 of the MBACT Analysis clearly indicates that the kiln
off-gas temperature is in the range 450 °C (842°F) — 800 °C (1472 °F). The low end of this
range corresponds to low kiln production, whereas the high end of this range corresponds to
bypass of the waste heat boiler. The residence time of the gas in the temperature range where
mercury oxidation occurs (up to 538 °C (1000 °F)) is estimated to be approximately 2
seconds due to the large volume of exhaust gas passing through ductwork between the kiln
exit and the spray tower. The temperature of the gas in this region, typically near 600 °C
(1112 °F), is not consistently below 1000 °F, and depends on steam generation for the plant
since a waste heat boiler is installed in parallel to the dust bins. Even if the waste heat boiler
could extract enough heat to lower the temperature to 1000 °F, the estimated residence time




between the waste heat boiler and spray tower on the order of 30 milliseconds would not
allow sufficient time for bromide to contact gas phase elemental mercury and oxidize prior to
the soluble halide being scrubbed in the kiln spray tower.

Since alkali halide species are not in fact chemical oxidants, some fraction of the residence
time is needed for the injected halide conversion at high temperature into the corresponding
halogen which then in turn must contact Hg(0) in the appropriate temperature range to drive
the oxidation of Hg(0). It has been estimated that this multistep mechanism takes several
seconds to occur, and longer residence times typically result in greater Hg oxidation by
reducing these kinetic limitations (refer to attached document, Zhengyang, Yan Cao, et, Al.,
Impacts of Halogen Additions on mercury Oxidation, in a Slipstream Selective Catalyst
Reduction (SCR) Reactor When Burning Sub-Bituminous Coal, Environ. Sci. Technol.,
2008, 42, 256 — 261). There is also an estimated 30 to 40 tons per hour of dust in this gas
stream, with numerous other gas phase species that would contribute to ineffective control by
the calcium bromide injection,

The remaining issues are already addressed in the MBACT Analysis and in P4’s follow-up
incompleteness responses. First, control Option #2 (BACI alone) is estimated to have a total
control efficiency of 30%, comparable to existing controls, while Control Option #1
(injection of calcium bromide and ACI) is estimated to have a total control efficiency of 50%,
representing an increase of approximately 15% over existing controls. P4’s response dated
November 6, 2012, states that the potential increase in mercury control for control option #1
“might result from the presence of the halides in the system.” This 15% represents the
estimate of the increase in mercury control that may occur in the scrubbers due to the addition
of the two control technologies in combination. Also, control Option #2 (BACI alone) is
estimated to have a cost effectiveness of $7,964,400 per pound of mercury controlled, while
control Option #1 (injection of calcium bromide and ACI) is estimated to have a cost
effectiveness of $53,000 per pound of mercury controlled. This $53,000 represents the
incremental cost of this control.

Halide injection, in particular Br and Cl, in combination with the existing dual alkali
scrubbers was stated to be technically infeasible, in part because a reducing
environment might exist in the scrubber and canse the re-emission of elemental
mercury. It was stated the chemical agents are available to prevent the re-emission of
mercury but their use in the dual alkali scrubbers has not been demonstrated. Please
provide the technical differences between the flue gas desulfurization (FGD) systems the
additives have been demonstrated on and the FGD system that P4 utilizes which

-supports the elimination of the use of the additives. Were the suppliers of the chemical

agents solicited regarding their use in the dual alkali system?

Characteristic mercury re-emission across P4’s hydrosonic-LCDA. scrubber was identified
both before and after the hydrosonic scrubbers during 2006 stack test for mercury speciation
using the Ontario-Hydro method (ASTM D6784). The estimated total Hg emission rate was
equivalent for both sampling points, as shown in Table 1; however, the amount of divalent
Hg is lower and the amount of elemental Hg is comparably higher after the hydrosonic
scrubbers.
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Table 1. Results from Mercury Speciation testing Pre- and Post-Hydrosonic Scrubbers

9 fi Diameter Duct | Hydro Stack #2
(6.77% O, Basis) | (9.17% O, Basis)
Hg(PM) | Concentration (ng/M°) | 62 19.4
Emission Rate (Ib/r) ] 0.028 0.0019
% 21.2 59
Hg(I) | Concentration (ug/M°) | 47 4.8
Emission Rate (Ib/hr) | 0.021 0.00047
% 15.9 1.5
Hg(0) | Concentration (ug/M®) | 184 305
Emission Rate (Ib/hr) | 0.083 0.0298
% 62.9 92.6
Total | Concentration (ug/M?) | 293 329
Emission Rate (Ib/hr) | 0.132 0.032

Note the there are four hydrosonic stacks, and emissions from hydrosonic stack #2 are
generally considered representative of emissions from each stack. Divalent mercury reduction
from Hg(II) to Hg(0) is common for wet FGD processes. In P4’s process, P4 believes that
Hg(1I) is reduced and re-emitted as gaseous Hg(0) as it passes through the concentrated dual
alkali scrubbing liquor in the hydrosonic scrubbers. Approximately 165 Ib/yr Hg(Il) is
converted into Hg(0) as it passes through the hydrosonic scrubbers.

A paucity of information is available regarding the demonstration of FGD additives to reduce
Hg(0) re-emission at lab, pilot, or full scale. Available reports provide little information
regarding the type of FGD system, and references to Hg concentrations in the salable
Gypsum produced indicate that FGD has not been demonstrated on LCDA-type systems
because such systems produce a calcium sulfate/sulfite mixture. The FGD systems discussed
in the reports are likely used for basic wet limestone scrubbing processes, which are used
most widely for SO, emission control at coal-fired electric utility boilers. In general, dual
alkali systems are used by a very small percentage of the total number of FGD systems due to
the high cost of caustic usage. For more information on additives to reduce Hg re-emission
across FGD, refer to the attached report (Gary Blythe, URS Corporation, Field Testing of an
FGD Additive for Enhanced Mercury Control; Steven A. Benson et al., Large-Scale Mercury
Control Technology Testing for Lignite-Fired Utilities — Oxidation Systems for Wet FGD).

Monsanto cannot accurately provide any comprehensive information on the types of FGD
systems available because the mercury ré-emission controls that have been installed are
proprietary confidential business information between the actual process vendors,
engineering firms, and process owners, and the request seeks information well outside of the
scope of P4’s business and this MBACT application. However, for a general description of
the types of FGD systems, refer to chapter 15 of “Air Pollution Control: A Design
Approach,” David A. Cooper (Waveland Press Inc., 2002

P4 has contacted both Nalco and B&W to discuss the use of FGD additives to prevent Hg re-
emission with the existing dual alkali scrubbers. P4 has not yet received a response from
either supplier.

Application materials state that the nodulizing process does not offer the temperature
or contact time required for sodium hypochlorite injection to oxidize mercury. Please




provide documentation on the necessary reaction temperature range. If the nodulizing
kiln off gas is within this temperature range please provide an estimate of: the residence
time at these temperatures; the additional oxidation of mercury that would occur from
the addition of sodium hypochlorite (even if not at the optimum temperature); and an
estimate of the increase in mercury control that would occur in the scrubbers due to the
additional mercury having been oxidized. Also, if additional control is achievable
provide the incremental cost for this control in dollars per pound of mercury removed,

The reaction temperature range for sodium hypochlorite injection to oxidize mercury is 95 —
100 °C, as reported in the attached EPA report. (See Nick D. Hutson & John C.S. Chang,
Pilot-Scale Study of a Wet Scrubber System for Control of SO,, NOx, and Hg in Coal
Combustion Flue Gas, Paper #47, page 8.) The nodulizing kiln off gas is not within this
temperature range, as described in response #3.

Also, the injection of sodium hypochlorite is not an available mercury contro] technology,
and to the best of P4’s knowledge it has not been demonstrated at any scale or process
conditions comparable to the P4 kiln beyond the laboratory ideal exhaust gas conditions, For
this reason, P4 contends that this technology is outside the scope of the MBACT evaluation.
To reiterate, the assessment of this technology provided by P4 in the response dated October
10, 2012, the residence time required for oxidation by sodium hypochlorite would be
analogous to that needed for mercury oxidation by halide injection, and the limiting factor in
the P4 kiln exhaust would be the thermodynamics and kinetics of mercury oxidation, The
appropriate physical and chemical conditions simply do not exist to allow hypochlorite or any
other halogenated species to oxidize mercury,

No cost estimate has been prepared by P4 for this technology since it is does not fit the
definition for MBACT. P4 mentioned the use of sodium hypochlorite because this control
was proposed by the EPA Office of Research and Development on February 10, 2011 (EPA
attendees: Susan Fairchild, Nick Hutson,, Mike Thrift, Peter Westlin, Barrett Parker) in
discussions that resulted in the EPA agreeing that there are no available mercury control
technologies, whether fully developed or not, that offer compatibility with the P4 kiln
process. Refer to P4’s July 23, 2012 response #2 and October 10, 2012 response #3.

The ability of ACI and BACI to control mercury emissions is stated to be adversely
affected by the presence of constituents (Cd, Zn, SO, etc.) that occur at concentrations
much greater than mercury. This is stated to be the case whether carbon is injected
before or after the scrubbers. Please provide the concentrations of these constituents
that compete for AC and BAC in the exhaust gas before and after the scrubbers. Please
document how these concentrations were determined. Also provide the documentation
that AC and BAC have an affinity for these constituents that is equal to or greater than
that of mercury. Do these concentrations, before and after the scrubber, alone preclude
the use of ACI and BACI?

Activated carbon (“AC”) is a universal sorbent with many forms available for the removal of
a myriad of impurities in water and flue gas streams. According to the provided
documentation, AC has an affinity for the absorption of moisture, Cd, As, Cd, Cr, other heavy
metals and comtnon species present in flue gas streams (i.e., SO, NOx, PM, dioxins, VOCs,
etc.). (Anthony A. Lizzio, Joseph A. DeBarr, and Carl W: Kruse, Production of Activated
Char from Illinois Coal for Flue Gas Cleanup, 11 Energy & Fuels 250-259 1997, p. 250;
Zhen Shu Liu, Control of Heavy Metals During Incineration Using Activated Carbon Fibers
(2006) , p. 506 - 511; Jacobi Carbons, Activated Carbon for Flue Gas Purification; APTI 415;
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Control of Gaseous Emission, Chapter 4: Adsorption, p. 4-3, 4-30.) Any AC manufacturer
can be contacted to confirm this.

The relative quantities of these constituents before and after the scrubbers are shown in Table
1. There is no direct measurement of species in the stream before the scrubbers, so material
balances were used to estimate the relative quantmes of these species. It is notable that the
estimated quantities of these species present in the process before the scrubbers are four
orders of magnitude larger than the kiln’s potential to emit Hg.

High levels of SO, are known to significantly inhibit Hg capture by ACI and BACI in utility
boilers, as referred to in the attached report (Presto, Alberta A., Impact of Sulfur Oxides on
Mercury Capture by Activated Carbon, Environ. Sci. Technol., 41, 6579 — 6584 (2007)).
Prior to the spray tower and LCDA system it has been estimated that SO, is present in excess
of 2800 Ib/hr (~22M Ib/yr), which would contribute to the interference with Hg capture.

The gas stream before and after the scrubbers also contains elevated levels of moisture that
has been documented in the attached report to inhibit mercury removal from gas (Li, Y. H.,
et. al, The effect of Activated Carbon Surface Moisture on Low Temperature Mercury
Adsorption, Carbon, 40, 2002, p 65 - 72). Kiln CFD modeling indicates 12% moisture in the
gas stream at the exit of the kiln, and stack test results after the spray tower and at the
hydrosonic stack are saturated with 35% moisture at 154 °F (i.e., upstream and downstream
from the hydrosonics). These high concentrations of moisture relative to Hg would render the
ACI inefficient in Hg removal.

Table 1. Annual Metal Quantities Estimated Before and After Scrubbers in Ib/yr.

Cd Zn As Cu Pb Se Ni Sh Cr

Before 627,276 |7,417,188 111,056 {239,359 {89,124 127,591 [30,3258 [30,122 1,377,707
Scrubbers
(Ib/yr)

After 7640 2,54 519 70.6 343 2630 585 186 573,;_
Scrubbers
(b/yr)

Therefore, the quantities of competmcr constituents before and after the scrubbers support the
elimination of ACI or BACI since neither control option has been demonstrated under P4’s
process conditions. The Hg removal efficiency and the cost estimates provided for the use of
these conirol options in P4’s MBACT Analysis was likely extremely conservative
considering the excessive quantity of ACI or BACI that would be required to capture low
levels of mercury in the midst of high levels of these other species. P4 is not able to assess the
preferential selective adsorption of any of these species based on information available.

Also, note that another critical factor in ACI or BACI adsorption is the large quantity of
moisture in the gas streams before and after the scrubbers that will compete with active sites
for mercury adsorption or oxidation/adsorption, respectively.

If the concentration of exhaust gas constituents that exist before the scrubbers does nof
completely eliminate the use of ACI or BACI prior to the scrubbers please address the
following -In asserting that carbon injection prior to the scrubbers is technically
infeasible it is stated that it is unclear whether the existing venturi serubbers can handle




the additional loading of ACI or BACL Please provide an estimate of the current
particulate matter loading to the scrubbers and an estimate of the additional loading
that would occur from the addition of ACI or BACI. Also please provide an estimate of
the particle size of ACI and BACI and an engineering estimate of the removal efficiency
of these particles in the venturi scrubbers.

It is also stated that the carbon particles would add an abrasive particle to the venturi
throat and cause erosion of the throat. Please provide the current particle loading rate
and the estimate of the incremental increase of loading provided by ACI or BACIL. Also,
please provide an estimate of the increase of the rate of the corrosion of the venturi
throats due to the addition of ACI or BACL

The excessively high concentration of exhaust gas constituents before the scrubbers that
would interfere with relatively low levels of mercury adsorption as detailed in response #6,
coupled with the exceedingly short residence time between the spray tower and hydrosonic
scrubbers, make the utilization of ACI or BACI prior to the scrubbers technically infeasible
for P4’s purposes.

If the concentration of exhaust gas constituents that exist before the scrubbers does not
completely eliminate the use of ACI or BACI prior to the scrubbers please address the
following -It is stated that ACI or BACI prior to the scrubbers would be out of the
optimum temperature range (200 °F — 400 °F) for capturing mercury, Please provide
the documentation for this temperature range. Also, please provide a technical
argument why a marginally lower exhaust gas temperature (~160 F) warrants
supporting the elimination of ACI or BACI as infeasible,

As stated in responses #6 and #7, the concentration of exhaust gas constituents coupled with
the short residence time before the scrubbers does completely eliminate the use of ACI or
BACI prior to the scrubbers. B
All control technologies evaluated are technology transfers that have not been
demonstrated on off gases from nodulizing kilns, It is stated no vendor, engineer, or
contractor would offer a guarantee of performance for these systems. To provide more
support to the application please provide a listing of the sources that were solicited for a
guarantee.

This statement is based on ERM’s extensive experience in the evaluation, installation, and
operation of mercury control technologies. Mercury control systems are designed based on
on-site pre-engineering and pilot-scale studies, and there is no “off-the-shel” technology for
mercury control for industrial scale systems. Pre-engineering studies provide the designer
information necessary to provide a performance guarantee and OEM costs, and this
information is unavailable here because no pilot-scale study or formal pre-engineering study
for mercury control has been completed for any phosphate kiln,

However, P4 did contact several vendors to discuss MBACT controls for P4’s key process
conditions.  Alstom representatives would not speculate on the suitability of their Met-Cure
technology for this application (Jeff Edwards, Alstom Power: October 23, 2009). Also, a
representative of Novinda speculated that control-technology using amended silicates might
still be effective at 160° F, although it has only been tested around 300° F. He also expressed
concern that the increase in gas viscosity resulting from sorbent injection could impair the
function of the venturi scrubbers (Bill Byers, Novinda Corporation: 2/15/2010).
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In accordance with IDAPA 58.01.01.123, T certify based on information and belief formed after
reasonable inquiry, that the statements and information in this document are true, accurate, and
complete. If you have any questions regarding this submittal, please contact Mr. Jim McCulloch
at (208) 547-1233.

Sincerely,

— cE—

Sheldon Alver
Vice President, Operations
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Chapter 5
Mercury Speciation and Capture

5.1 Introduction

The source of Hg emissions from coal-fired electric utility boilers is the Hg that naturally
exists in coal and is released during the combustion process. As discussed in Chapter 2, the Hg
content of a coal varies by coal type and where it is mined. When the coal is burned in an
electric utility boiler, most of the Hg bound in the coal is released into the combustion product
gases. This chapter provides an introduction to Hg chemistry and behavior of Hg as it leaves the
combustion zone of the furnace and passes in'the flue gas through the downstream boiler
sections, air heater, and air pollution control devices. Recent research on Hg chemistry in coal-
fired electric utility boiler flue gas is summarized.

5.2 General Behavior of Mercury in Coal-fired Electric Utility Boilers

The majority of Hg in coal exists as sulfur-bound compounds and compounds associated
with the organic fraction in coal. Small amounts of elemental Hg may also be present in the
coal. Figure 5-1 presents a simplified schematic of the coal combustion process. The primary
products of coal combustion are carbon dioxide (CO;) and water (H;O). In addition, as
discussed in Chapter 3, significant quantities of the pollutants sulfur dioxide (SO,) and nitrogen
oxides (NOx) are also formed. When the coal is burned in an electric utility boiler, the resulting
high combustion temperatures in the vicinity of 1,500 °C (2,700 °F) vaporize the Hg in the coal
to form gaseous elemental Hg. Subsequent cooling of the combustion gases and interaction of
the gaseous elemental Hg with other combustion products result in a portion of the Hg being
converted to other forms.

There are three basic forms of Hg in the ﬂue gas from a coal-fired electric utility boiler:
(1) elemental Hg (represented by the symbol Hg in this report); (2) compounds of oxidized Hg
(collectively represented by the symbol Hg*" in this report); and (3) partwle-bound mercury
(represented by the symbol Hg, in this report). Oxidized mercury compounds in the flue gas
from a coal-fired electric utility boiler may include mercury chloride (HgCl,), mercury oxide
(HgO), and mercury sulfate (HgSO4). Some researchers refer to oxidized mercury compounds
collectively as ionic mercury. This is because, while oxidized mercury compounds may not exist
as mercuric jons in the boiler flue gas, these compounds are measured as ionic mercury by the
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speciation test method used to measure oxidized Hg (discussed in Chapter 4). Similarly,
particle-bound Hg is referred to as particulate mercury by some researchers. The term particle-
bound mercury is the preferred and is used in this report to emphasize that the mercury is bound
to a solid particle.

The term speciation is used to denote the relative amounts of these three forms of Hg in
the flue gas of the boiler. At present, speciation of Hg in the flue gas from a coal-fired electric
utility is not well understood. A number of laboratory and field studies have been conducted, or
are ongoing, to improve the understanding of the transformation of Hgo to the other Hg forms in
the flue gas downstream of the boiler furnace. Data obtained to date indicate that combinations
of site-specific factors affect the speciation of Hg in the flue gas. These factors include:

Type and properties of the coal burned.

Combustion conditions in the boiler furnace.

Boiler flue gas temperature profile.

Boiler flue gas composition.

Boiler fly ash properties.

¢ Post-combustion flue gas cleaning technologies used.

The current understanding of the mechanisms by which Hg° transforms to Hg*" and Hg,
in the flue gas from coal-fired electric utility boilers is discussed in subsequent sections of this
chapter. It is important to understand how Hg speciates in the boiler flue gas because the overall
effectiveness of different control strategies for capturing Hg often depends on the concentrations
of the different forms of Hg present in the boiler flue gas. This topic will be discussed in detail
in Chapters 6 and 7.

5.3 Speciation of Mercury

As mentioned above, high temperatures generated by combustion in the boiler furnace
vaporize Hg in the coal. The resulting gaseous Hg" exiting the furnace combustion zone can
undergo subsequent oxidation in the flue gas by several mechanisms. The predominant oxidized
Hg species in boiler flue gases is believed to be HgCly, Other possible oxidized species may
include HgO, HgSO4, and mercuric nitrate monohydrate Hg(NO;),°H,O. The potential
mechanisms for oxidation of Hg® in the boiler flue gas include:

¢ Gas-phase oxidation.
¢ Fly ash mediated oxidation.
¢ Oxidation by post-combustion NOy controls.

Each of these oxidation mechanisms is discussed in the following sections.




5.3.1 G’as-phase Oxidation

As mennoned above, Hg in coal is believed to completely Vaponze and convert into
gaseous Hg in the combustion zone of a boiler system. As gaseous Hg travels with the flue gas
in the boiler, it can undergo gas—phase oxidation to form gaseous Hg?*, most of which is believed
to be HgCl,, Recent research ' has speculated that the major gas-phase reaction pathway to form
gaseous HgCl, is the reaction of gaseous Hg® with gaseous atomic chlorine (CI). The latter is
formed when chlorine in coal vaporizes during combustion.

At the furnace exit, the temperature of the flue gas is typically in the vicinity of 1400 °C
(2552 °F). The flue gas cools as it passes through the heat exchanging equipment in the post-
combustion region. At the outlet of the air heater (the last section of heat exchanging
equipment), the temperature of the flue gas ranges from 127 to 327 °C (261 to 621°F). Chemical
equilibrium calculations predict that gas-phase oxidation of Hg" to Hg®" starts at about 677 °C
(1251 °F) and i is essentially complete by 427 °C (801 °F). Based on these results, Hg should exist
entirely as Hg*" downstream of the air heater However, flue-gas measurements of Hg at air
heater outlets indicate that gaseous Hg” is still present at this location, and that Hg”" ranges from
5 to 95 percent of the gas-phase Hg. These data suggest that, due to kinetic limitations, the
oxidation of Hg? does not reach completion.

As mentioned previously, gas-phase oxidation of Hg is believed to take place via
reaction with gaseous Cl. At furnace flame temperatures, a major portion of the chlorine in the
coal exists as gaseous chlorine atoms, but as gas cools in post—combustion the chlorine atoms
combine to form pnmarlly hydrogen chloride (HC1) and minor amounts of molecular chlorine
(Cly). The rapid decrease in Cl concentration results in "quenched" Hg** concentrations
corresponding to equilibrium values around 527 °C (981 °F).

Figures 5-2 and 5-3 show predicted distributions of Hg species in coal-fired electric
utility flue gas as a function of flue gas temperature. The predicted distributions are based on
equilibrivm calculatlons of gas-phase ox1dat10n of Hg" in flue gas from the combustion of a
bituminous coal ' and a subbituminous coal %, respectively. Figure 5-2 shows that 80 percent of
gaseous Hg' is oxidized to HgCl, by 527 °C (981°F) Figure 5-3 indicates no ox1dat10n of Hg? at
or above 527 °C (981°F). As mentioned above, the gas-phase oxidation of Hg is believed to be
kinetically limited, proceeding only to equilibrium levels around 527 °C (981 °F).

The difference in the equilibrium oxidation levels at 527 °C (800 K) in Figures 5-2 and
5-3 is attributed to the different chlorine levels in the model coals used in the calculations. The
calculated data in Figure 5-2 are based on a bituminous coal with a relatively high chlorine
concentration of several hundred parts per million by weight (ppmw). In contrast, the calculated
data in Figure 5-3 are based on a typical western subbituminous coal with a relatively low
chlorine content of 26 ppmw. Research indicates that coals with relatively high chlorme
contents tend to produce more Hg?* than coals with relatively low chlorine contents.?

5-4
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S Figure 5-2. Predicted distribution of Hg species at equilibrium, as a function of
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bituminous coal (Pittsburgh) in air at a stoichiometric ratio of 1.2 (source:
Reference 2).
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(source: Reference 2).
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In addition to being kinetically limited by Cl concentration, recent research conducted at
EPA has found that gas-phase oxidation of Hg’ is also inhibited by the presence of SO, and
water vapor.* As shown in Figure 5-1, SO, and water vapor are constituents in the flue gas from
coal-fired electric utility boilers. Figure 5-4 shows results from bench-scale expenments
examining the effects of SO, and water vapor on the oxidation of gaseous Hg These
experiments were carried out using a sxmulated flue gas containing a base composition of 40
parts per million by volume (ppmv) Hg’, 5 mole % carbon dioxide (CO;), 2 mole % oxygen (02),
and a balance of nitrogen (N); the temperature of the flue gas was 754 °C (1,389 °F). The
effects of SO,, water vapor, and HCI were studied by adding these constituents to the base flue
gas. HCI was added to the simulated flue gas at three concentrations typical of coal combustion
flue gas (50, 100, and 200 ppmv); SO, and water vapor were added with the HCI at 500 ppmv
and 1.7 mole %, respectively.

As shown in Figure 5-4, the oxidation of Hg’ was mhlblted by the presence of SO, and
water vapor. HCI is not believed to react directly with Hg’ to cause its oxidation (a chlorinating
agent such as atomic chlorine or Cl; is needed). HCl may produce trace quantities of the
chlorinating agent in the flue gas. It is speculated that SO, and water vapor may inhibit gas-
phase oxidation of Hg by scavenging the chlormatmg agent

In addition to experimental studies, research has also been reported on the development
of a kinetic model that is used to better understand the reaction mechanism involved in gas-phase
Hg oxidation. A detailed chemical kinetics model using a chemical mechanism consisting of 60
reactions and 21 chemical species was developed recently to predict Hg speciation in combustion
flue gas.” The speciation model accounts for the chlorination and oxidation of key flue gas
components, including Hg’. The performance of the model is very sensitive to temperature. For
low reaction temperatures (< 630 °C), the model produced only trace amounts of Cl and Cl, from
HCl, leading to a drastic under-prediction of Hg chlorination compared with experimental data.
For higher reaction temperatures, model predictions were in good accord with experimental data.
For conditions that produce an excess of Cl and Cl, relative to Hg, chlorination of Hg is
determined by the competing influences of the initiation step, Hg + Cl — HgCl, and the
recombination reaction, 2C1 — Cl,. If the Cl recombination is faster, Hg chlorination will
eventually be determined by the slower pathway Hg + Cl, — HgCl,.

Another attempt has been made to formulate an elementary reaction mechanism for gas-
phase Hg oxidation.® The proposed eight-step Hg oxidation mechanism quantitatively describes
the reported extents of Hg oxidation for broad ranges of HCI and temperature, In the proposed
mechanism, Hg is oxidized by a Cl atom recycle process, and, therefore, the concentrations of
both Cl and Cl; are lmportant Once a pool of Cl atoms is established, Hg’ is first oxidized by Cl
into HgCl, which, in turn, is oxidized by Cl, into HgCl,. The second step regenerates Cl atoms.
Since the concentrations of Hg species are small in coal combustion flue gases, independent
reactions establish and sustain the pool of Cl atoms. The pool is governed by the chemistries of
moist CO oxidation, Cl species transformations, and nitrogen oxide (NO) production. The model
predictions show that O, weakly promotes homogeneous Hg oxidation, whereas moisture is a
strong inhibitor as it inhibits the decomposition of HCl to Cl,. NO was identified as an effective
inhibitor for Hg” oxidation through its effect on reducing the concentration of hydroxyl (OH)
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in the flue gas. The formation of HOCI from OH and Cl is essential for the oxidation of Hg,
which oxidizes HgCl mto HgCl, and OH. The elimination of OH via OH+NO+M = HONO+M
is believed to mhlblt Hg? oxidation.

5.3.2 Fly Ash Mediated Oxidation
In fabric filtration, flue gas penetrates a layer of fly ash as it passes through the filtering

unit. The intimate contact between the flue gas and the fly ash on the ﬁlter provides an
opportunity for the latter to oxidize some of the incoming gaseous Hg". However, this

" phenomenon does not occur across ESPs because the flue gas does not pass through a collected

layer of fly ash (see Chapter 3 for a description of the operation of FFs and ESPs).

Certain fly ashes have been shown to promote oxidation of Hg? across a FF more actively
than others. For example, fly ashes from bituminous coals tend to oxidize Hg’ at higher rates
than fly ashes from subbituminous coals and lignite. Differences in oxidation appear to be
attributable to the composition of the fly ash, the presence of certain flue gas constituents, and
the operating conditions of FFs.

Bench-scale tests were conducted at EPA to mvestlgate the effects of fly ash composition
and flue gas parameters on the oxidation of gaseous Hg".*’ In these experiments, a simulated
flue gas containing Hg? (and other species) was passed through a fixed bed of simulated or actual
coal fly ash, and oxidation of Hg? was measured across the reactor, Expenmental results
indicated two possible reaction pathways for fly-ash-mediated oxidation of Hg’. One possible
pathway is the ox1dat1on of gaseous Hg by fly ash in the presence of HCI, and the other is the
oxidation of gaseous Hg® by fly ash in the presence of NOx. The research also reflected that the
iron content of the ash appeared to play a key role in oxidation of Hg’. This EPA research is
described in the ensuing paragraphs.

Coal fly ash is a mixture of metal oxides found in both crystalline and amorphous forms.
Glasses are common ash constituents, composed primarily of the oxides of silicon and aluminum
(known as aluminosilicate glasses) that can contain a significant amount of cations such as iron,
sodium, potassium, calcium, and magnesium. Iron oxide (in the form of magnetite or hematite)
is also as commonly found in ash as calcium oxide and calcium sulfate. In the presence of
sufficiently high flue-gas concentrations of HCI or Cl, metallic oxides in fly ash may be
converted to metal chlorides such as cuprous chloride (CuCl). Three-component model fly ashes
were prepared by adding Fe,O; or CuO at various weights to a base mixture of Al,03 and SiO.
An additional three-component fly ash was prepared by adding CuCl to a base mixture of Al,O;
and SiO,. Municipal waste combustion fly ashes contain significant amounts of copper
compared to coal combustion fly ashes that contain only trace levels of copper. Model fly ashes
were prepared and tested in order to understand the effect of differences in copper content on the
oxidation of Hg’. Four-component fly ashes were prepared by adding various weights of CaO,
and Fe,03 or CuO to a base mixture of AL,O3 and Si0,. Actual coal fly ashes were obtained
from the combustion of three different coals (two subbituminous and one bituminous) from a
pilot-size, pulverized-coal-fired furnace.

5-9




Model flue gas compositions were simulated to represent the temperature and
composition of coal-fired electric utility flue gas as it enters a FF. The temperature of coal
combustion flue gas as it enters a FF typically ranges from 150 °C (302 °F) to 250 °C (482 °F).
Potentially important flue gas species (in terms of Hg® oxidation) include chlorine (primarily in
the form of HCI at FF temperatures), NOx (primarily in the form of NO at FF temperatures), SO,
and water vapor. The base flue gas consisted of 40 ppbv Hg’, 2 mole % O3, 5 mole % CO,, and :
the balance N; at a temperature of 250 °C (482 °F). HCI (50 ppmv), NO (200 ppmv), SO, '
(500 ppmv), and/or water vapor (1.7 mole %) were added to the base gas to determine their
effect on oxidation. About 10 percent of NO, (10 ppmv) was measured when 200 ppmv of NO
was added to the base flue gas which contains 2 mole % of O,. The mixture of NO and NO; in
flue gas is referred to collectively as NOx. Table 5-1 shows the simulated and actual fly ashes
and simulated flue gas tested.

Oxidation Behavior of Model Fly Ashes. HCl and NOy were identified as the active
components in flue gases for the oxidation of Hg NOx were more active than HCL. Cupric oxide o
(CuO) and ferric oxide (Fe;03) were identified as the active components in model fly ashes for

Hg’ oxidation. In the presence of NOy, inert components of model fly ashes such as alumina

(A1203) and silica (Si0;) appeared to become active in oxidation of Hg’. Steady-state oxidation
of Hg® promoted by the four-component model fly ashes (containing calcium oxide, CaO) was
reached at much slower rates compared to those obtained using the three-component model fly
ashes that contained no CaO (Figures 5-5 and 5-6). The partial removal of gas-phase HCl by
Ca0 in the CaO-containing model fly ashes may have reduced the available chlorinating agent
and resulted in slower oxidation of Hg".

Oxidation Behavior of Actual Coal Fly Ashes. As shown in Table 5-1, the Blacksville fly

ash (derived from a bituminous coal) completely oxidized Hg’ in the presence of NO (base +
NO), but showed little oxidation in the presence of HCl (base +HCI).” The Comanche fly ash .
(derived from a subbituminous coal) did not oxidize Hg" in the presence of NO or HCL. The
Absaloka coal (derived from a subbituminous coal) showed 30 to 35 percent oxidation of Hg’ in
‘the presence of NO, but no oxidation in the presence of HC. It is believed that the high
reactivity of the Blacksville coal in NO is related to its relatively high Fe,O3 concentration (22
percent); this observation is in agreement to that seen for the high iron (approximately 14
percent) three- and four-component model fly ashes.

s e

More tests were conducted recently at EPA on actual fly ash samples with different coal
ranks and iron contents in order to get a better understanding of the effects of iron in coal fly
ashes on speciation of Hg, ® It was observed that one subbituminous (3.7 percent iron) and three
hgmte coal fly ash (1.5 to 5.0 percent iron) samples tested with low iron content did not oxidize
Hg’ in the presence of NO and HCl. However, a bituminous coal fly ash sample (Valmont
Station) with a low iron content (2.3 percent iron) completely oxidized Hg’ in the presence of
NO and HCI. It was also found that, upon adding Fe, 05 to the low iron content subbituminous
and lignite ﬂy ash samples to reach an iron content similar to that of the Blacksville sample,
significant Hg® oxidation reactivity was measmed (33 to 40 percent oxidation of Hg’) for these
iron-doped samples.
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Figure 5-5. Hg’ oxidation in the presence of the three- and four-component model
fly ashes containing iron at a bed temperature of 250 °C (source: Reference 4).
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ﬁ Table 5-1. Percent oxidation of Hg' by simulated and actual coal-fired electric
utility boiler fly ash (source: Reference 4).
£ % Oxidation of Hg® by fly ash
* ‘ Fly Ash Composition Base Bise ) Base
£ . (by weight percentages) Base® Base + HCI Base | - NO
+HCI | HC, " | +NO ’
SO SO, SO,
P 2 H,0
2-Component Model Fly Ash
22% ALO, -+ 78% SIO, v 0 39 4
é 5-Component Model Fly Ashes
/ 19% ALO,, + 67% SIO, + 14% Fe,0, 0 92 88 54 93 80
¢ 22% Al,0, + 77% Si0, + 1% Fe,0, 67 43 37 48 26
£ 22% ALO, + 78% SIiO, + 0.1% Fe,0O, 15 11 3
i 22% ALO, + 77% SiO, + 1% CuO 93 89 84 70 16
¢ 22% ALO, + 78% SIO, + 0.1% CuO 92 86 63 35 3
¢ 22% ALO, + 72% SiO, + 7% Ca0 0 0 13 14 0.86 13
22% A0, + 78% SIiO, + 0.1% CuCl . 87 | 77 23
€ 4-Component Model Fly Ashes
L 21% ALO, + 71% SiO,, + 1% CuQ + 7% CaO 91 82 43
18% ALO,, + 63% SI0, + 13% Fe,0, + 6% Ca0 87 | 93 | 49
Actual Fly Ash Samples
Blacksville coal fly ash (bituminous) 6 100
& 22% Fe,0,, 6% Ca0O
£ Comanche coal fly ash (subbituminous) 0 0
5% Fe,0,, 32% CaO
¢ Absaloka coal fly ash (subbituminous) 30-35

4% Fe,0,, 24% CaO

2y

ppmv, 200 ppmv, and 1.7 mole%, respectively.
(b) Blank cells mean test not conducted.
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AT,
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(a) Base gas consisted of 40 ppbv Hg’, 2 mole% O,, 5 mole% CO,, and balance N, at a temperature of 523 K.
HCI, NO, SO,, and water vapor were added to the base gas In the following concentrations 50 ppmv, 200




The physical, chemical, and carbon properties of the Blacksville and Valmont samples
were also characterized. It was found that the two fly ash samples have different unburned
carbon contents (3.4 percent for Valmont and 16.8 percent for Blacksville). Based on this
finding, it appears that iron content may not be the only ash-related factor that affects the Hg’
oxidation reactivity of bituminous coal fly ashes. The effect of physical properties, such as
surface area, and the effects of chemical properties, such as sodium content and alkalinity, in the
fly ash may also determine the propensity of different fly ashes to oxidize Hg in flue gas.

Research for obtaining a better understanding of the roles of NOX and Fe,03in the
heterogeneous oxidation of Hg? was reported recently by UND/EERC.? In UND/EERC’s
reported research, the effects of NOx and hematite (0-Fe,Os3) on Hg transformations were studied
by injecting them into actual coal combustion flue gases produced from burning bituminous
(Blacksville), subbituminous (Absaloka), and lignite (Falkirk) coals in a 7-kW combustion
system. It was found that the Blacksville fly ash has high Fe,O3 content (12.1 percent), and the
Absaloka and Falkirk fly ashes have significantly lower Fe,O3 contents (4.5 and 7.9 percent,
respectively). Portions of the Fe,O3 in Blacksville and Falkirk fly ashes are present as
maghemite (Y-Fe,0;), and a portion of the Fe,O3 in Absaloka fly ash is present as hematrte (o-
Fe;03). The flue gas generated from the combustion of Blacksville coal contained Hg?* as the
predominant Hg S%CCIES (77 percent), whereas Absoloka and Falkirk flie gases contained
predominantly Hg’ (84 and 78 percent, respectively). Injections of NO, (80 to 190 ppm) at 440
to 880 °C and o-Fe; 03 (6 and 15 percent) at 450 °C into Absoloka and Falkirk coal combustion
flue gases did not change Hg speciation. The UND/EERC researchers suggested that the lack of
transformation from Hg? to Hg?* in the 7-kW combustion system was possibly due to
components of either Absoloka and Falkirk coal combustion flue gases, or their fly ashes,
inhibiting the a-Fe,0; catalyzed heterogeneous oxidation of Hg” by NOx. The researchers also
believed that an abundance of Hg in Blacksville coal combustion flue gas and y-Fe,0; in the
corresponding fly ash, and the inertness of injected 0-Fe,O3 with respect to heterogeneous Hg’
oxidation in Absoloka and Falkirk flue gases, are indications that y-Fe,O; rather than o-Fe;Os3
catalyzes Hg" formation.

A study of the role of fly ash in the speciation of Hg in coal combustion flue gases was
reported by Iowa State Umversrty ® In this study, bench-scale laboratory tests were performed
in a simulated flue gas stream using two fly ash samples obtained from the ESPs of two full-
scale coal-fired electric utility boilers. One fly ash was derived from burning a western
subbituminous coal (Powder River Basin) while the other was derived from an eastern
bituminous coal (Blacksville). Each of the two samples was separated into three subsamples
with partrcle sizes greater than 10, 3, and 1 pm using three cyclones. The amount of sample
collected in these three size ranges was 85 to 90 percent, 10 tol5 percent, and 1 percent of the
total ash, respectively. Only the two largest sized subsamples were tested for Hg® oxidation
reactivity. The Blacksville sample was also separated into strongly magnetic (20 percent),
weakly magnetic (34 percent), and nonmagnetic (46 percent) fractions using a hand magnet for
testing Hg" oxidation reactivity of the individual fractions. Since magnetism of the fly ash
samples is contributed mainly by iron oxides in the samples, the iron oxide content of the
magnetically separated samples is in the following order: strongly magnetic > weakly magnetic >
nonmagnetic. The low iron content PRB fly ash is nonmagnetic and was not magnetically
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separated for testing, Scanning electron microscopy with energy-dispersive x-ray analysis
(SEM-EDX) was used to examine the surface morphology and chemical composition of the fly
ash samples. X-ray diffraction (XRD) was also used to examine the mineralogical composition
of the whole and fractionated fly ash samples. XRD identifies only crystalline components of
the samples. This is important since coal combustion fly ashes typically contain a considerably
amount of glassy, amorphous material.

It was observed that, although the fly ashes tested were chemically and mmeralo gically
different, there were no large differences in the catalytic potential for oxidizing Hg’. 10 The
Blacksville fly ash tended to show somewhat more catalytlc reactivity (16 to 19 percent Hg’
oxidation) than the PRB fly ash (4 to 10 percent Hg® oxidation). The researchers of this project
suggested that the difference in reactivity could be due largely to the larger surface area (3.4

m?/g) of the Blacksville fly ash compared to that (1.5 m?/g) of the PRB ﬂy ash. It was found
from the SEM-EDX analyses that the iron-rich (highly magnetic) phases in the greater than 10
um size fraction of the Blacksville sample contained about 25 percent (atomic) Fe, 10 percent
each of Al and Si, 2 percent Ca, and lesser amounts of Na, S, K, and Ti. The nonmagnetic
Blacksville fly ash fraction in the greater than 10 um size range contained only 4 percent Fe, 10
percent Al, 20 percent Si, and lesser amounts of Na, S, K, and Ti. For the PRB fly ash (all
nonmagnetic), both the greater than 10 pm and greater than 3 pm fractions contained about 3
percent Fe, 10- 20 percent Al and Si, about 10 percent Ca, and 2 percent or less of Mg, S, K, and
Ti. The XRD results showed that the whole Blacksville ash contained primarily quartz (SiO,),
mullite (3A1,0;28i0,), magnetite (Fe304), hematite (Fe,03), and a trace of lime (CaO). The
PRB fly ash contained mostly quartz and lesser amounts of lime, periclase (MgO), and calcium
aluminum oxide (Ca;ALLOg). No magnetite or hematite was found in this ash. It is interesting to
note that the nonmagnetic fractions actually showed substantially higher amounts of oxidized Hg
than the magnetic fractions. The reported test results of this study indicated that the nonmagnetic
fraction resulted in 24 percent of the Hg being oxidized, while 3 percent of the Hg oxidized when
using the magnetic ash. It has been suspected that the magnetic (iron-rich) fraction in fly ash
would be more catalytic than the nonmagnetic (aluminosilicate-rich) fraction because of its
mineralogy (predominantly iron oxides), and possibly because the magnetic phase tends to be
enriched in transition metals that could also serve as Hg” oxidation catalysts. However, under
the experimental conditions employed in this study, the test results do not support this. It was
found that the surface area of the nonmagnetic fraction is about four times that of the magnetic
fraction, From this study it appears that surface area is a dominant factor in determining the
ash’s Hg? oxidation reactivity.

Because major differences were not observed with the two fly ashes, a set of tests
involving a full factorial design was conducted using only the Blacksville fly ash i in order to
apply statistical techniques for identifying the important factors in determining Hg’ oxidation,'
The statistical analysis results indicated that the composition of the simulated flue gas used in the
tests and whether or not ash was present in the gas stream were the two most important factors.
The presence of HCl, NO, NO,, and SO, and all two—way gas interactions of the four gases listed
above were found statistically significant for Hg® oxidation. The HCI, NO,, and SO, appeared to
contribute to Hg? oxidation, while the presence of NO appeared to suppress Hg’ oxidation. NO,
was found to be the most important of the four reactive gases tested; next were HCl and NO.
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However, the effect of NO depended on whether NO, was present. Although the presence of
NO, was statistically significant as a main factor, it was found more important in its interactions
with other gas components. Based on the statistical analysis results, the researchers of this
project concluded that the interactions of flue gases with fly ash to cause Hg" oxidation are
extremely complex, and the difficulty in understanding the Hg chemistry in coal combustion flue
gases is not surprising. It is noted that the EPA study showed significant Hg oxidation reactivity
of the Blacksville ash, while studies at UND/EERC and Iowa State University show little Hg
oxidation reactivity of Blacksville ash. Since the ash samples used in the above studies were
generated at three different plant operating conditions, these conditions may play an important
role in contributing to the reactivity of the ashes.

5.3.3 Oxidation by Post-combustion NOx Controls

There are indications that post-combustion NOx controls SCR and SNCR may oxidize
some of the Hg in the flue gas of a coal-fired electric utility boiler. The research on this issue is
ongoing. For current understanding of this subject, the reader is referred to Chapter 6.

5.3.4 Potential Role of Deposits, Fly Ash, and Sorbents on Mercury Speciation

Gaseous Hg (both Hg’and Hg?") can be adsorbed by the solid particles in the coal-fired
electric utility boiler flue gas. Adsorption is the phenomenon where a vapor molecule in a gas
stream contacts the surface of a solid particle and is held there by attractive forces between the
vapor molecule and the solid. Solid particles are present in all coal-fired electric utility boiler
flue gas as a result of the ash that is generated during combustion of the coal. Ash that exits the
furnace with the flue gas is called fly ash. Other types of solid particles may be introduced into
the flue gas stream (e.g., lime, powdered activated carbon) for pollutant emission control. Both
types of particles may adsorb gaseous Hg in the boiler flue gas. This section addresses the
adsorption of gaseous Hg by fly ash. Adsorption of Hg by sorbent particles introduced into the
flue gas stream and subsequently captured in a downstream PM control device is discussed in
Chapter 6 as related to specific control technologies that may be implemented to increase overall
Hg removal from the boiler flue gas.

Gaseous Hg can be adsorbed by fly ash in the flue gas (sometimes called "in-flight"
adsorption). In-flight adsorption of gaseous Hg by fly ash occurs in the post-combustion region
where the flue gas contains its highest concentration of fly ash (i.e., prior to the first PM control
device). The type of coal from which a fly ash originates appears to strongly influence its ability
to adsorb Hg. Pilot-scale 11 and field data '* have indicated that fly ashes from subbituminous
coals (specifically, those from the Powder River Basin in Wyoming) adsorb more gaseous Hg
than fly ash from lignite and bituminous coals. Test data show 30 percent in-flight adsorption of
gaseous Hg by fly ashes from boilers burning these subbituminous coals compared to 10 to 20
percent adsorption by the fly ashes from boilers burning lignite or bituminous coals. It has been
suggested that the measured removals of Hg by fly ash can be inflated based on the sampling
method, but in most cases are below 15 percent. General trends indicate that in-flight field
capture of Hg from combustion of subbituminous coals is higher than from combustion of
bituminous coals.”
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The carbon content of fly ash is another parameter that may influence adsorption of .
gaseous Hg (the carbon in fly ash is unburned coal). Conditions that result in increased amounts
of carbon in fly ash tend to increase the amount and subsequent capture of particle-bound Hg.
Hg has been found to concentrate in the carbon-rich fraction of fly ash.**"* For similar coals,
both laboratory ® and pilot- and large-scale data ! have shown a positive correlation between
adsorption of gas-phase Hg and carbon content in fly ash. A research project conducted at full-
scale coal-fired electric utility boilers in Colorado indicates that certain fly ashes adsorb
significant levels of Hg from flue gas. Chapter 7 describes the methodology and results of this
study in detail. Many of these fly ashes have carbon content greater than 7 percent, but one low-
carbon content fly ash has also been identified. This research project and the possibility of using
fly ash re-injection for Hg control is discussed in Chapter 6.

Gaseous Hg also can be adsorbed by fly ash collected on the surface of a FF. In a FF,
there is contact of gaseous Hg in the flue gas with the collected layer of fly ash on the FF bags as
the gases flow through the FF. Pilot-scale tests of a low-carbon fly ash (less than 0.5 percent
carbon) showed that the fly ash adsorbed 65 percent of the gaseous Hg’ entering a FF; the data
indicate that fly ash properties other than just carbon content may affect adsorption. The tested
fly ash was produced from the combustion of a subbituminous coal from the Powder River Basin
in Wyoming. Western subbituminous coals generally contain high concentrations of CaO and
tend to adsorb high levels of Hg’. At this time, the mechanisms by which these Western coals
adsorb Hg? are not known; however, the CaO content may be a factor. It has been shown in a
pilot-scale study that combustion of western coals tends to produce relatively high particle-bound
Hg emissions,”

5.4 Capture of Mercury by Sorbent Injection

Mercury can be captured and removed from a flue gas stream by injection of a sorbent
into the exhaust stream with subsequent collection in a PM control device such as an electrostatic
precipitator or a fabric filter. The implementation of this type of Hg control sirategy requires the
development, characterization, and evaluation of low-cost and efficient Hg sorbents.
Experimental methods for characterization and evaluation are presented below. Further, efforts
to develop better sorbents, with greater capacity and lower cost, are also discussed.

5.4.1 Sorbent Characterization

Sorbents are characterized by their physical and chemical properties. The most common
physical characterization is surface area. The interior of a sorbent particle is highly porous. The
surface area of sorbents is determined using the Brunauer, Emmett, and Teller (BET) method of
N, adsorption.”® Nitrogen is adsorbed at the normal boiling point of ~195.8 °C and the surface
area is determined based on mono-molecular coverage. Surface areas of sorbents range from 5
m?/g for Ca-based sorbents to over 2000 m?/g for highly porous activated carbons. Mercury
capture often increases with increasing surface area of the sorbent. However, recent research 19
has suggested that pore surface area in the micropores is more important than the total surface
area for the removal of part per billion concentrations of Hg from coal combustion flue gases.
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Particle size distribution is another physical characteristic that is used to describe
sorbents. Activated carbons that are used for Hg control are powdered with a size on the order of
44 um or less. Particle size is measured using sieves or a scanning electron microscope (SEM).
Generally, the smaller the particle size of an activated carbon, the better the access to the surface
area and the faster the rate of adsorption kinetics. Careful consideration of particle size
distribution can provide significant operating benefits, both in fabric filter applications, where
pressure drop must be considered, and in ESP (or duct injection) applications, where mass
transfer limitations in the short residence time mean that adsorption is a function of sorbent
particle size.

Determination of the pore size distribution of an activated carbon is an extremely useful
way of understanding the performance characteristics of the material. Pore sizes are based on the
diameter of the pore and are categorized using the following JUPAC conventions: micropores
<2 nm, mesopores 2-50 nm, and macropores >50 nm. Micropore volume can be estimated from
CO; adsorption at 273 K using the Dubinin-Radushkevich (DR) equation. Total pore volume
can be determined using N, adsorption.

Some of the chemical properties of activated carbons that influence Hg capture include ¢
sulfur content, jodine content, chlorine content, and water content. Functional groups of a
sorbent have been shown to play an important role in adsorption behavior. Many carbon-oxygen
functional groups have been identified in activated carbon including carbonyl, carboxyl, quinone,
lactones, and phenol groups. Many methods have been used to study the functional groups
present in carbonaceous materials including neutralization of bases, direct analysis of the oxide
layer by chemical reaction, infrared spectroscopy, and x-ray photoelectron spectroscopy. For
example, specific surface oxygen functional groups can be estimated by using the data measured ¢
from the base titration based on the following assumptions: NaHCO; titrates carboxyl groups;
NaOH titrates carboxyl, lactone, and phenol groups; CO; is a decomposition product of carboxyl
and lactone groups; and CO is a decomposition product of phenol and carbonyl groups.®® The
NaOH and HCI titration values can estimate the acidity and basicity of a carbon, respectively.

5.4.2 Experimental Methods Used in Sorbent Evaluation

In order to evaluate the performance of a specific Hg sorbent, several types of
experimental reactors are used. The first step is testing in a bench-scale reactor system, which
may be a fixed-bed, entrained-flow, or a fluidized-bed system. Sorbents that perform well in
bench-scale tests are then tested in a pilot-scale system and may eventually be tested in a full-
scale system. These systems are discussed below.

5.4.2.1 Bench-scale Reactors

Bench-scale reactors are the smallest category of reactors, hence the term “bench-scale.”
There are several types of bench-scale reactors that are used to evaluate Hg sorbents. The first
type that will be discussed is a fixed-bed or packed-bed system. This type of reactor simulates
Hg? capture that would occur in a FF. Another type of bench-scale reactor is an entrained-flow
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reactor, which simulates in-flight capture of Hg? upstream of an ESP. Tt is important to highlight
the major differences between these two reactors as shown in Table 5-2.

Fixed- bed Reactor. A schematic of the experimental apparatus used by EPA to study the
capture of Hg" and HgCl, is shown in Figure 5-7. A detailed description of the apparatus can be
found elsewhere.?! In this system the Hg vapor generated is carried into a manifold by a nitrogen
stream where it is mixed with SO,, HCI, CO,, O,, and water vapor (as required by each
particular experiment). The sorbent to be studied (approximately 0.02 g diluted with 2 g inert
glass beads; bed length of approximately 2 cm) is placed in the reactor and maintained at the
desired bed temperature by a temperature controller A furnace kegt at 850 °C is placed
downstream of the reactor to convert any H * (as in HgCly) to Hg'. According to
thermodynamic predlctlons the only Hg species that exists at this temperature is Hg 02 Quality
control experiments, in the absence of HCl in the simulated flue gas, also showed that all the
HgCl, could be recovered as Hg’ across this furnace. The presence of the fumace enables
detection of non-adsorbed HgClz as Hg' by the on-line ultraviolet (UV) Hg® analyzer, thus
providing actual, continuous Hg? or HgCl, capture data by the fixed bed of sorbent. The UV Hg"
analyzer used in this system responds to SO; as well as Hg’. Signal effects due to SO, are
corrected by placing an on-line SO, analyzer (UV) downstream of the Hg’ analyzer and
subtracting the measured SO, signal from the total response of the Hg analyzer; the SO, analyzer
is incapable of responding to Hg in the concentration range generally used.

In each test, the fixed bed is exposed to the Hg-laden gas for 7 hours or until 100 percent
breakthrough (saturatlon) is achieved (whichever comes first). During this period the exit
concentration of Hg is continuously monitored. The instantaneous removal of Hg? or HgCl, at
any time (t) is obtained as follows:

Instantaneous removal at time t (%) = 100*[(mercury)-(mercury)ou]/(mercury) .

The specific amount of Hg uptake (g, cumulative removal up to time t; weight Hg
species/weight sorbent) is determined by integrating and evaluating the area under the removal
curves. Selected experiments conducted using this experimental setup have been run in duplicate
and indicated a range of +10% about the mean in the experimental results. It was found that
differences in equilibrium Hg /HgCl2 capacities, at 200-300 mg/Nm” inlet concentration, are
statistically significant if the Hg"/HgCl, capacities are at least + 10 percent different from one
another.

Entrained-flow Reactor. An example of a bench-scale entrained-flow reactor B is shown
in Figure 5-8. This EPA reactor is constructed of quartz and is 310.5 cm long with an inside
diameter of 4 cm. Three gas-sampling ports are located along the length of the reactor and are
labeled SP1, SP2, and SP3. The reactor is heated with three Lindberg, 3-zone electric furnaces
in series. The baseline Hg® concentration is measured in the absence of activated carbon using
an ultraviolet (UV) analyzer (Buck Scientific, model 400A). Once the baseline is established,
activated carbon is fed into the top of the reactor using a fluidized-bed feeder (0.2-0.5 std.
L/min). The gas-phase Hg’ concentration is then measured at one of the sample ports by pulling
a gas sample (0.5 std. L/min) through a 1 pm filter to remove any particles, then through a
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Table 5-2. Comparison of bench-scale fixed-bed with entrained-flow reactors.

Test Condition

Fixed-Bed Reactor

Entralned-Flow Reactor

Simulation of capture In

Fabric filter

Upstream of an ESP

Sorbent exposure

Minutes/Hours/Days

Less than 4 seconds

Sorbent evaluation based on

Breakthrough or uptake capacity

Reactivity
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Figure 5-7. Schematic of bench-scale fixed-bed reactor (source: Reference 21).
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reducing furnace to convert any oxidized Hg to Hg’. The reduction method is described
elsewhere. 2! After the reducing furnace, the gas is dried using a Nafion® gas sample dryer

~ (Perma Pure, Inc.) and is finally sent to a Buck analyzer.

Initial tests are conducted using nitrogen (N,) as the carrier gas with later tests performed
in a flue gas from a methane flame. In the N, carrier gas tests, industrial grade N3 (1 std. L/min)
flows over a Hg permeation tube that is housed in a g)ermeation oven (VICI Medtronic’s, model
190) to generate a Hg’-laden gas stream. The No/Hg® stream is diluted with a second Ny stream
(12 std. L/min) to the desired concentration before entering the top of the reactor. Other gases
(SO, NOx, O, water vapor) can be blended into the N; carrier gas in the mixing manifold.

A fluidized-bed feeder is used to inject sorbent into the reactor. An inlet line of N is
used to fluidize and carry the activated carbon to the reactor. The carbon feed rate is adjusted by
varying the amount of N (0.2 to 0.5 std. L/min) entering the feeder.

Because the UV analyzer used to detect Hg” is sensitive to particles, a filter is used to
remove any carbon that may have been carried with the gas. Tests have been conducted to
determine if carbon particles accumulate on the filter, as this would act like a packed bed and the
reactor’s removal of Hg® would be a combination of in-flight and filter (packed-bed) capture. In
these tests, activated carbon was injected in the absence of Hg’, and a gas sample was pulled
through the filter. After 1 minute, Hg® was added to the gas stream to see if there was a lag in
the time it takes for the baseline to return. The results were the same as for a blank filter,
suggesting that the filter does not have an effect on the results.

The total flow through the reactor is typically 13 std. L/min, which gives residence times
of 5.2, 11.5, and 17.7 s at ports SP1, SP2, and SP3, respectively. The velocity of the particles
through the reactor is assumed to be the same as that of the gas flow since the terminal velocity
of the particles is smaller than the velocity of the gas through the reactor by a factor of 3.

Fluidized-bed Reactor. Another type of bench-scale reactor that is used to evaluate
sorbents is a fluidized-bed reactor, 2 shown in Figure 5-9. The advantage of this type of reactor
is the extended contact time between the sorbent and the Hg-laden gas. Bench-scale Hg removal
tests can be performed on a fluidized-bed reactor apparatus. In a typical experiment, an
Hg/NO/SO, mixture, nitrogen, and dry air are metered through rotameters to produce 12 scth of
a dry simulated flue gas of 300 ppmv NOx, 600 ppmv SO,, 8 percent O,, and varying Hg
concentrations. This gas is preheated to reaction temperature (80 °C) and humidified with
vaporized water to an average 10.5 mol % water. The resulting wet simulated flue gas is then
passed through a vertical reactor loaded with fluidized sorbent and sand, and then passed through
a filter to remove any entrained particulate to protect the downstream equipment. The reactor
and filter assembly are housed in an oven maintained at 80 °C. The test stand is equipped with a
bypass of the reactor and filter assembly to allow for bias checks. Sorbent is exposed to
simulated flue gas for 30 minutes. Water is removed from the spent flue gas with a NAFION™
Dryer. Dry gas is then serially analyzed with Hg, SO, and NOx continuous emission monitors
(CEMs).
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Figure 5-9. Schematic of bench-scale fluidized-bed reactor system (source:

Reference 24).
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5.4.2.2 Pilot-scale Systems

Initial design and testing is done in bench-scale reactors. Once the fundamentals of Hg
capture have been tested in a bench-scale system, the next step is to move up to a larger or pilot-
scale system. The main difference between bench- and pilot-scale systems involves testing
sorbents in a more realistic situation involving coal combustion flue gas. This gas is generated in
a pilot-scale combustor that contains a FF or ESP for particulate control. An example of this is
the pilot-scale combustor operated by DOE (see Figure 7-3). This system burns coal at a rate of
500 Ib/hr and is equipped with a FF. Sorbents, such as activated carbon, are injected upstream of
the PM control device. Mercury removal is determined by gas-phase sampling upstream of the
sorbent injection point and downstream of the PM control device.

Pilot-scale Hg removal can also be examined using a flue gas slipstream from a full-scale
unit. An ESP or FF is attached to the slipstream and tested. A portable FF was developed by
EPRI and called a COHPAC (COmpact Hybrid PArticulate Collector) unit. 26 This unit was
tested for Hg removal using activated carbon. The URS Corporation (formerly Radian
International) also developed a reactor system that uses a slipstream of actual flue gas withdrawn
from a power plant to evaluate sorbents or catalysts in a fixed bed. 27 1t should be noted that the
slipstream reactor, which uses actual coal combustion flue gas, does not always produce the
same Hg captive behavior of a sorbent that a similar laboratory system does using simulated flue
gas.®® It is important to perform pilot-scale tests prior to conducting full-scale tests to eliminate
uncertainties and costly redesign of a process. With the data collected in the pilot-scale studies,
full-scale tests can be initiated.

5.4.2.3 Full-scale Tests

Most of work to date in Hg control has been done in bench- or pilot-scale systems. These
reduced-scale systems provide insight into many issues, but cannot fully account for the impacts
that additional control technologies have on plant-wide equipment. Therefore, it is necessary to
scale up and perform full-scale tests to document actual performance in a full-scale boiler. These
tests are based on the results obtained in bench- and pilot-scale tests. Screening tests in bench-
and pilot-scale systems identify sorbents that are effective in capturing Hg. These sorbents are
then tested in a full-scale coal-fired electric utility power plant to determine full-scale
performance.

Each full-scale unit is unique in terms of the pollution control equipment that is present

as well as the operating conditions. Some of the factors that are evaluated include:

o Type of particulate control equipment that is used (ESP or FF),
e Impact of cake thickness and cleaning frequency in a FF, and

¢ Removal of Hg by the fly ash in the system. Subbituminous coal ashes have been
shown to be effective in capturing Hg.
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5.4.3 Research on Sorbent Evaluation
5.4.3.1 Sorbent Evaluation Using Enhanced-flow Reactors

A flow reactor was designed to snnulate Hg” capture through a duct or ESP and to obtain
kinetic rate constants for the adsorption of Hg’ onto sorbents. Several researchers have predlcted
that, under certain conditions, dispersed-phase capture would be limited by mass transfer, 2%
Calculations were performed to determine the required operating conditions to minimize external
mass transfer effects in the flow reactor, and experimental tests were performed to verify these
calculations. "3 The first test involved changing the diffusion coefficient by changing the gas
in the system from N, to helium (He) and to argon (Ar) while holding all other parameters
constant (particle size, residence time, temperature, and Hg’ concentration). The diffusion
coefficient increased by an order of magnitude by changing the gas from N; to He. Using a
hgmte-based commercially available carbon (Norit FGD) at 100 °C and a Hg” concentration of
86 ppb, Hg” removal was 6 percent at a carbon to Hg ratio (C:Hg) of 1,500:1 and increased to 30
percent at a C:Hg of 8,000:1. Experimental results were similar when He was used as compared
to N,. If external mass transfer were controlling, then a higher Hg” removal would have been
obtained using He, since the mass transfer coefficient increased.

A second test involved using two commercially available activated carbons, Norit FGD
and Calgon WPL at 100 °C and 124 ppb Hg’in dry N,. Removal for the FGD carbon ranged
from 9 percent (C:Hg=2200:1) to 23 percent (C:Hg=6400:1). Removal for the WPL carbon
ranged from 11 percent (C:Hg=340) to 94 percent (C:Hg=5000:1). If dispersed-phase capture in
the flow reactor were ﬁlm—mass transfer limited, the two activated carbons Would have removed
similar amounts of Hg® at a given C:Hg, assuming each carbon had sufficient Hg’ capacity.

The flow reactor has been used to examine the effect of tem Perature, particle size,
residence time, carbon type, and gas composition on Hg removal2'® The effect of particle
size on Hg" removal for Darco FGD at 100 °C and a Hg" concentration of 86 ppb is shown in
Figure 5-10. Several particle sizes (4-8, >8-16, >16-24, and >24-44 pm) were injected into the
flow reactor at C:Hg ratios ranging from 2000 to 11,000:1. The gas was sampled at SP2,
resulting in a gas contact time of 8.4 s. Figure 5-11 shows that greater Hg’ removal is achieved
by increasing the feed rate and by decreasing the particle size. Ata C:Hg of 5000:1, a 5 percent
reduction was obtained with the >24-44 um size fraction as compared to a 20 percent reduction
with the 4-8 pm fraction. Thus by using a smaller particle a higher removal can be obtained at a
given C:Hg. Both external and internal mass transfers are dependent on particle size: the effect
of mass transfer increases with an increase in particle size.

5.4.3.2 Sorbent Evaluation Using Packed-bed Reactors

Recent bench-scale studies at the University of North Dakotass Energy and
Environmental Research Center (UND/EERC) have focused on the interactions of gaseous flue
gas constituents on the adsorption capacity of activated carbon for Hg. 34 Bench-scale studies
were performed using a fixed bed of carbon. The tested carbon was a commermally available
lignite-based activated carbon (LAC) commercially known as Darco F GD™ from Norit

5-26



T,

Ly,

il

I,

A A,

RN

Eoa

AT, AT,

Wi,

g,

iy

A

A,

& 48pm
4>8-16 pm
W>16-24 pm
A>24-Hpum

He® Removal (%)
B

-
n
"

] T T T T T
0 2000 " 4000 6000 8000 10000 12000

Carbon to Mercury Ratio
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Americas, Inc, A simulated flue gas containing a nominal concentration of 15 pg/Nm? of
gaseous Hg’ was passed through the fixed bed of carbon. In addition to Hg, the baseline test gas
contained 6 percent O, 12 percent CO,, 8 percent H,0, and the balance N,. Various flue gas
constituents (SO,, HCI, NO, and NO;) were added individually and in combination to the
baseline test gas to determine the effects of flue gas constituents on Hg adsorption. Temperature
effects were also examined. Table 5-3 shows the various compositions of gas tested.

For each adsorption test, a Hg CEM was used to monitor total or elemental Hg.
Measurements were alternated between the inlet and outlet locations of the test bed. For a given
test, measurements took place primarily at the outlet location; however, occaswnally the inlet
location was tested to confirm that a constant concentration of gaseous Hg" was entering the test
bed. For each test, the analyzer was set to measure total gaseous Hg at the outlet; however,
occasmnally the analyzer was set to measure only gaseous Hg” at the outlet. The purpose of
measuring only gaseous Hg at the outlet was to determine if any incoming gaseous Hg was
being oxidized by carbon in the bed (evident if the concentration of gaseous Hg® in the outlet gas
was less than the concentration of total gaseous Hg in the outlet gas).

For adsorption to take place (assuming attractive forces exist between a particular
gaseous specie and sorbent), the adsorbing specie must have sufficient time to reach the surface
of a sorbent and diffuse into its pores (where most adsorption takes place). If any of the’
adsorbing specie in a gas stream passing through a fixed bed of sorbent cannot reach the surface
of the sorbent (mainly its pore surfaces), the specie will pass through the bed unadsorbed.
Researchers conducted preliminary tests to show that the gaseous Hg in the test gas had
sufficient time (under the conditions tested) to contact the sorbent and to diffuse into its pores.
Proving this point was important since some of the adsorption tests showed immediate
breakthrough of Hg in the outlet gas. In these cases, immediate breakthrough was not due to
insufficient contact time but rather the carbon's inability to adsorb all of the gaseous mercury.

Figure 5-11 shows an example of the sampling and measurements taken during testing of
the baseline test gas with HCI, NO,, and SO, (as noted in the graph, SO, was added to the
baseline test gas 2.5 hours after the start of the test). Except where noted, the Hg concentrations
in Figure 5-11 are those in the outlet test gas and represent concentrations of total gaseous Hg.
Mercury concentratlons in the graph are quantified as a percentage of the inlet concentration of
gaseous Hg". The percentage of Hg in the outlet test gas is called percent breakthrough. Figure
5-11 indicates that the analyzer sampled and measured total gaseous Hg in the outlet gas at all
times during testing except at approximately 5.2 hours, at which time the analyzer sampled and
measured Hg in the inlet gas. At approximately 5.15 hours the analyzer measured gaseous Hg°
instead of total gaseous Hg in the outlet test gas; the drop in the concentration curve at this time
from approximately 150 percent to zero percent mdlcates that Hg in the outlet test gas consisted
entirely of gaseous Hg®*. Thus, Whlle only gaseous Hg” was in the test gas entering the carbon
bed, the Hg’ was oxidized to Hg®" as it passed through the bed. (Why some of the outlet
concentrations of total gaseous Hg exceeded 100 percent of the inlet Hg concentration for this
run is explained further on in this section.)
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Table 5-3. Composition of test gases to simulate coal combustion flue gas used

for UND/EERC bench-scale study (source: Reference 34).

SO, ppmv HCl ppmv NO ppmv NO, ppmv
Baseline test gas*
0 0 0 0
Baseline test gas plus 1 additional gas
1600 0 0 0
0 50 0 0
0 0 300 0
0 0 0 20
Baseline test gas plus 2 additional gases
1,600 50 o 0
1,600 0 300 0
1,600 0 0 20
0 50 0 20
0 50 300 0
0 0 300 20
Baseline test gas plus 3 additional gases
1,600 50 300 0
1,600 50 0 20
1,600 0 300 20
0 50 300 20
Baseline test gas plus 4 additional gases ~
1600 50 300 20

(a) Prior to adding SO,, HCI, NO, and/or NO,, the baseline test gas contained 15 pg/nm® of gaseous Hg";
6 percent O,; 12 percent CO,; 8 percent H,0; and the balance N,.
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GraPhs of the adsorption tests with the 15 remammg gases in Table 5-3 can be found
elsewhere; ' the cited graphs are similar to Figure 5-11 in that Hg concentrations (primarily
outlet concentrations of total gaseous Hg) are plotted versus the time of the adsorption test.

The following summarizes the detailed test results:

¢  When the sorbent was exposed to the basehne gas only, the sorbent initially captured
10 to 20 percent of the incoming gaseous Hg"; the rest of the Hg passed through the
bed (i.e., was not adsorbed).

e When the sorbent was exposed to SO, in addition to the baseline gas, Hg capture
improved slightly.

¢ Under exposure of the sorbent to HCI, NO, or NO, added one at a time to the baseline
gas, the Hg capture of the sorbent improved to 90 to 100 percent.

o An apparently significant interaction between SO, and NO, gases and the sorbent
caused a rapid breakthrough of Hg as well as conversion of the Hg to its volatile
oxidized form. This effect occurred at both 107 and 163 °C (225 and 325 °F) and with
or without the presence of HCI and NO.

¢ In the presence of all four acid gases (SO, HCl, NO, and NO,), rapid breakthrough
and oxidation of the Hg occurred at both 107 and 163 °C (225 and 325 °F). This
suggests that the interactions between the sorbent and NO, and SO, gases produced
poor sorbent performance, which may be a major effect. This may be likely to occur
over a variety of conditions typical of coal-fired electric utility boilers, and represents
a hurdle that must be overcome to achieve effective Hg control by carbon adsorption.

The UND/EERC is continuing to investigate the interactions of gaseous flue gas
constituents on the adsorption capacity of activated carbon for Hg. In addition, other types of
sorbents are being developed and investigated under similar simulated flue gas conditions. Other
gaseous flue gas constituents are also being examined to assess their impact on the adsorption of

Hg.
5.4.3.3 Sorbent Evaluation Using Fluidized-bed Reactors

Under DOE=s Small Business Innovative Research (SBIR) Program, Env1ronmental
Elements Corporation (EEC) has been developing a circulating fluidized bed (CFB)* to promote
agglomeration of fine PM, allowing for its capture in an ESP. In addition, a single injection of
jodide-impregnated activated carbon was added to the fluidized bed to adsorb gaseous Hg. High
residence time, as a result of particle recirculation, allows for effective utilization of the carbon
and high collection of the fine particles. Laboratory tests with heated air indicate that, with a high
density of fly ash at a 4-second residence time within the bed, fine particle emissions are reduced
by an order of magnitude.
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Results from the laboratory-scale testing indicate that spiked gaseous Hg’ was
significantly reduced when passed through the fluidized bed of fly ash (50 percent Hg removed)
with a further reduction to essentially zero, when activated carbon was injected into the bed
(25 pg/m? to zero) at 110 °C (230 °F). The iodide-impregnated activated carbon was fully
utilized after greater than 2 hours within the bed. An adsorption capacity was calculated to be
770 pg/g for the carbon and 480 pg/g for the bed of ash. Other ﬁeld tests were conducted at
Public Service Electric and Gas: Mercer Station with similar results.**

5.5 Sorbent Development

The mplementatlon of an effective and efficient Hg control strategy using sorbent
injection requires the development of low-cost and efficient Hg sorbents. Of the known Hg
sorbents, activated carbon and calcium-based sorbents have been the most actively studied.
However, improved versions of these sorbents and new classes of Hg sorbents can be expected,
as this is still a very active field.

5.5.1 Powdered Activated Carbons

Activated carbons have been extensively studied for their Hg capture capability.
Activated carbon is the reference sorbent for Hg control in municipal waste combustors. Many
factors may affect the adsorptive capability of the activated carbon sorbent. These include the
temperature and composition of the flue gas, the concentration of Hg in the exhaust stream, and
the physical and chemical characteristics of the activated carbon (or functionalized/impregnated
carbon). Some specific efforts at understanding these effects are given below.

5.5.1.1 Effects of Temperature, Mercury Concentration, and Acid Gases

The effects of bed temperature Hg concentratlon presence of acid gases (HCI and SO;),
and presence of water vapor on the capture of Hg® and HgCl, by thermally activated carbons
(FGD and PC-100) and Ca-based sorbents [Ca (OH) » and a mixture of Ca(OH), and fly ash]
were examined in a fixed-bed, bench-scale system.”! Sorption studies indicated an abundance of
HgCl, adsorption sites in calclum-based sorbents, Increasing the HgCl, concentration increased
its uptake, and increasing the bed temperature decreased its uptake, Gas-phase HgCl
concentration had a very strong effect on its adsorption, while bed temperature had a small
influence on adsorption. The observed temperature and concentration trends suggest that the
process is adsorption-controlled and that the rate of HgCl, capture is determined by how fast
molecules in the vicinity of the active sites are being adsorbed. Mixtures of Ca(OH), and fly ash
with 7 times higher surface area than Ca(OH), and a totally different pore size distribution
exhibited identical HgCl, capture to that of Ca(OH),. The presence of acid gases (1000 ppm SO,
and 50 ppm HCI) drastically decreased the uptake of HgCl, by Ca(OH),. The inhibition effect of
SO, was more drastic that HC, and essentially controlled the HgCl, uptake. It was hypothesized
that the inhibition effect is due to competition between these acid gases and HgCl, for the
available alkaline sites.
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Sorption studies further indicated that the available active sites for capturing Hg’ in the
activated carbons are limited, suggesting that it is more difficult to control Hg’ emissions than
HgCl, emissions. Increasing the HgO inlet concentration and decreasing the bed temperature
increased the saturation capacities of the activated carbons, the time needed to reach this
capacity, and the initial rate of Hg’ uptake. Unlike HgCl, capture by Ca(OH),, bed temperature
had a very strong effect on the Hg? adsorption by the activated carbons, and gas-phase Hg’
concentration had a small influence on such adsorption. PC-100, with twice the surface area of
FGD, consistently exhibited higher saturation capacities (3-4 times higher) than FGD. The
presence of acid gases had a positive effect on the capture of Hg? by a lignite-coal-based
activated carbon (FGD) and had no influence on Hg’ capture by a bituminous-coal-based
activated carbon (PC-100). This diffefence was related to a higher concentration of Ca (acid gas
sorbent) in FGD. It appears that adsorption of these acid gases by FGD creates active S and Cl
sites, which are instrumental in capturing Hg’, through formation of S-Hg and Cl-Hg bonds in
the solid phase (chemisorption). These results indicate that the optimum region for the control of
Hg® by injection of activated carbon is upstream of the acid gas removal system.

™,

5.5.1.2 Role of Surface Functional Groups

The content of oxygenated acidic and alkaline surface functional groups (SFGs) on the
surface of two activated carbons was manipulated to investigate their role in Hg® and HgCl,
capture.”® Acidic SFGs on the surface of activated carbons were neutralized by a variety of
< alkaline washes. The alkaline-treated activated carbon showed no enhancement in Hg’ and
€. HgCl, capture, thus indicating that acidic SFGs play no role in capturing Hg species. The
alkaline SFGs content was increased by a thermal treatment process. The thermally treated
activated carbons did not exhibit any improvement with regard to their Hg" and HgCl, capture
L capabilities as compared to the untreated ones. The activated carbons were then treated with a
very dilute HCI solution to decrease their alkaline SFGs content. The HCl-treated activated
carbon showed a very significant improvement in its Hg’ and HgCl, capture capabilities. This
observation was contrary to the initial hypothesis that alkaline sites are needed to capture acidic
HgCl, from the flue gas. It was then hypothesized that HCI treatment increases the number of
active surface chlorine sites, which subsequently enhance Hg" and HgCl, capture. An analytical
technique, Energy-Dispersive X-ray Spectroscopy (EDXS), was used to quantify surface Cl sites.
A strong correlation between the increased amount of surface Cl and Hg®/HgCl, uptake
enhancement was observed. The role of SFGs containing Cl atoms in providing Hg"/HgCl,
active sites was established. Future investigation using SEM/EDXS and Fourier Transform
Infrared (FTIR) will focus on understanding the nature of Cl bonds on the surface of carbon, so
that more effective Hg species sorbents can be manufactured.

¢ 5.5.1.3 In-flight Capture of Mercury by a Chlorine-impregnated Activated Carbon

Activated carbon duct injection seems to be the most promising Hg control technology
for coal-fired electric utility boilers equipped with ESPs. In this technology, the injected

€ activated carbon removes Hg only while contacting the flue gas during very limited sorbent/gas
contact time (<3 seconds). Prior investigations have shown that very high, and rather costly,
o carbon-to-Hg weight ratios (>50,000) are needed to achieve adequate Hg removal. In order to
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reduce the operating cost of the carbon injection process, either a more efficient sorbent that can
operate at a lower carbon~to—Hg weight ratio or a lower-cost activated carbon (or possibly both)
are required. In this study™, a cost-effective Cl-impregnation process was successfully
implemented on an inexpensive virgin activated carbon The Cl-impregnated carbon was
produced in a 5 pound large batch, and its in-flight Hg’ removal efficiency was evaluated in a
flow reactor (as prevmusly discussed in Section 5.4.2.1) with gas/solid contact times of 3 to

4 seconds, The Hg’ removal efficiency of more than 80 percent was obtained in a flue gas
containing the effluent of natural gas combustion doped with coal combustion levels of NOx and
SO, at carbon-to-Hg welght ratios of about 3000. Hg’ removal was rather insensitive to the
adsorption temperature in the range of 100-200 °C. Cost analysis showed that this Cl-
impregnation process can produce a very active and cost-effective activated carbon that can be
used as a practical sorbent in a duct injection control technology in ESP-equipped coal-fired
electric utility boilers. Preliminary cost estimates indicated that approximately 53 percent
reduction of the total annual cost of Hg control could be possible when using Cl-impregnated
FGD in lieu of virgin activated carbon. Future investigations would be focused on evaluating the
Cl-impregnated activated carbon i ma pilot-scale, 21-kW (90,000-Btu/hr) refractory-lined,
furnace fired with pulverized coal.”®

5.5.2 Calcium-based Sorbents

Work conducted by EPA and ARCADIS Geraghty & Miller, Inc. [funded by the Illinois
Clean Coal Institute (ICCI)] indicates that the injection of calcium-based sorbents into flue gas
can result in significant removal of Hg.? 637 Researchers examined the high-temperature/short-
gas-phase residence time removal of Hg using injection of lime while burning an Illinois #6 coal
in a pilot-scale combustor. The lime was injected as a slurry at a calcium-to-sulfur (Ca:S) ratio
of 2.0 mol/mol at 968 °C (1775 °F). Under these conditions, 77 percent of the total Hg was
removed from the flue gas (Table 5-4). Based on these results, they concluded, "injection of
lime in the high temperature regions of coal-fired processes upstream of air pollution control
systems can efficiently transfer Hg from the gas to the solid phase.” Summaries of work follow.

5.5.2.1 Capture of Low Concentrations of Mercury Using Calcium-based Sorbents

The capture of Hg® and mercuric chloride (HgCl,), the Hg species identified in coal flue
gas, by three types of calcium-based sorbents differing in their internal structure, was examined
in a packed- bed bench-scale study under simulated flue gas conditions for coal-fired electric A
utility boilers.*® The results obtained were compared with Hg and HgCl, capture by an
activated carbon (FGD) under identical conditions. Tests were conducted with and without SO,
to evaluate the effect of SO, on Hg® and HgCl, control by each of the sorbents.

The Ca-based sorbents showed insignificant removal of Hg® in the absence of SO;.
However, in the presence of SO,, Hg’ capture was enhanced for the three Ca-based sorbents. It %
was postulated that the reaction of hydrated lime with SO, would result in pore mouth closure as
evidenced by the sharp drop in the SO, removal rate after the initial 10 mmutes of exposure.

Despite the loss of internal surface area, the relatwely high uptake of Hg", observed for these
sorbents in the presence of SO,, suggests that Hpg’ and SO, do not compete for the same active

5-34 ( E



gy

e
&3 . \ ;
| I

.

.

A P N N

P W, A,
E g i

[,

A,

m,

W,

ity

PPN

.

™,

Table 5-4. Mercury removal by lime sorbent injection as measured by EPA bench-
scale tests (source: Reference 36).

Test

Total Hg Concentration,
Hgldscm

Total Gaseous Hg,
percent

Total Particle-bound Hg,
percent

Baseline

5.7

100

Lime sorbent injection

8.0

23

177
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sites, and that the sites for Hg capture are influenced positively by the presence of SO,.
Moreover, the capture of Hg' in the presence of SO; increased with sorbent surface area and
internal pore structure.

Conversely, the three Ca-based sorbents showed decreased removal of HgCl, in the

presence of SO,. In the absence of SO,, roughly 25 percent of the incoming HgCl, was captured.

The alkaline sites in the Ca-based sorbents were postulated to be instrumental in the capture of
acidic HgCly. SO, not only competed for these alkaline sites but also, as mentioned, likely
closed pores with subsequent reduction in accessibility of the interior of the Ca-based sorbent
particles to the HgCl, molecules.

It was hypothesized that the capture of Hg” in the presence of SO, may occur through a
chemisorption mechanism, while the nature of the adsorption of HgCl, molecules may be
explained through a physisorption mechanism. The effect of temperature studies further
supported this hypothesis. Increasing the system temperature caused an increase in Hg° uptake
by the sorbents in the presence of SO,. However, the increase in temperature resulted in a
significant decrease in the HgCl, uptake in the absence or presence of SO,. Increased sorbent
surface area and internal pore structure had no observable effect on HgCl, capture in the
presence of SO,.

With the relatively large quantities of Ca needed for SO, control at coal-fired electric
utility boilers, the above results suggest that Ca-based sorbents, modified by reaction with fly
ash, can be used to control total Hg emissions and SO, cost effectively. The most effective
calcium-based sorbents are those with significant surface area (for SO, and HgCl, capture) and
pore volume (for Hg’ capture).

5.5.2.2 Simultaneous Confrol of Hgo, SO,, and NOx by Oxidized-calcium-based Sorbents

Multipollutant sorbents have been developed that can remove both Hg’ and Hg*? as
effectively as FGD activated carbon in fixed-bed simulations of coal-fired electric utility boiler
flue gas at 80 °C.* Oxidant-enriched, calcium-based sorbents proved far superior to activated
carbon with respect to SO, uptake on the same fixed-bed simulations. These oxidant-enriched,
calcium-based sorbents also performed better with respect to NOx and SO, uptake than baseline
lime hydrates for fixed- and fluid-bed simulations at 80 °C.

Preliminary economic analyses suggest that silicate sorbents with oxidants are 20 percent
of the cost of activated carbon for Hg removal, while oxidant-enriched lime hydrates offer
reduced, but significant savings. Credits for SO, and NOx increase the savings for multipollutant
sorbents over activated carbon.

The apparent superiority of multipollutant lime and silicate hydrates enhanced with
oxidants has been confirmed at conditions typical of gas-cooled, semi-dry adsorption processes
on boilers; performance of sorbents at higher-temperature conditions of duct sorbent injection
technologies remains to be evaluated. Planned field evaluations of both semi-dry adsorption and
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duct sorbent injection will allow better economic and performance comparisons of activated
carbon sorbents to that of oxidant-enriched lime and silicate hydrates.

A technology for the efficient capture of Hg through in furnace injection of a calcium-
based sorbent has been developed by McDermott Technologies recently. A discussion of the
full-scale tests of the technology is presented in Chapter 7.

5.5.3 Development of Low-cost Sorbents

Since 1995, EPRI has supported a sorbent development program for removal of Hg
emissions from coal-fired electric utility power plants at several research organizations including
Illinois State Geological Survey (ISGS), University of Illinois (UI), and URS Corporation. The
development of effective Hg sorbents that can be produced at lower costs than existing
commercial activated carbons is the main osz ective of the program. The development efforts
were documented in three EPRI Reports.*** A significant number of sorbents were derived
from a variety of precursor materials, including coal, biomass, waste tire, activated carbon fibers,
fly ash, and zeolite, through this work. Different preparation methods were used to determine
the effects of sorbent properties, such as pore size distribution, pore volume, surface area,
particle size, and sulfur content, on the ability to remove Hg. The effects of different processing
methods, including steam activation, grinding, size-fractionation, and sulfur-impregnation, on
sorbent performance were also investigated in laboratory tests. Promising low-cost sorbents
were further evaluated in actual flue gas at several full-scale coal-fired electric utility power

plants.

Results of the EPRI sorbent development work showed that effective sorbents can be
prepared from inexpensive precursor materials using simple activation steps. One notable
example is that a char produced from corn fiber, a by-product from a corn-to-ethanol production
process, showed a Hg" adsorption capacity over twice that of the commercial FGD carbon
sorbent, after the char was activated in CO; at 865 °C for 3.5 hours.*® Inactivated corn char had
no capacity for HgCly, and only a low capacity for Hg". It appears that the composition of the
flue gas has a significant effect on the Hg adsorption capacities of the coal-derived activated
carbons.! The EPRI-funded study found that the presence of acid gases (SO, and HCI) inhibits
Hg? and HgCl, adsorption for both lignite- and bituminous-coal-derived activated carbons.
However, research conducted by EPA showed that the presence of acid gases enhanced the
capture of Hg by a lignite activated carbon and had no influence on the adsorption by a
bituminous-coal-derived activated carbon?! In a later more extensive follow-up study funded by
EPRI and ICC], the effects of acid gases on the HgCl, and Hg? adsorption capacities of activated
carbons were found to vary, depending on the precursor materials and characteristics of the
carbons.”® For example, carbons derived from tire and comn fiber had much higher HgCl, and
Hg® adsorption capacities when they were tested in a high-SO, concentration flue gas simulating
the combustion of Eastern bituminous coals compared to those when they were tested in the low-
SO, concentration flue gas simulating Western subbituminous coal combustion. Complex
interactions occurring between the characteristics of the carbons and the acid gases may lead to
the observed varying effects of the acid gases on Hg adsorption behaviors of the carbon sorbents.
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More fundamental research is needed to understand and predict the effects of acid gases on the
performance of sorbents derived from different precursor materials,

The most effective sorbents were obtained by the sulfur-impregnation of activated
carbons derived from waste material and carbon fibers.*® Researchers at the Umversxty of
Pittsburgh demonstrated that impregnation of heteroatoms such as sulfur* and chloride® is an
effective method to improve the vapor-phase Hg adsorption capacities of activated carbons. It
has been suggested that sorbent-impregnation studies should focus on highly microporous
sorbents since the presence of active surface functional groups, sulfur as an example, in the
micropores through impregnation is likely to provide the most reactive sites for Hg adsorption
from coal combustion flue gas.!”” They stressed that the micropore surface area of sorbent is an
important physical property for vapor-phase Hg adsorption. Most of the commercial activated
carbons are used for liquid-phase applications and contain a large mesopore surface area, in
addition to micropores, that are less effectlve for adsorption of ppb levels of Hg from coal
combustion flue gases. EPA researchers* have observed the importance of active functional
groups in the micropores for vapor-phase Hg adsorption, After treating an activated carbon with
an aqueous sulfuric solution, they found that most of the mesopores of the carbon are filled with
water due to the presence of the hydroscopic sulfuric acid, and the carbon becomes a highly
microporous sorbent. The Hg? adsorption capacity of the sulfuric-acid-treated carbon is much
higher than that of the as-received carbon due to the presence of the active sulfuric acid
functional groups in the micropores of the treated carbon.

The most recent research conducted by ISGS, UJ, and URS Corporation showed that
relatively low surface area microporous biomass-based carbon sorbents, such as those derived
from pistachio nut shells and from corn fiber, are as effective as the commercial FGD carbon
sorbent for Hg adsorption.” They found that the Hg adsorption capacities of the biomass-based
carbon sorbents, which contained negligible (0.09 percent) sulfur, are comparable to those of the
coal- and tire-derived carbons that have substantial sulfur contents (0.98 to 2.1 percent). The
biomass-based carbon sorbents also have very little chlorine functional groups. It appears that
more oxygen, another heteroatom, remained in the biomass-based carbon sorbents after the
pyrolysis of the oxygen-rich biomass from the carbon-making process contributing to the
significant Hg adsorpnon capacities of such sorbents. It has been suggested recently by EPA
researchers”’ that the Hg? adsorption capacity of an activated carbon is correlated to the
concentrations of the oxygen functional groups of the carbon. They changed the oxygen
functional group concentrations of a carbon by heating the carbon sample to 900 °C in an inert
atmosphere to remove the functional groups. Also, more oxygen functional groups were
introduced to the carbon sample by oxidizing the carbon sample in an aqueous nitric acid
solution. They suggested that lactone and carbonyl groups mtroduced during the oxidization of
the carbon by nitric acid treatment might be the active sites for Hg’ adsorption.

5.5.4 Modeling of Sorbent Performance
The Hg adsorption data produced from bench-scale tests provide a relative indication of

performance for different sorbents; however, the actual Hg removal performance of the sorbents
in full-scale systems cannot be predicted based on bench-scale results alone. To predict Hg
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removal in full-scale systems, mass transfer considerations have to be combined with laboratory
data. Such an approach was applied by by EPRI recently to develop a model for predicting
sorbent performance in full-scale systems. 8 The model is also capable of determining when
mass transfer limits Hg removal and when it is limited by sorbent capacity. By incorporating the
appropnate mass transfer expresswns the model relates the adsorption characteristic data for a
given sorbent tested under a given set of flue gas conditions in the laboratory to the expected Hg
removal performance across a FF or an ESP.

Results of the sorbent performance predicted by the model agree reasonably well with

" data of the same sorbent measured by pilot-scale tests for both ESP and FF applications. The

pilot-scale facilities used for the tests consisted of an ESP with a 160-acfm wire-tube ESP, and a
FF with a 4000-acfm transportable pulse-jet FF operating in the COHPAC configuration.
Results of the pilot-scale tests and modeling both showed that a carbon sorbent with 15 im
diameter and 1000 pg/g Hg adsorption capacity achieved about 80 percent Hg removal in a FF
operated at about 140 °C (280 °F) with 3 1b/Macf sorbent injection rate and cleaning cycle of 45
min. However, test and modeling results both showed that Hg removal decreases to less than 20
percent when the same sorbent was injected upstream of an ESP under conditions similar to the
above.

Laboratory tests which have been conducted to evaluate the adsorption characteristics of
potential sorbents for Hg removal seem to suggest that reactivity of the sorbent might be more
important than its equilibrium adsorption capacity for sorbent injection., Currently, an ESP is
more widely used than a FF as a PM control device for coal-fired electric utility boilers in the
United States. Sorbent reactivity is the important parameter determining Hg removal when
injecting a powdered sorbent upstream of an ESP, where adsorption of Hg occurs mainly in-
flight with short residence times (about 2 seconds). When injecting sorbent upstream of a FF,
additional Hg removal can occur due to the presence of accumulated sorbent in the filter cake,
resulting in improved mass transfer and sorbent utilization, Sorbent capacity becomes a more
important parameter than reactivity in such cases.

5.6 Capture of Mercury in Wet FGD Scrubbers

5.6.1 Wet Scrubbing

Mercuric chloride is readily soluble in water. Thus, the oxidized fraction of Hg vapors in
flue gas is efficiently removed when a power plant is operated with a wet scrubber for removing
SO;. The elemental fraction, on the other hand is insoluble and is not removed to any
significant degree. A DOE-funded study® conducted by CONSOL, Inc. showed that the nominal
Hg removal for wet FGD systems on units firing bituminous coals is approximately 55 percent,
with the removal of Hg?* between 80 and 95 percent. Studies conducted by McDermott
Technologies, Inc. at its 10-MWe research facﬂlty suggested a possible conversion of the Hg?
captured in the scrubbing media and reemissions as Hg"* McDermott Technologies performed
follow up tests to investigate the use of additives to prevent the conversion of adsorbed Hg** to
gaseous Hg®3! These tests are described in more detail in Chapter 7.
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5.6.2 Ocxidation

The challenge to Hg removal in wet scrubbers for SO, is to find some way to oxidize the
elemental Hg vapor before it reaches the scrubber or to modify the liquid-phase of the scrubber
to cause oxidation to occur there.

URS Radian International has conducted various laboratory and field-test studies to
investigate adsorption and catalytic oxidation of gaseous Hpg® in coal-fired electric utility flue
gas. The results of the bench-scale testing are discussed below. The additional pilot- and full-
scale testing conducted by URS Radian International are discussed in Chapter 7.

Different compositions of catalysts and fly ashes were tested in a bench-scale, fixed-bed
configuration to identify materials that adsorb and/or oxidize gaseous Hg"** Mixing sand with a
particular catalyst or fly ash created fixed beds of sorbents. A simulated coal-fired electric utility
boiler flue gas containing gaseous Hg’ was then passed through the bed. The flue gas was tested
at the inlet and outlet of each sorbent bed to determine Hg adsorption and/or oxidation across the
bed. Table 5-5 lists the simulated flue gas conditions and the most active catalysts and fly ashes
identified during testing for oxidation of gaseous Hg".

Figure 5-12 is an example of the adsorption/oxidation of gaseous Hg® with time by one of
the iron catalysts in Table 5-5. In this figure, the oxidation of gaseous Hg’ increases as the
breakthrough of Hg from the catalyst bed increases (breakthrough is quantified as a percentage
of the incoming Hg). At 100 percent breakthrough when the catalyst is no longer adsorbing any
of the incoming Hg (i.e., the catalyst has reached its equilibrium adsorption cazpacity for the
incoming Hg®), all of the Hg? passing through the bed is being oxidized to Hg i

Figure 5-13 shows adsorption/oxidation results for all of the catalysts in Table 5-5.
Adsorption and oxidation of gaseous Hg® was greater at 149 °C (300 °F) than at the higher
temperature of 371 °C (700 °F). The adsorption and oxidation activity of the activated carbon
was considered the highest among the materials tested because a lower mass was utilized during
the tests compared to the other materials.

Figure 5-14 shows the adsorption/oxidation results for the fly ashes from Table 5-5. Like
the catalysts, the fly ashes showed higher adsorption and oxidation of gaseous Hg’ at 149 °C
(300 °F) than at 371 °C (700 °F); for this reason, only the lower temperature results are shown in
Figure 5-14. The subbituminous and bituminous coal fly ashes generally showed higher
oxidation rates than the lignite coal fly ashes. As seen, the #2 bituminous coal fly ash had
varying adsorption and oxidation rates depending upon where the fly ash samples were collected.
Samples collected from the hoppers of the first field of the ESP indicated lower oxidation of
gaseous Hg’ but a higher adsorption of Hg compared to the finer fly ash collected in the fifth and
final field of the ESP. Although not shown, fly ash captured by a cyclone in the Hg speciation
sampling train indicated a higher adsorption but no oxidation of the gaseous Hg’. Fly ash from
the fifth field of the ESP indicated the highest rate of oxidation and the lowest size-fractionated
particles. This may be associated with the size differences of the fly ash and/or the surface
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¢ Table 5-5. Simulated fiue gas conditions with the most active catalysts and fly
ashes indicated for oxidation of gaseous Hg' to gaseous Hg*(source:

* Reference 52)

£

f Parameter Baseline Most Active Most Active
Conditions Catalysts Fly Ashes
Fixed-bed Temperature 300 and 700 °F Fe #1 (1000 mg) " Subbituminous #1
Hg’ Injection 45 to 80 pg/Nm’ Pd #1 (1000 mg) Subbituminous #2
£ Oxygen 7 percent Fe #2 (200Amg) Bituminous #1

§ Carbon Dioxide 12 percent Fe #3 (200 mg) Bituminous #2-Field 1°
£ . NO, Catalysts . - 2
2 Moisture 7 percent (1X000 mg) Bituminous #2-Field &
- Sulfur Dioxide 1600 ppmv Fe#4 (1 OUO mg) Bituminous #3

' HGI 50 ppmv Pd #2 (1000 mg) Lignite #1

Gas Flow Rate 1 Umin Carbon (20 mg) Oil-Fired #1

A i,

B

I,

1

(a) Fly ash collected at the first and fifth field of the ESP at the EPRI ECTC.
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Figure 5-12. Adsorption and subsequent oxidation of gaseous Hg’ in a simulated
flue gas at 149°C (300 °F) (source: Reference 52).
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Figure 5-13. Adsorption and oxidation of gaseous Hg’ by various catalysts at
149 °C (300 °F) and 371 °C (700 °F) (source: Reference 52).
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-14. Adsorption and oxidation of gaseous Hg’ by various coal fly ashes at
449 °C (300 °F) and 371°C (700 °F) (source: Reference 52).
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chemistry of the finer fly ash being enriched in trace metals or other condensed or adsorbed
compounds from the flue gas during the combustion of the bituminous coal.

5.6.3 Gas and Liquid Oxidation Reagents

Argonne National Laboratory has been investigating the use of oxidizing agents that
could potentially convert gaseous Hg? into more soluble species that would be absorbed in wet
FGD systems.” Current research is focused on a process concept that involves introduction of
an oxidizing agent into the flue gas upstream of the sciubber. The oxidizing agent employed is
NOXSORB/ , which is a commercial product containing chloric acid and sodium chlorate.
When a dilute solution of this agent was introduced into a gas stream containing gaseous Hg’ and
other typical flue-gas species at 300 °F (149 °C), it was found that nearly 100 percent of the
gaseous Hg® was removed from the gaseous phase and recovered in process liquids. A
significant added benefit was that approximately 80 percent of the NO was removed at the same
time. Thus, the potential exists for a process that combines removal of SO,, NO, Hgo, and,

perhaps, PM.

Continuing laboratory research efforts are acquiring the data needed to establish a mass
balance for the process. In addition, the effects of such process parameters as reagent
concentration, SO, concentration, NO concentration, and reaction time (residence time) are being
studied. For example, SO, has been found to decrease slightly the amount of gaseous Hg’
oxidized while appearing to increase the removal of NO from the gaseous phase. Preliminary
economic projections, based on the results to date, indicate that the chemical cost for NO
oxidation could be less than $5,000/ton NO removed; while for gaseous Hg® oxidation, it would
be about $20,000/Ib Hg® removed. These results will be refined as additional experimental

results are obtained.

5.7 Observations and Conclusions

When coal is burned in an electric utility boiler, the resulting high combustion
temperatures in the vicinity of 1500 °C (2700 °F) vaporize the Hg in the coal to form gaseous Hg’.
Subsequent cooling of the combustion gases and interaction of the gaseous Hg? with other
combustion products result in a portion of the Hg being converted to other forms, viz., Hg?" and
Hg,. The term speciation is used to denote the relative amounts of these three forms of Hg in the
flue gas of the boiler. Tt is important to understand how Hg speciates in the boiler flue gas
because, as discussed in Chapters 6 and 7, the overall effectiveness of different control strategies
for capturing Hg often depends on the concentrations of the different forms of Hg species present

in the boiler flue gas.

The speciation of Hg results from oxidation of Hg’ in the boiler flue gas, with the
predominant oxidized Hg species believed to be HgCl,. The mechanisms for this oxidation
include gas-phase oxidation, fly-ash-mediated oxidation, and oxidation by post-combustion NOx
controls. Data reveal that gas-phase oxidation is kinetically limited and occurs due to reactions
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of Hg with oxidizers such as Cl and Cl,. Research also suggests that gas-phase oxidation may be
inhibited by the presence of NO, SO,, and water vapor.

Certain fly ashes have been shown to promote oxidation of Hg® more than others. The
differences in oxidation appear to be attributable to the composition of the fly ash and the
presence of certain flue gas constituents. The results of bench-scale research conducted at EPA
reflect that the presence of HCI and NOx in flue gas and iron in fly ash assists in oxidation.
Other research indicates that y-Fe,O3 may be causing Hg?* formation, and that surface area may
be a dominant factor in this regard. Also, there are indications that HCI, NO,, and SO, in the
flue gas may contribute to Hg’ oxidation, while the presence of NO may suppress Hg® oxidation.

The understanding of Hg speciation in the flue gas of coal-fired electric utility boilers is
far from being mature, and research and development efforts are currently underway to develop
more information. '

Mercury can be captured and removed from a flue gas stream by injection of a sorbent
into the exhaust stream with subsequent collection in a PM control device such as an electrostatic
precipitator or a fabric filter. However, adsorptive capture of Hg from flue gas is a complex
process that involves many variables, These include the temperature and composition of the flue
gas, the concentration of Hg in the exhaust stream, and the physical and chemical characteristics
of the sorbent (and associated functional group). The implementation of an effective and
efficient Hg control strategy using sorbent injection requires the development of low-cost and
efficient Hg sorbents., Of the known Hg sorbents, activated carbon and calcium-based sorbents
have been the most actively studied. However, improved versions of these sorbents and new
classes of Hg sorbents can be expected, as this is still a very active field of study.

Adsorption of elemental Hg is enhanced by the presence of functional groups and/or
catalytically active sites (that oxidize the Hg to Hg®). Oxidation of elemental Hg to ionic
species by the catalytic components that may be present in fly ash (especially iron compounds) is
a critical step before adsorption of the species by the fly ash or some injected sorbents. Both the
oxidant and binding sites for the adsorption of elemental Hg may also be provided by the
injected sorbents. Also, alkaline components of the fly ash exhibit sorptive properties for
oxidized Hg. Fly ashes, which contain higher unburned carbon contents, such as those produced
from low-NOg burner systems, may have significant catalytic and sorptive properties. The
unburned carbon appears to have some oxidant/adsorption sites similar to those that existed in
the activated carbon sorbents.

Activated carbon binding sites may be enhanced by impregnation with an active additive
(e.g., S, Cl, I) or pretreatment (e.g., with HoSO4 or HCI). It appears that the presence of
hetroatoms, such as sulfur and chlorine, on the activated carbon surfaces greatly enhance the
adsorption of Hg. Other non-carbon-based sorbents may be enhanced by oxidant/catalyst
additions. The enhancement is caused by the oxidation of the elemental Hg either by the added
oxidant or by the added catalyst to the sorbents. A promising alternative appears to be the
replacement of the coal-based activated carbons with a low cost, high-capacity, reactive sorbent.
Such sorbents are currently under development.
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Oxidized Hg is readily absorbed by alkaline solutes/slurries or adsorbed by alkaline PM

(or by sorbents). Flue gas desulfurization systems, which use alkaline materials to neufralize the
acidic SO, gas, remove oxidized Hg effectively in the flue gas. Current research is focusing on
optimization of the existing desulfurization systems as a retrofit technology for controlling
oxidized Hg emissions and on development of new multipollutant control technologies for
simultaneously controlling both SO, and oxidized Hg emissions.
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An investigation of speciated mercury transformation with the addition of hydrogen bromide (HBr) at elevated
temperatures was conducted in a slipstream reactor with real flue gas atmospheres. A real flue gas atmosphere
is composed of bituminous coal (with high sulfur and high chlorine contents) and Powder River Basin (PRB)
coal (with lower sulfur and chlorine contents). The average sulfur, chlorine, and mercury contents in the tested
bituminous coal were 1.31% and 1328 and 0.11 ppm and 0.61% and 170 and 0.08 ppm, respectively, for
tested PRB coal. The average Ca0, Fe;03, and loss on ignition in collected fly ash contents of tested bituminous
coal were 1.71, 17.51, and 7.13% and 22.95, 4.91, and 0.64%, respectively, for tested PRB coal. The different
contents of coal chlorine, CaO, and Fe,0; in fly ash can be attributed to the different mercury speciations at
baseline tests for these two coals in this study. The addition of HBr concentrations into the flue gas was
controlled in the 3—15 ppm range. Semi-continuous mercury emission monitors were used to check the variation
of mercury speciation at sampling locations. The Ontario Hydro Method (ASTM D6784-02) was used for data
validation or comparison. For both methods, a high temperature inertial sampling probe was used to minimize
the interference between vapor phase mercury and fly ash. Its temperatures were controlled consistently with
flue gas temperatures at their installation locations in the slipstream reactor, Test results indicated that adding
HBr into the flue gas at several parts per million strongly impacted the mercury oxidation and adsorption,
which were dependent upon temperature ranges. Higher temperatures (in the range of 300—350 °C) promoted
mercury oxidation by HBr addition but did not promote mercury adsorption. Lower temperatures (in a range
of 150200 °C) enhanced mercury adsorption on the fly ash by adding HBr. Test results also verified effects
of flue gas atmospheres on the mercury oxidation by the addition of HBr, which included concentrations of
chlorine and sulfur in the flue gas. Chlorine species seemed to be involved in the competition with bromine
species in the mercury oxidation process. With the addition of HBr at 3 ppm at a temperature of about 330 °C,
the additional mercury oxidation could be reached by about 55% in a flue gas atmosphere by burning PRB
coal in the flue gas and by about 20% in a flue gas by buming bituminous coal. These are both greater than
the maximum gaseous HgBr, percentage in the flue gas (35% for PRB coal and 5% for biturinous coal) by
thermodynamic equilibrium analysis predictions under the same conditions. This disagreement may indicate
a greater complexity of mercury oxidation mechanisms by the addition of HBr. It is possible that bromine
species promote activated chlorine species generation in the flue gas, where the kinetics of elemental mercury
oxidation were enhanced. However, SO; in the flue gas may involve the consumption of the available activated
chlorine species. Thus, the higher mercury oxidation rate by adding bromine under the flue gas by burning
PRB coal may be associated with its lower SO, concentration in the flue gas.

1. Introduction

Mercury emissions are regarded as one of the world’s most
problematic environmental issues because of their propensity
to bioaccumulate by up to a factor of 10 000 within an aquatic
food chain. Mercury, after bioaccumulation, will result in neuron
damage in human beings.! A report for Congress from the U.S.
Environmental Protection Agency (U.S. EPA) estimated that
80% of total anthropogenic mercury emissions from 1994 to

1995 were from combustion, of which 33% was associated with
coal-fired utility boilers.2 The EPA announced its final regulation
on mercury emissions from coal-fired utility boilers in March
2005. This regulation stated that yearly mercury emissions will
be reduced by 20.8% by 2010 and 68.8% by 2018 from levels
in1999 when this regulation was fully implemented.?
Mercury occurs in the flue gas of coal-fired utility boilers in
three valence states: elemental mercury Hg(0), oxidized mercury
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Hg(2+), and particle-bound mercury Hg(P). Elemental mercury
constitutes a global environmental issue because of its relative
stability, its relative water insolubility, and its long-range
transport in the atmosphere. Oxidized and particle-bound
mercury produces risks to humans and the immediate environ-
‘ment because of its local deposition and water solubility. Studies
on speciated mercury transformation in flue gas are critical to
their environmental impacts and technical availabilities for
effective control by Air Pollution Control Devices (APCDs) in
utility boilers, such as a cold-side electric precipitator (ESP), a
fabric filter (FF), and wet flue gas desulfurization (W-FGD). It
was reported that cold-ESP and FF can capture Hg(P), W-FGD
can capture Hg(2+) efficiently, and SCR can help to enhance
Hg(0) oxidation.4—8 Thus, the combination of SCR, W-FGD,
and ESP or FF in coal-fired power utilities may be the economic
means for mercury emission control with simultaneous abate-
ment of SO, and NO,.

However, the U.S. EPA ICR Hg emission database and other
field tests regarding the potential effects of combining SCR and
W-FGD on mercury capture indicated an increased mercury

" capture when bituminous coals were bumed but not when PRB
coal or lignite was burned.? PRB coal or lignite is plentiful in
the south central (Texas) and north central (Wyoming, Montana,
and South Dakota) areas of the U.S. where lower sulfur and
chlorine are present. A lower chlorine content in PRB and Texas
lignite may be associated with their failure to enhance Hg(0)
oxidation by SCR. On the other hand, mercury emission control
using SCR to enhance the Hg(0) oxidation was dependent upon
using a W-FGD to subsequently capture the Hg(2+). It was
reported that only about 25% of utility boilers had a W-FGD
installed for SO control.* In comparison, 80% of utility boilers
is equipped with a cold-ESP to control particle emission. Thus,
methods to effectively convert Hg(0) to Hg(2+) or Hg(0) to
Hg(P) are welcomed by a majority of utility owners who rely
on these APCDs for simultaneous mercury emission control
(especially those that use low sulfur PRB coal and lignite).
Activated carbon injection (ACI) has been a prevailing technol-
ogy for mercury control with a cold-ESP or other particle control
devices available in coal-fired power plants.>~13 However,

(4) Kilgroe, J. D.; Sedman, C. B.; Srivastava, R. K;; Ryan, J. V.; Lee,
C. W.; Thomneloe, S. A. Control of Mercury Emission from Coal-Fired
Electric Utility Boilers; Interim Report EPA-600/R-01-109; U.S. Environ-
mental Protection Agency: Washington, DC, 2001,

(5) Chu, P.; Laudal, D; Brickett, L; Lee, C. W. Power Plant Evaluation
of the Effect of SCR Technology on Mercury, Presented at the Department
of Energy-Electric Power Research Institute U.S. Environmental Protection
Agency Air and Waste Management Association Combined Power Pant
Air Pollutant Control Symposium, The Mega Symposium, Washington,
D.C., May 19—22, 2003; paper 106.

(6) Richard, C; Machalek, T; Miller, S.; Dene, C.; Chang, R. Effect of
NO, Control Processes on Mercury Speciation in Flue Gas, Presented at
the Air Quality III Meeting, Washington, DC, September 10—13, 2002.

(7) Laudal, D, L.; Thompson, J. S.; Pavlish, J. H.; Brickett, L.; Chu, P.;
Srivastava, R, K.; Lee, C. W.; Kilgore, J. Mercury Speciation at Power
Plants Using SCR and SNCR Control Technologies. EM 2003.

(8) Hocquel, M. The Behavior and Fate of Mercury in Coal-Fired Power
Plants with Doswnstream Air Pollution Confrol Devices; Forschr.-Ber. VD1
Verlag: Dusseldorf, Germany, 2004,
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J. Pilot-Scale Evaluation of Activated Carbon-Based Mercury Control
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Assoc. 2001, 51, 733741,
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adding carbon to fly ash complicates the subsequent use of fly
ash as an additive for cement production. Therefore, non-carbon
based mercury adsorbents are being developed. =16 Whatever
adsorbents are developed and utilized in coal-fired power plants,
an additional expense will be added to the cost of electricity
generation due to the higher cost of adsorbents and the
unexpected control efficiency. ‘

A new concept has been put forward that adds chemicals,
such as bromine compounds, to flue gas to significantly enhance
the mercury oxidation (from Hg(0) to Hg(2+)) or enhance its
bonding to fly ash (Hg(P)).!'# However, the mercury trans-
formation mechanism by adding bromine in the coal-fired flue
gas atmosphere is not entirely understood. It is reported that
the possible reaction routines of mercury and halogen species

" in atmospheric conditions are a photochemistry reaction

mechanism,!?~23 which cannot be directly extended to that under
the high temperature environment of coal-fired utility boilers.
Mercury chemistry is highly dependent upon its interaction with
fly ash and some unknown species in the flue gas, indicating
that there are significant benefits to conducting tests using real
flue gas. The greatest benefit of smaller pilot-scale slipstream
tests is the ability to control variables and isolate specific factors.
This paper attempts to answer several questions concerning
mercury speciation chemistry under bromine addition using a
pilot-scale slipstream facility with real flue gases. Two test sites
that burn bituminous and sub-bituminous coal were selected.
Because of the complexity of speciation prediction during coal
combustion within such a multicomponent and multiphase
system, thermodynamic equilibrium calculations?*~% were also

(13) Ghorishi, B. K.; Keeney, R. M,; Serre, S. D,; Gullett, B. K;
Jozewick, W. S. Development of Cl-Impregnated Activated Carbon for
Entrained-Flow Capture of Elemental Mercury. Enrivon. Sci, Technol, 2002,
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(14) Galbreath, K. C.; Zygarlicke, C. J. Mercury Transformation in Coal
Combustion Flue Gas. Fuel Process, Technol. 2000, 65— 66, 289—310.
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Symposium, Washington, DC, May 19—22, 2003,
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Figure 1. Schematic diagram of the slipstream reactor in a coal-fired power plant.

used to investigate the possible mercury species in the coal-
fired flue gas bromine addition, which were within wide
temperature windows.

2. Experimental Procedures and Thermodynamics
Calculations

2.1. Description of Testing Sites. During testing, boiler loads
of both units were kept stable. The oxygen concentration and
temperature at the economizer outlet of the boiler were frequently
checked to ensure the stability of the boiler performance during
each day’s test.

unit 1 unit 2

coal: sub-bituminous coal: bituminous

(PRB coal) (Kentucky medium-sulfur coal)
boiler: wall-fired boiler: wall-fired

NO; control: low NO; burner NO; control: low NO, burner
SO, control: none SO control: none

particulate control: cold-side ESP  particulate control: cold-side ESP

2.2, Slipstream Facility and HBr Addition System. A pilot-
scale slipstream facility was designed and manufactured to simulate
the full-scale applications of an SCR system and air-preheater
(APH) in utility boilers. Its two components, the SCR reactor and
the cooling pass (CP), are connected by a U-shaped section on the
bottom. An ID Fan, at the outlet of the CP, generates negative
pressure to pull the real flue gas from the economizer outlet of the
boiler. Then, it passes through the SCR to the CP and finally
delivers the flue gas downstream of the economizer outlet location.
The schematic diagram of the experimental setup is shown in Figure
1.

The slipstream reactor was manufactured in a concentric con-
figuration to provide good insulation to minimize the temperature
drop inside the SCR reactor. The temperature drop was less than
20 °C during tests in this study.?’ The flue gas was split into two
streams whose ratio was controlled by manual flashboard valves
that adjust the section of the outside pass of the flue gas. The
bypassed flue gas functions as a strengthened heat insulator, due
to its higher temperature, which minimizes the heat transfer rate
by decreasing the temperature difference between the introduced
main stream of the flue gas and the bypassed flue gas stream. The
average temperature inside the SCR reactor was about 330 °C. It
may be varied with the operational load. The detailed description
of a slipstream SCR reactor can be found in ref 27. In this study,
the SCR reactor was left as an empty reactor without SCR catalyst
loading. Thus, we renamed the SCR reactor the empty reactor (ER).
There are two sampling ports at the inlet and outlet of the ER. The
residence time of flue gas inside ER reactor was controlled to be
about 1 s.

To control the temperature drop (from 330 to 170 °C) and
quenching rate in the CP system, liquid nitrogen was used by
injecting it into the CP in four stages through four injection ports
by solenoid valves. Specially designed nozzles, as shown in Figure
1, distributed liquid nitrogen uniformly in the cross-section at the
injection point with the assistance of two static mixers downstream
of the injection nozzles. Liquid nitrogen vaporizes, cooling the hot
flue gas to the desired temperature of 170 °C at the CP outlet by
certain cooling rates. The thermocouple monitored the temperature
.and provided a feedback signal to the flow controller of liquid

(27) Cao, Y.; Chen, B.; Wu, J.; Cui, H;; Li, S. G.; Herren, S. M.; Smith,
J.; Chu, P.; Pan, W. P. Study of Mercury Oxidation by Selective Catalytic
Reduction Catalyst in a Pilot-Scale Slipstream Reactor at a Utility Boiler
Buming Bituminous Coal. Energy Fuels 2007, 21, 145—156.
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Table 1. Analysis of Coal and Ash Samples during Tests

Coal Analysis
as determined dry basis
ADL!¥ moisture ash  volmaterial suliur BwBT carbon hydrogen nitrogen oxygen chloride fluoride  mercury
sample name (%) ) (%) (%) ) (Ul () (%) (%) (%) (pm)  (ppm)  (ppm)
bituminous coal 3.04 5.41 10.30 37.13 131 13423 7585 485 179 5.92 1328 ND 0.11
PRB¥coal frial 1~ 20.75 1137 6.20 47.07 042 12022 70.75 5.00 221 1543 177 42 0.07
PRB?coaltrial2  18.52 12,15 7.59 45.45 0.81 12173 7115 4.99 232 13.15 164 40 0.09
Av 19.63 11.76 6.89 46.26 0.61 12097  70.95 4.99 226 14.29 170 41 0.08

NaO (%) MgO (%) ALOs(%) SiO;(%) PiOs(%) SO3(%) KO (%) CaO (%) TiO2(%) MnO (%) Fex03(%) BaO (%) SrO (%)

bituminous coal 0.01 0.90 18.14 38.27 0.58 1.94 2.35 L7t 1.14 0.02 17.51 0.15 0.13
PRB? coal 1.02 4.70 14.89 28.63 0.69 11.93 0.39 22.95 1.17 0.02 4.91 0.49 0.30
Ash Analysis
sample name sulfur (%) mercury (ppnt) chloride (ppm) bromide (ppm) fluoride (ppm) LOI (%)
bituminous coal 0.15 0.35 250 ND ND 7.13
PRB2 coal trial 1 0.67 0.15 123 ND 95 0.59
PRB? coal triaf 2 0.89 0.18 177 ND 98 0.69
Av 0.78 0.17 150 ND 97 0.64

«ADLY: air-dry Joss. 5 PRB2: Powder River Basin coal.

nitrogen, If the thermocouple retumed a temperature signal higher 170 and 0.08 ppm during tests, respectively. On the basis of
than what was desired, the controller allowed more liguid nitrogen approximate mass balance, 90% of the sulfur and chlorine content
to be injected into the duct by enlarging the opening of the solenoid in coal existed in the flue gas during its combustion, Ca0, Fe;03,
valve, Two pretests were conducted. One was performed by and loss on ignition (LOT) were about 1.71, 17.51, and 7.13% for
measuring oxygen concentrations at the inlet and outlet of the CP collected fly ash of tested bituminous coal and 22.95, 4.91, and
and indicated that less liquid nitrogen was needed to achieve the 0.64% for collected fly ash of tested PRB. The bromine contents
cooling rates of the flue gas, which simulated the APH in the utility in tested coals were under the detection limit,
boilers. The other was performed by investigating the temperature 2.4, Thermodynamics Equilibrium Calculation, The F*A*CT
change during liquid nitrogen injection. It indicated that injecting software package was used to implement the calculations of the
the liquid nitrogen caused less of a temperature change. Therefore, equilibrium compositions for flue gas under different temperatures.
the effect of the liquid nitrogen droplet formation could be ignored. The thermodynamic database attached to the F*A*CT software
Only one sampling location was used, which was at the outlet of package is mostly based on the JANAF Thermochemical Tables.2
the CP. It covers about 5000 species and compounds with thermodynamics
The mercury continuous emission monitor (CEM) was used for data, in which data on mercury and bromine were among those
observing mercury variations during testing. The Ontario Hydro when thermodynamic equilibrivm calculations were used on coal
(OH) Method was also used for Hg-CEM data validation. For both combustion systems. Some general assumptions are as follows: (1)
methods, an inertial sampling probe was used to sample flue gas, the stable species, which is predicted by thermodynamies calcula-
The sampling probe temperatures were controlled like the temper- tions, can be obtained only when the chemical processes occurring
atures of flue gases in the reactor at locations of the sampling probe in the system have reached equilibrium; (2) physical processes, such
installation. A detailed description of quality assurance and quality as particle nucleation, agglomeration, and adsorption in the flue
control (QA/QC) for both methods is shown in refs 27 and 28. gas, are not considered in thermodynamic equilibrium calculations,
HBr gas from a pressurized cylinder, at a predetermined Then, the possible interaction of some gaseous species with the
concentration using nitrogen as the carrier gas, was injected into fly ash particles, which would affect the partitioning of the studied
the system. The desired spiking concentration of HBr inside the elements, is neglected; and (3) equilibrium analysis does not account
slipstream reactor could be adjusted by the mass flow controller for mixing due to content and/or temperature gradients. However,
(MFC). To ensure controlled and even distribution of HBr, three in real combustion, this may occur in localized areas.
static mixers were installed at different locations on the SCR reactor. In this study, the computational systems contain eight elements,
The HBr injection port was located below the sampling port at the all of which can be found in associated species of JANAF. In the
ER inlet, which left this sampling port unaffected. The additional calculations, we specifically included the interactions between
concentration of the HBr gas spike in the flue gas was controlled mercury and halogen elements (mainly chlorine and bromine).
at about 3, 6, and 15 ppm to minimize potential hazards. Although the influence of other coexisting elements in coal may
2.3, Coal and Ash Analysis. Bituminous coal, with medium affect mercury’s behavior, through sharing or depleting the total
sulfur and chlorine contents, and PRB ceal, with low sulfur and active dominant atoms in the combustion system, they still were
chlorine contents, were burned during tests with the HBr addition. negligible according to our previous studies, Mercury species
Coal and ash samples were collected once a day during testing. considered in our equilibrium analysis are listed in Table 3.
The proximate analysis, elemental analysis, and mineral metal
analysis data of the coal samples are shown in Table 1. Analysis 3. Results
of fly ash samples from the ESP hopper, which was the front row, '
is also shown in Table 1. All data were presented on a dry basis, 3.1. Thermodynamics Equilibrinm Analysis of Adding

and the testing methods for all these samples can be found in ref HBr to the Typical Coal-Fired Flue Gas. Thermodynamic
28, The average sulfur, chlorine, anq)mercury Contemz in the tested caloulations can provide information on possible products and
?;;;r:c‘gsglsy c(;gl gz:;agzgﬁt tlﬁzlge?:gde lsﬁg;ranchlg.rﬁe P }:l?é their equilibrium concentrations after the addition of HBr to
mercary contents in the tested PRB coal were about 0.61% and g‘; f;:;fgg;nf;‘éﬁ cgsa:'q gili‘irg:h‘:ic;;:{;?;sc‘::}i‘;‘fgfﬁ“;;‘:::ig

(28) Cao, Y.; Duan, Y. F,; Kellie, K; Li, L. C.; Xu, W, B,; Riley, J. T;
Pan, W. P, Impact of Coal Chlorine on Mercury Speciation and Emission (29) Chase, M. W.; Davies, C. A.; Downey, J. R. JANAF (Joint Army
from a 100 MW Utility Boiler with Cold-Side Electrostatic Precipitators and Navy Air Force), JANAF Thermochemical Tables. J. Phys. Chem, Ref,
and Low-NO, Burners. Energy Fuels 2005, 19, 842—3854. Data 1985, 14, 1.
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Table 2. Mercury Species Taken into Account in the Equilibrium
Analysis®

compositions -

Hga(Na)a(s), HgO(s, g), Hg2COs(s), Hg2CaOu(s)

Hex(CoH302):(s), HeS(s, g), He(l, g), HgSOu(s)

HgNOCli(s), Hga(CNS)y(s), HgCLCH;0H(s), He2S04(s)

HgCl(g), HgClas, 8), HgCh(l, s, g), He[+1(g)

Hg(CH:)(l, £), Hea(g), HgH(g), HgBr(g), HgBra(l, 5, g), HgaBra(s)

as: solid; I: liquid; and g gas.

Table 3. Conditions of Typical Coal-Fired Flue Gas Compositions
Set for Thermodynamic Calculations

N, H;0, 0; CO, NO, S0; HC, HBr, Hg
. dry dry d;y dry dry dry dry dry  dry
species (%) (%) (%) (%) (ppm) (ppm) (ppm) (ppm) (ppb)
) 0 10
casel 80 7 6 13 300 1000 150 3
30
casell 80 7 6 13 300 1000- 80 ‘3’ 10
¢ 10
caseIll 80 12 6 13 300 300 10 3
30

Table 2. Calculation condition 1 refers to typical bituminous
coal with medium sulfur and high chlorine contents (about 1000
ppm SO,, 300 ppm NO, and 150 ppm HCI at a 6% local O;
concentration in the flue gas). Condition 2 refers to bituminous
coal with high sulfur and medium chlorine contents (about 1000
ppm SOy, 300 ppm NO, and 80 ppm HCl in the flue gas at a
6% local O concentration in the flue gas). Condition 3 refers
to PRB coal with low sulfur and chlorine contents (about 300
ppm SO, 300 ppm NO, and 10 ppm HCl in the flue gas at a
6% local O, concentration in the flue gas). The possible products
found after HBr addition into these three kinds of flue gas
compositions are shown in Figures 2—4, which correspond to
the three calculation conditions. Hg(0) and HgCl, are the main
products found in the flue gas for all three calculation cases at
thermodynamic equilibrium conditions, Please note that all
mercury species are in the gas phase and that HgBr; is a possible
product after adding HBr to the coal-fired flue gas. However,

Energy & Fuels, Vol. 21, No. 5, 2007 2723

its concentration varied greatly with the ratio of HB/HCI and
the temperature range.

For a typical bituminous coal-fired flue gas with medium
sulfur and high chlorine contents, as indicated in Figure 2, more
than 90% of the mercury occurred as HgCl, when the temper-
ature is below about 500 °C at the equilibrium status. Elemental
mercury, Hg(0), is the major mercury species when the
temperature is above about 700 °C at equilibrium status.
Between 500 and 700 °C, HgCl, and Hg(0) have an inverse
relationship. When the addition of HBr begins, HgBr, comes
out at a temperature range between 300 and 700 °C, which
partially overlaps the temperature range of the transition between
HgCl, and Hg(0). HeCl, and Hg(0) equilibrium curves will shift
a little due to HgBry formation. With the minimum addition of
HBr at 3 ppm, the maximum percentage of the HgBrn
concentration relative to the total mercury in the flue gas is
only 5% at about 550 °C. HgCl, and Hg(0) are still the major
mercury species in the flue gas. Increasing the HBr concentration
to 30 ppm can increase the maximum equilibrium concentration
of HgBr; to 60% at about 550 °C, and simultaneously, the
temperature range of the equilibrium curve of HgBr is

. expanded. Corresponding to the actual test conditions in this

study, in which the temperature is around 330 °C, the maximum
HgBr; occurrence in the flue gas at equilibrium status is less
than 5% with the addition of HBr below 30 ppm. Decreasing
HCI concentrations in the flue gas by half can increase the
equilibrium concentrations of HgBrz, However, the maximum
HgBr, occurrence at the equilibrium status is still below 15%
with the minimum addition of HBr, which is 3 ppm in the whole
occurrence temperature of HgBr, (indicated in Figure 3).

For the typical coal-fired flue gas of PRB with low sulfur
and chlorine contents, it was indicated in Figure 4 that more
than 90% of the mercury occurred as HgCl, when the temper-
ature was below 400 °C at the equilibrium state. Hg(0) is the
major mercury species when the temperature is above 600 °C
at equilibrium status. It seems that the temperature range for
the simultaneous occurrence of Hg(0) and HgCl, shifts to a
lower temperature, in comparison with the case of a higher

$02-1000 ppm, NO=300 ppm, HCI=150 ppm

120
-J-HgCI2 - 0 ppm HBr - Hg(0} - 0 ppm HEr -g- HgCl2 - 3 ppm HBr ~&-HgBr2 - 3 ppm HBr
-01- Hg(0) - 3 ppm HBr ‘B-HgCl2-30ppmHBr  -A-HgBr2-80ppmHBr -0 - Hgl0) - 30 ppm HBr
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Figure 2. Equilibrium mercury species under typical flue gas conditions of bituminous coal with high sulfur and chlorine contents,
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Figure 3, Equilibrium mercury species under typical flue gas conditions of bituminous coal with high sulfur and medium chlorine contents.
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Figure 4. Equilibrium mercury species under typical flue gas conditions of PRB coal with low sulfur and chlorine contents.

chlorine concentration in the flue gas. After HBr addition begins
at 3 ppm, HgCl, and Hg(0) equilibrium curves shift largely to
low temperature and high temperature, respectively. The tem-
perature range for the HgBr, occurrence is also widening within
range of 200—800 °C. These shifts are dependent on HBr
addition concentrations, With the minimum HBr, addition
concentration at 3 ppm, the maximum percentage of HgBr,
relative to the total mercury in the flue gas can be reached at
about 80% at a temperature of 500 °C. Increasing the HBr
addition concentration to 30 ppm will continue to enlarge the

temperature range of HgBr, occurrence and increase the
maximum equilibrium concentration to 100% occurrence of
HgBr;, in the flue gas. However at temperatures below 330 °C,
which is of interest in this study, the maximum occurrence of
HgBr; in the flue gas is only about 35% for the addition of
HBr at 3 ppm.

3.2, Effects of HBr Addition on Mercury Transformation
under a Bituminous Coal Atmosphere. The variation of
speciated mercury, monitored by the Hg-CEM system, in two
tests of HBr addition at 3 ppm under a bituminous coal
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at 3 ppm and trial 2 at 3 ppm).

5. Effect of HBr addition on mercury speciation in a slipstream facility under a typical bituminous coal atmosphere (HBr addition trial 1

Table 4, Summary of Test Results

test condition SCEM data (at 3% O,) dry basis

OHMethod data (at 3% O;) dry basis

ER inlet Hg ER outlet Hg CP outlet Hg ERinlet Hg ER outlet Hg CP outlet Hg
7(°C) (ng/N m®) (ng/N m?) (ng/N m?) (ug/N m’) (ug/N m’) (ug/N m%)
ER ER APH cooling HBr Hg Hg % Hg Hg % Hg Hg % Hg Hg Hg % Hg Hg Hg % Hg Hg Hg %
in out out rate(F/s) (ppm) (0 (D) Hg(® (0) () Hg0) (© (1) Hg®) (© @H (M) Hg® ©) @H (N Hg(0) (0) (2+) (T) Hg(0)
# Bituminous Coal test g
322 293 0 6612 12950 51.1 5016 12215 4l.1 6.72 4.65 1137 59.1 455 731 11.86 384
322 293 3 6581 11849 555 2015 11006 18.3 7.9 3.96 11.86 66,6 1.47 1021 11.68 12.6
322 293 0 5770 11674 49.4 3980 11857 33.6
322 293 3 7068 11839 59.7 2340 6971 33.6
PRB Coal Test

341 330 0 8937 11635 76.8 8149 11534 70.7
341 330 0 9342 11721 79.7 9216 11483 80.3
341 330 0 7241 10135 71.4 7031 10369 67.8 74 12 86 8 495 231 726 682
341 330 282 15 8332 10998 75.8 919 10765 8.5 637 233 87 73 125 596 721 173
344 329 165 400 0 7793 10337 75.4 7811 9688 80.6 5863 7451 78.7
344 328 163 400 6 6621 9787 677 934 7163 13.0 654 2123 30.8 7.91 092 883 90 252 6.08 86 293 0 345345 0
340 321 230 400 0 5124 8691 59.0 5107 9372 54.5 3980 5576 71.4
344 321 227 400 3 5249 8141 645 892 9175 9.7 308 3398 9.1 0 3.68 3.68 0

atmosphere is presented in Figure 5. Before HBr addition started,
a baseline test was conducted until the speciated mercury
concentration stabilized with a variation within 10%. The
baseline tests indicated that Hg(0)/Hg(VT) (Hg(VT) is the total
vapor phase mercury, which is the sum of Hg(0) and Hg(2+))
was about 55% at the ER inlet and 40% at the ER outlet, which
is the typical mercury speciation at a higher temperature of about
330 °C by burning bituminous coal with a high chlorine content.
In the first trial of HBr addition at 3 ppm, Hg(VT) at the ER
outlet remained constant, which is the same as that at the ER
inlet location. There was no evidence to show that HBr addition
impacted the adsorption of the speciated mercury on fly ash in
the flue gas at approximately 330 °C. However, Hg(0)/Hg(VT)
decreased dramatically starting at its baseline concentration of
about 40% to 18% during HBr addition at 3 ppm, above 20%
of the additional Hg(0) oxidation rate. The elemental mercury
concentration came back to its baseline level after the HBr
addition stopped. However, this recovery process was slow and
lasted for 2 h in the first trial. A memory effect of adding the
HBr seemed to be left in the slipstream reactor after HBr

addition stopped. The OH Method data, for validation of the
Hg-CEM data, are shown in Table 4. The ratio of Hg(0) and
Hg(VT) at the ER outlet decreased from 35.7 to 12.6% with an
additional drop of about 20% by the OH Method data, which
supported the validation of Hg-CEM data observed at the first
trial of the HBr addition at 3 ppm. However, test results from 1
SCEM and OH Method disagreed with the maximum occurrence
of 5% HgBr;, from the thermodynamics predictions. It seems
that additional mercury oxidation cannot be directly associated
with the new Hg(2+) species, such as HgBr, with HBr addition
in the flue gas.

For data validation, confirmation tests during HBr addition
were conducted in the second trial with the same HBr addition
concentration at 3 ppm. Differing from what we found in the
first trial, Hg(VT) underwent a decrease of almost 50% and
greatly fluctuated, except for the simultaneous decrease of Hg(0).
It seems that adsorption of speciated mercury occurred some-
where in the sampling system. We purged and cleaned the
sampling probe and the mercury speciation module during the
HBr addition period. We could recover some of Hg(VT) but
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Figure 6. Effect of HBr addition on mercury speciation in slipstream facility under typical PRB coal atmosphere (HBr addition trial 1 at 15 ppm).
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Figure 7. Effect of HBr addition on mercury speciation in slipstream facility under typical PRB coal atmosphere (HBr addition trial 2 for test 1

at 6 ppm and test 2 at 3 ppm).

not Hg(0). After the HBr addition stopped, the Hg(VT) varied
and could not return to its baseline level automatically until
the purging of the probe stopped. The memory effect of the
HBr addition occurred after HBr addition was conducted. We
noticed the probe heating system’s failure, which resulted in a
temperature drop in some parts of the inertial sampling probe
during the second trial of the HBr addition. Fly ash deposition
was found inside the inertial sampling probe. This was the result
of moisture condensation and ash deposition after the temper-
ature dropped. It seems that low temperatures could greatly
impact mercury adsorption of the fly ash under the conditions

of HBr addition. This resulted in a measurement bias at the ER
outlet location in the second trial.

3.3. Effect of HBr Addition on Mercury Speciation under
a PRB Coal Atmosphere, The variation of speciated mercury
at different HBr addition concentrations with PRB coal are
presented in Figures 6 and 7, respectively. The baseline tests
were conducted until the speciated mercury concentration
stabilized within a 10% variation before HBr addition began.
The baseline tests indicated that Hg(0)/Hg(VT) was varied
between 70 and 80% in the flue gas, which is the typical
mercury speciation at a higher temperature of about 330 °C by



£
g

PN

A=,

A,

AR

1,

g

iy,

T,

ETEN

Investigation of Mercury Transformation by HBr Addition

burning PRB coal with a lower chlorine content. In the first
trial of HBr addition at 15 ppm, Hg(VT) at the ER outlet
followed the trend of Hg(VT) at the ER inlet and was kept
almost constant (see Figure 6). There is no apparent evidence
to show that HBr addition conld impact mercury adsorption on
the fly ash at a higher temperature of about 330 °C by burning
PRB coal. However, the strong effect of HBr on mercury
oxidation was found because Hg(0) underwent a dramatic
decrease by about 70% as compared to its baseline concentration
after HBr addition started. The recovery of Hg(0) to its baseline
level was still slow and took about 2 h after HBr addition
stopped in the first trial. The memory effect of HBr addition
remained in the system after HBr addition stopped because probe
purging and SCEM system cleanup did not help this recovery
process. The test by the OH Method during the HBr addition
at 15 ppm indicates that Hg(VT) was consistent with its baseline
concentration of less than 10%. An apparent oxidation effect
was confirmed by the OH Method that Hg(0)/Hg(VT) decreased
dramatically from 68.2% at baseline conditions to 17.3% by
about 50,9% during HBr addition at 15 ppm. Results from both
Hg-CEM and OH Method confirmed the strong effect of the
HBr addition on mercury oxidation in the flue gas atmosphere
of PRB coal at higher temperatures of about 330 °C.

‘The second trial of HBr addition using the flue gas of PBR
coal was conducted when the CP was combined with the ER
slipstream reactor to study the temperature effect on mercury
oxidation and adsorption, Results from Hg-CEM monitoring
were at three test locations: the ER inlet, the ER outlet (also
the CP inlef), and the CP outlet (shown in Figure 7). Hg(VT)
at the ER ouflet was consistent with that at the ER inlet.
However, it was higher than that at the CP outlet due to mercury
capture by fly ash at a lower temperature of the CP. The first
addition of HBr during this term was about 6 ppm. After HBr
addition, there was an apparent decrease of both Hg(0) and
Hg(VT) at the ER outlet while Hg(0) and Hg(VT) at the ER
inlet were relatively stable. However, the Hg(0) ‘oxidation was
found because the extent of the decrease of Hg(0) was much
larger than that of Hg(VT) at the ER outlet during the HBr
addition. At the same period, both Hg(0) and Hg(VT) decreased
simultaneously by almost the same extent of about 70% at the
CP outlet where the temperature was controlled at about 170
°C, An apparent oxidation effect was also confirmed by the
OH Method because Hg(0)/Hg(VT) decreased dramatically by
over 60% at the ER outlet location (from 90% at the ER inlet
location to 29.3%) during HBr addition at 6 ppm. He(VT)
dropped from about 9 to 3.5 ug/N m® at the CP outlet. This
indicates a dramatic decrease of mercury with HBr addition as
the temperature decreased. After HBr addition stopped, both
Hg(0) and Hg(VT) at the ER and CP outlets could be recovered
slowly to their baseline levels. Hg(VT) at the ER outlet was
eventually greater than that at the ER inlet but not for that at
the CP outlet. This indicates that mercury re-emission should
be occurring within the sampling system at the ER’s CP outlets.
The second HBr addition was conducted at 3 ppm after both
Hg(0) and Hg(VT) returned to their baseline. Similarly, Hg(0)
underwent a dramatic decrease at both locations of the ER outlet
and the CP outlet. Hg(VT) at the ER outlet just underwent a
small decrease, as compared to a large decrease of Hg(VT) at
the CP outlet. An apparent oxidation effect was confirmed at
the ER outlet where Hg(0)YHg(VT) decreased dramatically by
about 55% at the ER outlet location (from 64.5% at the ER
inlet location to 9.1%) during the HBr addition at 3 ppm.
Hg(VT) dropped from about 9 to 3.7 ug/N m? at the CP outlet.
We should point out that we focused on the expected variation
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of mercury concentration at the outlet locations by HBr addition.
Thus, rare data were obtained at the inlet location due to the
availability of SCEM. Our previous experience on investigations
on the stable concentrations of speciated mercury at the inlet
location seemed valid if the boiler load was kept constant.
The mercury oxidation rates by experimental results from both
Hg-CEM and OH Method disagreed with those predicted by

-thermodynamics analysis under the same conditions with PRB

coal. With HBr addition at 3 ppm in the PRB flue gas, the
maximum percentage of HgBrz was just 35%, as compared to
an additional Hg(0)/Hg(VT) drop of over 50%. This may imply
that the additional mercury oxidation cannot be solely associated
with the formation of HgBr, by HBr addition. The possible clues
to this disagreement may refer to the availability of other more
active oxidation agents, which can greatly improve mereury
oxidation kinetics without limiting the occurrence of HgCl, by
the thermodynamic equilibrium at temperatures around 330 °C.
The availability of this active chlorine species may come from
the activation of the stable chlorine species being attacked by
the bromine species. Some of inter-halogens, such as BrCl, can
be formed under thermodynamically stable conditions. It may
subsequently cause the improvement of Hg oxidation kinet-
1cs 3031

3.4, Characterization of Ash Samples from HBr Addition
Tests. Additional tests were conducted in a 1 in, lab-scale fixed
bed reactor at approximately 300 °C, in which fly ash from
biturninous coal was loaded, Fly ash was collected from the
ESP hopper during HBr addition tests. The Hg(0) stream and
HBr stream were delivered to the fixed bed subsequently or
simultaneously to investigate the mechanisms of mercury
adsorption by brominated fly ash and its temperature range. It
was found that the mercury content of treated fly ash under
higher temperatures (about 300 °C) did not change. However,
the brominated fly ash, which was made by first delivering HBr
to the fly ash sample in the fixed bed, did not capture any Hg(0)
by subsequent addition in the Hg(0) stream, as shown in Figure
8 as Ash-B+SE(HBr+Hg(0)). Original mercury on the bromi-
nated fly ash (Hg(P)) was also almost entirely lost. Another
test delivered HBr and Hg(0) simultaneously on the loaded fly
ash in the fixed bed, as shown in Figure 8 as Ash-B+SI-
(HBr+Hg(0)). This indicates the loss of Hg(P) in the fly ash,
as compared to that of its original Hg(P) content in the fly ash.
In both of these cases, the Br content in the fly ash was
concentrated above 800 ppm, as compared to that in the original
fly ash, which was under the detection limit. It seems that the
bromine species on the fly ash caused the fly ash bound mercury
to desorb under temperatures as high as 300 °C,

Fly ash, collected from both the slipstream facility and the
ESP hopper of the boiler during HBr addition tests with PRB
coal, were subjected to the determination of their mercury and
bromine contents. Hg(P) in the ESP fly ash from the full-scale
boiler was about 0.1 ppm. Hg(P) in the fly ash collected from
the sampling location of the slipstream facility’s CP outlet varied
between 0.7 and 1.7 ppm. It was surprising to find that the
bromine contents in all fly ash samples, during HBr addition
from different sampling locations, were all under the detection
limit. It seemed that Hg(P) in ash was independent of the
bromine content on the fly ash, even at lower temperatures.

(30) Yeo, G. A,; Ford, T. A, Conformationat Preferences of the Structures
and Energetics of the Molecular Complexes of Trifluoride with Some
Hydrogen Halides, Halogens, and Interhalogens. J. Mol. Struct. 2006, 1—8.

(31) Calvext, J. G,; Lindberg, S. E. A Modeling Study of the Mechanism
of the Halogen—Ozone—Mercury Homogenerous Reactions in the Tropo-
sphere during the Polar Spring. Amios. Environ. 2003, 37, 4467—4481.
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Figure 8. Variation of mercury content with the bromine content in the fly ash.

Results from the lab-scale fixed bed test provided evidence
of the interaction of fly ash and bromine. First, under temper-
atures as high as 300 °C, mercury could not be captured on the
fly ash, even when the fly ash was brominated. Second, there
was a possibility that the original mercury reacted with bromine
on the fly ash surface and was subsequently transferred to the
gas phase. The bromine could extrude the originally captured
mercury Hg(P) on the fly ash under high temperatures. Third,
retaining HgBr; on the fly ash may occur as the temperature
decreases, but it could be independent of the availability of the
bromine species on the fly ash surface. Reaction between
mercury and bromine species occurred in the gas phase.

4. Discussion

The test results strongly suggest that bromine addition could
result in enhanced mercury oxidation and adsorption on the fly
ash in the two typical flue gas atmospheres by buming
bituminous coal and sub-bituminous coal. The interaction
between HBr and mercury was different under higher temper-
ature range (300—350 °C) and lower temperature ranges (150—
200 °C). Higher temperatures promote mercury oxidation but
inhibit mercury adsorption on the fly ash. The enhanced mercury
oxidation rate by HBr addition resulted from the improved
kinetics of the elemental mercury oxidation. Lower temperatures
strongly promote mercury adsorption on the fly ash in this study.
A higher content of Fe;O3 and LOI and a lower content of CaO
were found in bituminous coal ash. However, test results did
not provide any clear correlation between these fly ash
constitutes on the enhanced mercury oxidation, although previ-
ous studies suggested that Fe,O3 and unburmed carbon may be
attributed to mercury transformation under a chlorine-dominant
flue gas atmosphere,28:32-36

(32) Niksa, S.; Helble, J. J.; Fujiwara, N. Interpreting Laboratory Test
Data on Homogeneous Mercury Oxidation in Coal-Derived Exhausls,
Presented at the 94th Annual Mecting of the Air and Waste Management
Association, Orlando, FL, June 24—28, 2001; paper 86.

Under temperatures as high as 330 °C, thermodynamics
studies indicated that there is a limited HgBr, occurrence in
the coal-fired flue gas but not for HgCl,, which can proceed to
100% conversion in the temperature range of this study if the
kinetics of mercury oxidation by chlorine is quick enough. The
enhanced mercury oxidation rate by bromine addition in this
test exceeded the limitation of the thermodynamics prediction.
This may indicate that HgBr, formation was not the only new
product by bromine addition. It is possible that simultaneous
formation of HgBr, and HgCl, occurred. Bromine seems to have
the capability of attacking a chlorine species in the flue gas to
promote the generation of activated chlorine, which is involved
in improving the kinetics of mercury oxidation. This may explain
why the total mercury oxidation rate exceeded the thermody-
namics limitation on the maximum occurrence of HgBr,. Under
lower temperature ranges, test results in both present study and
previous studies?”3® supported the affinity of mercury on the
surface of the fly ash or brominated adsorbents or fly ashes.
For example, the brominated activated carbon could be used as

(33) Ghorishi, S. V.; Lee, C. W.; Kilgroe, J. D. Mercury Speciation in
Combustion Systems: Studies with Simulated Flue Gas and Model Fly Ash,
Presented at the 92nd Annual Meeting of the Air and Waste Management
Association, St, Louis, MO, June 20—24, 1999; paper 199.

(34) Olson, E. S.; Mibeck, B. A.; Benson, S. A.; Laumb, J, D.; Crocker,
C. R.; Dunham, G. E.; Sharma, R. K,; Miller, S. J.; Pavlish, J. H. The
Mechanistic Model for Flue Gas Mercury Interaction on Activated
Carbons: The Oxidation Site. Prepr. Pap.—Am. Chem. Soc., Div. Fuel
Chem. 2004, 49, 279—280.

(35) Rodriguez, S.; Almquist, C.; Lee, T. G.; Furuuchi, M.; Hedrick,
E,; Biswas, P. A Mechanistic Model for Mercury Capture with in Site-
Generated Titania Particles: Role of Water Vapor. J. Air Waste Manage.
Assoc. 2004, 54, 149—156.

(36) Landreth, R.; Miller, J.; Rogers, W.; McCoy, M.; McMurry, R.;
McGinnis, D. G.; Corey, Q.; Brickett, L. Full-Scale B-PAC Mercury Control
with Bituminous, Sub-bituminous, Lignite, and Blended Coals with Cold-
Side ESPs, Fabric Filters, and a Hot-Side ESP, 8th Annual Joint EPA,
DOE, EEI, EPRI Conference on Air Quality, Global Climate Change, and
Renewable Energy, Tucson, Arizona, January 24—26, 2005.

(37) Nelson, S., Jr.; Zhou, Q.; Miller, J. Novel Duct-Injection Mercury
Sorbents, Presented at the Air Quality III Conference, Arlington, VA, Sept
9—12, 2002.
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Investigation of Mercury Transformation by HBr Addition

an effective adsorbent to capture mercury in utility boilers by
comparison to its parent activated carbon. The temperature
ranges were an important factor for mercury capture by the
brominated surface of solids. The brominated fly ash at the
higher temperature of 330 °C did not show any mercury capture
capability, which was indicated by the results from both the
slipstream tests and the lab-scale fixed bed tests, Bromine
species even caused the fly ash bound mercury to desorb under
these higher temperatures.

Vosteen and et al. proposed possible mechanisms for
enhanced mercury oxidation by the addition of the bromine
species based on their extensive studies.'® He pointed out that
both the free bromine molecule (Brp) and the free chlorine
molecule (Cly) were more active for mercury oxidation than
HBr and HCl; see eqs 1 and 2, respectively. However, the
bromine Deacon reaction produced more free Bry, as shown in
eq 3, than the chlorine Deacon reaction producing the chlorine
molecule (Clp), as shown in eq 4. The reason for enriched Br,
in the flue gas by bromine species addition is because less Bry
could be consumed by SO,, which is generally the main acid
species in the coal-fired flue gas. The chlorine molecule, which
was consumed by SO; as shown in eq 5, unfortunately could
not largely exist in the coal-fired flue gas, However, it was

noticed that bromine addition in the flue gas was conducted by .

co-combustion of the bromine species and coal in Vosteen’s
tests and that the oxidized mercury also included both HgBr;
and HgCl, in their tests.!® That means that the bromine species
had enough residence time {several seconds) to produce Bra,
Even in this longer residence time, Br, could not convert all
mercury to HgBr, and left some Hg(0) to react with the Cl
species to produce HgCly. The chlorine species seemed to be
involved in competition with the bromine species on the mercury
oxidation process. This evidence could support our findings by
thermodynamics predictions that there existed a limited mer-
cury oxidation by the bromine species. Considering our study’s
test conditions where the residence time of the flue gas in the
ER was about I s, which may be too short for total conver-
sion of HBr to Bry, there must be other mechanisms regard-
ing mercury oxidation with both bromine and chlorine spe-
cies in the flue gas, Thermodynamics predictions provide the
evidence of the maximum conversion rate of the reaction. The
conversion rate of every reaction cannot exceed this line
since the limitation of actual kinetics exists. To determine the
conflict and thermodynamics prediction and fest results, the
occurrence of the intermediate species of BrCP%3t3? was
proposed in this study, which brought in the competition of
chlorine on mercury oxidation by bromine addition. Sulfur
oxide in the flue gas, dependent on its concentration, will
consume the available activated chlorine species based on
Vosteen’s theory.!® The reduced oxidation rate by bromine
addition under the flue gas atmosphere with a higher SO,
concentration by burning bituminous coal seems to support this
mechanism. BrCl could be generated or depleted as shown in
eqs 6—8, Consequently, mercury is oxidized in the reaction
shown in eq 9. All reactions listed in this study are presented
as global reactions.

(38) Zhou, Q.; Nelson, §,, Jr.; Nelson, B. Mercury Sorbent that Allows
Fly Ash Use in Concrete, Presented at the Air Quality 1V Conference,
Arlington, VA, Sept 2224, 2003,

(39) Carpenter, L. J; Hopkins, J. R.; Johns, C. E.; Lewis, A. C,;
Parthipan, R.; Wevill, D. J; Poissant, L.; Pilote, M.; Constant, P, Abiotic
Source of Reactive Organic Halogens in the Sub-Arctic Atmosphere?
Environ, Sci. Technol. 2003, 39, 8812—8816.

Energy & Fuels, Vol. 21, No. 5, 2007 2729

Hg + Br, = HgBr, €))

Hg + Cl, =HgCl, @

4HBr + 0, = 2Br, + 2H,0 3
4HCl + O, =2Cl, + 2H,0 4)
80, -+ Cl, + H,0 = 80, + 2HCl1 ©)
HBr -+ HCl + 1/20, =BrCl + H,0 )
Br, + HCl= BrCl + HBr @)
2BrCl = Br, + Cl, ®

Hg + 2BrCl = HgBr, + HgCl, ®

Mercury oxidation, associated with the Br species in the flue
gas, actually occurs through two modes. The first was homo-
geneous in the gas phase, whose global reactions are shown in
eqs 1,2, and 9. The second was heterogeneous in nature, which
occurred on the interface of the fly ash. Actual bonding between
mercury and bromine on the fly ash surface was a definite initial
step in the heterogeneous mode, which was further dependent
on temperature. The weak bonding with fly ash resulted in the
oxidation of mercury at higher temperature range. However, it
may be developed into mercury adsorption on the surface of
fly ash if this bonding is strong enough. Thus, fly ash can
function as a mercury oxidation catalyst or a mercury adsorbent
to retain the speciated mercury on its surface. Some fly ash-
related mercury adsorption phenomena by the bromine addition
supported the heterogeneous mechanism mentioned previously
and also indicated the importance of the sampling method used
in the study. We also noticed the complication of the complete
explanation of the phenomena, which needs to be further studied.

Interaction of bromine and speciated mercury on the fly ash
surface should be in the dynamics equilibrium status of
adsorption and desorption, even at higher temperature ranges.
This dynamics adsorption equilibrium can be changed in two
directions by the variation of the flue gas conditions, Either the
mercury was oxidized and subsequently kept out of the fly ash
surface or it was retained on the fly ash surface. At higher
temperatures, the dynamic adsorption and desorption equilibrium
will shift to desorption of the oxidized mercury. Thus, there
was a lesser possibility that speciated mercury could be retained
on the surface of fly ash. At lower temperatures, there will be
a reversion process that will be more favorable to retaining the
captured mercury on the fly ash surface. In Figure 7, both
Hg(VT) peaks at the ER outlet at approximately 330 °C and
the outlet of the CP at approximately 170 °C appeared after
stopping the HBr addition. The Hg(VT) peak at the CP outlet
could be a possible consequence of the Hg(VT) peak at higher
temperature areas in the ER because there was not enough time
to capture mercury with concentrations suddenly increasing. In
the ER, it seems that adsorped bromine during bromine addition
and adsorped mercury on the fly ash continued to react and
then abruptly left the fly ash surface in the gas phase when
bromine addition stopped. The elemental mercury in the flue
gas also continued to be reacted with the adsorped bromine and
thus made the Hg(0) recovery process slow down as indicated
in the memory effect. Becanse of the fact that the bromine
functioned differently at different temperature ranges, bias with
a failure of the control temperature was attributed to some results
in some cases in this study. For example, in Figure 5, Hg(VT)
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at the ER outlet occasionally decreased under HBr addition.
Thus, frequent cleaning of the sampling probe and monitoring
the status of the sampling probe was very important when the
interaction of fly ash and mercury was prominent,

5. Conclusion

Mercury could be strongly oxidized or associated with fly
ash with the addition of bromine in flue gas atmospheres by
burning bituminous and PRB coal, Fly ash was an important
factor in both mercury oxidation and adsorption with the
bromine species available in the flue gas. However, it functioned
differently under higher and lower temperature ranges. Higher
temperatures (in a range of 300—350 °C) promoted mercury

. oxidation by bromine species but not mercury adsorption. Lower
temperatures (in a range of 150—200 °C) enhanced mercury
adsorption on the fly ash with the bromine species available in
the flue gas. Flue gas atmospheres of different coals, such as
bituminous and PRB, were shown to impact the mercury
transformation by bromine addition, which was based on both
test results and thermodynamics predictions. The chlorine
species seemed to be involved in its competition with the
bromine species on the mercury oxidation process. Thermody-
namic equilibrium analyses indicated that gaseous HgBr, was
possibly formed at a maximum of 5% at equilibrium conditions
under bituminous coal atmosphere and increased up to 35%
under the PRB coal atmosphere at typical temperatures of the
upstream APH in a utility boiler (approximately 350 °C). The

disagreement in the thermodynamics predictions and test results -

Cao el al.

may indicate more complicated mercury oxidation mechanisms
with HBr addition in the flue gas. One of these might be that
bromine promoted the generation of the activated chlorine
species, which may enhance the kinetics of Hg(0) oxidation with
the chlorine species, However, depending on its concentration,
S0; in the flue gas will consume the available activated chlorine
species., Thus, the higher mercury oxidation rate by bromine
addition under flue gas by burning PRB coal may be associated
with the lower SO; concentration in such a flue gas.
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This paper presents a comparison of impacts of halogen
species on the elemental mercury (Hg(0}) oxidation in a real coal-
derived flue gas atmosphere. It is reported there is a higher
percentage of Hg(0) in the flue gas when burning sub-bituminous
coal (hersin Powder River Basin (PRB) coal) and lignite,

even with the use of selective catalytic reduction (SCR). The
higher Hg(0O)concentration in the flue gas makes it difficult to use
the wet-FGD process for the mercury emission control in coal-
fired utility boilers. Investigation of enhanced Hg{0) oxidation
by addition of hydrogen halogens (HF, HCI, HBr, and HI) was
conducted in a slipstream reactor with and without SCR catalysts
when burning PRB coal. Two commercial SCR catalysts

were evaluated. SCR catalyst no. 1 showed higher efficiencies
of both NO reduction and Hgl0} oxidation than those of SCR
catalyst no. 2. NH; addition seemed to inhibit the Hg(0) oxidation,
which indicated competitive processes between NH; reduction
and Hg(0) oxidation on the surface of SCR catalysts. The
hydrogen halogens, in the order of impact on Hg(0) oxidation,
were HBr, Hl, and HCl or HF. Addition of HBr at approximately

3 ppm could achieve 80% Hg(0) oxidation. Addition of HI

at approximately 5 ppm could achieve 40% Hg(0) oxidation. In
comparison to the empty reactor, 40% Hgl0) oxidation could
be achiaved when HCl addition was up to 300 ppm. The enhanced
Hgl0) oxidation by addition of HBr and HI seemed not to be
carrelatedtothe catalytic effects by both evaluated SCR catalysts.
The effectiveness of conversion of hydrogen halogens to
halogen molecules or interhalogens seemed to be attributed
to their impacts on Hgl0) oxidation.
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1. Introduction

Studies of the occurrence of speciated mercury (Hg) in flue
gas are critical for reasons associated with both their
environmental impacts and effective control by conventional
air pollution control devices (APCDs) in coal-fired utility
boilers (1-8). Mercury can be oxidized by the chiorine species
in coal-fired flue gas. This oxidation process is likely to be
enhanced by selective catalytic reduction (SCR) catalysts
(4-9). The oxidized mercury could be easily captured by the
wet flue gas desulfurization process (W-FGD) (10-14).
Therefore, the combined utilization of SCR and W-FGD in
coal-fired utilities has been regarded to be an economic
means for multiple controls of SO,, NO, and mercury (Hg).
However, this works well for utilities when burning bitu-
minous coals, but does not work well for utilities when
burning Powder River Basin (PRB) coal. Thus, mercury control
at utilities burning PRB coal has faced more challenges (1).
PRB coal or lignite, with lower sulfur and chlorine content,
is cheap and plentiful in the South Central (Texas) and North
Central (Wyoming, Montana, and South Dakota) areas of
the U.S. (15). They are widely used by American coal-fired
utilities. However, lower chlorine content in PRB and lignite
is reported to be associated with their lower Hg(0) oxidation
even with the enhancement effect of SCR. Methods to
effectively convert Hg(0) to Hg(2+) (the oxidized mercury)
seem very critical for utility boilers where PRB coal or lignite
is burned.

Generally, chlorine is the major halogen species in coals
(16). According to the United States Geological Survey (USGS),
there are some halogens other than chlorine, such as fluorine,
bromine and iodine in coals (17-19). Chlorine and fluorine
content in PRB coal is generally comparable, but always
100—1000 times higher than the bromine and iodine contents,
which is too low to be detected by ASTM methods (20). This
was why very few reports were made on halogens other than
chlorine, Most previous studies indicated the correlation
between chlorine and Hg(0) oxidation was largely scattered
(1, 3), which inspired us to investigate the possible impact
of halogens on Hg(0) oxidation and their mechanisms. This
work attempts first to investigate performance of the SCR
catalyst in PRB coal flue gas, including the impact of flue gas
composition of PRB coal on NO; reduction and Hg(0)
oxidation under SCR conditions. Second, to explore impacts
of hydrogen halogens on Hg(0) oxidation and their mech-
anisms. Answering these questions could allow utilities to
use some additives with or without SCRs as part of mercury
compliance planning, This work was accomplished using a
slipstream facility. The greatest benefits of slipstream tests
can be flexible control and isolation of specific factors.

2. Experimental Section

Test Utility, Slipstream Facility, and SCR Catalysts. The
detailed information on test utility, the schematic of the
experimental setup and quality assurance and quality control
{QA/QC) of mercury measurement can be found in previous
studies (8, 21). The average temperature of the SCR facility
in this study varied between 620 and 690 °F, which was
dependent on boiler loads when tests were conducted. The
residence time of flue gas inside the slipstream reactor was
controlled to be about 1 s, When the SCR catalystwas loaded,
the space velocity (the ratio of volumetric gas flow to catalyst
volume) was set at 3600 h~!, Two tested honeycomb SCR
catalysts were provided by two commercial vendors, CORME-
TECH, Inc. and BASF/CERAWM, Inc. The pitch sizes and cell
numbers are 8.4 mm and 18 x 18 for catalyst no. 1

10.1021/es071281e CCC: $40.75  © 2008 Amerlean Chemical Society
Published on Web 11/30/2007




(CORMETECH, Inc.), and 10 mm and 15 x 16 for catalyst no.
2 (BASF/CERAM, Inc.). The main components of both these
two SCR catalysts are V,05—WO3—TiO,.

Characterizations of Coal, Ash ,and Flue Gas of PRB
Coal. Coal was sampled as it was transferred into the coal
bunkers. The sampled coal represents coal fueled to the test
unit, Ash is a composite of all fly ash removed from the
electrostatic precipitator (ESP) hoppers from the test unit.
The coal and ash analysis results are shown in Table S1 in
the Supporting Information (SI). Analysis methods and QA/
QC procedures can be found in ref 21, There were three
testing phases in this study. During phase 1, tests without
SCR catalysts in the slipstream reactor were conducted. The
average sulfur, chlorine, and mercury contents in the PRB
coal burned were about 0.37%, 72 ppm, and 0.08 ppm. The
bromine and iodine contents in tested coals were under the
detection limit (less than 5 ppm). During phase 2 and phase
3, tests with SCR catalystno. 1 and no. 2in the SCRslipstream
reactor were conducted, respectively, The average sulfur,
chlorine, and mercury contents in the burned PRB coal were
approximately 0.44%, 127 ppm, and 0.07 ppm in the second
phase and 0.39%, 88 ppm, and 0.09 ppm in the third phase.

Additive Injections. NH3, HCIl, and HBr gases were
injected in the slipstream reactor by the control of a mass
flow controller (MFC). HIand HF were injected using Hland
HEF solutions. Static mixers in the slipstream reactor ensured
good mixing of additives and the flue gas. All additives were
injected through several ports, which were located after the
mercury sampling port at the SCR inlet, thus keeping the
inlet sampling port unaffected by additives. In this study,
the additional concentration of the individual additives or
spike gases in the flue gas were controlled at ranges of 0—300
ppm for HCI, 0—9 ppm for HBr, 0—20 ppm for HF, and 0-15
ppm for HI. .

SCR Slipstream Facility and Mercury Measurement, In
this study, the SCR slipstream reactor was used as the testing
facility, The detailed description of this facility, along with
mercury measurement methods, are shown in ref 9,

" 3. Results and Discussion :

3.1. Performances of NO (Nitric Oxide) Reduction by SCR
Catalysts. The reduction performance of the two SCR
catalysts were evaluated by monitoring the NO concentration
attheinletand outletlocations of the SCR slipstream reactor.
IMR combustion-gas analyzer System 5000 with integrated
gas-conditioning system, which is based on electro-chemical
principle (from IMR Environmental Equipment, Inc.) was
used as NO monitor (with detection limit of 1 ppm). Because
of the low-NO burner installed in the test unit, NO concen-
tration, which was introduced into the slipstream reactor,
was found to be low: about 90 ppm (with 3% O, correction)
at the SCR inlet location. Under NH3 addition, both SCR
catalysts worked properly in the SCR slipstream reactor.
Lower NO at the slipstream outletlocation could be achieved
by SCR catalyst no. 1 than by SCR catalystno. 2. A 92.5% NO
reduction was observed by SCR catalyst no. 1 and 86.5% of
NO reduction by SCR catalyst no. 2 when NHa:NO was close
to 1, as indicated in SI Figure S1. The corresponding NO
concentrations at the slipstream outlet were 6 and 12 ppm
(3% O; correction), respectively.

3.2, Effects ofHalogen Additions on Mercury Oxidation,
Hg(0) oxidation in the SCR may occur through two processes
(8, 22-24), (1) homogeneous oxidation, which occurs in the
gas phase, and (2) heterogeneous oxidation, which occurs
on the interface of solids (SCR catalyst or fly ash). To
determined the contribution of SCR on Hg(0) oxidation, two
kinds of tests were conducted. Tests with the empty bed of
the slipstream reactor were conducted to investigate the
possible Hg(0) oxidation mechanism including both Hg(0)
homogeneous oxidation and Hg(0) heterogeneous oxidation
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O HCltsst 1,emply bed, T=345F

0% © HCL Calalyst#1,NH3 on, 3600hr-1, 670 F
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FIGURE 1. Effect of HCI addition on Hg(0) oxidation.

by interaction with “in-flight” fly ash. Tests with SCR catalyst
in the SCR slipstream reactor were conducted to investigate
the additional Hg(0) oxidation compared to the tests in the
emptybed. The comparison of Hg(0) oxidation rates between
two kinds of tests should be solely due to the catalytic effect
of the SCR catalyst, Results were presented as the incremental
percentage variation between the Hg(0) concentration at the
SCR reactor inlet, (Hg(0)in), and the Hg(0) concentration at
the SCR reactor outlet, (Hg(0)our), as indicated in eq (1).

% Hg(0) oxidation = 100* {[Hg(0)]in - Hg(0)]out]/[Hg
’ (0)]in} (1)

3.2.1. Addition ofHydrogen Chloride (HCI). In the coal-
derived flue gases, chlorine is believed to be mainly HCI. It
isamostimportant species affecting mercury oxidation since
the major oxidized mercury species in coal-fired flue gas is
Hg(Cl),. The effects of the spike gas HCl on the Hg(0) oxidation
during tests in the empty slipstream reactor or those in the
SCR slipstream reactor with two catalysts are shown in Figure
1. Whether the SCR catalysts were available or not, HCl
showed a positive impact to increase Hg(2+) in the flue gas
when burning PRB coal in this study. Tests in the empty
slipstream reactor indicated that the percentage of Hg(0)
oxidation increased to 7.9, 15.2, 16.7, 33.5, and 37.5% with
incremented concentrations of HCI at 10, 40, 75, 150, and
300 ppm (total chlorine concentration in the flue gas at
approximately 16.9, 44, 79, 154, and 304 ppm in the flue gas),
respectively. When the HCI addition concentration was
increased to above 150 ppm, the Hg(0) oxidation curve
became flat.

During tests with SCR catalyst no. 1in the SCRslipstream
reactor at a NH;3 addition ratio at 1 (NH3/NO~1), the
percentage of Hg(0) oxidation was largely increased by
approximately 30% in comparison to those under tests in
the empty slipstream reactor at similar HCl addition con-
centrations. With the HCl additions at 100 and 150 ppm, the
Hg(0) oxidation increased to about 62 and 68%, respectively.
During tests with SCR catalyst no. 2 at a similar NH; addition
ratio (NH3/NO~1), the additional oxidations of Hg(0) were
approximately 30 and 45%, respectively at HCI additions at
100 and 150 ppm. The additional Hg(0) oxidation with SCR
catalyst no. 2 over those in the empty slipstream reactor was
approximately only 10% at similar HCI addition concentra-
tions. It was apparently lower than those tests with SCR
catalyst no. 1. Thus, both SCR catalysts were shown to have
catalytic effects, but to a different extent, on Hg(0) oxidation.
For SCR catalyst no. 2, stopping injection of NH; apparently
could improve Hg(0) oxidation by approximately 15%. That
implies NH3 had a negative impact on the Hg(0) oxidation
process, at least for SCR catalyst no. 2. This study confirms
that NO reduction by NH; and Hg(0) oxidation by chlorine
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species simultaneously, but competitively occur on the
surface of the SCR catalysts.

3.2.2, Addition of Hydrogen Fluoride (HF). Fluorine is
another common halogen element in PRB coal, whose
contentvaried between 20 and 50 ppm and was comparable
to that of chlorine (100 ppm on average) in PRB coal, as
indicated in SI Table S1. The effects of spike HF gases on
Hg(0) oxidation during tests in the empty slipstream reactor
and SCR slipstream reactor are shown in Figure 2. In both
cases, HF additions showed a positive impact to increase the
Hg(2-+) in the flue gas of PRB coal. However, the capability
of HF addition on the Hg(0) oxidation seemed limited as that
of HCI. In the empty slipstream reactor, the percentage of
Hg(0) oxidation was only 8.5% with HF addition, concentra-
tion up to 15 ppm (the total fluorine concentration in the
flue gas was approximately 17.5 ppm). In the SCR slipstream
reactor with catalyst no. 1 under the condition of NHj
addition, the Hg(0) oxidations were about 25 and 30% with
the addition of HF at about 3—8 ppm (the total fluorine
concentrations in the flue gas at about 5 and 10 ppm). In the
SCR slipstream reactor with catalyst no. 2, however without
NH; addition, the Hg(0) oxidations were approximately 15,
26, and 34 with HF addition at 3, 13, and 18 ppm (the total
fluorine concentrations in the flue gas at about 5, 15, and 20
ppm). Thus, both SCR catalysts in this study promoted Hg(0)
oxidation in comparison to the case of the empty slipstream
reactor. Considering the negative effect of NH; addition on
the Hg(0) oxidation, SCR catalyst no. 1 should have higher
oxidation activity than catalyst no. 2 during the addition of
HEF.

3.2.3. Addition of Hydrogen Bromide (HBr). The effects
of HBr additions on Hg(0) oxidation in the empty slipstream
reactor and in the SCR slipstream reactor are shown in Figure
3. Whether the SCR catalysts were available or not, HBr
showed a very strong impact in increasing Hg(0) oxidation
in the PRB coal-derived flue gas atmosphere. Tests in the
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empty slipstream reactor indicated the percentage of Hg(0)
oxidation increased to 83 and 85.9% with additional con-
centrations of HBr at only 3 and 6 ppm, respectively. With
the increase of HBr addition concentration from 3 to 6 ppm,
the Hg(0) oxidation curve became flat. This may indicate
thatno apparent additional Hg(0) oxidation could be achieved
by continuous addition of the HBr. During tests with SCR
catalyst no. 1 ata preferred NH; addition ratio (NHa/NO~1),
the percentages of Hg(0) oxidation were approximately 68.2
and 78.9% at HBr addition concentrations of 6 and 9 ppm,
respectively. Ifaddition of NH; was turned off, the percentages
of Hg(0) oxidation were approximately 57.3 and 64.4% at
HBr addition concentrations of 3 and 6 ppm, respectively.
During tests with SCR catalystno. 2, ata similar NHz addition
ratio (NH3/NO~1), the percentages of Hg(0) oxidation were
approximately 74,7 and 83.2% at HBr addition concentrations
of 3 and 9 ppm, respectively. If addition of NH3; was turned
off, the percentages of Hg(0) oxidation were approximately
81 and 84.2% at HBr addition concentrations of 3 and 6 ppm,
respectively.

There was good match between results from tests in the
empty slipstream reactor and SCR slipstream reactor with
both catalyst no. 1 and catalyst no. 2. This indicated the SCR
catalyst did not have apparent promotion of Hg(0) oxidation
and thus consequently was independent of impacts of NHs
additions. This finding may indicate the promising function
of HBr on Hg(0) oxidation and simultaneously Hg(0) oxidation
was less dependent on the availability of SCR catalysts. This
was different from those by additions of HCI or HF. In this
study, The Hg(0) oxidation efficiencies were slightly lower at
approximately 6.1 and 19% atbaseline level (without addition
of HBr) during tests with SCR catalystno. 1 when NHz addition
was on and off. During tests with SCR catalyst no. 2, its
baseline values increased to 37.2 and 29.8% when NH;
addition was on and off. During test with the empty slipstream
reactor, this baseline value was also higher at approximately
29.5%. Thus, tests with SCR catalyst no. 1 showed a little
lower Hg(0) oxidation efficiency by HBr addition, compared
to cases in the empty slipstream reactor and SCR slipstream
reactor with catalyst no. 2.

3.2.4. Addition of Hydrogen Iodine (HI). The effects of
additions of HI on Hg(0) oxidation during tests in the empty
slipstream reactor and SCR slipstream reactor are shown in
Figure 4, Inboth cases, HI additions showed a strongerimpact
to increase the Hg(2+) in the flue gas of PRB coal. In the
empty slipstream reactor, the addition of HI at 5 ppm could
achieve approximately 40% of Hg(0) oxidation. With the same
addition concentration of HI at 5 ppm in the SCR slipstream
reactor with catalyst no. 1, similarly 40% Hg(0) oxidation
efficiency could be achieved. When HI addition concentra-
tions increased to 10 ppm, nearly the same Hg(0) oxidation
efficiencies (approximately 70%) could be achieved for both
SCR catalysts. These may indicate that Hg(0) oxidation by HI



addition was also independent of the availability of a SCR
catalyst. A further increase of HI addition concentration to
15 ppm did not continuously increase Hg(0) oxidation
efficiency for SCR catalyst no. 2, which is possibly limited by
its reaction kinetics, Hg(0) oxidation was independent of the
availability of SCR catalysts when HI was added in the flue
gas. This was also observed when HBr was added, but was
not observed when HCl and HF were added. It is believed
that Hg(0) oxidation by HI and HBr may be through a similar
mechanism.

3.8. Comparison of Impacts on Hg(0) Oxidation by
Different Halogen Additives. Figure S2 in the Supporting
Information presents a comparison of impacts of different
halogens (HCl, HF, HBr, and HI) on Hg(0) oxidation under
a PRB coal-derived flue gas atmosphere, which was made
using results from the empty slipstream reactor, The maxi-
mum Hg(0) oxidation efficiency at approximately 40% could
be achieved by total HCl concentration at 300 ppm in the
flue gas, The increase of Hg(0) oxidation efficiency by HF
addition seemed to follow the same trend, and was also
comparable to the HCl addition at the same addition
concentration. As indicated in Figures 1 and 2, both SCR
catalysts seemed to promote Hg(0) oxidation by HCl and HF
at the same addition concentrations, The tests by additions
of HCl and HF in this study were consistent with the lower
Hg(0) oxidation efficiencies in the full scale utility boilers by
burning PRB coal since its chlorine and fluorine contents
arelower. As expected, addition of HCI could further increase
Hg(0) oxidation, which can be catalyzed by both of the
evaluated SCR catalysts. For comparison, by achieving the
same Hg(0) oxidation efficiency at approximately 40% in
the empty slipstream reactor {the baseline Hg(0) oxidation
at about5%), the addition of HI concentrationin the flue gas
only needed to be 5 ppm. Moreover, HBr addition concen-
tration at only 3 ppm could achieve the Hg(0) oxidation
efficiency as high as above 80% in the empty slipstream
reactor (the baseline Hg(0) oxidation at about 30%). Both
HBr and HI showed much stronger impacts on the Hg(0)
oxidation than those by HCl and HF at the same addition
concentrations. As indicated in Figures 3 and 4, the catalytic
effects by SCR catalysts seemed not to be correlated with
Hg(0) oxidation during additions of HBr and HI in the flue
gas of PRB coal, at least for both evaluated SCR catalysts in
this study.

The sequence, according to their impact strength on Hg(0)
oxidation, were HBr, HI, and HCl or HF. It seemed to follow
their inversed atom sequence in the Periodic Table of the
Elements, except for the order between HBr and HIL The
larger the halogen atom is, the greater its impact on Hg(0)
oxidation. Two categories could be sorted by considering
their interaction with the SCR catalyst and also interaction
with NH; on the surface of SCR catalysts. SCR catalysts
seemed to promote the Hg(0) oxidation through HCl and HF
in Category 1, but not through HBr and HI in Category 2.
NHj; seemed to impact the Hg(0) oxidation only by HCl and
HF through both SCR catalysts in Category 1.

There were some clues to explicate the findings in this
study. First, reaction paths for Hg(0) oxidation through
halogen molecules (Brz, I, Cl; and F), as indicated in eqs
2—5 were generally favored in kinetics than those through
hydrogen halogens, as indicated in eqs 6—9. This was atleast
clarified by previous investigation of Hg(0) oxidation mech-
anisms, which the chlorine or bromine species were involved
in (25). That means kinetics of Hg(0) oxidation should be
faster through halogen molecules than those through hy-
drogen halogens if previous studies on Hg(0) oxidation
mechanisms by HCl and HBr could be further extended to
those by HF and HL

Hg + F, = HgF, (2)

Hg + Cl, = HgCl, 3)

Hg + Br, = HgBr, @

Hg +1,=Hgl, ®)

Hg + 2HF + %0, = HgF, + 1,0 ©)
Hg + 2HCl + %0, = HgCl, + H,0 ”
Hg + 2HBr + %0, = HgBr, + H,0 ®
Hg + 2HI + 40, = Hgl, + H,0 9

Second, additions of HBr and HI into the elevated temper-
ature conditions would generate almost total conversion of
HBrto Bry, and HI to I, The generation of Br, could be through
the Deacon reaction of bromine, as indicated in eq 10 (25).
By a different reaction routine, I could be generated through
decomposition of HI (26, 27), asindicatedin eq 11. However,
this was not the case for HCl since the depletion of Cl, would
occur by the enriched SO in the coal-derived flue gases (8, 25),
as indicated in eq 12.

2HBr + 10, = H,0 + Br, 10)
SHI=H, +1, an
Cl 4+ SO, + H,0 = 2HCI + SO, (12)

Third, amore complicated mechanism was proposed to occur
by additions of HBr and HI in the flue gas, in which
interhalogen species (such as BrCl or ICl) were likely to be
involved in the elemental mercury oxidation processes.
The interhalogen of BrCl may be generated through reaction,
as indicated in eqs 13 or 14, and depleted through reaction,
as indicated in eq 15. And the interhalogen of ICl may be
generated through reactions, as indicated in eqs 16 or 17,
and depleted through reaction, as indicated in eq 18,
Generally the interhalogens are unstable and extremely
reactive chemically (28), The elemental mercury oxidation
may occur through reactions by BrCl and ICI (29, 30), as
indicated in egs 19 and 20, respectively. Thus, outcomes of
elemental oxidation may include mutual species of either
HgCl, and HgBr,, or HgCl, and Hgly, respectively. Interh-
alogen species such as CIF also could be possibly generated,
but did not seem important due to comparable impact of Cl
and F on Hg(0) oxidation kinetics by tests in this study.

HBr + HCl + %0, = BrCl + H,0 (13)
Br + HCl = BrCl + HBr a4
2B:rCl = Br, + Cl, (15)

HI + HCl + %0, = ICl + H,0 16)
L+ HCI=ICl+HI 17

2ICl =1, + Cl, a8)

Hg -+ 2ICl = Hgl, + HgCl, 19)
Hg + 2B1Cl = HgBr, -+ HgCl, (20)

Under a temperature of around 300 °C, thermodynamics
studies indicated there was a limitation on HgBr; or Hl,
occurrence in the coal-fired flue gas, but not for HgCl, (9
HgCl, can proceed to the extent of approximately 100%
conversion under the temperature range in this study if
kinetics of mercury oxidation by chlorine is quick enough in
the slipstream reactor. The enhanced Hg(0) oxidation rate
by bromine additionsin this study, andlikely iodine additions,
exceeded the limitation of thermodynamics prediction (9).
1t may indicate that the formation of HgBr; or likely Hgl,
were not the only new products by the addition of bromine
or iodine. It was possible for the simultaneous formation of
HgBr; and HgCl, by bromine addition, or Hgl; and HgCl, by
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iodine addition. Bromine or iodine seems to have the
capability to attack chlorine species in the flue gas to promote
the generation of activated chlorine, which was involved in
improving the kinetics of mercury oxidation (28). This may
explain why the total mercury oxidation rate exceeded the
thermodynamics limitation on maximum occurrence of
HgBr, and Hgl,. Vosteen, et al. proposed the possible
mechanisms on enhanced mercury oxidation by the addition
of Bromine species based on their extensive studies (25).
Larger generation of free bromine molecule (Br), other than
free chlorine molecule (Cl;) by HBr and HCl additions in the
flue gas, was his point to distinguish the different impacts
of bromine and chlorine on the elemental mercury oxidation
kinetics, The bromine Deacon reaction will be favored to
produce comparatively much more free Bry, as shownin eq
10, whereas the reversed chlorine Deacon reaction will be
favored by the depletion effect of SO; in the flue gas. However,
it was noticed that the bromine addition in the flue gas was
conducted by cofiring of bromine species and coal in
Vosteen's tests (higher temperature circumstance than in
the current study) and the oxidized mercury included both
HgBr; and HgCl in their tests. This evidence may have

revealed that, first bromine species had enough residence '

time (in several seconds) to produce Bry; and second, Br;
could not make a conversion of all mercury to HgBr; and left
some of the Hg(0) to be reacted with active Cl species to
produce HgCl,, even in this longer residence time than the
current study. Chlorine species seemed to be involved in its
competition to bromine species on the Hg(0) oxidation
process. This evidence could support our findings by
thermodynamics prediction that there exists a limitation of
mercury oxidation by bromine species. Considering test
conditions in this study that residence time of flue gasin an
empty slipstream reactor was just one second, which may
be too short for total conversion of HBr to Bry, there must
be other mechanisms regarding mercury oxidation with both
bromine and chlorine species in the flue gas. To figure out
the conflict and thermodynamics prediction and test results,
the occurrence of the intermediate species of BrCl and IC,
was proposed in this study, which broughtin the competition
of chlorine on mercury oxidation under enhanced kinetics,

Thus, by a combination of findings in this study and
previous studies, one may reasonably find that different
impacts of halogens on Hg(0) oxidation should result from
different kinetics between the Hg(0) and halogens in the
kinetics-controlled Hg(0) oxidation process. Comparably, HCl
was not effective to oxidize Hg(0) due to its ineffective
conversion to their molecule (Cl;) under coal-fired flue gas
atmospheres. Thus, eq 7 may be the main reaction routine
for Hg(0) oxidation through HCl. HF addition most likely
follows the same mechanisms, as indicated in eq 6, if the
presumption of ineffective conversion of HF to F; in the flue
gas could be valid. With HBr or HI additions in the flue gas,
Hg(0) oxidation will occur through two different routines,
which are dependent on temperature ranges, Under higher
temnperature (generally higher than 650 °C (27)), HBr and HI
will be converted to Br, and I,. Br; and I, will make Hg(0}
oxidation proceed very fast through reactions eqs 8 and 9),
respectively. Thus, HgBr, and Hgl, will be the main oxidized
mercury in the flue gas, respectively. Under a lower tem-
perature range (around 300 °C such as in this study), HBr
and HI will interact with HCl, which is available in the coal-
fired flue gas, to generate interhalogens such as BrCl and ICI
(30). BrCland ICl also will make Hg(0) oxidation proceed fast
through reactions egs 19 and 20, Thus, both HgBr, and HgCla,
or Hgl, and HgCl,, are occurrences of oxidized mercury in
the flue gas. All reactions listed in this study were presented
as global reactions. Detailed mechanism studies should be
addressed in further studies.
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Project Overview

- Field tests (pilot to full scale) of Degussa’s TMT-
15 additive for optimizing Hg capture by wet FGD
— Prevent re-emissions |

— Minimize Hg in gypsum byproduct

- Co-funded by EPRI, TXU, Southern Company

» Test sites:
— TXU Monticello (pilot wet FGD)

— AEP Conesville (has dropped out due to recent OH
results showing no re-emissions from Mg-lime FGD)

— Southern Co. Plant Yates (pilot and full-scale JBR
tests)



Degussa TMT-15

- 15 wt% aqueous solution of trimercapto-s-
triazine, tri-sodium salt (C3N;S;Na,)

- Primarily used to precipitate divalent heavy
metals from wastewaters

3 Hg*2 + 2 TMTNa; — Hg;TMT, + 6 Na*

- Currently used in 100’s of incineration
plants worldwide to precipitate Hg before
re-emissions reactions can oceur in wet
scrubbers




Hg-TMT Prempltates

» Divalent Catlon to trivalent anion preCIpltatlon
leads to “cross linking”, produces precipitates
large enough to filter, but much smaller than the
bulk of the FGD solids

* Digestion of the Hg-TMT precipitate requires aqua
regia under heat and pressure (i.e., more stable at
low pH than other sulfides)

* Hg-TMT precipitates are thermally stable'to 250°C
(480°F)

— Gypsum is calcined at 300°F to make wallboard



TMT Properties

- Low toxicity to fish, water fleas, algae, etc.
« Mild irritant to skin, irritant to eyes

- No special PPE other than gloves, glasses
or goggles with close-fitting side shields

« Not considered hazardous for
transportation purposes




Potential Economics for Enhanced
Hg Co rmoval Usm ,. i

TMT 15 costs about $4g

* To prevent re-emissions:
— Assume 20 pg/Nm? Hg in flue gas, 50% oxidized
— Assume re-emissions at 2 ng/Nm?* Hg
— If TMT-15 is effective at 10x stoichiometric amount,
cost is <$500/Ib additional Hg removed

* To lower Hg content of gypsum (same
assumptions as above):

— Annual value of gypsum for 500-MW plant is $1.25
million ($5/ton)

— Annual TMT-15 cost ~$30,000 or less



Testing Completed to Date

» First week of 2-week effort on Monticello
pilot wet FGD conducted in April

— Did not see any Hg re-emissions with Hg
SCEM under baseline (no catalyst upstream,
no TMT) conditions

— Decided to instead focus on ability to produce
low Hg content gypsum




Testing Completed to Date

* Delayed 2" week of testing (week-long
steady state test at optimum TMT dosage)

— Since no re-emissions were seen (immediate
SCEM feedback) needed to turn around
analytical data on parametric test samples

— Pilot wet FGD does not have primary
dewatering

* Need to add field separate gypsum from high Hg-
content fines

* New EPRI project is adding pump, hydrocyclones
and tank to pilot wet FGD system for primary
dewatering



Interim Results of Parametric

Tests at Monticello

No apparent affect of additive on Hg removal
across FGD

Saw decrease in FGD liquor Hg conc. with TMT
— No apparent TMT dosage effect

Separated gypsum from fines in the laboratory by
settling

— Modest decrease in gypsum Hg conc. with TMT

— No apparent TMT dosage effect

— Effectiveness of TMT may be masked by
contamination of gypsum with fines in settled samples

— Need field dewatering to determine true ability to
separate high-Hg salts from gypsum

ey s —



FGD Pilot Unit at Monticello Station
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FGD Liquor Hg Concentrations
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Settled FGD Solids Sample Hg

Concentrations
T™T  Wi% GypsumHg  Wt%  Fines Hg
Dosage gypsum Content, ug/g  finesin  Content, ug/g
(ml/ton of phasein (% of Hg in slurry (% of Hg in
coal) slurry slurry) slurry)
0 11.6 BEAGe) ok 55 (44%)
5 9.2 12 Gem) 0 0s 39 (65%)
10 o7 12 5% 0.3 75 (62%)
20 100 1.0 (33%) o | EoHEEh

40 9.3 1.2 (36%) 0e o BY G1%)
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