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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;




AT,

A, T,

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

Enclosures
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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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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).

5-11




100 -
PR IR R 2 Aranisomug
O
80 & ' - =
= 5
= |
£ 60
©
2
S
e 5 ]
2 40
g .
A = 4-component 3-component
n +
0 - 3 | TS T I A | { 2 I | S S |‘|
2 5 10 20 50 100 200

exposure time (min)

3-Component: sllica/alumina (3.5/1 )and 1 wt% Cu0
4.Component: slicafalumina (3.5/1), 1 wt% Cu0, and 8 wt% Ca0

Figure 5-6. Hg’ oxidation in the presence of the three- and four-component model
fly ashes containing copper at a bed temperature of 250 °C (source: Reference 4).

i



PN

NT\’
I

©
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
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‘Figure 5-10. Effect of particle size on adsorption for Darco FGD.at 100 °C,
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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.

5.8 References

1.

Senior, C.L., A.F. Sarofim, T. Zong, J.J. Helble, and R. Mamani-Paco. Gas phase
transformation of mercury in coal-fired power plants. Fuel Processing Technology, 63,
(2-3): 197-214 (2000).

Senior, C.L., L.E. Bool, J. Morency, F. Huggins, G.P. Huffman, N. Shah, J.O.L.Wendt, F.
Shadman, T. Peterson, W. Seames, B. Wer, A.F. Sarofim, I. Olmeze, T. Zeng, S. Growley,
A. Kolker, C.A. Palmer, R. Finkelman, J.J. Helble, and M.J. Wornat. Toxic substances from
coal combustion — a comprehensive assessment. Physical Science, Inc., Final Report
(Contract No. DE-AC-22-95, PC 951011, U.S. Department of Energy, Federal Energy
Technology Center). September 1997.

Senior, C.L., J.J. Helble, and A F. Sarofim. “Predicting the speciation of mercury emissions
from coal-fired power plants.” Paper presented at the Conference on Air Quality II: Mercury,
Trace Elements, and Particulate Matter, McLean, VA. September 19-21, 2000.

Ghorishi, S.B., C.W. Lee, and J.D. Kilgroe. “Mercury speciation in combustion systems:
studies with simulated flue gases and model fly ashes.” Paper presented at the 92nd Annual
Meeting of Air & Waste Management Association, St. Louis, MO. June 20-24, 1999.

Edwards, J.R., R.K. Srivastava, and I.D. Kilgroe. A study of gas-phase mercury speciation
using detailed chemical kinetics. Published in Journal of Air & Waste Management
Association, 5: 869-877 (2001).

Niksa, S., J.J. Helble, and N. Fujiwara. “Interpreting laboratory test data on homogeneous
mercury oxidation in coal-derived exhausts.” Paper presented 94th Annual Meeting of the
Air & Waste Management Association, Paper # 86, Orlando, FL. June 24 -28,2001.

Lee, C. W., 1.D. Kilgroe, and S.B. Ghorishi. “Speciation of mercury in the presence of coal
and waste combustion fly ashes.” Presented at the 93" Annual Meeting of the Air & Waste
Management Association, Salt Lake City, UT. June 18-22, 2000.

Lee, C.W., R.X. Srivastava, J.D. Kilgroe, and S.B. Ghorishi. “Effects of iron content in coal

combustion fly ashes on speciation of mercury.” Paper presented at the 94th Annual Meeting
of the Air & Waste Management Association, Paper # 156, Orlando, FL. June 24 -28, 2001.

5-47




9. Galbreath, K.C., C.J. Zygarlicke, D.L. Toman, and R.C. Schulz. “Effects of NOx and o'~
Fe;03 on mercury transformations in a 7-kW coal combustion system.” Paper presented at
the 94th Annual Meeting of the Air & Waste Management Association, Paper # 767,
Orlando, FL. June 24 -28, 2001. '

10. Norton, G.A., H. Yang, R.C. Brown, D.L. Laudal, G.E. Dunham, J. Erjave, and J.M. Okoh.
“Role of fly ash on mercury chemistry in simulated flue gas streams.” Paper presented at the
94th Annual Meeting of the Air & Waste Management Association, Paper # 164, Orlando,
FL. June 24 -28, 2001.

11. Haythornthwaite, S., S. Sjostrom, T. Ebner, J. Ruhl, R. Slye, J. Smith, T. Hunt, R. Chang,
and T.D. Brown. “Demonstration of dry carbon-based sorbent injection for mercury control
in utility ESP’s and baghouses.” In Proceedings of the EPRI/DOE/EPA Combined Utility
Air Pollutant Control Symposium, EPRI TR-108683-V3; Washington, DC. August 25-29,
1997.

12. Laudal, D.L., M.K. Heidt, T.D. Brown, and B.R. Nott. “Mercury speciation: a comparison
between method 29 and other sampling methods.” Presented at the 89™ Annual Meeting of
the Air & Waste Management Association, Nashville, TN, Paper 96-W64A.04. June 1996.

13. Brown, T. D., D.N. Smith, R.A. Hargis, Jr., and W.J. O’Dowd. “1999 Critical Review:
Mercury Measurement and Its Control: What We Know, Have Learned, and Need to Further
Investigate,” Journal of the Air & Waste Management Association, June 1999. pp. 1-97.
Available at: < http://www.lanl.gov/projects/cctc/resources/pdfsmisc/haps/CRIT991.pdf>.

14.Li, Z., and J.Y. Hwang. “Mercury distribution in fly ash compounds.” Presented at the Air
& Waste Management Association Annual Meeting, Toronto, Ontario, Canada. June 8-13,
1997. '

15. Huggins, F.E., N. Yap, G.P. Huffman, and J.K. Neathery. “Investigation of mercury
adsorption on Cherokee fly-ash using XAFS spectroscopy.” Presented at the 93 Annual
Meeting of the Air & Waste Management Association, Salt Lake City, UT. June 18-22, 2000.

16. Carey, T.R., O.W. Hargrove, Jr., C.F. Richardson, R. Chang, F.B. Meserole. Performance of
Activated Carbon for Mercury Control in Utility Flue Gas Using Sorbent Injection, In
Proceedings of the EPRI/DOE/EPA Combined Utility Air Pollutant Control Symposium,
Washington, DC; EPRI TR-108683-V3. August 25B29, 1997.

17. Galbreath, K.C., and C.J. Zygarlicke. Mercury transformation in coal combustion flue gas.
Fuel Processing Technology, 65-66: 289-310 (2000).

5-48



PN

A,

18. Brunauer, S., P.H. Emmett, and E. Teller, J. 4m. Chem. Soc., 60, 309. 1938.

19. Hsi C., J. Rood, M. Rostam-Abadi, S. Chen, and R. Chang. “Effects of sulfur impregnation
temperature on the properties and mercury adsorption capacities of activated carbon fibers
(ACFs).” Environmental Science and Technology, 35, 2785-2791. 2001.

20. Bansal R.C., J.B. Donnet, and F. Stoecki. Active Carbon. New York, NY, and Basel,
Switzerland: Marcel Dekker. 1988.

21. Ghorishi, S.B., and B.K. Gullett. Sorption of mercury species by activated carbons and
calcium-based sorbents: effect of temperature, mercury concentration and acid gases. Waste
Management & Research, 16: 6: 582-593. 1998.

22. Krishman, S.V., BK. Gullett, and W. Jozewicz. Sorption of Elemental Mercury by
Activated Carbons. Environmental Science and Technology, 28(8): 1506-1512 (1994).

23. Serre, S.D., B.K. Gullett, and S.B. Ghorishi. Entrained-flow adsorption of mercury using
activated carbon. Journal of the Air & Waste Management Association, 51: 733-741 (May
2001).

24. Helfritch, D.G., P.L. Feldman, and S.J. Pass. “A circulating fluid bed fine particulate and
mercury control concept.” Presented at the EPRI/DOE/EPA Combined Utility Air Pollutant
Control Symposium, Washington DC. August 1997. '

25. Hargis, R.A., W.J. 0’Dowd, and H.W. Pennline. “Sorbent injection for mercury removal in
a pilot-scale coal combustion unit.” Presented at the 93" Annual Meeting of the Air &
Waste Management Association, Salt Lake City, UT. June 18-22, 2000.

26. Waugh, E.G., B.K. Jenson, L.N. Lapatrick, F.X. Gibbons, S. Sjostrom, J. Ruhl, R. Slye, and
R.A. Chang. “Mercury control in utility ESP’s and FFs through dry carbon based sorbent
injection pilot-scale demonstration.” In Proceedings of the EPRI/DOE/EPA Combined
Utility Air Pollutant Control Symposium. Washington, DC, EPRI TR-108683-V3). August
23-29, 1997.

27. Carey, T.R., C. Richardson, R. Chang, and F.B. Meserole. “Assessing sorbent injection
mercury control effectiveness.” Paper presented at the 1999 Spring National Meeting of the
American Institute of Chemical Engineers, Houston, TX. March 14-18, 1999,

28. Sjostrom, S., T. Ebner, T. Ley, R. Slye, C. Richardson, T. Machalek, M. Richardson, R.
Chang, and F. Meserole. “Assessing the performance of mercury sorbents in coal
combustion flue gas.” Paper presented at the 94™ Annual Meeting of the Air & Waste
Management Association, Orlando, FL. June 24-28, 2001.

5-49




29. Rostam-Adadi, M., S.G. Chen, H-C. His, M. Rood, R. Chang, T.Carey, B. Hargrove, C.
Richardson, W. Rosenhoover, and F. Meserole. “Novel vapor phase mercury sorbents.” In
Proceedings of the First EPRI/DOE/EPA Combined Utility Air Pollution Control Symposium
(The Mega Symposium), Washington, DC, August 25-29, 1997.

30. White, D.M., W.E. Kelly, M.J. Stucky, J.L. Swift, and M.A. Palazzolo. Emission test report:
field test of carbon injection for mercury control, Camden County Municipal Waste
Combustor, EPA/600/R-93/181 (NTIS PB94-101540), U.S. EPA, Air and Energy
Engineering Research Laboratory, Research Triangle Park, NC. September 1993.

31. Serre, S.D., B.K. Gullett, and S.B. Ghorishi. “Elemental mercury capture by activated carbon
in a flow reactor.” Paper presented at 93 Annual Meeting of the Air & Waste Management
Association, Salt Lake City, UT. June 18-22, 2000.

32. Serre, S.D., B.K. Gullett, and Y. H. Li. “The effect of water (vapor-phase and carbon) on
elemental mercury removal in a flow reactor.” Paper presented at 94th Annual Meeting of
the Air & Waste Management Association, Paper # 164, Orlando, FL. June 24 -28, 2001.

33. Ghorishi, S.B., R. Keeney, W. Jozewicz, S. Serre, and B. Gullett. “In-flight capture of
elemental mercury by a chlorine-impregnated activated carbon.” Paper # 731 presented at
the 94th Annual Meeting of Air & Waste Management Association, Orlando, FL. June 24-
28, 2001.

34, Brown, T. D., D.N. Smith, R.A. Hargis, Jr., and W.J. O’Dowd. “1999 Critical Review:
Mercury Measurement and Its Control: What We Know, Have Learned, and Need to Further
Investigate,” Journal of the Air & Waste Management Association, June 1999. pp. 1-97.

35. Ghorishi, S.B., R.M. Keeney, and B.K. Gullett. “Role of surface functional groups in the
capture of elemental mercury and mercuric chloride by activated carbons.” In Proceedings
of the Air Quality II Conference, McLean, VA, September 19-21, 2000.

36. Gullett, B.K., S.B. Ghorishi, K. Raghunathan, and K. Ho. Removal of Coal-Based Volatile
Trace Elements: Mercury and Selenium, Final Technical Report. September 1, 1995, through
August 31, 1996.

37. Ghorishi, S.B., and C.B. Sedman. “Combined Mercury and Sulfur Oxides Control Using
Calcium-Based Sorbents.” Paper presented at the EPR/DOE/EPA Combined Utility Air
Pollutant Control Symposium, Washington, DC. August 25-29, 1997.

38. Ghorishi, S.B., and C.B. Sedman. Low concentration mercury sorption mechanisms and
control by calcium-based sorbents: application in coal-fired processes, Journal of the Air &
Waste Management Association, 48: 1191-1198, 1998.

©5.50



LN T
T ™
Hb !

A,

£
f

i L oL N2 S

i,

i,

T,

39, Ghorishi, S.B., C. Singer, W. Jozewicz, C. Sedman, and R. Srivastava, “Simultaneous control
of Hgo, S0,, and NOy by novel oxidized calcium-based sorbents.” Paper # 243, Presented at
the 94th Annual meeting of the Air & Waste Management Association. June 24-28, Orlando,
FL, 2001,

40. EPRI Report 1000454, Development and evaluation of low cost mercury sorbents.
November 2000.

41. EPRI Report TE-114043. Development and evaluation of mercury sorbents. November
1999. '

42, EPRI Report TR-110532. Development and evaluation of low-cost sorbents for removal of
mercury emissions from coal combustion flue gas. September 1998.

43. Rostam-Abadi, M., S. Chen, A.A. Lizzio, H-C. His, C.M.B. Lehmann, M. Rood, R. Chang,
C. Richardson, T. Machalek, and M. Richardson. “Development of low-cost sorbents for
mercury removal from utility flue gas.” Paper presented at U.S. EPA/DOE/EPRI Combined
Power Plant Air Pollutant Control Symposium, and the Air & Waste Management
Association Specialty Conference on Mercury Emissions: Fate, Effects, and Control,
Chicago, IL. August 20-23, 2001.

44, Korpiel, I.A., and R.D. Vidic. Effect of sulfur impregnation method on activated carbon
uptake of gas-phase mercury. Environmental Science and Technology, 31: 2319-2326
(1997).

45, Vidlic, R. D. and D.P. Siler. Vapor-phase elemental mercury adsorption by activated carbon
impregnated with chloride and chelating agents. Carbon. 3-14 (2001).

46,14, Y. H., $.D. Serre, C.W Lee, and B.K. Gullett. “Elemental mercury adsorption by
activated carbon treated with sulfuric acid.” Presented at the U.S. EPA/DOE/EPRI
Combined Power Plant Air Pollutant Control Symposium, and the Air & Waste Management
Association Specialty Conference on Mercury Emissions: Fate, Effects, and Control,
Chicago, IL. August 20 -23, 2001.

47.1i, Y. H., C.W. Lee, and B.K. Gullett. “Characterization of activated carbons’ physical and
chemical properties in relation to their mercury adsorption.” Presented at the American
Carbon Society CARBON *01, An International Conference on Carbon, University of
Kentucky Center for Applied Energy Research, Lexington, KY. July 14 - 19, 2001.

48. Meserole, F., C. F. Richardson, T. Machalek, M. Richardson, and R. Chang. "Predicted
Costs of Mercury Control at Electric Utilities Using Sorbent Injection." Presented at U. S.
EPA/DOE/EPRI Combined Power Plant Air Pollutant Control Symposium, and the Air &
Waste Management Association Specialty Conference on Mercury Emissions: Fate, Effects,
and Control, Chicago, TL, August 20-23, 2001.

5-51




49, DeVito, M.S., and W.A. Rosenhoover. “Hg flue gas measurements from coal-fired utilities
equipped with wet scrubbers.” Presented at 92" Annual Meeting of the Air & Waste
Management Association, St. Louis, MO. June 20-24, 1999.

50. Redinger, K.E., A. Evans, R. Bailey, and P. Nolan. “Mercury emissions control in FGD
systems.” Presented at the EPRI/DOE/EPA Combined Air Pollutant Control System,
Washington, DC. August 25-29, 1997.

51. McDermott Phase III Study Section, McDermott Technologies, Inc. Advanced Emissions
Control Development Program Phase III - Approved Final Report, prepared for the U.S.
Department of Energy (US DOE-FETC contract DE-FC22-94PC94251-22) and Ohio Coal
Development Office (grant agreement CDO/D-922-13). July 1999. Available at:
< http://www.osti.cov/dublincore/servlets/purl/756595-LACvcL/webviewable/756595.pdf >.

52. Hargrove, O.W., Jr., T.R. Carey, C.F. Richardson, R.C. Sherupa, F.B. Meserole, R.G. Rhudy,
and T.D. Brown. “Factors affecting control of mercury by wet FGD.” Paper presented at the
EPRI/DOE/EPA Combined Utility Air Pollutant Control Symposium. Washington DC.
August 25-29, 1997.

53. Livengood, C.D., and M.H. Mendelsohn. “Process for combined control of mercury and
nitric oxide.” Presented at the EPRI/DOE/EPA Combined Utility Air Pollutant Control
Symposium, Atlanta, GA. August 16-20, 1999.

5-52



5T,

ey,

ety

N

S,

e

I,

AT o,
] }

S,

o,

N

A, sty

i

e,

A

sy WF ,

Energy & Fuels 2007, 21, 2719—2730

Investigation of Mercury Transformation by HBr Addition in a
Slipstream Facility with Real Flue Gas Atmospheres of Bituminous
Coal and Powder River Basin Coal

Yan Cao,*! Quanhai Wang," Chien-wei Chen,! Bobby Chen,! Martin Cohron,’
Yi-chuan Tseng,h¥ Cheng-chung Chiu,’# Paul Chu,’ and Wei-Ping Pan'

Institute for Combustion Science and Environmel;tal Technology, Western Kentucky University,
Bowling Green, Kentucky 42101, Mingchi University of Technology, Taipei, Taiwan, and Electric Power
Research Institute, Palo Alto, California 94304

Received November 2, 2006. Revised Manuscript Received July 3, 2007

2719

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,

(9) Holmers, M. I.; Pavlish, J. H.; Zhang, Ye.; Benson, S. A.; Frize, M.
J. Pilot-Scale Evaluation of Activated Carbon-Based Mercury Control
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Assoc. 2001, 51, 733741,
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M. J. Surface Compositions of Carbon Sorbents Exposed to Simulated Low-
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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
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Symposium, Washington, DC, May 19—22, 2003,

(16) W, I.; Cao, Y.; Lj, S. G;; Cui, H,; Lu, P.; Pan, W, P. Evaluation
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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,
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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
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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.
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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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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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FIGURE 3. Effect of HBr addition on Hg(0) oxidation.

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
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Example PSD for Gypsum and Fines
Phases (5 ml/ton TMT-15 dosage)
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Future Testing Plans

Will complete second week of tests at Monticello
when dewatering equipment is ready

Pilot JBR parametric tests planned for Plant Yates
In early August

Full-scale JBR steady state test planned for Plant
Yates in the fall

Need replacement for AEP Conesville
— Desire a site with known, significant re-emissions levels
— Mg-lime FGD with natural oxidation, no SCR in service?
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‘Introduction

- Project Goal — develop a fundamental
understanding of Hg “re-emissions” from wet FGD

systems

— Seen as FGD outlet Hg® concentration > inlet HgP
— Apparent reduction of Hg*? removed in FGD absorber
— Limits overall Hg removal by FGD system

» Technical Approach — conduct kinetics
experiments, kinetics modeling, and bench-scale
wet FGD model validation tests

- Expected Benefits — the ability to predict FGD re-
emissions, and optimize FGD conditions to
minimize or eliminate



Main Project Elements

- Measure kinetics using both spectroscopy
of the Hg?*-Sulfite complex reactants, and
production / stripping of Hg°

- Extend reaction conditions to include
presence of chloride, thiosulfate and
additives, and into the FGD pH region

Construct a klnetlcs model which describes
the results

. Test the model using the URS bench scale
FGD ‘




Main Chemical Reactions for Hg

 Qverall reaction:
— Hg?* + HSO4 + H,O — HgeT + SO,2 + 3 H*

* Main pathway is through mercuric-sulfite
complexes:
— Hg2* + SO2 < HgSO,
— HgSO; + SO;% <> Hg(S0,),%

* Equilibrium favors Hg(SO;),2 in presence of
excess sulfite

° But only HgSO, decorhposes to give
reduction of Hg?":

— HgSO; + H,0 — HgeT + SO,2 + 2 H*

- — - - - - - -
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Absorbance at 230 nm

Example Spectra and Rate Curve
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Effect of pH on Rate Curves without
Chloride. 1.0 mM sulfite, 55° C, 40 microM Hg?*
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Effect of sulfite on rate curves without
chloride; pH 3.9
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Effect of Chloride on Rate Curve at pH
3.0 and 1.0 mM Sulfite
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Adding chloride during the run;
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Reaction Mechanism
Observations

- Chloride evidently causes a change of
mechanism - new intermediate, CIHgSO5

. But also observe complex “composite”
reaction behavior without chloride

. "Slow" reaction conditions tend to give
complex response such as a large increase
in reaction rate after an initial “induction
time”

- Several factors affecfing this behavior are
under investigation




Induction Time Behavior in Chloride
Solutions
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Stripping Method for Measuring
Hg® Em|SS|ns from Tes Soltlns

- Contlnuously measures HgO in as as it is
emitted following Hg*? injection and stripping
from reactor

» Able to use low “FGD levels” of Hg2* in reactor:
0.5 — 2 micromolar

« Getting close material'balances on Hg?* added,
Hg® measured in gas phase, and Hg left in liquid
(which is usually negligible)

- Exponential decay rates are independent of
initial Hg?* concentration, matching
spectroscopic results




Hg® Stripping Kinetics Apparatus
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Stripping Runs at Different Initial Hg?*
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Effect of Chloride on Hg°¢ Stripping Kinetics
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Kinetics Modeling

~+ URS modeling software maintains
database of reactions, rate constants, and
reaction conditions - initial concentrations,
pH, temperature

- Calculates concentration-time profiles for
all chemical species and intermediates

- Develop model by comparing experimental
and calculated results while varying rate
parameters until results match experiment
over a wide range of conditions




Major Reaction Pathways

2+
P =
HgCl 2~ +S0,* I-Sosz
+805* y HgSO, + S0;*
ClHgSO, - SO, <
Slow' | _Hs0,; Hg(80;),

}\ Very Slow



Project Status and Conclusions

- Developed experimental methods for following
reactants and products independently

- Determining effects of pH, sulfite, temperature,
ionic strength, and other "FGD" components on
reaction rates

- Chloride has major effects on reaction rates and
mechanism

- New reaction intermediates proposed; in process
of constructing model using these mechanisms
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ABSTRACT

A pilot-scale study was performed in a wet flue gas desulfurization (WFGD) scrubber system
aimed at enhancing mercury capture. The wet scrubber system was operated in forced oxidation
mode to treat a simulated flue gas doped with Hg® vapor, variable amounts of SO,, and nitric
oxide (NO). Results showed that the addition of a NaClO, solution is effective in increasing the
amount of Hg captured in the scrubber. The additive is also effective in promoting the removal
of NOx, but to a lesser extent. It was of interest to notice that the presence of SO, is critical in
promoting Hg® oxidation and, in turn, enhanced Hg capture. At a scrubber inlet SO,
concentration of 1100 ppm, the results showed that even if the injection point for the NaClO,
solution was moved closer to the flue gas inlet, a significant amount of Hg capture was still
achieved. However, when the SO, was increased to 2000 ppm, Hg capture was significantly
lower. Experiments with different wet scrubber configurations revealed that the Hg-NaClO,
reaction was less significant with respect to gaseous SO, concentrations than the concentration of
aqueous sulfite ions.

INTRODUCTION

In 2005, it was estimated that approximately one-third of U.S. coal-fired utility capacity was
utilizing some type of flue gas desulfurization (FGD) technology. Nearly 90 percent of the
installed systems are wet FGD scrubbers, with nearly 70 percent of those being limestone-based
systems.! Overall, wet FGD technologies have been shown to routinely provide greater than 95
percent SO, removal, with good reliability.” :

The U.S. Environmental Protection Agency (EPA) has recently proposed the Clean Air
Transport Rule (CATR) which replaces EPA’s 2005 Clean Air Interstate Rule. By 2014, the rule
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and other state and EPA actions will reduce sulfur dioxide (SO;) emissions by 71 percent from
2005 levels. Because of these deep emission reduction requirements, a significant increase in the
use of wet-FGD technology is expected in the next decade.

The CATR will also require reduction of NOx emissions — a reduction of 52% from 2005 levels
by 2014. In the U.S., a majority of coal-fired utility boilers use combustion controls (e.g., low-
NOx burners, staged combustion) to limit the formation of NOy in the flue gas. Some plants —
especially those in ozone non-attainment areas — also employ selective catalytic reduction (SCR)
or selective non-catalytic reduction (SNCR) technologies to further reduce NOx emissions.

EPA has also indicated an intention to regulate emissions of mercury and other hazardous air
pollutants (HAPs) from coal-fired electric utility boilers. While wet-FGD scrubbers are installed
spemﬁcally for SO, control, they may also effectively remove oxidized forms of mercury from
flue gas® due to the good gas-liquid contact and the high solubility of most oxidized mercury
compounds. This co-benefit control is only effective, however, for flue gas streams containing
oxidized forms of mercury, as the elemental form is not soluble and tends to pass directly
through the wet scrubber. For facilities utilizing low chlorine coals (e.g., western sub-bituminous
coals), the majority of mercury is released in its elemental form. The presence of an SCR umt
(used for NOx control) and adequate amount of chlorine can increase the conversion of Hgto
Hg”*. However, the use of SCR for mercury oxidation can be challenging when burning coals
with low chlorine content. In addition, the catalyst can deactivate under high dust conditions.*
Furthermore, not every plant has this SCR-FGD combination and, in some areas of the U.S., the
SCRs are only used during the summer ozone season.

Researchers have explored the concept of multipollutant control in a wet scrubber
system, >67 8910 Theoretically, wet scrubbers can also be used for the removal of NOx. As NO
has a very low solubility, effective removal of NOx by wet-scrubbing typically demanded
oxidation of NO to NO,. One of the options is to add soluble oxidant to the scrubber liquor.
Hutson et al.'? recently reported on -bench-scale results for the use of NaClO,/CaCO; for
simultaneous conirol of SO,, NOx and Hg. This paper validates previous bench-scale results and
focuses on explaining the impact of SO, on mercury capture,

EXPERIMENTAL

The pilot-scale scrubber system used in this study (see Figure 1) has been described previously.
The system includes a spray tower and a forced oxidization tower. The spray tower consists of
three absorber sections (marked 1, 2, and 3 in Figure 1). Each absorber section is 10 cm in
diameter, 92 c¢cm in length, and contains a 20 cm deep bed of plastic hollow balls (2 cm in
diameter). The hallow balls are supported by a grid at the bottom of each absorber and are
fluidized by the upward flow of the flue gas. Under forced oxidation operation, shurry is not
discharged to the shurry hold tank at the bottom (marked 7 in Table 1), but to a separate 150-L
oxidation tower (marked 6 in Figure 1). The hold tank contains ~10 L of 5 wt% CaSO4 for pH
adjustment. As shown in Figure 1, a stream of slurry in the hold tank is also drawn to the forced
oxidation tower to allow the circulation pump to run smoothly. The two streams add up to ~30
L/min, resulting in a 4.9-min residence time for the slurry in the oxidation tower. Slurry




gravimetrically overflows to the slurry hold tank where pH is adjusted with CaCOj before it is
sent back to the spray tower.
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Figure 1: Schematic of the Pilot-scale Wet Scrubber System

The oxidation tower is sparged with air at a constant rate of ~45 L/min to promote the
conversion of SO3> to SO4*. Considering the potential consumption of NaClO, by SO;* ions,
NaClO, solution is added in the slurry recirculation line, approximately 0.3 m before the spray
nozzle (marked 4 in Figure 1), unless otherwise indicated. The pH of the slurry is adjusted by
adding reagent-grade calcium carbonate (CaCO;) into the hold tank. The addition is metered
through a feedback control loop from the hold tank. The reagent-grade CaCOs is added as a
surrogate for natural limestone to ensure the results are not affected by impurities normally found
in mined limestone. To simulate the real life wet scrubber operation conditions, pH of the slurry
in the hold tank is 6.0 to 6.4. The circulating slurry is maintained at a liquid-to-gas ratio (L/G) of
~70 gpm/1000 scfm. Slurry temperature is maintained at 47 &2 °C.

Simulated flue gas is generated from a down-fired cylindrical furnace, known as the innovative
furnace reactor (JFR). Though the furnace is capable of burning coal, it is typically fired with
natural gas at a heating rate of 158,000 kJ/h. The fuel is introduced at the top of the furnace and
combusted with air from axial and tangential directions. Since the natural-gas-derived flue gas
contains no SO, and only small amounts of NO, these components are added from gas cylinders.
Gaseous Hg is produced in a permeation oven (VICI Metronics Dynacalibrator) and is carried
by air into the duct before the scrubber. Unless otherwise indicated, the simulated flue gas
contains approximately 7 percent O, 7 percent CO2, 550 to 2000 ppm SO,, 220 ppm NO; and 17
pg/m’® Hg. The total flow of flue gas is controlled at 800450 L/min.

3
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The concentrations of Hg, SO,, and NOy are continuously monitored at both the scrubber inlet
and outlet using continuous emission monitoring systems (CEMS). Measurements of Hg' are
performed using ultraviolet (UV) spectrometers (Seefelder-Hg 3000). Hg in the scrubber liquor
is measured, when required, by cold vapor atomic absorption (CVAA) analyzer following EPA
method 7040A. The NOx species are monitored by an NOx analyzer (API model 200AH) while
SO, is measured by a fluorescence analyzer (API model 100AH).

RESULTS AND DISCUSSION

Hg Capture under a Typical Condition

A typical Hg capture result under forced oxidation operation is shown in Figure 2. In this case, a
solution containing 1.62 M NaClO, was continuously added to the slury circulation line at 5
mL/min. The specific location was 0.3 m from the spray nozzle so as to minimize potential
NaClO, consumption by the sulfite ions. The slurry flowed through the absorbers at 8.3 L/min,
and the pH in the hold tank was maintained at 6.4. Simulated flue gas generated by the furnace
was 850 L/min. An SO, concentration of 1100 ppm was selected in order to understand how
NaClO, influences the capture of Hg under a medium concentration level of SO,. As shown in
Figure 2, 70 % Hg capture was observed immediately after NaClO; was sprayed into the system
and this level lasted for 180 min. Significant removal of NO (~30%) and NOx (~15%) was also
achieved, though the NOx (NO + NO,) scrubbing was less effective than the oxidation of the
NO. '
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Figure 2: Hg Capture, SO;, and NOx Changes with Time across the Wet Scrubber System




With the same wet scrubber system, Chang and Zhao'® have identified a significant amount of
Hg reemission and determined that accumulated Hg®" in the scrubber system is the dominant
precursor of Hg® reemissions. In their tests, Hg was added in the ionic form, and no oxidants
were added to inhibit Hg emissions. Since Hg reemissions originated from accumulated ionic Hg
in the slurry, HgCl, was also added into the spray tower at a constant rate of 15 pg/min. The
HgCl, was added to expedite Hg** accumulation in order to simulate Chang and Zhao’s previous
testing conditions. As shown in Figure 2, Hg reemissions across the spray tower were almost
zero over the 180-min operation period. When measured from the top of oxidation tower, the Hg
concentration reached ~4 pg/m® at steady state. As the air flow through the forced oxidation
tower was 45 L/min, the estimated Hg reemissions accounted for only 0.7 percent of total added
Hg.

Scrubbing liquor was also sampled before being discharged into the forced oxidation tower.
Solids were separated with a 45 um Teflon (PTFE) filter and all samples were quenched by
immediately storing them in ice. Hg content in the samples was analyzed by CVAA using EPA
Method 7470A. Anions, including C1" and ClO3", were also analyzed as soon as practical by ion
chromatography (IC) using EPA Method 300.0. Figure 3 plots the measured and estimated Hg
and Cl species in the filtrate versus time. The results given in Figure 3 demonstrate that a good
mass balance was achieved for both Hg and Cl species. The achievement of Hg mass balance
further confirmed Chang and Zhao’s" finding that the majority of captured Hg was in the liquid
phase. This is also consistent with the nature of such reagents as CaCOj;, CaSOs, and CaSOy4
whose crystal structure is not conducive to absorbing Hg.
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Figure 3: Aqueous Mercury and Chlorine Species in Slurry vs Time
When NaClO, was added into the scrubber, the following reaction was suggested:’

4C10, + H" — 2 ClO, + ClOy + CI'+ H,0 )



However, the mass balance closure in Figure 3 implies that there was no gaseous ClO, involved
in reaction (1). Of interest was that a significant amount of C1O3” was detected in the scrubbing
liquor, and it accumulated linearly against time. At the 180™ minute, there was ~106 mg/L ClO5”
found in the filtrated liquor. This finding was fully supported by our previous bench-scale tests
that ClO5™ is much less effective than C1O," in oxidizing Hg and NO: when 50 mM NaClO; was
present in the liquid, Hg oxidation was nearly zero and only 3 percent NO was removed. By
contrast, a much lower amount of NaClO; (2.5 mM) in the liquid had led to 95 percent Hg being
oxidized and to the corresponding NO removal of 36 percent.'?

Reactions with ClO,” proceeding under an acidic environment are strongly supported by the
results in Figure 4. In this case, NaClO, (0.81 M at 5 mL/min) was first fed to the scrubber
system for 90 min. During this operation period, the injection of SO, was turned off. In the
absence of SO, the slurry pH was 7.4. As shown in Figure 4, less than 20 percent of the Hg was
removed by the scrubber system during the 90™ minute time frame. Chlorine species (chloride
and chlorite) in the liquid phase were also analyzed during this period of time. Of the two
chlorine species, chlorite ions dominated, and the measured total chlorine species nearly equaled
the estimates. At the 90™ minute, when SO; injection was turned on, a sharp drop of Hg was
observed, accompanied by a quick drop in pH. The pH of the slurry was then maintained at 6.4.
Due to the accumulation of chlorite in the slurry, Hg removal experienced a decrease at the 120"
minute, followed by an increase back to ~55 percent at the 180"™ minute. Further analysis of
liquid chlorine species highlighted that the originally existing chlorite was quickly consumed,
and that the level of chloride ion increased at a fast rate.
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Figure 4: Effect of SO, Injection to Hg Oxidation and Chlorine Species Distribution in
Liquid Phase

NO removal followed the same pattern as Hg. Prior to the addition of SO, to the flue gas, a small
amount of NO was oxidized. An 80-percent drop in NO was immediately observed when SO,
was released to the scrubber system. As time proceeded, less and less NO was oxidized, until the




final NO oxidation ratio was stabilized at ~20 percent. It is thus clear that the occurrence of NO
oxidation and Hg capture in this system demands a low level of pH as demonstrated in the
bench-scale tests.™

Hg Capture under Various Sulfur Dioxide Concentrations

Whereas the presence of SO, is critical for Hg capture in the wet scrubber systems, SO,
nevertheless depletes NaClO,, thus deactivating the Hg-NaClO, reaction. Subsequent tests
focused on theé impact of varying SO, concentration in the flue gas. The test conditions were as
previously described except that the SO, concentration was varied from 500 to 2000 ppm. Two
levels of NaClO, concentration (0.81 M and 1.62 M) were employed for comparison. Figure 5
plots the impact that varying levels of SO, had on Hg capture across the wet scrubber system.
For the cases where concentration of NaClO, solution was 1.62 M, the impact of SO, was not
apparent until a decline to ~50 percent at 2000 ppm. However, a linear relation can be
established for the cases where NaClO, solution was 0.81 M — Hg capture decreased with the
increasing SO, concentration.
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Figure 5: Impact of Varying Sulfur Dioxide (SO;) Concentration in the Flue Gas on Hg
Capture

Hg Capture with Different Injection Rates and Injection Locations

Since SO, is a dominant pollutant in the wet scrubber system, and its negative impact on Hg
removal increases at high levels. The subsequent experiment was designed to include the effect
of slurry residence on Hg capture. While maintaining SO, concentration at 1100 ppm NaClO; in
the spray tower experiences a long residence time, a low level of SO, and a Jow level SO;* when
sprayed from the top of absorber #3, On the other side of spectrum, injection of NaClO, to the
top of absorber #1 leads to a short residence time, a high level of SO,, a high level of SO5*
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immediately. For the latter, a low level of Hg/NOx capture has been expected. However, as seen
in Figure 6 where Hg /NOx capture against NaClO; solution concentration is plotted, the extent
of Hg/NOx capture weakly correlates to NaClO; injection location. Surprisingly, Hg capture was
even reversely higher when 0.81 M or less NaClO, was injected from the top of absorber #1.
Analysis of data presented in Figure 6 lend us to the conclusion that majority of NaClO; in the
spray tower was consumed up within one or two absorbers. In addition, we have noticed that the
pH at the exit of the wet scrubber is around 4.6 to 5.0. With the temperature of incoming flue gas
being 95 to 100 °C, the reaction temperature in absorber #1 was 4 to 5 °C higher than that in

absorber #3.
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Figure 6: Hg, NOx, NO Captures with Different Injection Concentrations and Injection
Locations

Hg Capture with Various Numbers of Absorbers

As previously shown in Figure 6, we have determined that to reach ~70 percent Hg capture, the
concentration of NaClO, solution should be 1.62 M. At this concentration, the effect of injection
point location was insignificant, and the injected NaClO, was rapidly depleted within in one or
two absorbers. One remaining question was to what extent gaseous SO, contributed to NaClO,
consumption. It was not clear whether the consumption was rendered primarily by gaseous SO,
or aqueous SO,%, or potentially both pathways, as shown below:'?

250, + ClO; + 2H;0 — H,SO04 + CI' )
2CaS0; + Cl0, — 2CaS04 + CI 3

Gaseous SO, participates in the depleting reaction at the gas-liquid interface where NaClO,-Hg
reaction also exists. Aqueous SO;” was generated due to the capture of SO, by limestone. When




flowing down along the column of the spray tower, aqueous SO5> depletes NaClO, by reducing
NaClO; to ionic CI. In most tests, more than 80 percent SO, was captured by slurry. Although
the aqueous SO3> and NaClO, reaction was deemed to dominate the depletion process, there was
no direct evidence reported. In an attempt to understand the underlying NaClO2-S0,-S05>
reactions in the wet scrubber system, slurry and NaClO, were also alternatively sprayed from the
top of absorber #2, or absorber #1. Consequently, the reaction space above the spray nozzle
would be void, and no Hg-NaClO; reaction would be expected in these spaces. For this array of
tests, the pH of the slurry in the hold tank was maintained at 6.4, and the solution of NaClO, was
1.62 M.

100

1100 ppm SO,
40 - 2000 ppm SO,

60 -

Hg Capture, %

40 4

20 4

Two Three

Absorber Number

Figure 7: Hg Capture with Different Number of Absorbers

Figure 7 displays Hg capture as a function of the number of contact absorbers. When Slurry and
NaClO, were sprayed from the top of 1% absorber, the resulting mercury capture was 51 percent
with 1100 ppm of SO; and 35 percent with 2000 ppm. Increasing the number of absorbers did
not dramatically enhance Hg capture, which is consistent with the analysis in Figure 6.

Table 1 gives the concentration changes of SO, before and after NaClO, injection. Assuming
that the change was the result of gaseous SO,-NaClO; reaction, one can see that the SO, changes
ranged from 25 to 77 ppm in the presence of 1100 ppm SO, and from 47 to 86 ppm in the
presence of 2000 ppm of SO,. By comparison, the incremental SO, removals were similar in
each case. The calculation based on equation (2) shows that ~0,0015 mol/min NaClO, was being
consumed by 80 ppm gaseous SO,, accounting for 20 percent added NaClO,. With only absorber
#1, 625 ppm SO, was turned into HSO057S05* for the case of 1100 ppm of SO,. This amount
increased to 975 ppm with 2000 ppm of SO,. The corresponding Hg removal was 51 and 35
percent, respectively. Consequently, high levels of SO, capture and, in turn, high levels of HSO3
/SO5* concentration dominated the NaClO, consumption in the wet scrubber system.
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Table 1. Hg removal and associated SO, concentrations with varying number of absorbers.

b SO; at Ouflet SO; at Outlet Hg
sorber # bet:0}'e NaClO, af‘te.r NaClO, @-2) Capture
Addition (1), ppm | Addition (2), ppm

T 475 398 77  51%
2° 147 80 67 57%
3% 60 35 25 63%
1P 1035 549 86 5%
2° 457 410 47 45%
3° 169 113 56 50%

a. 1100 ppm SO; in flue gas.
b. 2000 ppm SO; in flue gas.

When 3 absorbers were used for the case of 2000 ppm SO,, the resulting Hg capture was ~50
percent. This value was very close to Hg capture of ~57 percent in the case of passing 1100 ppm
SO, through 2 absorbers. Together with the exiting SO, concentration in both cases, it again
implied that nearly all NaClO, was consumed within one or two absorbers. Despite the potential
massive consumption of NaClO,, a large amount of Hg was still oxidized through absorber #1,
implying that Hg-NaClO, reaction proceeds at a very rapid rate.

Hg Capture with Reconfigured Wet Scrubber

Now that the majority of NaClO, was consumed by HS037/S0s% jons, not gaseous SO, injecting
NaClO, from the top of the scrubber is first proposed. To validate the above proposition, the wet
scrubber was reconfigured — a portion of slurry was sprayed from the top of absorber #2, while a
portion of shury and NaClO, was injected from the top of absorber #3. The intention was to
minimize consumption of NaClO, while improving Hg capture. Of the total flow of 8.3 L/min
delivered by the recirculation pump, 1.7 L/min of shurry were sprayed with NaClO, from the top
of absorber #3.

Figure 8 shows the status of Hg capture. In group 1 of the tests, a low concentration of SO,
(~550 ppm) was used to simulate the case where there would be little SO, in absorber #3. All
slurry was first sprayed at the top of absorber #2 to identify the SO, level in the absorber #3.
With ~550 ppm SO,, the concentration of SO, out of absorber #2 was ~100 ppm. Then, a portion
of slurry (1.7 L/min) was diverted to the top of absorber #3. The SO, concentration out of
absorber #3 was slightly lower at ~85 ppm. When 1.62 M NaClO; was initiated at 5 mL/min, the
SO, concentration from the wet scrubber quickly dropped to ~40 ppm. If the decrease of SO,
was caused by a gaseous SO,-NaClO; reaction, then of the injected NaClO, (0.0081 mol/min),
an estimate of ~0.000854 mol/min (or ~10%) NaClO, was depleted by gaseous SO,. As for the
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oxidation of NO, which was ~225 ppm in the flue gas, its oxidation by NaClO, averaged
26.5 percent. However, the measured value for NOx capture was at a lower rate of 12.3 percent.
Despite expecting a higher Hg capture, the resulting Hg capture was still ~70%. It held same for
lowering the concentration of injected NaClO; to 0.81 M.

In group 2 of the tests, ~1100 ppm SO, was used. Slurry was circulated to both spray nozzles
before the injection of NaClO, was initiated. At steady state, the SO, concentration out of the wet
scrubber system was ~221 ppm. A higher concentration of SO,, in comparison to that in Table 1,
was probably due to a lower slurry pH. During testing, a pH of 6.0 was selected. When the
injection of NaClO; (solution concentration was 1.62 M) was turned on at a constant rate of 5
ml/min, the SO, concentration quickly dropped to ~170 ppm. Although a higher SO,
concentration was used, the Hg removal across the wet scrubber system was not significantly
lowered. At steady state, the corresponding Hg capture, NO oxidation, and NOx removal across
the wet scrubber were ~65, ~25, and ~14 percent, respectively. Further calculations indicated
that 12 percent (0.000987mol/min) NaClO, was depleted by gaseous SO,. Total consumption of
NaClO, by gaseous SO, and NO was 0.00203 mol/min or 25 percent. It should be noted that
when the injection concentration of NaClO, was lowered to 0.81 M, Hg oxidation was improved
by ~10 percent.

100

] 0.81 MNaCIO Bolh@4
0.81 M NaCl0,@4, slury@3
80 1 1.62 MNaCIO,Bolth@4
I 1.62 MNaCI0,@4, Slurry@3

s —

60 -

Hg Capture, %

40

20 A

0 - L ! =
550 1100

S0,, ppm

Figure 8. Hg Capture with Different Scrubber Configuration
CONCLUSIONS

The pilot-scale tests confirmed our previously reported bench-scale results that NaClO, was
effective in promoting Hg capture, but to a lesser extent NO/NOx capture in a wet scrubber.
system. Hg capture was as high as ~65 percent, while NOx capture was, in general, less than 20
percent. The results revealed that SO, was critical for the occurrence of Hg-NaClO, reaction, but
it was also a limiting factor in minimizing NaClO; consumption. As an effort to understand the
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consumption mechanism of NaClO, in the wet scrubber system, analysis of data indicated that
the consumption of NaClO, was strongly related to aqueous sulfite ions, but to a lesser extent to
gaseous SO,. With 1100 to 2000 ppm SO; to the wet scrubber system, an estimation of NaClO,
consumption by gaseous SO; ranged from 10 to 20 percent.

KEYWORDS: Mercury, Sodium Chlorite, Wet Scrubber, Multi-pollutant Control
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Production of Activated Char from Illinois Coal for Flue
Gas Cleanup’
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Activated chars were produced from Illinois coal and tested in several flue gas cleanup
applications. High-activity chars that showed excellent potential for both SO, and NO, removal
were prepared from an Illinois No. 2 bituminous coal, The SO; (120 °C) and NOy (25 °C) removal
performance of one char compared favorably with that of a commercial activated carbon (Calgon
Centaur). The NO,removal performance of the same char at 120 °C exceeded that of the Centaur
carbon by more than 1 order of magnitude. Novel char preparation methods were developed
including oxidation/thermal desorption and hydrogen treatments, which increased and preserved,
respectively, the active sites for SO, and NO, adsorption. The results of combined SO2/NO,
removal tests, however, suggest that SO, and NO, compete for similar adsorption sites and SO,
seems to be more strongly adsorbed than NO. A low-activity, low-cost char was also developed
for cleanup of incinerator flue gas. A three-step method involving coal preoxidation, pyrolysis,
and CO; activation was used to produce the char from Iflinois coal. Five hundred pounds of the
char was tested on a slipstream of flue gas from a commercial incinerator in Germany. The char
was effective in removing >97% of the dioxins and furans present in the flue gas; mercury levels

were below detectable limits.

Introduction

Concerns about air quality and our environment have
led to increasing regulation of exhaust emissions from
stationary combustion sources. More stringent regula-
tions will likely be introduced in the future. Sulfur and
nitrogen oxides are important air pollutants that cause
photochemical smog formation and acid rain. One of
the unique properties of activated carbon is that it can
remove nearly every impurity found in flue gas includ-
ing SOz, NO,, particulates, mercury, dioxins, furans,
heavy metals, volatile organic compounds, and other
trace elements.!~® No other existing sorbent has that
capability. An activated-carbon-based process, typically
placed after the precipitator and just before the stack,
can be used alone or in conjunction with other control
methods to remove sulfur and nitrogen oxides from flue
gas.”~? This technology has been used in Europe and
Japan for cleanup of flue gas from both coal combustion
and waste incineration. Currently, no U.S. utility
employs a carbon-based process to clean flue gas.

t Paper presented at the National Meeting of the American Chemical
Society, New Orleans.

@ Abstract published in Advance ACS Abstracts, February 15, 1997.
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Production of Activated Char

SO; Removal. Carbon adsorbents may be used to
remove sulfur oxides from coal combustion flue gas at
temperatures between 20 and 180 °C. The type of
carbon used is probably the most important process
consideration, with respect to both adsorption efficiency
and maintenance of efficiency during extended opera-
tion. Numerous carbons have been tested for this
application, ranging from highly activated carbon to
untreated coal. The SO, adsorption capacity of an
activated char prepared from the same coal can vary
by 2 orders of magnitude depending on its preparation
method.}® Parameters that may affect SO; removal by
carbon include flue gas temperature, pollutant concen-
tration, particle size of sorbent, other components in the
flue gas such as Og and Hy0, and the physical/chemical
properties of the carbon such as surface area and oxygen
content. A high-quality carbon adsorbent for SOy
removal should have the following properties: high
adsorption capacity for SOy, rapid SOz adsorption kinet-
ics, low reactivity with oxygen, minimal activation losses
due to regeneration, high mechanical strength, and low
cost. Removal of SOz from flue gas by activated carbon
involves a series of reactions beginning with adsorption
of 5O, on free sites on the carbon surface. The resultant
C—S0; complex reacts with gas phase Oy to form
C—S80g, which then reacts with adsorbed water to form
sulfuric acid. A detailed mechanism and simplified rate
expression for SOz removal by carbon was recently
proposed. 2

NO, Removal. Carbon can also be used to remove
NO, from flue gas at temperatures between 20 and 150
°C. Carbon may act as both a sorbent?*23 and a
catalyst;?426 the extent of each depends on the physical/
chemical properties of the carbon and flue gas condi-
tions. The NO, adsorption capacity of an activated
carbon can range from 0 to 15 wt % depending on
sample preparation and flue gas conditions. Carbon,
besides adsorbing NO,, can also catalyze NOyreduction,
where Ny and COy are the principal products of the
reaction. In either case, the carbon catalyst requires
regeneration when a sufficient quantity of nitrogen
oxide complexes accumulate on the carbon surface and
bloek the §ites résponsible for the adsorption/reduction
of NO,.

Nitrogen oxides are present in most flue gas mainly
as NO and 5-10% NO,. Both can be reduced by
reaction with carbon at temperatures between 20 and
200 °C.

NO reduction 2NO +2C + 0,— N, + 2C0,

«NOg reduction  2NO, + 2C— N, + 2CO,

2NO, + € — 2NO + CO,

(21) Rubel, A. M.; Stencil, J. M. Prepr. Pap—Am. Chem. Soc., Div.
Fuel Chem. 1986, 41 (1), 302,

(22) Groszek, A. J. Prepr. Pap—Am. Chem. Soc., Div. Fuel Chem.
1996, 41 (1), 817.

(23) Nelson, S. G.; Bayak, R. A, Prepr. Pap—Am. Chem. Soc., Dlv.
Fuel Chem. 19986, 41 (1), 298,

(24) Jungten, H.; Richter, E.; Knoblauch, K.; Hoang-Phu, T. Chem.
Eng. Sci. 1988, 43, 418,

(256) Ahmed, S. N; Stencel, J. M.; Derbyshire, F. J.; Baldwin, R. M.
Fuel Process. Technol. 1993, 34, 123.

(26) Spivey, Jd. J. Catal. Today 1994, 18, 165.
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Illan-Gomez et al.2” found that the NO reduction activity
0f 10 carbons covering a wide range of surface area and
pore size distributions correlated well with the Ny BET
surface area. It was concluded that at the temperatures
studied (400—600 °C) all of the available surface area
of the carbons was effective for the reaction and that
accessibility problems due to diffusional limitations
were not important. Yamashita et al.?® studied the
reaction of brown coal chars with NO and O, at 300 °C.
A char loaded with 4% copper exhibited enhanced NO
reduction activity in the presence of oxygen. The
formation of reactive surface C(Q) intermediates and
stable C—0 complexes during these reactions was
investigated by a combination of transient kinetics and
temperature-programmed desorption techniques. A

mechanism for Cu-catalyzed NO reduction based on

enhanced formation of reactive C(O) intermediates was
proposed. There have been relatively few, if any, studies
on NO, removal by carbon at temperatures <200 °C.

Another means to reduce NO, by carbon is by selective
catalytic reduction (SCR) of NO with ammonia (NHs).
Typically, the carbon catalysts used in commercial SCR
processes are high surface area activated carbons
(1000—1500 m?/g) made from bituminous coal. Carbo
Tech (Fissen, Germany) presently manufactures ton
quantities of this material for carbon-based SCR proc-
esses operating throughout Europe. When NHj is
added to the flue gas in the presence of carbon, the NO
is reduced to nitrogen and steam. The stoichiometry
of the overall reaction indicates that carbon is not
consumed in the process.

6NO + 4NH, + C — N, + 6H,0 + C
4NO + 4NH; + O, + C — 4N, + 6H,0 + C

The activity of carbon catalysts for SCR of NO, can
be influenced by both the amount and types of functional
groups present on the carbon surface, Singoredjo et al.??
modified activated carbons with nitrogen and oxygen
containing organic compounds, followed by pyrolysis and
COq activation, and studied low-temperature SCR.of NO
with NHj at temperatures between 110 and 280 °C. An
increase in NO reduction activity was attributed to the
creation of stable C—O complexes. These complexes
could be removed only at high temperatures. The role
of incorporated nitrogen was not clear. They concluded
that overall NO reduction activity was the result of a
combination of factors: number and type of C-O
complexes on the char surface, nitrogen content of the
char, and accessibility of the pores.

Combined S02/NOy Removal. Retrofitting an ex-
isting utility boiler with an activated carbon FGD
process should, in addition to improving SOs/INO, emis-
sions, lower overall operating costs compared to com-
petitive FGD processes. Richter et al.” described the
flexibility of the Bergbau-Forschung (BF) carbon-based
S0./NO, removal process now in commercial use
throughout Europe and its ease of incorporation into
existing FGD processes. Four BF process configurations

(27) lan-Gomez, M. J.; Linares-Solano, A,; Salinas-Martinez de
Lecea; Calo, J. M. Energy Fuels 1993, 7, 146,

(28) Yamashita, H.; Tomita, A.; Yamada, H.; Kyotani, T.; Radovic,
L. R. Energy Fuels 1993, 7, 85.

(29) Singoredjo, L.; Kapteign, F.; Moulijn, J. A.; Martin-Martinez,
J. M.; Boehm, H.-P. Carbon 1983, 31, 213.
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were analyzed in detail. Perhaps the most interesting
was a carbon-based process placed behind a conven-
tional FGD unit (scrubber). With a flue gas of high SO,
concentration, the scrubber was able to be operated at
a relatively low SOg removal rate and was used only as
a preliminary stage for the more efficient carbon-based
process. Also, it was easier to integrate a carbon-based
NO, reduction process into a power plant FGD scheme
than to use a catalyst-based NOy reduction unit, which
needed to be operated at relatively high temperatures
(>250 °C). They also suggested that for smaller boilers,
and those boilers burning high-sulfur coal, it would be
more economical to operate conventional spray sorption
methods at low efficiency and arrange behind them a
suitable activated carbon FGD process to remove the
bulk of SOy/NO,.

Mitsui Mining Co. Ltd. (Tokyo, Japan) modified the
BF process to achieve both SOz and NO,removal in a
single process.®* The process consists of three sec-
tions: adsorption, regeneration, and byproduct recovery.
Their process scheme achieves 100% removal of SOz and
over 80% removal of NO, by contacting the flue gas with
two consecutive moving beds of activated coke. Am-
monia is injected into the second bed to reduce nitrogen
oxides at a temperature of 200 °C. Halogen compounds,
dioxins, and trace elements such as mercury vapor also
contained in the flue gas are removed by chemical and/
or physical adsorption onto the carbon. Particulates are
also removed by the activated coke filter. Elemental
sulfur, sulfuric acid, or liquid SO; is recovered in the
regeneration section. Mitsui Mining also developed
technology to produce the activated coke used in their
process. The surface area and SO adsorption capacity
of their coke vary between 150 and 300 m%g and
between 60 and 110 mg/g, respectively, Mitsui Mining
initially constructed and operated a pilot plant that
produced 0.5 ton of activated coke per day. Bituminous
coal was found to be the best feedstock, but lignite and
petroleum coke were also used. An activated coke with
high mechanical strength was achieved by controlled
pyrolysis of bituminous coal, and a proper micropore
structure was developed using a controlled chemical
activation process. The ratio of activated coke to binder
was critical to produce a final product with high
mechanical strength, The surface of the activated coke
was then chemically treated to increase its ability to
remove SOg and NO,. Today, Mitsui Mining produces
about 3000 tons of activated coke per year for their
process that is installed on a 350 MW fluidized bed
combustion power plant in Japan. The metallurgical
coke is produced in coke ovens and then further acti-
vated to increase its surface area from 20 to 300 m%g.
The cost to produce the activated coke is $800—1000/
ton.

Gangwal et al.303t developed the Research Triangle
Institute (RTI)—Waterloo process, a novel low-temper-
ature process employing carbon-based catalysts and
operating downstream of the electrostatic precipitator.
Tt is capable of removing more than 95% of the SOz and
75% of the NO, from coal combustion flue gas. Sulfur
dioxide is catalytically oxidized to SOz at 100 °C and is
removed as medium-strength sulfuric acid in a series

(30) Gangwal, S. K,; Silveston, P, L; Howe, G. B.; McMichael, W.
J.; Spivey, J. J. Final Report to U.S. DOE, 1993.

(31) Gangwal, S. K; Howe, G. B.; Spivey, J. d.; Silveston, P. L;
Hudgins, R. R.; Metzinger, J. G. Environ. Prog. 1993, 12, 128.

Lizzlo et al,

of periodically flushed trickle bed reactors containing
an activated carbon catalyst. The SO; free gas is
reheated to 150 °C and NHj is added. The gasis passed
over a fixed bed of another carbon catalyst to reduce
the NO,to Ny and H20. The technical feasibility of the
process was demonstrated in laboratory scale experi-
ments. A preliminary evaluation of the RTI—-Waterloo
process conducted for a 100 MW electric power plant
burning a 2.8% sulfur coal showed that the RTI—
‘Waterloo process was competitive with several combined
S04/NO, removal processes (conventional FGD/SCR,
SNO,, E-beam). The carbon catalysts developed in the
study, however, still need to be optimized with respect
to cost and long-term durability.

Incinerator Flue Gas, Carbon-based systems for
flue gas cleanup have been installed on commercial
medical, hazardous, and municipal waste incinerators
throughout Europe. The activated carbon technology
is given preference over other alternatives because of
its high removal efficiency for sulfur oxides, dioxins,
furans, mercury, heavy metals, and other air toxics.
Typically, flue gases pass through an activated carhon
filter at temperatures between 100 and 150 °C. In the
process developed by STEAG Aktiengesellschaft,!~2
known as the /a/c/t process, a three-layer moving bed
of carbon separates and treats selectively pollutants in
each layer. The spent carbon is returned to the incin-
erator where the adsorbed contaminants are either
destroyed or released again for ultimate removal in a
wet scrubber system situated upstream of the carbon
filter. Operating results show that current European
emission requirements are met with this type of system.
Availability of this proven technology in the United
States could prompt legislation to set incinerator emis-
sions limits low enough to make incinerators acceptable
to the American public. The potential market for
activated char in the United States is estimated to be
80 000 tons/year, assuming 10% of U.S. incinerators
adopt this technology to meet needs emanating from
anticipated regulation of emissions from existing incin-
erators. The carbon used by STEAG is made from
German brown coal and has a relatively low surface
area (<270 m%g) and price (<$300/ton). A domestic
source of this carbon is needed for /a/e/t processes that
will be installed on U.S. waste incinerators.

Experimental Section

Char Preparation. Figure 1 presents a process flow sheet
for production of high-activity (for coal combustion) and low-
activity (for incinerator flue gas) char from Illinois coal. The
four major processing steps are preoxidation, pyrolysis, activa-
tion, and surface modification by a novel oxygen deposition/
thermal desorption treatment. The pyrolysis and activation
steps were used in making both types of chars. The high- and
low-activity chars were prepared from Colchester (Illinois No.
2) hvC bituminous coal obtained from two different mines in
Illinois.

High-Activity Char, High-activity chars were produced
from a Colchester (Illinois No. 2) coal (designated IBC-102 coal
in the Illinois Basin Coal Sample Program3?88), A 48 x 100
mesh sample of this coal was used. Chars were prepared at
900 °C for 0.5 h in a 5 em i.d. batch fluidized bed reactor (FBR).
Typically, 200 g of IBC-102 coal was fluidized in flowing N (6

(32) Harvey, R. D.; Kruse, C. W. J. Coal Qual. 1988, 7, 109.
(33) Demir, L; Lizzio, A, A.; Fuller, E. L; Harvey, R. D. J. Coal Qual.
1994, 13, 93.
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Figure 1, Production of high- and low-activity char from
Illineis coal.

L/min) and heated to the desired pyrolysis temperature. A
multistep heating procedure was used to minimize agglomera-
tion of coal particles in the FBR.13 Steam activation was
performed to further develop microporosity and increase
surface area. Typically, 50 g of char prepared at 900 °C was
placed in the 5 em i.d. FBR and heated to 860 °C in flowing
Ns. At 860 °C, the Nj flow was replaced by 50% Hx0/50% N,
(6 L/min) for 0.75 h to achieve 30% char conversion,

The HyO-activated char was subjected to a mitric acid
treatment. Typically, 10 g of the char was added to 0.2 L of
10 M HNOg3 solution and refluxed at 80 °C for 1 h. The HNO;-
treated carbon was washed with distilled H;O to remove excess
acid and vacuum-dried overnight at 25 °C. Using a 2.5 em
FBR, the HNO;z-treated char was heated in 1 atm of Ng
(ultrahigh purity) to 525, 725, or 925 °C and held for 1 h to
desorb C—0O complexes formed by the HNO; treatment. To
preserve active sites, the HNOs-treated char was exposed to
1 atm of Hj (instead of N») at 925 °C for 1 h.

A chemical activation method was also employed to enhance
surface area development. Potassium hydroxide (KOH) was
loaded onto the coal by impregnation to incipient wetness.
Typieally, 100 g of KOH was dissolved in 0.1 L distilled water
and mixed thoroughly with 100 g of raw coal. The dried coal/
KOH mixture was added to the 5 cm i.d. FBR and pyrolyzed
in flowing Ny at 600 and 800 °C for 0.5 h. The sample was
cooled in N; and washed with distilled H2O to remove leftover
potassium and air-dried overnight at 110 °C.

Low-Activity Char. The mine from which IBC-102 coal
was obtained was closed at the time this study was performed
(it reopened in 1996), so another Colchester (Illinois No. 2)
coal, readily obtained from a nearby mine, was used instead
to produce low-activity char. The conditions needed to produce
low-activity char from this coal were identified using several
types of reactors including a 4.5 ¢m i.d. horizontal tube furnace,
9 cemi.d., 1.2 m heated zone, continuous feed rotary tube kiln,
and a continuous feed charring oven 1%1%18 With the assistance
of Allis Mineral Systems (Milwaukee, WI), the production steps
were carried through two levels of scale up, culminating in

" the production of 277 kg of activated charin a 46 emid, 3 m
heated zone, externally fired rotary tube kiln, A 580 kg pound
sample of size-graded bituminous coal having a free swelling
index of 4.5 was used as feedstock for the production run. A
three-step process, which included preoxidation, pyrolysis, and
activation, was necessary to process the coal. The coal feed
rate during preoxidation was 23 kg/h to maintain a 2 h
residence time at 250 °C. Initial external temperatures in the
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three heating zones of the kiln ranged from 420 °C for the first
zone (entrance) to 250 °C for the final zone (exit). The
pyrolysis step was carried out in flowing Ny (227 L/min) in
the temperature range 425—450 °C and a feed rate of 30 kg/
h. The volatile matter was combusted in a gas-fired combus-
tor. The activation step was conducted in flowing CO, (170
I/min) at 870—920 °C with a feed rate of 23 kg/h. The overall
yield for the three steps was 48% (277 kg of char from 580 kg
of coal) after screening to remove 11 kg of —16 mesh (—1 mm)
material. Further details of the conditions used in the
production runs have been described elsewhere 10.16-18

Char Characterization. The SO, adsorption capacities
of prepared chars were determined by thermogravimetric
analysis (Cahn TG-1381). In a typical run, a 30—50 mg char
sample was placed in a platinum pan and heated at 20 °C/
min in flowing Na to 120 °C. Once the temperature stabilized,
the flow of Ny was switched to a mixture of gases containing
5% Og, 7% Hz0, and the balance Na. Once there was no further
weight gain due to adsorption of O3 and Hy0, SO, was added
in concentrations representative of a typical flue gas for
combustion of high-sulfur coal (2500 ppm of SOy).

A laboratory scale adsorption colurnn/mass spectrometer
(AC/MS) system was used to measure nitric oxide (NO)
breakthrough curves. The AC consisted of a 1.26 em i.d. x 80
cm stainless steel tube and was heated by a 2.5 cm 1.d. split
tube furnace. The temperature of the AC was monitored by a
0.6 cm type K thermocouple placed directly above the sample
bed. Concentrations of 16 gas species were monitored continu-
ously at 20 s intervals using a quadrupole mass spectrometer
(Gastrace-A System, VG Quadrupoles, Fisons Instruments).
In a typical run, 3—5 g of activated char was loaded into the
AC (8 cm carbon bed) and placed between two layers of quariz
wool packing. The AC was heated under 99.9999% He flowing
at 0.2 L/min to the desired {emperature. Once the tempera-
ture stabilized, the gas was switched o a mixture consisting
of 500 ppm of NO, 5% O,, balance He. The concentration of
NO in the effluent was monitored as a function of time, When
the carbon bed became saturated, e.g., inlet and outlet
concentrations of NO were identical, the gas was switched back
to He and the AC cooled to room temperature. If the sorbent
was regenerated, it was heated to 925 °C at 20 °C/min under
flowing helium,

Temperature programmed desorption (TPD) experiments
were carried out in a flow-through, 2.5 cm i.d. stainless steel
fixed bed reactor system. In a typical run, 0.5 g of sample
was heated in flowing nitrogen (0.5 L/min) at § °C/min to a
final temperature of 1000 °C and held for 1 h o achieve nearly
complete desorption of CO and CO; from the char surface.
Rosemount Model 880 CO and CO; nondispersive infrared
analyzers were used to continuously monitor the concentra-
tions of CO and CQOs in the effluent gas.

Surface areas were determined from the amount of Ny and
CO; adsorbed at 77 and 195 K, respectively, using a dynamic
sorption method in conjunction with a single-point BET
adsorption equation. Single-point Ny BET surface areas were
determined from N, (77 K) adsorption data obtained at a
relative pressure (F/Pp) of 0.30 with a Monosorb flow apparatus
(Quantachrome Corp.). Single-point CO; BET surface areas
were determined from CO; (195 K, dry ice—ethanol) adsorption
data cbtained in a custom-made U-tube apparatus at a F/P,
of 0.15 (220 Torr of CO, in helium, Py = 1450 Torr).

Results and Discussion

S0; Removal. The initial goal of this study was to
identify process conditions for producing activated char
with optimal SOy removal characteristics.’0=% Chars
with varying pore structure and surface chemistry were
prepared from IBC-102 coal under a wide range of
pyrolysis and activation conditions and tested for their
ability to remove SO; from simulated flue gas. Table 1
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Table 1. Correlaﬁon of SO, Adsorption Capacity with Surface Area and Chemisorbed Oxygen

SOz capacity? Nz CO;

(mg of SOy BET

BET SOyNz S0y/C02 O

sample g of char) (m%¥g) (m%g) (mg/m? (mgm? (Wwt% SO0/0:
Calgon F400 208 1000 1000 0.21 0.21 0.5 41.2
Calgon Centaur 327 360 —b 0.91 - - -
IBC-102, N, 500 °C,0.5h 19 1.2 270 158 0.07 8.8 0.22
IBC-102, N3, 700 °C,05h 33 10 315 3.3 0.10 1.6 2.20
IBC-102, Ny, 900 °C, 0.5 h 7 1.2 98 5.8 0.07 0.5 1.40
IBC-102 + KOH, N, 600°C, 0.5 h 157 500 725 0.31 0.22 7.4 212
IBC-102 + KOH, Ng, 800°C, 05 h 176 800 1155 0.22 0.15 5.6 3.14
IBC-102, 500 °C; 10% Oy, 330 °C 13 220 422 0.06 0.03 8.6 0.15
1BC-102, 700 °C; 10% Os, 440 °C 37 320 490 0.11 0.08 8.9 0.42
IBC-102, 900 °C; 10% O, 500 °C 42 230 395 0.18 0.11 5.2 0.81
IBC-102, 900 °C; Hz0, 860 °C 176 220 613 0.80 0.29 11 16.0
IBC-102, 900 °C; H»0, 860 °C; 45% HNO3, 2.5 h, 25 °C - 400 585 0.06 0.04 16.4 -
IBC-102, 900 °C; H20, 860 °C; 46% HNO3, desorbed at 525 °C 91 460 693 0.20 0.13 5.9 1.54
IBC-102, 900 °C; Hz0, 860 °C; 45% HNO3, desorbed at 725 °C 241 500 727 0.48 0.33 1.6 15.0
IBC-102, 900 °C; Ho0, 860 °C; 45% HNOa, desorbed at 925 °C 287 550 726 0.05 0.3% 05 57.4

250, capacity determined after 6 h, ®Not determined.
Table 2. SOz Removal Tests Performed by RTI

Table 3, Comparison of SO, Breakthrough Times

low emission 20% breakthrough low emission - b% breakthrough
cycle (ppm of S03) time (min) cycle (ppm of SO2) time (min)
HNO3—925 °C Char HNO3—725 °C Char
1 80 3 1 10 60
2 100 80 2 1200
8 80 60 Centaur Carbon
4 150 25
1 0 725
5 160 35 9 10 40
6 240 30
7 300 20 .. . N
8 350 15 minimum SQOs concentration detected in the effluent,
] 400 10 increased with each subsequent cycle. It should be
KOH-Activated Char mentioned that the NO, removal tests for the HNO3—
1 25 45 925 °C char were performed prior to these SOz removal
2 1800 tests. The rather poor performance of this char can be

summarizes the results. A novel char preparation
method, involving nitric acid treatment followed by
thermal desorption of carbon—oxygen (C—0) complexes,
was developed to produce activated chars with SOq
adsorption capacities comparable o those of commercial
activated carbons (Calgon F400 and Centaur). An
attempt was made to relate the observed SOz adsorption
behavior to the physical and chemical properties of the
char. There was no correlation between SO, capacity
and Nz BET surface area. A TPD method was used to
determine the nature and extent of C—O complexes
formed on the char surface. TPD data revealed that SO,
adsorption was inversely proportional to the amount of
gtable C—O complex, The formation of stable C—0
complex may have served only to occupy carbon sites

" that were otherwise reactive to SOy adsorption. TPD

data have also revealed that SOz adsorption was directly
proportional to the number of free adsorption sites on
the carbon surface. 1215

The Research Triangle Institute performed SOg re-
moval tests on five of the chars listed in Table 1 under
conditions simulating those used in the RTI~Waterloo
process: 100 °C, 2500 ppm of SOz, 5% O, 10% Hy0,
balance helium, space velocity of 1400 h~t. Each
adsorption cycle was followed by a 0.2 L wash with 4.32
N HyS04. The results of nine adsorption/desorption
cycles performed with the HNO3—925 °C char are
summarized in Table 2. After the first cycle, the 20%
breakthrough time (BT), i.e., when 20% of inlet concen-
tration of 8O is measured in the effluent, was extended
from 8 to 80 min; however, BT decreased steadily
thereafter. Also, the lowest emission (LE), ie,, the

attributed to adsorbed NO, NHj, and Og poisoning of
the SO; adsorption sites. Commercial processes typi-
cally remove SOy before NOy to avoid production of
ammonium sulfate, which can also reduce catalytic
activity.3~8 All subsequent SOy removal tests were
performed on carbons that were not previously exposed
to NO or NHs. The KOH-activated char was also tested.
Table 2 shows that a relatively low SOz emission in the
effluent was achieved and the 20% BT was 45 min, but
after the first cycle, performance decreased dramati-
cally.

The SOz removal performance of the Centaur carbon
was superior to that of all other carbons tested. Table
3, however, shows that its 5% BT also decreased after
the first cycle. The IBC-102, HNO3—725 °C char
performed best among the ISGS chars tested. Itsinitial
LE was 10 ppm of SOz (equivalent to 99% removal
efficiency), but this increased to 1200 ppm of SO, after
just the first acid wash. An RTI carbon (not listed in
Table 2 or 8) showed similar deactivation after the first
cycle. The integral feature of the RTI-Waterloo process
is its regeneration step involving a water wash with
dilute H2SO4. One important advantage of doing this
instead of thermal regeneration is that it does not
consume carbon. Thus, a carbon catalyst in this process
could last for many years without having to be replaced.
The SOz removal performance of all the carbons tested
by RTI in this study decreased markedly after the first
cycle. Whether a low-cost carbon having a high con-
centration of free sites resistant to poisoning by the
dilute acid wash can be developed for this process
remains to be determined.

NOxRemoval. Although SCR of NO,with ammonia
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Figure 2. NO, removal with various carbons at 25 °C.

is an available technology to remove NO, from flue gas,
this process has several drawbacks, e.g., ammonia slip
(another air pollutant), equipment corrosion, higher
operating temperature, which requires reheating of the
flue gas, large reactor volumes, and high equipment
costs. Consequently, SCR is not practical in many
applications and may be problematical with coal-fired
power -plants, Coal-based carbons are an attractive
alternative to traditional SCR catalysts (vanadium,
titanium) for reducing NO, emissions. Sorbent Tech-
nologies Corp. (STC) and the U.S. Air Force are pres-
ently developing a carbon-based process for low-tem-
perature (20—100 °C) removal of NO, from exhaust
streams from jet engine test cells and other combustion
sources such as diesel engines that would not require
the use of ammonia.?® The carbon filter being developed
is a relatively simple NO, control device that is placed
directly into the exhaust duct path. There it substan-
tially removes the NO, as well as other contaminants
such as SOg, HCI, and organics. The ISGS and STC
are working together to develop a carbon for low-
temperature NOy removal.

Several carbons prepared at the ISGS were tested by
STC. The experimental conditions used were as fol-
lows: 10 g of carbon, 2.5 cm i.d. fixed bed reactor, 500
ppm of NO in air, and a flow rate of 4 L/min, Figure 2
shows that the IBC-102, HNO3—925 °C char removed
100% of the NO,during a 1 h test. Recall that this char
also adsorbed the greatest amount of SOg (Table 1). The
NO, removal efficiency of a similarly treated Calgon
400 carbon (Calgon, HNOg, 925 °C) decreased from
100% to 70% after 1 h. The HNOg-treated Calgon
carbon that was not heat treated at 926 °C (Calgon,
HNOjg) removed only 10% of the NO, after 60 min,
illustrating the importance of the thermal desorption
step in our char preparation method. Thermal desorp-
tion of C—O complexes opens closed porosity and widens
pores but, more importantly, creates nascent sites on
the carbon surface that react with NO,.

Figure 3 presents NO and NO, breakthrough curves
obtained at 25 °C for the IBC-102, HNO3g—925 °C char
and the Centaur carbon. The HNO3;—925 °C char
achieves nearly 100% NO, removal for the first 8 h
compared to only 4 h for the Centaur carbon. For the
HNO3—925 °C char, the concentration of NO in the

Energy & Fuels, Vol. 11, No. 2, 1997 255

600
3 g char, 200 cm3/min, 25 C
500 ppm NO, 5% 02, He
8§00
400

Concentration {ppm) -
[A)
<o
<3

NO, Centaur Carbon

S
&
5,
100
A NA NO2, HNO3, 925 C
P pAYAY P L FAYAY
AN ek NO2, Gentaur Garbon

WY L ansess t ! {
[4] 5 10 15 20 25 30 35
Time (h)

Figure 3. Comparison of high-activily char and Centaur
carbon. )

effluent increases from about 3% to 80% between 8 and
15 h, while the Centaur carbon continues to remove 50%
of the NO after 20 h. It is interesting to note that NOg
is generated by both carbons and that its onset occurs
at 15 h (60% of maximum breakthrough). The forma-
tion of NOy during the low-temperature reaction of
activated carbon fibers with NO was recently ob-
served.335 I{ seems that once the carbon surface
becomes saturated with C—0, C—N, and C—NO fune-
tional groups, NOy formation is initiated. Eventually,
a char would require regeneration as these functional
groups accumulate on the carbon surface and block the
sites responsible for NO adsorption/reduction. Further
work is needed to determine the mechanism by which
this high-activity carbon removes NO, from flue gas.
Selected IBC-102 chars were also tested in 500 ppm
of NO, 5% O, balance He using the AC/MS system
described under Experimental Section. Figure 4 shows
the effect of flue gas temperature on the NO, removal
capacity of the nitric acid/thermally desorbed char (4 g
of char, space velocity of 2000 h™1), The NO, removal
capacity increases monotonically with decreasing tem-
perature. At 150 °C, the char removes 19.2 mg of NO/g
of char and at 60 °C the char removes 25.8 mg of NO/g
of char, It is interesting to note that complete break-
through was never achieved in these four runs, It
appears that two NOy removal mechanisms were in
effect: the adsorption mechanism, where NO is simply
adsorbed on the char surface; and the catalytic mech-
anism, where the char converts NO to Ng. The char
adsorbs/reduces NO, until its adsorption/catalytic sites

(34) Mochida, I.; Kisamori, S.; Hironaka, M.; Kawano, S.; Mat-
sumura, Y.; Yoshikawa, M. Energy Fuels 1994, 8, 1341,

(86) Jang, B. W.-L.; Spivey, J. J.; Kung, M, C.; Kung, H. H. Prepr.
Pap— Am. Chem. Soc., Div. Fuel Chem. 1996, 41 (1), 308.
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Figure 5. NO breakthrough curves for selected IBC-102 chars and a commercial activated carbon,

are saturated with C—~0O and C—N complexes. The
catalytic component of the mechanism may be why
complete breakthrough (500 ppm of NO in the exit gas)
was not easily achieved in these experiments.

Figure 5 shows that Centaur carbon (B) had rather
poor NO, removal capacity at 120 °C, whereas the nitric
acid treated, thermally desorbed chars (C—G) performed
significantly better. It is interesting-to note that the
NO concentration in the effluent gas exceeds the NO
input concentration in some cases (e.g., samples A and
(). An air-oxidized/thermally desorbed char (D) was
slightly better than the XOH-activated char (A), al-
though potassium is known to be a good catalyst for NO,
reduction at higher temperatures (300—600 °C).36-38
Exposure of the char sample to ambient air prior to a
NO, removal run had a detrimental effect on perfor-

mance (compare breakthrough curves of samples C and
E). Sample C was exposed to air for at least 48 h before
the run. Chemisorbed oxygen may poison the active
sites for NO adsorption/reduction, although it was
necessary to have oxygen in the simulated flue gas to
achieve some NO, removal.

Table 1 showed that a lack of oxygen, rather than a
char surface loaded with oxygen, enhances SO removal.
It seems that carbon atoms that are not occupied by an
adsorbed oxygen atom have valence electrons that are
available and more reactive toward SOy adsorption.

(36) Hlan-Gomez, M. J,; Linares-Solano, A.; Radovic, L. R.; Salinas-
Martinez de Lecea, C. Energy Fuels 1995, 9, 97.

(87) Nlan-Gomez, M. J.; Linares-Solano, A.; Radovic, L. R.; Salinas-
Martinez de Lecea, C. Energy Fuels 1995, 9, 104.
" (38) Garcia-Garcia, A.; Linares-Solano, A.; Salinas-Martinez de
Lecea, C. Prepr. Pap.—Am. Chem. Soc., Div. Fuel Chem. 1996, 41 (1),
293,
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Figure 6. Effect of hydrogen treatment on TPD profiles of
IBC-102, HINO3~925 °C char exposed to air at 25 °C for 2
weeks.

Thus, the number of unoccuppied or free sites should
control the uptake of SOs. This same concept of free
sites may apply to NO,removal by carbon. To regener-
ate the active sites (and also to preserve them), sample
E was heated to 925 °C in flowing hydrogen (0.2 L/min)
and held for 1 h at 925 °C. The reaction of hydrogen
with carbon at this temperature serves to gasify the
most reactive carbons, leaving behind a more stable
surface but one that still contains an appreciable
number of free sites. Some C~H complex may also
form, and it remains to be determined what effect this
would have on NO, removal performance. The stable
surface created by Hp treatment at 925 °C should adsorb
less oxygen and water at room temperature, which
should lead to more available sites to react with NO, at
higher temperatures. Figure 5 shows that the NOy
removal capacity of sample G increased by more than a
factor of 2 with the hydrogen treatment as its break-
through curve was shifted to the right by more than 10
h. Further work is needed to optimize the hydrogen
treatment conditions used in this study, e.g., reduce the
time and temperature of the treatment.

Figure 6 presents TPD profiles for the nitric acid
treated IBC-102 chars thermally desorbed in nitrogen
and hydrogen at 925 °C and then exposed to room
temperature air for 2 weeks, There is a marked
difference in the TPD profiles of these two chars. The
char desorbed in nitrogen contains about 4.8 wt %
oxygen, whereas the char desorbed in hydrogen contains
only 0.2 wt % oxygen. Thus, a high-temperature Hy
treatment appears to reduce significantly the amount
of oxygen chemisorbed on the char surface, which in
accordance with Figure 5, increases the NO, removal
capacity of the char by almost a factor of 2. Recently,
Verma and Walker®® treated a carbon molecular sieve
with hydrogen at 150 °C to decrease its affinity for
oxygen and water (aging), which in turn enhanced its
air separation capabilties.

Selective Catalytic Reduction. The NO,removal
capabilities of selected IBC-102 chars in the presence
of ammonia were also tested. The following reaction
conditions were used by RTI: 40 cm3 of carbon, 130—
160 °C, 500 ppm of NO, 690 ppm of NHs, 5% Og, 10%
H,0, and 1400 h~! space velocity. Table 4 shows that
the NO, removal activity of the HNO3~925 °C char,
although highest among the ISGS chars tested, was still
significantly lower than that of the carbon catalyst
developed and tested by RTI (commercial activated
carbon impregnated with a metal catalyst). The RTI
carbon, although it achieving >99% conversion of NO
to Ng, remains quite costly to produce. Table 4 also

(39) Verma, S, K,; Walker, P. L., Jr. Carbon 1992, 30, 837.
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Table 4. NOx Reduction with Ammonia

sample 130 °C 140 °C 150 °C 160 °C
HNO3—925 °C 20 29 a3 30
air—926 °C 14 8 3 0
H,0 activated 16 14 14 14
HNOQOg—725 °C 3 6 22
KOH activated 22 8 7
Centaur carhon 0 4
RTI carbon 99 99 99 99
Table 5. Comparison of Herdofenkoks and ISGS Char
property Herdofenkoks ISGS char
Ny BET surface area (m?%/g) 275 110
iodine no. 349 137
S0, capacity (wt %, 120 °C, 4 h) 2.8 42
S0, capacity (wt %, 120 °C, 15 h) 7.6 5.8
bulk density (1b/ft?) 29.8 23.8
carbon (wt %) 83.1 87.0
volatile matter (wt %) 77 4.7
ash (wt %) 8.7 8.3
mechanical strength 98.8 783
ignition point (°C) 405 395
CCly activity {mg/100 mg of char) 17 51

shows that the five ISGS samples responded differently
to variations in reaction temperature. The NO removal
activity of the HNO3z~925 °C char went through a
maximum at 150 °C. NO, conversion with the air—925
°C char decreased with increasing temperature, while
the steam-activated char maintained essentially the
same level of activity between 130 and 160 °C. The NO,
reduction activity of the HNO3—725 °C char increased
from 3% to 22% between 130 and 160 °C, whereas that
of the KOH-activated char decreased from 22% to 7%.
The Centaur carbon performed rather poorly at the two
temperatures studied. Note that the ISGS chars tested
were not representative of chars optimized for this
application. Activated carbons typically used in this
application have relatively high surface areas (1000—
1500 m%g). Singoredjo et al.2? recently showed that NO,
removal with carbon in the presence of ammonia was
influenced by a number of factors including the number
and type of C—O complexes on the carbon surface,
nitrogen content of the char, and accessibility of the
pores. The oxygen contents of most of our chars were
minimized due to the steam activation or thermal
desorption treatments used in their preparation.
Incinerator Flue Gas. Incinerator flue gas typically
contains much lower concentrations of SOz and NO,
(20—100 ppm) compared to those found in coal combus-
tion flue gas (5003000 ppm) but also contains much
higher levels of other pollutants such as mercury,
dioxins, furans, heavy metals, and hydrochloric acid.
Table 5 compares the properties of the ISGS low-activity
char and the char presently used by STEAG (hereafter
referred to as Herdofenkoks). It shows that ISGS char
had a Ng BET surface area of only 110 m?%/g, but an SO3
capacity after 4 h greater than that of the Herdofenkoks.
The iodine number of the Herdofenkoks was about 3
times greater than that of ISGS char. (This number
relates to the surface area contained in pores greater
than 10 A) The mechanical strength of ISGS char,
although not as good as Herdofenkoks, was still con-
sidered satisfactory for this application. Note that the
carbon tetrachloride activity of ISGS char is 51 mg/100
g of char, about 8 times that of the Herdofenkoks (brown
coal pyrolyzed at 950 °C for 0.75 h). The carbon
tetrachloride activity is used as an indicator of carbon
performance in vapor phase applications, e.g.,, VOC
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Table 6. Pilot Plant Tests with ISGS Char

efficiency
pollutant inlet outlet (%)

dioxins, furans i

test 1 (ng/m?) 333.3 0.062 99.98

test 2 (ng/m®) 3379 0.052 99.98

test 3 (ng/m®) 2823 0.789 99.72
cadmium, titanium

test 1 (mg/m?) 0.0140 0.0012 91

test 2 (ng/m?) 0.0062 0.0012 81

test 8 (mg/m?) 0.0052 0.0004 92
mercury

test 1 (mg/m?) 0.0177 -2 -

test 2 (mg/m?) 0.0384 — -

test 8 (mg/m®) 0.0223 — -
Sb, As, Pb, Cr, Co, Cu, Mn, Ni, V, 8n

test 1 (mg/m?) 0.2698 0.0744 72

test 2 (mg/m®) 0.0805 0.0347 57

test 8 (mg/m?) 0.0634 0.0185 71

2 Below detection limits,

removal. Normally, one -would not expect a carbon
tetrachloride activity to be this high given the Ny BET
surface area of the char (110 m?%/g). The observed value
of 51 is more typical of carbons having surface areas of
8001000 m%g.

Commercial activated carbons available in the United
States are believed to be too reactive for the STEAG

faleft process due to their relatively high surface area -

(>600 m?/g) and propensity to adsorb and react with
NO,. The reaction of carbon with adsorbed NOy is
exothermic and can ignite the carbon bed under certain
conditions, e.g., in the absence of gas flow. The STEAG
fa/cft process requires the use of a low-activity char
having a surface area <300 m?%g. A 550 pound sample
of low surface area activated char produced in this study
was shipped to Essen, Germany, where it was installed
in a pilot plant unit and subjected to a NO, self-heating
test, This involved adsorbing NO, on the carbon until
saturated, shutting off the flow of gas to the adsorber,
and measuring the temperature rise of the char bed.
The ISGS char passed the test and is the only US.
material known to have done so. (Figure 2 also shows
that the NO, removal efficiency of this char was less
than that of the Herdofenkoks.)

The test unit containing ISGS char was then installed
on a slipstream of flue gas from a commercial waste
incinerator in Germany. Flue gas velocity through the
800 mm char bed was 0.15 m/s. The ISGS activated
char removed >99.7% of the dioxins and furans from
the incinerator flue gas (Table 6). In addition, mercury,
which was present in the inlet gas (average inlet
concentration for the three tests was 0.0261 mg/m?), was
not detected in the exit gas. [Although outlet Hg
concentrations were not reported by STEAG, the Hg
detection limits are presumed to be 0.0001 mg/m? (10
ppb) since inlet Hg concentrations were reported to that
level of precision.] The removal efficiencies achieved by
ISGS char were at least as good as, if not better than,
those achieved with Herdofenkoks. The three 2-week
tests, however, were not of ample duration to observe
complete breakthrough of any of the pollutants listed
in Table 6, so there was no information on total
adsorption capacity. Typically other pollutants do not
breakthrough the bed before SO, so the SOz capacity
is considered to be a good measure of the total adsorp-
tion capacity of the char. An economic analysis of our
char production method was performed. 118 It indicated

Lizzio et al,

that it would cost $350 to produce one ton of ISGS char
with a 80 000 tons/year plant, assuming a 20% rate of
return on initial investment.

Serious consideration for producing this type of carbon
in the United States by companies already in the
activated carbon business awaits additional market
studies. These studies will be influenced strongly by
U.S. Environmental Protection Agency (U.S. EPA)
regulations. Recent U.S. EPA regulations on municipal
waste combustors require the installation of a carbon-
based systems of some kind on both new and existing
MWCs. The limits imposed in the United States on
pollutants from MWCs are not as low as those in several
FEuropean countries. The low limits there have forced
the adoption of fixed bed technologies. U.S. EPA
regulations for MWCs are currently based on carbon
injection as the maximum achievable control technology.
The mandating of lower pollution limits for hospital and
hazardous waste incinerators is needed to provide
granular carbon technology an opportunity to show its
advantages.

Additional Interest in ISGS Activated Char. The
successful pilot scale production of low-cost activated
char by the ISGS has attracted the attention of several
other organizations interested in utilizing inexpensive
carbon to clean flue gas. One such company is NOXSO
Corp., which has developed, under the Clean Coal
Technology Program, a high-efficiency, dry, postcom-
bustion flue gas treatment system that uses a regen-
erable sorbent to simultaneously remove SOz and NO,
from coal combustion flue gas.4® The process has no
impact on boiler performance, is compact and easy to
retrofit, generates a saleable byproduct (sulfuric acid,
elemental sulfur, or liquid SOy), and creates no new
waste streams, a distinct advantage over conventional
FGD processes. The cost of the sorbent presently used
in the NOXSO process, alumina substrate impregnated
with 5% sodium, is $2000/ton as compared to a projected
$350/ton for ISGS activated char. Thus, an opportunity
exists to incorporate ISGS activated char into the
NOXSO flue gas treatment process.

A joint effort between the ISGS and NOXSO is
seeking to integrate additional SOy/NO, control into the
NOXSO process via low-cost activated char, thereby
creating a more cost effective and comprehensive pol-
lution control system.*! The technical and economic
feasibility of integrating activated char into the NOXSO
flue gas treatment system needs to be determined. The
fluidized bed adsorber, a key attribute of the NOXSO
process, is a novel and efficient reactor configuration
for simultaneous removal of SOz and NO, as well as
other air toxics from coal combustion flue gas, Through
the installation of one additional fluidized bed of
activated char within the main adsorber vessel, process
improvement may be realized in terms of removal of
vapor phase mercury and other air toxics as well. The
commercial market potential for NOXSO technology is
significant. Under Phase II of the Clean Air Act
Amendments (CAAA), NOXSO expects U.S. and Cana-

(40) Bolli, R.; Haslbeck, J.; Zhou, Q. NOXSO: A No—Waste Emission
Control Technology, Engineering Foundation. In Proceedings of Eco-
nomic and Environmental Aspects of Coal Utilization V, Santa Barbara,
CA; Feb 1993.

(41) Lizzio, A. A.; Cal, M. P.,; DeBarr, J. A,; Donnals, G. L.; Lytle, J.
M.; Haslbeck, J, L.; Chang, A. M.; Banerjee, D. D. Development of
Activated Char for Combined SOy/NO, Removal. Final Technical
Report to Illinois Clean Coal Institute, 1996.




Production of Activated Char

Table 7. Comparison of Mitsui Coke and ISGS Char

property Mitsui coke ISGS char

Ny BET surface area (m%g) 200 105
CO, BET surface area (m%/g) 142
SO, capacity (ing of SOo/g) 100 27.1
DeNOy efficiency (%) 56 18.8
bulk density (g/m1,) 0.60 0.39
micro strength (%) 70 48

ignition point (°C) 420 468

dian market requirements for SOo/NO, control systems
to be as high as 10 000 MW annually in the years 1998—
2006, roughly equivalent to 30 installations (300 MW
average size) per year.

Our goal is to develop an activated char from Illinois
coal that can be used in the NOXSO process, either
alone or in conjunction with NOXSO sorbent, to more
effectively remove SOy and NO, and other air toxics
from coal combustion flue gas. Recent combined SOy/
NO,removal tests performed in this study suggest that
the high-activity HNO3—925 °C char can remove a
significant amount of NO only when SO; is absent from
the simulated flue gas. Four variables were examined
in these tests: char particle size, gas/solid contact time,
char regeneration, and water concentration in the flue
gas stream. None of these variables affected this
conclusion. The surface chemistry of the char, however,
was not optimized for combined SOy/NO, removal. It
seems that SOz and NO, compete for similar adsorption
sites and that SOz is more strongly adsorbed. The nitric
acid treated/thermally desorbed char was able to remove
a significant amount of NO from the flue gas when SOy
was not present. Whether this activated char can be
modified in some way to adsorb significant amounts of
both SOy and NO, remains to be determined.

Another company interested in using low-cost acti-
vated char for cleanup of coal combustion flue gas is
Mitsui Mining. Mitsui Mining has licensed their tech-
nology to General Electric, and both are working
together to develop new markets in the United States
for their combined SOy/NOxremoval process (the process
can also be used to clean incinerator flue gas).t A
carbon having a selling price of less than $600/ton is
needed. Our low-cost char was tested by Mitsui Mining
under the following conditions: 140 °C, 1000 ppm of
S0z, 200 ppm of NO,. Table 7 compares the properties
of ISGS char and Mitsui Mining activated coke. The
Ny BET surface area and SOj adsorption capacity of
ISGS char is less than that of Mitsui coke. Also, the
NO,removal efficiency (selective catalytic reduction) of
Mitsui coke is significantly greater than that of ISGS
char. The surface of the Mitsui coke is said to contain
functional groups (C—0, C—N, and C—O0H) that react
more effectively with SO, and NO,. Note that the ISGS
char tested by Mitsui Mining was not made for this
process. These tests were performed only to evaluate
the potential of our low-cost char in other applications.
A higher activity char would be needed to remove SO,
and NO, from coal combustion flue gas.

Conclusions

Chars with varying pore structure and surface chem-
istry were prepared from IBC-102 coal under a wide
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range of pyrolysis and activation conditions and tested
for their ability to remove SOy and NO, from simulated
flue gas. A novel char preparation method, involving
nitric acid treatment followed by thermal desorption of
carbon—oxygen complexes, was developed to produce
activated char with an SO; adsorption capacity ap-
proaching that of a commercial catalytic carbon (Calgon
Centaur). An attempt was made to relate the observed
SOz adsorption behavior to the physical and chemical
properties of the char. There was no correlation be-
tween SOy capacity and Ny BET surface area. TPD
experiments revealed that SOy adsorption was inversely
proportional to the amount of chemisorbed oxygen.

The NO, removal capabilities of selected IBC-102
chars were determined at temperatures between 25 and
120 °C and compared to those of the Centaur carbon.
The NO, removal capability of the nitric acid treated/
thermaly desorbed IBC-102 char was about 20 times
greater than that of the Centaur carbon. The NO,
removal performance of this high-activity char, however,
was sensitive to air exposure before a run. A method
was developed to preserve the sites responsible for
adsorption/reduction of NO,. By treating the char with
hydrogen immediately following its preparation, the
active sites were stabilized, making them less likely to
react with Oy or HyO during storage, The NOyremoval
performance of the hydrogen-treated char was signifi-
cantly better than that of the untreated char. Ad-
ditional work, however, is needed to optimize the
hydrogen treatment conditions.

A low-activity, low-cost ($350/ton) char was also
developed for cleanup of incinerator flue gas. Five
hundred pounds of the material was produced from
Illinois coal using a three-step method, i.e., low-tem-
perature preoxidation (at 250 °C), an intermediate
pyrolysis step in nitrogen (at 425 °C), and activation in
carbon dioxide (at 900 °C). The low surface area char
(110 m%g) was tested on a slipstream of flue gas from a

commercial incinerator in Germany. The char removed .

>97% of the dioxins and furans from the incinerator flue
gas. Mercury, also present in the flue gas, could not be
detected in the exit gas. These tests showed the ISGS
low-activity char to be quite effective for cleaning

incinerator flue gas and qualified it for use in the
STEAG /a/c/t process.
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Abstract

Activated carbon fibers (ACFs) were applied to control heavy metals in incineration fiue gas. Three heavy metal species (Cr, Cd and Pb), three
ACFs, various adsorption temperatures (150, 250 and 300 °C) and weights of ACFs were experimentally determined. The results indicated that the
effects of the type of ACF and the weight of the ACFs on the solid-state Cr removal were insignificant. The extent of solid-state Cd and Pb removal
was related to the knitting structure of ACFs and the physical characteristic of the metals. The removal efficiencies of the solid-state and gaseous
metals at various reaction temperature followed the order 250> 150>300 °C and 300> 250> 150 °C, respectively.

© 2006 Eisevier B.V. All rights reserved.

Keywords: Activated carbon fibers (ACFs); Adsorption; Condensation; Heavy metals; Incineration

1. Introduction

Incineration is one of the most effective techniques for dispos-
ing of municipal solid waste. However, poor design or operation
can result in pollutants to be emitted. The pollutants contain
heavy metals, organic compounds and acidic gases. When emit-
ted to the atmosphere, they cause environmental hazards and
diseases in humans [1].

During incineration, heavy metals cannot be destroyed but
can be partially or completely vaporized at high temperature.
Metal vapors nucleate to form new particles under supercriti-
cal conditions, or condense onto fly ash due to supersaturation
as the temperature in the air pollution control devices (APCDs)
decreases [2,3]. Earlier works examined the control of heavy
metals from flue gas [4-8]. The conventional method of con-
trolling heavy metals emitted from flue gas is to use powdered
adsorbents to capture metals. Related results demonstrate that
most silica aluminum species (such as kaolinite, bauxite, and
aluminum oxide) can be used to adsorb heavy metals and each
adsorbent has its own optimal operating conditions. However,
fly ash that contains heavy metals cannot be removed using these
powdered adsorbents.

In Taiwan, a spray dryer integrated with a fabric filter is con-
ventional used as the air pollution control devices (APCDs) for

* Tel.: +886 7 7889888/8709; fax: +886 7 7889777.
E-mail address: zsliu@center.fotech.cdutw.

0304-3894/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi: 10.1016/j.jhazmat.2006.08.055

incinerators. Qur previous study showed that the removal effi-
ciency of fly ash by APCDs exceeded 95%. The results also
indicated that APCD:s effectively removed the heavy metals and
acidic gases. However, the removal efficiency of polycyclic aro-
matic hydrocarbons (PAHs) using APCDs was only 40% [9].
Moreover, the conventional APCDs suffer from numbers short-
comings, including the need to add large amounts of alkaline
chemicals to the spray dryer and the jamming of the spray nozzle
by the alkaline chemicals during operation. Therefore, ourrecent
study explores the removal of PAHs using an ACF adsorber
to reduce the disadvantages of conventional APCDs [10}. The
results revealed that the removal efficiencies of PAHs exceeded
90%. Previous studies have also shown that ACFs effectively
remove SO [11,12]. This work is the first to investigate exper-
imentally the removal of heavy metals by ACFs to evaluate the
potential of an ACF adsorber to replace conventional APCDs
in incinerators and estimate the removal efficiencies of heavy
metals, PAHs and SO; using ACFs as adsorbents during incin-
eration.

Activated carbon fibers (ACFs) provide many advantages,
including faster adsorption and desorption kinetics, much
higher surface areas, a uniform micropore structure and a
lower drop in pressure [13—-18]. ACFs are widely utilized to
remove low-concentration organic compounds from flue gas
[13,17,18]. The use of ACFs to remove toxic heavy metals from
wastewater has also been investigated [19,20]. However, the
removal of heavy metals from flue gas by ACFs has rarely been
studied.




Heavy metals produced by incineration can be condensed
and adsorbed on fly ash or nucleate to form new particles.
ACPs efficiently remove fly ash. Hence, heavy metals can be
removed through adsorption and condensation by ACFs and
by the interception of fly ash by ACFs. This work investigates
the removal efficiencies of both gaseous metals and solid-state
metals by ACFs. Gaseous metals and solid-state metals were
defined according to the concentrations of the metals condensed
oradsorbed on the ACFs and on the fly ash, intercepted by ACFs,
respectively. Flue gases that contained organic compounds and
heavy metals were generated using a fluidized bed incinera-
tor to burn feedstocks. Three heavy metal species (Cr, Cd and
Pb), three activated carbon fibers, three adsorption temperatures
(150, 250 and 300°C) and various weights of activated carbon
fibers were used.

2. Experimental
2.1, Preparation of artificial feedstock

The artificial incinerator feedstock consisted of sawdust,
polypropylene (PP) and a heavy metal solution to simulate real
flue gas. These feed materials were enclosed in a polyethylene
(PE) bag. Three metals (Cd, Cr and Pb) were dissolved in dis-
tilled water that contained 0.5 wt.% nitrate, Table 1 presents the
feedstock compositions and operating parameters of the adsorp-
tion bed.

2.2. Adsorbents and apparatus

Three commercial ACFs obtained from Taiwan Carbon Tech-
nology Co. Ltd. in Taiwan were used in this experiment. All
ACFs samples were used directly in this study with the origi-
nal properties of the three commercial ACFs. The weight of the
ACFs used for each test was 0.51-0.54 g (equal to 1-2 mm bed

b

IL,

Table 1
Feedstock compositions and experimental operation parameters

Test  ACFtype Adsorption ACFs weight (g)  ACFs thickness
temperature (°C) (mm)
Runl ACF-A 150 0.53 1
Run2 ACF-B 150 0.54 1
Run3 ACF-C 150 0.54 2
Run4 ACF-A 250 0.54 1
Run5 ACF-A 300 0.51 1
Run6 ACF-A 150 1.12 45
Run7 ACF-A 150 1.64 45
Run8 ACF-A 150 2.28 45

Composition of artificial feedstocks (g/bag): sawdust=0.7, polypropy-
lene=0.33, PE bag =0.22, Cd=0.044, Cr=0.123, Pb=0.026.

height). Table 1 lists the operating parameters of the adsorption
bed.

Fig. 1 displays the incineration system, which comprised
a laboratory-scale fluidized-bed incinerator equipped with the
ACFs adsorber. The height and inner diameter of the ACFs
adsorber were 150 and 80 mm, respectively. The fluidized-bed
material of 200 g silica sand was plunged into the combustion
chamber. Three thermocouples were used to determine the tem-
perature profile in the major incinerator, the inlet of the ACFs
adsorber and the outlet of the ACFs adsorber. The combustion
gases were treated in the ACFs adsorber, and then released into
the atmosphere,

2.3, Experimental procedure

An -excess air factor of 50% was applied to estimate the
required amount of air and the 60 L/min of air was then intro-
ducedinto the incinerator at roomtemperature (25 °C), The oper-
ating temperature of the combustion chamber was controlled at
800 °C. Initially, the combustion chamber was preheated to the
desired temperature using electrical heaters. When the temper-
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Fig. 1. Experimental system of fluidized-bed incinerator, ACFs adsorber and sampling train for heavy metal: (1) air compressor, (2) flowmeter, (3) combustion
chamber, (4) electrical heater, (5) thermal feedback controller, (6) thermocouple, (7) feeder, (8) ACFs adsorber, (9) sampling probe, (10) induced fan, (11) filter
holder, (12) impingers (50 mL HNOj3 -+ 50 mL HyO,), (13) silica gel, (14) flow meter, and (15) connect of vacuum pump.
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Table 2

Specific surface area and porosity of ACFs by N isotherms

Sample SseT? (m'z/g) Vet (crﬁ3/g) Vinicro (<2 nm) (nm, %) Vimeso (2-50 nm) (nm, %) Average pore diameter (by BET, nm)
ACF-A 1229 0.601 0.402 (67) 0.199 (33) 1.956

ACF-B 971 0.470 0.344 (73) 0.126 2N 1.936

ACF-C 412 0.198 0.170 (86) 0.028 (14) 1918

Run 1 3 0.004 0 0.004 (100) 4.849

Run2 2 0.005 0 0.005 (100) 8.353

2 BET surface area.
b Total pore volume at P/Pg=0.98.

ature reached a steady state, the artificial feedstock was fed into
the incinerator at the rate of one bag per 15 s. The concentration
and temperature of the flue gas were stable as the incinerator
temperature reached a steady state. Then, the ACFs adsorber
was actuated and the sampling was conducted. The sampling
flow rate and time were 10L/min and 4 min, respectively. The
experiment was continuously conducted until the sampling was
completed.

2.4. Sampling and analytical methods

The flue gas was sampled prior to and after the ACFs adsorber
to estimate the removal efficiency of the solid-state metals. The
U.S. Environmental Protection Agency Method (M5) was used
to sample the metals (Fig. 1), The flue gas, containing heavy met-
alsand fly ash, was isokinetically sampled using a stainless probe
and then passed through a filter holder that was packed with a
glassy filter to collect particles. Finally, the flue gas was passed
through impingers that contained a mixed solution of 200 mL. 5%
HNOj3 and 10% H,0; to absorb the remaining gaseous metals.
The glassy filters were pretreated by microwave digestion (CEM
MARS-5), and then the concentration of solid-state metals was
analyzed by ICP-MS (Inductively Coupled Plasma Mass, PE-
SCIEX ELAN 6100 DRC). The standard addition method was
adopted, and a recovery efficiency of 100t 15% was obtained
in edch analysis. When the experiments were finished, the ACFs
were also pretreated by microwave digestion and the digestion
liquid was analyzed by ICP-MS to estimate the concentrations
of gaseous metals.

2.5. Characterization of ACFs

N, adsorption-desorption isotherms were obtained by using
an ASAP 2010 vacuum volumetric sorption instrument at 77K
to determine the Brunaver-Emmett—Teller (BET) surface area
and the Barrett-Joyner-Halenda (BJH) pore volume of various
ACFs, Before Nj sorption analysis, the samples were preheated
at 493 K for degassing and cooled to room temperature in vacua.
The photomicrographs of the ACFs were acquired from a Zeiss
Axioplan 2 microscope equipped with an AxioCam HR color
CCD (charge couple device) camera. An X-ray powder diffrac-
tometer (Siemens D5000) was used to identify the heavy metal
species in the fly ash collected on the ACFs. The textural char-
acteristics (pore volume, surface area and pore size) of the ACFs
reported in this work were also discussed elsewhere [10].

3. Results and discussion
3.1. Characterization of ACFs

Table 2 shows the specific surface area and porous struc-
ture of the ACFs. The results indicate that the specific surface
areas of ACFs follow the order ACF-A > ACF-B > ACF-C. The
order of the mesopore proportions in the ACFs is ACF-A > ACF-
B> ACF-C. The micropore volumes of ACFs follow the order
ACF-A> ACF-B > ACF-C, The BET surface areas are propor-
tional to the total pore volumes [10].

3.2. Effects of three ACFs on removal of mixed metals

Fig. 2 illustrates the effects of three ACFs on the removal
efficiency of fly ash and solid-state metals (Cr, Cd and Pb). The
results indicate that the removal efficiency of fly ash exceeded
'90% and the best adsorbent of fly ash removal was ACF-C. Fig. 3
presents the knitted structure of the ACFs. The knitted structure
of a piece of ACF-C was tighter than those of ACF-A and ACF-B.
Moreover, the fly ash was removed immediately by the ACF-Caat
the beginning of the experiment. However, the fly ash wriggled
through a gap in the ACF-A and ACF-B at the beginning of
the experiment. Sampling was conducted immediately after the
ACFs were placed in the fixed-bed reactor. Therefore, ACF-C
removed more fly ash than did either ACF-A or ACF-B.

Fig. 2 also shows that ACF-C was the best adsorbent of
solid-state Cd and Pb at 150°C. Additionally, the removal of
solid-state Cd by ACF-C exceeded that of Pb, The removal of
solid-state metals was related to the physical properties of the
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Fig. 2. The effects of three ACFs on the removal efficiency of fly ash and solid-
siate metals (Cr, Cd and Pb): Run 1 (ACF-A), Run 2 (ACF-B), and Run 3
(ACE-C).
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Fig. 3. The knitted structure of a piece of ACF: (a) ACF-A, (b) ACF-B, and (c)
ACF-C (25x%).

metals and the knitted structure of the ACFs. The high volatility
of Cd and Pb resulted in the high concentrations of Cd and
Pb distributed in the fly ash and gas phase. Our earlier study
indicated that the proportions of metals in fly ash followed
the order Cd>Zn>Pb>Cr> Cu [3]. Furthermore, the knitted
structure of a piece of ACF-C is tighter than that of ACF-A or
ACF-B (as shown in Fig. 3). The removal efficiency of fly ash
by ACF-C exceeded that by the other two ACFs. Therefore,
the removal efficiency of solid-state Cd and Pb by ACF-C
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Adsorption capacity (mg/gACFs)

ACF-C

Fig. 4. The effects of three ACFs on the adsorption capacity of gaseous metals
(Cr, Cd and Pb): Run 1 (ACF-A), Run 2 (ACF-B), and Run 3 (ACF-C).

exceeded by ACF-A or ACF-B and that of solid-state Cd by
ACF-C exceeded that of Pb.

The effect of the type of ACF on the Cr removal was insignif-
icant. Table 3 lists the boiling points and volatilities of various
metals. The boiling points of various metal compounds of Cr
(such as Cr and Cr,03) may exceed the incineration tempera-
ture of 800 °C (Table 3) and the concentrations of Cr distributed
in the fly ash and the gas phase may have been lower than that
in the bottom ash. Therefore, the change in the surface structure
of ACFs does not apparently affect the removal of Cr.

Fig. 4 plots the effects of three ACFs on the adsorption capac-
ity of gaseous metals. The results reveal that the best adsorbent
of the gaseous metals was ACF-C. The removal mechanisms
of the gaseous metals by ACFs include condensation, physical
adsorption and chemical adsorption. Since the ACFs controlled
the metals at 150 °C by condensation, the metals condensed on
the surfaces of the ACFs blocked the pores in the ACFs. More-
over, the removal efficiency of fly ash by ACF-C was the highest.
The fly ash provided greater specific surface area and increased
the opportunities for the condensation of metals onto the fly ash.
Therefore, the removal efficiency of the mixed metals by ACF-C
exceeded that by ACF-A or ACF-B.

Table 2 also shows the specific surface area and porous struc-
ture of various ACFs after the experiments. Since the BET
surface areas and the pore volumes of micropores of ACFs
decrease significantly during the experiments, the heavy met-
als in the flue gas not only adsorb or condense on the surface
of ACFs but also enter the pores by diffusion to occupy the
adsorption sites. Almost all of the surface areas of the ACFs are
utilized.

3.3. Effects of adsorption temperature on renioval of mixed
metals

Fig. 5 shows the effect of adsorption temperature on fly ash
and solid-state metals (Cr, Cd and Pb) removal. The effect of
temperature on fly ash removal was insignificant, because ACFs
removed the fly ash by the filtration mechanism. The removal
efficiency of fly ash was related to the knitting structure of var-
ious ACFs.

Fig. 5 indicates that the removal efficiencies of solid-state
metals at various adsorption temperatures follow the order
250>150>300°C. The mixed metals that are adsorbed



Table 3

Melting, boiling points and vapor pressures of various metal compounds [3,21-23)

Cd Pb Cr
Element
Melting point (°C) 320.9 327.5 1890
Boiling point (°C) 765 1744 2482
Vapor pressure (mmHg) 1at394°C, 10 at 484 °C, 100 at 611°C 1at973°C, 10 at 1162°C 1at1616°C, 10 at 1845°C
Oxide
Melting point (°C) 900 (CdO) 888 (PbO) 2435 (Cr03)
Boiling point (°C) 1559 - 4000
Vapor pressure (mmHg) 1at 1000°C, 10 at 1149°C 1at943°C, 10 at 1085°C -
100 100
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Fig.5. Theinfluences of adsorption temperature on fly ash and solid-state metals
(Cr, Cd and Pb) removal: Run 1 (150°C), Run 4 (250 °C), and Run 5 (300°C).

physically or condensed on the fly ash may evaporate and
deadsorb at 300°C. Furthermore, the metals condensed on
the ACFs surface at 150°C blocked most of the pores on the
surfaces of ACFs, reducing the opportunities for metals to enter
the pores and reducing the concentration of metals physically
adsorbed onto the ACFs. Consequently, the removal of mixed
metals was highest at 250°C.

Fig. 6 displays the effects of the adsorption temperature on
the adsorption capacity of gaseous metals. The results indicate
that the removal efficiency of the gaseous metals (Cr, Cd and Pb)
increased with the adsorption temperature. Chemical adsorption
may have occurred between the gaseous metals and the ACFs.
The mixed metals adsorbed physically or condensed on the ACFs
evaporated and deadsorbed at 300 °C, increasing the specific
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Fig. 6. The influences of adsorption temperature on the adsorption capacity of
gaseous metals (Cr, Cd and Pb): Run 1 (150°C), Run 4 (250°C), and Run 5
(300°C).

Test

Fig. 7. The effects of the weight of ACFs on the removal efficiency of fly ash
and solid-state metals (Cr, Cd and Pb): Run 6 (1.12 g), Run 7 (1.64 ), and Run
8(2.28g). :

surface area for chemical adsorption. Therefore, the order of
the removal efficiencies of gaseous metals at various adsorption
temperature was 300>250> 150 °C.

3.4. Effects of the weight of ACFs on removal of mixed
metals

Fig. 7 presents the effects of the weight of ACFs on the
removal efficiency of fly ash and solid-state metals (Cr, Cd
and Pb). The results indicate that the removal efficiency of
Cd increased greatly with the weight of ACFs, whereas the
removal of fly ash increased negligibly. However, the Pb removal
increased greatly until the weight of ACFs was 2.28 g. The
order of boiling points of the heavy metals is Cr>Pb>Cd
(Table 3) and the proportion of Cd partitioned in fly ash
greatly exceeded that of Pb [3]. Moreover, the increase in
the weight of ACFs increases the filtration opportunity of the
fly ash, especially for micro-particles. Therefore, a significant
amount of Cd was removed by removing the fly ash and an
increased adsorption capacity was required to control Pb in the
flue gas.

The results revealed that the effects of the weight of ACFs
on the Cr removal were insignificant. The boiling points of
various metal compounds of Cr greatly exceeded 800 °C (the
temperature of the incineration). Most metal compounds of Cr
are distributed in the bottom ash and the concentration of the
gaseous Cr is low [3]. Therefore, the adsorption capacity of a
single ACF sufficed to adsorb Cr in flue gas.



Table 4
Identification of heavy metal species distributed in fly ash collected on ACFs

Sample Heavy metal species
Run1 Cr0, CdO, Pb0, Crp03
Run2 CrO, CdO, PbO, Cry03
Run3 Cr0, CdO, PbO, Cr 03
Run4 CdO, PbO, Cr;03

Run 5 CdO, PbO, Cr205
Run6 CdO, Pb0, Cr203
Run7" CdO, PbO, Cr03

Run 8 CdO, PbO, Cry03

3.5. Identification of heavy metal species in fly ash by X-ray
diffraction (XRD)

Table 4 lists the heavy metal species in fly ash collected by
the ACFs. It demonstrates that such oxide compounds as CrO,
CdO, PbO and Cr; O3 were present in fly ash, indicating that
heavy metals really can condense and adsorb onto fly ash and
then be removed by ACFs.

4. Conclusion

This study investigated the removal of three heavy met-
als from the incineration flue gas using the ACFs. The results
demonstrated that the best adsorbent of gaseous metals at 150°C
was ACF-C. The effects of the type of ACF and the weight
of ACFs on Cr removal were insignificant. The removal effi-
ciency of Cd increased with the weight of ACFs and that of
Pb increased to an ACF mass of 2.28 g. The results also indi-
cated that the removal efficiencies of the solid-state metals and
the gaseous metals at various reaction temperature follow the
order 250>150>300°C and 300>250> 150°C respectively.
The results demonstrated the feasibility of using a ACFs adsor-
ber to remove the heavy metals from incineration flue gas.
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Jacobi Carbons manufactures the DioxSorb® range
= of activated carbons from coal and coconut shell

T ¥ | raw materials by steam activation, using the latest
ACTvATED cargon | Preduction techniques in fodern purpose built
facilities. DioxSorb® activated carbons are supplied
as fine ground powders and impregnated cylindrical extruded
pellets, which have been specifically designed to adsorb dioxins,
mercury and heavy metals from flue gas. These materials are
proven adsorbents which are used extensively in waste-to-energy,
hazardous waste and clinical waste incineration plants.

Coal and coconut shell activated carbons designed 1o
meet individual process requirements.

Fine ground powders for aptimum adsorption kinetics.
Maximum pore volume and extensively developed
fransport pore system for rapid diffusion of contaminants
into internal surface area.

Highly developed internal surface area for maximum
adsorption capacity.

Maximum ignition temperature to ensure safe operation.
Sulphur impregnated cylindrical extruded pellets for use
in fixed bed adsorption systems.




Hazardous waste that can contaln
mercury Is destroyed using high
temperature Incineration. The flue
gas Is treated using DioxSorb®
activated carbon.

Flue Gas from
Hazardous \Waste Incinerators

As the chemical manufacturing industry strives to meet the increasingly complex demands of the consumer
market it is inevitable that hazardous waste materials will result as a by-product of certain process techniques.

High temperature incineration is widely recognised as the most environmentally acceptable method of
destroying these materials. The resulting flue gas requires purification before being discharged to atmosphere.
In the semi-dry process this involves dosing DioxSorb® activated carbon into the humified flue gas. This
material is subsequently deposited on the fabric filters where the removal of dioxins, mercury and heavy
metals take place. ’

In order to optimise the destruction efficiency of the incinerator, the DioxSorb® may be returned to the start
of the process together with incoming hazardous waste.

STANDARD DESIGN CONDITIONS

Industralised nations manufacture significant quantities of chemicals and
consequently the waste by-products arising from these operations must be
disposed of in a safe and environmentally acceptable manner. The licensing
and regulation of hazardous waste incinerators is stringently controlled,
ASp—— resulting in a small number of large scale operations. Hazardous waste will
< 0.1 ng TEQ N often be difficult to burn, requiring a high flue gas volume relative to the
quantity of waste being incinerated.

§5000 N In* {tatal)

- Inlet 50 mg Nr L

- outlet <30 pg Nm” Dioxins in the flue gas are usually due to the presence of liquid halogens
DAk st FyRev g1 KD ry i) in the waste and mercury is common due to thermometers and electrodes,
Injection tempsaraturs 180°C . N N vy epe
Relative humidity 20-25% however, the concentrations will be variable. Due to the variability of the waste
Ouliet gas and the need for a high safety factor, the dosage of DioxSorb® may range

: - rzf. conditions 9-10%6 O. v/v dry from 100 to 200 mg Nm=.

Emission standard EC 692:1997

Comment

Data based on average
results obtained during three
yzar psricd of operation using
DioxSorb’ 8P2

o inita, lasss vist wvw Jasobinet

DioxSorb® may be used at temperatures up to 250°C, subject to the
operation conditions and equipment design of the flue gas cleaning plant.

'STORAGE AND PACKING

DioxSorb® powdered activated carbon is supplied in 500-800 kg moisture
proof, laminated, poly-propylene, liner-free, FIBCs (big bags). Dimensions are
95x95x125 cms (500 kg) and 93x93x180 cms (800 kg).




Section of a clinlcal waste
Incineration unit manufactured by Evans
Tabo Universal Ltd. In Leeds (UK).

Hue Gas from
Clinical Waste Incinerators

The operation of a modern day hospital is a highly demanding responsibility, requiring skillful management
of the available resources and a detailed understanding of the impact on the local environment. Due to
the complexity of advanced medical techniques, the nature of the equipment which is used and the large
number of surgical operations which are undertaken, hospitals generate a substantial quantity of chemical
and bio-hazardous wastes. In order to safely dispose of these materials, maximise heat recovery and minimise
environmental impact, many of the larger hospitals will operate on-site incineration plants. In common with
industrial incineration units the flue gas will become contaminated with dioxins, mercury and heavy metals,
requiring treatment before being discharged to atmosphere.

TYPICAL VALUE

1600, kg b (total)

n temperature

130°C

urmidity

8-10%

1196 O, viv dry

STANDARD DESIGN CONDITIONS

Clinical waste incineration units are generally designed for the treatment of
waste generated on-site (or for the treatment of waste from the immediate
vicinity) and consequently they tend to be relatively small plants. However,
due to the nature of the waste they are processing they tend to have specialist
characteristics. .

Plastics from medical equipment will inevitably form a very high proportion
of the waste leading to a relatively high concentration of dioxins, although
this is usually of secondary importance.

The principal consideration is generally the incineration of electrical
equipment, batteries and thermometers which give rise to extremely high
concentrations of mercury in the flue gas. In order to ensure efficient remo-
val of mercury to below consent level (European limit of 50 pg Nm*) DioxSorb®
activated carbon may be dosed into the flue gas at concentrations of
100-300 mg Nm?. Lime is often used for acid gas removal at flue gas
temperatures ranging from 130-180°C, above this temperature bicarbonate
compounds may be used which provide increased reactivity.

STORAGE AND PACKING

Robust multi-ply paper sacks of 20-25 kg net, shrink wrapped on 500 kg
pallets, 100x120x110 cms.



In many major cities domestic
waste Is used as a fuel for
the production of electricity
and distrlct heating,

Fue Gas from
Waste-to-Energy Plants

Disposal of domestic waste is undertaken using high temperature incineration and the recovered energy
is used to preheat boiler feed water and to provide district heating for the local area. During the incineration
process the flue gas becomes contaminated with particulate matter, acid gases, dioxins and gaseous
heavy metals.

Purification of the flue gas involves cooling to the correct temperature followed by dry adsorption.
Hydrated lime is injected for neutralisation of the acid gases and DioxSorb® activated carbon is injected for
the adsorption of dioxins, mercury and heavy metals. The particulate matter, hydrated lime and DioxSorb®
are removed from the flue gas using fabric filters.

The fabric filters are automatically cleaned and the resulting fly ash is 'disposed of as a non-hazardous
material.

STANDARD DESIGN CONDITIONS

PARAMETER

TYPICAL VALUE

Processing capacity 11000 kgh'x 2
Injection method Dry
Particle ceilection Fabyic filters

Flue gas volume

84800 Nov hr'x 2

Dioxin
- inlst 7 ng TEQ Nav*
outlat 0.07 ng TEQ Nm”’
Marcuiy
- Intet 0.15 mg Nm?
- outlet <2 pg Nm?

DioxSorb” injection

4 kg b (30 mg Nr)

injection temperature

130°C

Relative humidity

13-15%

Outlet gas - r2f. conditions

113 O, v/ivdry

Emission standard

EPA 1990 (IPR 5/3)

Comment

Data based on

resuils abtained during
three year psriod

of operation using
DioxSorb® BP2

16 rparid rits, plasss vis wivw jaschi net

Due to the need to dispose of the domestic waste from many major cities
and the requirement for efficient energy production, waste-to-energy plants
are often very large scale operations. Processing a substantial quantity of
waste with a low calorific value, which is primarily organic in nature, results
in huge flue gas volumes and relatively low levels of contaminants.

Dioxins are usually the principal contaminants due to the presence of plastics
in the waste. Mercury may also be present as a secondary contaminant due
to the presence of old batteries in the waste. Consequently the quantity of
DioxSorb® activated carbon injected into the flue gas may be very low, values
of 30—-50 mg Nm? are typical. The temperature at the point of injection has

been reduced to 130°C to minimize the volatility of the contaminants, which -

consequently optimises the adsorption efficiency.

STORAGE AND PACKING

DioxSorb® activated carbons can be supplied in pneumatic bulk trailers. This
mode of delivery ensures dust free handling as the DioxSorb® activated
carbon is discharged directly into a storage silo by a pressurised blower.
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Sales and Marketing

e

Jacobi Carbons AB - Sweden Jacobi Carbons (Suomen Siv) = Finland Jacobi Carbons GmbH - Germany
Sales and marketing of activaled carbon in Sales aod markeling of activated carbonin
and the Baltic Stafes.

Jacobi Carbons Lid - United Kingdom Jacobi Carbons, Inc, = United States Jacobi Carbons Agents - Worldwide
Sales and marketing of activaled carbon In Sales and marketing of activated carbon in A diverse network of agents and distnbulors
the United Kingdom and Republic ot Ireland fhe United States and Canada strategically located around the world

Production and Engineering

b . Ee

Jacobi Carbons Co. Ltd. - China Jacobi Carbons (Pvt) Lid, - India Jacobi Carbons AB - Sweden
The manufacture of extruded and granuiar coal The manufacture of granular coconut shell Powdered activated carbon manufactured from
based activated carbons — ANSINSF 61 facility ased activated carbon. coal, coconut shell and wood.

Jacobi Carbons Ltd - United Kingdom PSS Jacchi Carbons operate
Speciafist impregnation faciity, technical A= in full accordance with
aclivated carbons, media handling and approved 1SO-8000 quality
adsorption equipment, 5 UUb control procedures




OBJECTIVES

‘Terminal Leaming Objective

At the end of this

chapter, the student will
understand the basics of

Enabling T earning Objectives

adsorption systems.

4.1

4.2

43

44

Distinguish among
the various types of
adsorption systems.
Identify the
principles of
operation that apply
to adsorption
systems.

Identify the factors
that affect the
performance of an
adsorption system.,
Determine the areas
that need to be
monitored in an
adsorption system.
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' Chapter

Adsorption

Adsorption processes have been used since the 1950s for the high-efficiency
removal of a wide variety of organic vapors and several types of inotganic gases.
The use of adsorption processes has been expanding recently due to innovations
in the designs of the systems and to the development of new adsotbents.

Adsorption systems designed for odor control and other low contaminant
concentration applications (<10 ppm) are relatively simple. In these cases, the
adsotbent bed is discarded as it approaches saturation with the contaminant.
These systems are termed nonregenerative because. the absorbent matetial is not
reused.

Adsorption processes are also used extensively on large-scale applications
having solvent vapor concentrations in the range of 10 to 10,000 ppm. Because
of the latge quantities of adsotrbent needed, it is uneconomical to discard the
absorbent. Prior to becoming saturated with the solvents, the adsorbent is
isolated from the gas stream and treated to drive the solvent compounds out of
the solid adsorbent and into a small-volume, high-concentration gas stream. The
desorbed gas stream is then treated to recovet and reuse the solvents. The
adsorbent is cooled (if necessaty) and returned to adsotption setvice.

Adsorber systems that operate continuously must have (1) multiple fixed
beds of adsorbent, (2) fluidized bed contactors with separate adsotption and
desorption vessels, or (3) totary bed adsorbents that cycle continuously between
adsotption and desorption operations. Because the adsorbent is treated and
placed back in setvice, these adsorption processes are termed regenerative.

Adsorption systems are being used as preconcentrators for thermal ot
catalytic oxidizer systems. The high-concentration, lower-volume organic vapor
stream generated during adsorber bed desorption is well-suited for oxidation
because fuel requirements in the oxidizer are minimized. This preconcentrator
application has expanded the use of adsorption for low-concentration soutces
(10 to 1,000 ppm organic vapor) and for multi-component organic vapor
streams.

Adsorption processes usually operate at efficiencies of 90% to 98% over long
time periods. They can be vulnerable to a variety of operating problems, such as
the gradual loss of adsorption capacity, plugging of the adsotbent beds, and
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cottosion. The onset of these problems can usually be identified by shifts in the
opetating conditions and by increases in the stack contaminant concentrations.

4.1 Types and Components of Adsorption Systems

Adsorbents

Duting adsotption, the gas stream passes through a bed or layer of highly porous
material called the adsorbent. The compound or compounds to be removed,
termed the adsorbate(s), diffuse to the sutface of the adsorbent and are retained
because of weak attractive forces, while the catrier gas passes through the bed
without being adsotbed. Adsotption occurs on the internal surfaces of the
materials as shown in Figure 4-1.

The most common types of adsorbents for pollution control applications ate
activated carbons, zeolites (molecular sieves), and synthetic polymers. Other
types of adsotbents, such as silica gel and activated alumina, are used primarily
for dehydrating gas streams.

[ Macropore

Molecule
blocking pore

Area
unavailable
for adsorption

Figure 4-1, Vapor adsorbed into pores of adsorbent.

Activated Carbon
Activated carbon can be produced from a vatiety of raw materials such as wood,
coal, coconut, nutshells, and petroleum-based products.

"The activation process takes place in two steps:

4-2
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1. First, the feedstock is pyrolyzed. This involves heating the material in the

absence of ait to a temperature high enough (e.g., 1,100°F or 590°C) to
drive off all volatile material. Carbon and small quantities of ash are left.

2. To increase the surface area, the carbon is then “activated” by using
steam, ait, or catbon dioxide at higher temperatures. These gases attack
the carbon and increase the pore structure. The temperatures involved,
the amount of oxygen present, and the type of feedstock all greatly affect
the adsorption qualities of the carbon.

Manufacturers vary these parameters to produce activated carbons suitable
for specific purposes. There are a large number of commercial brands available
that have significantly different properties to serve vatious applications.
Accordingly, the term activated carbon applies to an entire category of diverse
materials, not to a specific material.

Because of its nonpolar surface, activated carbon is used to control emissions
of a wide variety of organic solvents and toxic gases. Carbons used in gas phase
adsorption systems are manufactured in a granular form or in a carbon fiber
form. The granulat catbon pellets are usually between 4 x 6 and 4 x 20 mesh.
Bulk density of the granular-pellet-packed beds can range from 5 to 30 b, /ft’
(0.08 to 0.48 gm/cm”), depending on the internal porosity of the catbon. Total
sutface area of the macropores and micropores in activated carbon can range
from 600 to 1,600 m*/gm.

Zeolites (Molecular Sieves)

Unlike activated catbon adsorbents that are amorphous in nature, molecular
sieves have a crystalline structure. The pores are uniform in diameter.” *.
Molecular sieves can be used to capture or separate gases on the basis of
molecular size and shape. Simplified sketches of several zeolites are shown in
Figure 4-2.

Soaalite Faujasite
(Type X,Y)

Figure 4-2. Sketches of zeolites.?
(Reprinted by permission of Chemical Engineering Progress,
American Institute of Chemical Engineers.)

The main uses of molecular sieves have been to remove moisture from
exhaust stréams, to separate hydrocarbons in refining processes, and to remove
nitrogen oxide compounds from air pollution sources. Because of the
development of new synthetic zeolites, their applications are expanding into the
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volatile organic compound (VOC) control field. The surface ateas of molecular
sieves range from 590 to 700 m*/gm.

Synthetic Polymers

Polymeric adsotbents are formed by crosslinking long chain polymers that have a
vatiety of functional groups. The polymeric materials have a rigid micropotous
structure with sutface ateas of more than 1,000 m?/ gm.4 The ash content is less
than 0.01%.* The chemical structure of one commercial brand of synthetic
polymer is shown in Figute 4-3.

These matetials have very high adsorption capacities for selected orgamc
compounds, and they can be regenerated more rapidly than activated carbon
adsorbents, Regeneration can occur using hot air, hot nitrogen, steam, indirect
contact heating, and microwaves. The main applications of this type of adsorbent
ate the control of organic compounds such as ketones, aldehydes, and reactive
compounds that can undergo various chemical reactions on the surfaces of
activated carbon.

Bridged Adsorbent
O O @ D -
CH2
CHQ CH2 | ;

N

Figure 4-3. Example of a synthetic polymer.
(Reptinted courtesy of Dow Chemical, Inc.; Midland, Michigan.)

Polymetic adsotbents are also used for gas streams containing high water
vapot concentrations (>50% telative humidity) because they ate less ptone to
adsorb watet vapot than conventional activated catbon adsorbents. The main
limitation to the use of polymeric adsorbents is cost. These materials are more
expensive than activated catbon and zeolite adsorbents.*

Silica Gel :

Silica gels ate made from sodium silicate. Sodinm silicate is mixed with sulfuric
acid, resulting in a jelly-like precipitant from which the name “gel” comes. This
ptecipitant is then dried and roasted. Different grades can be produced
depending on the processes used in manufacturing the gel. Silica gels have
sutface areas of approximately 750 m®/gm. They ate used primarily to remove
moistute from exhaust streams. Silica gels are ineffective at temperatures above

500°F (260°C).
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Activated Alumina (Alyminnm Oxides)

Activated alumina is an amotphous form of aluminum oxide manufactured by
heating aluminum trihydrate in an inert atmosphere to produce a porous, high-
sutface-area adsorbent. The primary use of activated alumina is for drying gases
and they ate not commonly used in air pollution applications. The surface areas
of activated alumina adsotbents can range from 2 to 300 m*/gm.

Characteristics of Adsorbents

The physical properties of the adsorbent affect the adsorption capacity,
adsotption rate, and pressure drop across the adsorbent bed. Table 4-1
summatizes these propetties for the adsorbents discussed earlier.

Table 4-1. Physical properties of major types of adsorbents.

Internal  |Sutface Area Pore Bulk Dry Mean Pore
Potrosity (m2/gm) Volume Density Diameter
Adsorbent? (%) {cm¥/gm) | (gm/cm?) &)
Activated 55-75 600-1600 0.80-1.20 0.35-0.50 1500-2000
Catbon
Activated 30-40 200-300 0.29-0.37 0.90-1.00 1800-2000
Alumina
Zeolites
(Molecular 40-55 600-700 0.27-0.38 0.80 300-900
Sieves)
Synthetic - 1080-1100 0.94-1.16 0.34-0.40 -
Polymers!

1. Data provided applied to Dow XUS -43493.02 and XUS-43502.01 adsorbents.4
2. Data on silica gels not available.

Because adsorption occuts at the gas-solid interface, the surface area available
to the vapor molecules determines the effectiveness of the adsorbent. Generally,
the larger the surface area, the higher the adsorbent's capacity is. However, the
sutface area must be available in certain pore sizes if it is to be effective as a
vapor adsorber.

Dubinin® classified the pores in activated catbon as miergpores, macropores, or
transitional pores. Micropores have diameters of 10-100 Angstroms (A; Angstrom
= 1.0 x 10" meters) or less. Pores larger than 1,000 A are considered
macropores, and pores with diameters in the range of 100 to 1,000 A are defined
as transitional,

Many gaseous air pollutant molecules are in the 40 to 60 Angstrom size
range. ‘Thus, if a latge portion of an adsorbent’s surface area is associated with
potes smaller than 60 A, many contaminant molecules will be unable to reach
these sites.

The large pores serve mainly as passageways to the smaller pores where the
adsorption forces are stronger. These forces are strongest in pores that are
smaller than approximately twice the size of the contaminant molecule where the
molecules expetience ovetlapping attraction of the closely-spaced walls.

4-5
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S

Capillary condensation occurs when mulitiple layers of adsorbed contaminant
molecules build up from both sides of the pore wall, totally packing the pore and
condensing in it. This activity usually occuts only in the micropores. The '
amounts of contaminant removed increase because additional molecules
condense on the sutface of the liquid that has formed.

Al
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Adsorption Systems

Nonregenerative Adsorption Systems

Nontegenerative adsotption systems are manufactured in 2 wide variety of
physical configurations. They usually consist of thin adsotbent beds, ranging in
thickness from 0.5 to 4 inches (1 to 10 cm). These thin beds have low-pressure
drops, notmally below 0.25 in W.C. (0.06 kPa) depending on the bed thickness,
gas velocity, and patticle size of the adsotbent. Bed areas are sized to control the
gas velocity through them from 20 to 60 ft/min (6 to 18 m/min). Service time
for these adsotption units can range from six months for “heavy” odor
concentrations to two years for trace concentrations or intermittent operations.’
Nonregenerative adsorption systems ate used mainly as air purification devices
for small ait flow streams such as offices and laboratory exhausts.

These thin bed adsotrbers are flat, cylindrical, or pleated. The granules of
activated carbon ate retained by porous support material, usually perforated sheet
metal. An adsorber system usually consists of a number of retainers or panels
placed in one frame. Figute 4-4 shows a nine-panel, thin-bed adsorber. The
panels are similar to home air filters except that they contain activated catbon as
the filter instead of fiberglass.

Carbon filter

Figure 4-4. Thin-bed adsorber — nine-cell system.

The pleated cell adsorber (Figute 4-5) consists of one continuous retainet of
activated carbon, rather than individual panels, Cylindrical canisters (Figure 4-5)
are usually small units designed to handle low flow rates of approximately 25
ACFM (0.7 m’/min). Cylindrical canisters are made of the same matetials as the
panel and pleated adsorbers, but their shape is round rather than square. Panel
and pleated beds are dimensionally about the same size, normally 2 ft by 2 ft (0.6
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m by 0.6 m). Flat panel beds ate sized to handle higher exhaust flow rates of
approximately 2,000 ACFM (57 m’/min), while pleated beds ate limited to flow
rates of 1,000 ACFM (28 m*/min).
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Pleated thin bed Canister
Figure 4-5. Nonregenerative adsorbers.

Thick-bed nonregenerative systems are also available. One system, shown in
Figure 4-6, is essentially a 55-gallon drum. The bottom is filled with a material
such as gravel to support a bed of activated carbon weighing approximately 150
Ib,, (70 kg). These units ate used to treat small flow rates of 100 ACFM (2.8
m®/min) from laboratory hoods, chemical storage tank vents, or chemical
reactors,
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Activated
carbon

Support
material

Figure 4-6, Thick bed nonregenerative adsorber.

A flowchart of a simple system containing a small-scale nonregenerative
adsorber is shown in Figure 4-7. Solvent-laden air (SLA) is generated in a
laboratory hood or small-scale industrial process that is almost entirely enclosed
in a hood. A centrifugal fan dischatges the SLA at positive pressure first to a
particulate filter and then into the activated carbon panels o batrels. The cleaned
gas stream is then exhausted directly to the atmosphere.

© O

Néﬂfégéhéfaﬁ\)é :
carbon bed

mmmmm———————

Particulate
matter filter

|

.

-®

Process

Figure 4-7. Flowchatrt of a simple nonregenerative adsorber,
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The instrumentation on these systems is usually limited, In some cases, gas
stream temperature monitots (usually dial-type thermometers) are mounted in
the inlet and outlet ducts of the activated catbon panel units or barrels. An
increase in the inlet temperature from the design or baseline levels indicates that
the service life of the activated carbon may be reduced. An increase in the outlet
temperature compated to the inlet temperature may indicate that liquid droplets

of solvent are being captured in the bed and increasing the bed temperatute.

High outlet temperatutes must be monitored to prevent fires.

Particulate filters may be used to prevent the accumulation of dusts, fibers,
and other debris from plugging the passages through the activated carbon bed.
The static pressute drop actoss these filters provides an indication of filter
ovetloading, which reduces gas flow through the system.

Due to the physical scale of the nonregenerative systems, it is uneconomical
to include outlet otganic vapor concentration monitors since these instruments
can cost several times the total cost of the control system. Accordingly, with
these small systems, there is no direct indication that the unit is approaching
saturation,

Regenerative Adsorption Systems — Fixed-Bed Designs

Latge regenerative adsorption systems can be categorized as fixed, moving, ot
fluidized beds. The name refers to the manner in which the gas stream and
adsorbent are brought into contact. The choice of a particular system depends on
the pollutants to be controlled and the recovety requirements.

Fixed cartbon adsotption beds are commonly used to control a variety of
organic vapors and ate often regenerated by low-pressure steam. They are best
used when the liquid otganic is immiscible with water when steam is used during
the regeneration step. Relatively pute otganic liquids may be recovered by
condensing the regeneration exhaust and separating the water and the organic
based on different densities.

Fixed-bed adsotption systems usually involve multiple beds. One or mote
beds treat the process exhaust, while the other beds are cither being regenerated
or cooled. A flowchart of a typical two-bed adsorption system is shown in Figure
4-8. :

410
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Solvent-laden air

o veovas il Steam

aeoresnesd Steam + Solvent

Y >

Purified air

Figute 4-8. Two-bed adsotption system.

As shown, solvent-laden air entets Bed 1, which is in the adsotption mode.
Gas flow is usually in the downward direction to avoid possible entrainment of
catbon patticles that might occur in the upflow mode. Solvent is adsorbed while
purified air is discharged to the atmosphere. At the same time Bed 2 is in the
regeneration mode. Steam is fed to Bed 2 and steam plus solvent exit the bed and
are fed to the solvent recovery system. The functions of the two beds are
switched periodically by opening and closing appropriate dampers. The switching
may be based either upon a time cycle or when the adsorption bed approaches
saturation and the solvent concentration in the purified air increases to some
predetermined level. Three or more beds may be required if the duration of the
adsotption and regeneration/cooling cycles cannot be matched.

A more complete three-bed system is shown in Figute 4-9. The SLA stream
is fitst pretreated to remove any solid particles that could plug the carbon bed
and prevent proper contact between the gas stream and the adsorbent bed. The
solvent-laden air stream is often passed through an indirect heat exchanger (cold
water tubes) to lower the gas temperatute to the range of 60°F to 100°F (15°C to
40°C) whete adsorption efficiency and adsorbent service life are both optimum.
The pretreated gas stream then enters one of the parallel vessels that house the
adsotbent beds. In Figute 4-9 we can imagine that the top bed is in the
adsotption mode while the second bed is being regenerated and the third is
cooling prior to its next adsorption phase. The steam plus regenerated solvent
pass fitst to a condenser and, if the steam and solvent are immiscible, to a
decanter where separation occurs due to density differences in the two phases. If
the solvent and steam are miscible, distillation may be required for separation.
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Steam and
solvent vapor
to condenser

Solvent

laden ) Steam —@-)A L@-> Air to stack

air Particulate
_) matter filter| . Steam and

solvent vapor
Y
Particulate

to condenser

Steam and
solvent vapor
to condenser

Cold
Steam  water

and g Steam —@-J L@-) Air to stack

solvent g
vapor

—> Decanter

">t Recovered
% solvent

:
Water ‘tank

Figute 4-9. Multi-bed, fixed-bed-type adsorption system.

Condenser !

Regeneratlve fixed carbon beds are usually from 1 to 4 ft (0.3 to 1.2 m) thick.
The maximum adsorbent depth of 4 ft (1.2 m) is based on pressure drop
considerations.® Superficial gas velocities through the adsorber range from 20 to
100 ft/min (6 to 30 m/min). Pressure drops normally range from 3 to 15 in.
W.C. (O 75 to 3.75 kPa), depending on the gas velocity, bed depth, and catbon
pellet size.> A cutaway sketch of a fixed-bed adsorber vessel is shown in Figure 4-
10.
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Solvent- Steam
laden air g I__I\] [F<> and vapor

‘=:‘\:2. c=:":t|!
J_—_|<{> Exhaust

Steam

Figure 4-10. Cutaway sketch of hotizontal adsorber vessel.

Adsorbers of this type are manufactured as a package system capable of
handling flow rates up to 400,000 ACFM (11,500 m’/min). Latger units must be
engineered and fabricated for the specific application.

Some fixed-bed adsorbers have been designed recently with “multi-pass”
capability in order to increase the solvent vapor removal efficiency. The last
adsorber vessel that has been regenerated is placed as a second stage’ by using 2
series of dampers and connecting ductwork. The air stream passing out of the
first adsotber is then directed through this second vessel in order to remove the
solvent vapors that penetrated the first unit. This approach is also called
series/ parallel.

Two-chambert, fixed-bed adsorbets have also been developed using catbon
fiber adsotbent elements. The activated carbon is prepared as fibet-coated
sutfaces, a number of which are mounted in a single chamber. The carbon fiber
is a thin layet of material with micropores leading directly from the adsotbent

sutface.'’ With the two-chamber design, one of the chambers is in adsotption

mode, while the other is desorbed using hot steam. Because of the thin depth of
the material, desorption times are shorter than those for the conventional deep-
bed, catbon pellet designs. A diagram of a two-bed, carbon fiber adsotber is
shown in Figure 4-11.
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Steam
Cooling water  solvent
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1 Fan
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¥ \— Prefilter
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Solvent-laden
exhaust air

Waste water
Separator

Recovered solvent

Figure 4-11. Catbon fiber system.
(Reptinted courtesy of Durr Industries, Inc.; Plymouth, Michigan.)

Regenerative Adsorption Systems — Moving-Bed Designs

Moving-bed systems can use a carbon bed more effectively than a fixed-bed
system because the solvent-laden air stream passes only through the unsaturated
portion of the catbon bed, reducing the distance the air stream travels through
the bed; therefore, the static pressure drop is low.

One type of moving-bed adsotber is the rotary wheel zeolite adsorbet, such as
shown in Figure 4-12. The zeolite adsotbent is mounted in a vertically oriented
wheel that rotates at a rate of approximately five revolutions per hour. Three
quarters of the wheel ate in adsorption setvice while one quarter is being
desorbed using hot air. The desorbed gas stream has a VOC content that is
concentrated by approximately a factor of 10 to 15 over the inlet level and a flow
rate that is less than 10% of the inlet gas stream. Overall VOC adsotption
efficiencies are in the range of 90% to 98%.
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Concentrated VOC

Process fan
Process air
and VOCs

Oxidizer

Clean air exhaust

PROCESS
AIR £VOCs

CONCENTRATE

CATALYST
(OFTIONAL)

OXIDIZER

Figure 4-12, Rotary wheel zeolite adsorbet.

Another type of moving-bed adsorber is the rotary carbon-fiber adsorber.
This adsotber uses activated carbon-fiber paper prepared in a corrugated
honeycomb arrangement (Figute 4-13a). The absorbent is mounted in a rotor
that turns continuously at a speed of 1 to 9 revolutions per hour."” Desotption is
accomplished using hot ait that passes through the honeycomb as it rotates into

position,
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Cleaned air

S
Solvent '
laden ‘f’
air Honeycomb

Figute 4-13a. Rotor for catbon-fiber system.

Clean process air

Solvent-laden
process air

Optional smoothing filter .

S

Solvent-laden
desorption air

Rotor drive

Adsorbent media

Figure 4-13b. Rotor system.
(Reprinted couttesy of Dutr Industries, Inc.; Plymouth, Michigan.)

Adsorption and desotption are performed simultaneously on different
sectors of the rotor. The desotbed solvent vapors ate at concentrations of 5 to
15 times the inlet levels. Accordingly, the system is attractive for the
pretreatment of dilute solvent-laden air streams prior to incineration. The
carbon-fiber rotor system is shown in Figure 4-13b.
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Regenerative Adsorption Systems — Fluidized-Bed Adsorbers

A fluidized bed system, shown in Figure 4-14, uses the motion of the solvent-
laden gas stream to entrain adsosbent material and thereby facilitate good gas-
solid contact. The VOC-laden gas stream is introduced at the bottom of the
adsorber vessel and passes upward through the fluidized adsorbent with the
purified gas exiting at the top. The adsorbent plus VOC is pneumatically
conveyed to the desorption vessel for regeneration. Regeneration gas plus VOC
exit from the top and ate ready for further treatment. The regenerated adsorbent
is then pneumatically conveyed back to the adsorption vessel. Because the
adsotption and desotption processes are physically separate, otganic
contaminants can be concentrated by a factor of 10 to 50.

Purified gas Regeneration gas + VOC

adsorbent
saturated
with VOC

Adsorber Regenerator

regenerated
adsorbent

VOC—ladeh gas Regeneration gas

Figure 4-14. Fluidized bed adsorber/regenerator,

A system that consists of multiple fluidized beds is shown in Figure 4-15.
VOC-laden gas entets at the bottom of the adsorber and passes upward through
a series of beds. The adsorbent flows downiward from bed to bed until it reaches
the bottom. The saturated adsotbent is then transported pneumatically to the
desorption vessel for regeneration. In this system regeneration is accomplished
by indirect contact with hot gases from the oxidizer. The regenerated adsotbent
is then transported back to the adsorption vessel while the desorbed VOC is
destroyed in the oxidizer.
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Figure 4-15. Fluidized-bed adsorber.
(Reprinted courtesy of Weatherly, Inc.; Atlanta, Georgia.)

Both the moving bed and fluidized bed systems provide continuous
operation and more efficient utilization of the adsorbent. These systems can be
used with either polymeric adsorbents or activated carbon adsorbents. It is
necessaty to use an adsorbent that can withstand the physical attritioni inherent in
the system. A “beaded” activated carbon that minimizes attrition loss has been
developed. The beaded shape is inhetently stronger and has better fluidity
properties than granular carbon. This type of carbon has been used in a few
installations and is repotted to reduce the attrition loses to 2% to 5% per year.

4.2 Operating Principles

Adsorption Steps

Adsorption occuts in a series of three steps. In the first step, the contaminant is
transferred from the bulk gas stream to the external surface of the adsorbent
material. In the second step, the contaminant molecule diffuses from the
relatively small atea of the external sutface (a few square meters per gram) into
the macropotes, transitional potes, and micropores within each adsorbent. Most
adsotption occuts in the micropores because the majotity of available surface
atea is thete (hundreds of square meters per gram). In the third step, the.
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contaminant molecule adsorbs to the sutface in the pore. Figure 4-16 illustrates
this overall mass transfer, diffusion, and adsorption process.

Step 1: Step 2: Step 3:
Mass transfer to adsorbent surface Diffusion into pores of adsorbent Adsorption ortto surface of pores
Cantaminant Contaminant Contaminant
molecules molecules

Figure 4-16. Adsorption steps.

Steps 1 and 2 occut because of the concentration difference between the
bulk gas stream passing through the adsorbent and the gas near the surface of
the adsotbent. Step 3 is the actual physical bonding between the molecule and
the adsorbent surface. This step normally occurs mote rapidly than steps 1 and 2.

Adsorption Forces ' :
The adsorption process is classified as either physical or chemical. The basic
difference is the strength in which the gas molecule is bonded to the adsorbent.
In physical adsorption, the gas molecule is held to the solid surface by weak
forces of intermolecular cohesion. The chemical nature of the adsorbed gas
remains unchanged; therefore, physical adsotption is a readily reversible process.
In chemical adsorption a strong chemical bond is formed between the gas
molecule and adsorbent. Chemical adsorption, or chemisorptions, is not easily
reversed.

Physical Adsorption

The fotces active in physical adsorption are electrostatic in natare and occur
under suitable conditions in most gas-solid systems. These forces are present in
all states of matter: gas, liquid, and solid. They are the same forces of attraction
that cause gases to condense and deviate from ideal behavior under extreme
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conditions. Physical adsotption is also referred to as van der Waals® adsorption.
Because of van der Waals’ fotces, physical adsorption can form multiple layers of
adsorbate molecules, one on top of another, ‘

The electrostatic effect that produces van der Waals’ forces depends on the
polatity of both the gas and solid molecules. Molecules in any state ate either
polat or nonpolar depending on their chemical structure. Polar substances
exhibit a separation of positive and negative charges within the compound,
which is refetred to as a permanent dipole. Water is a prime example of a polar
substance. Nonpolar substances have both their positive and negative chatges in
one centet so they have no permanent dipole. Most organic compounds are
nonpolar because of their symmetry.

Physical adsotption can tresult from three different effects: orientation,
dispersion, ot inducdon (Figute 4-17). For polar molecules, attraction occuts
because of the orientation effect. The negative charge of one molecule is attracted to
the positive charge of the other. An example of this type of adsorption is the
removal of watet vapor (polat) from an exhaust stream using silica gel (polar).

Orientation Effect Dispersion Effect Induction Effect
Polar-Polar Nonpolar-Nonpolar Polar-Nonpolar

Figure 4-17. Physical forces causing adsorption.

The adsotption of a nonpolat gas molecule onto a nonpolar surface is
accounted fot by the dispersion effect. This effect is based on the fact that although
nonpolar substances do not possess a permanent dipole, they do have a
fluctuating ot oscillating dipole. Fluctuating dipoles are a result of momentary
changes in electron distribution around the atomic nuclei. In a nonpolat
substance, when two fluctuating dipoles come close to one another, their total
energy decteases, and they fluctuate in phase with each other. This is the origin
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of the name dispersion effect. 'The adsorption of otganic vapors onto activated
carbon is an example of nonpolar molecular attraction.

The attraction between a molecule with a permanent dipole (polar molecule)
and a nonpolar molecule is caused by the dnduction effect. A molecule with a
permanent dipole can induce polatity into a nonpolar molecule when they come
in close contact. The energy of this effect is determined by the polatizability of
the nonpolar molecules. The induction effect is, however, small when compared
to the orientation or dispersion effects. Therefore, adsorption systems use polar
adsorbents to temove polat contaminants. This ensures that the inter-molecular
forces of attraction between the gas and solid will be greater than those between
similar molecules in the gas phase.

Chemisorption

Chemical adsorption (chemisotption) results from a chemical interaction
between the gas and the solid. The gas is held to the sutface of the adsotbate by
the formation of a chemical bond. Adsotbents used in chemisorption can be
either pure substances or chemicals deposited on an inert carrier material. One
example of the former is the use of pure iron oxide chips to adsorb hydrogen
sulfide gas. An example of the latter is the use of activated catbon that has been
impregnated with potassium iodide to remove metcury vaposs.

All adsorption processes are exothermic whether adsotption occuts from
chemical or physical forces. The fast-moving gas molecules lose kinetic energy
when adsorbed on the solid, which results in the liberation of heat.

In chemisorption, the heat of adsorption is comparable to the heat evolved
from an exothermic chemical reaction, usually over 10 Kcal/gm moles. The heat
given off by physical adsorption is much lower, approximately 0.1 Kcal/gm
‘mole, which is comparable to the heat of condensation. Molecules that ate
chemisotbed ate very difficult (and, in some cases, impossible) to remove from
the adsorbent surface. Either increasing the operating temperature ot reducing
the pressure of the adsorbent bed can usually remove physically adsorbed

-molecules. Chemisorption stops when all the active sites on the surface of the

adsorbent have reacted, forming only a monolayer of adsotbate molecules on the
surface. Multilayers of adsorbed molecules can often be formed in physisotption.
While the physical adsotption rate decreases with incteasing temperature, the
chemisorption rate increases with increasing temperatutre. Chemisotption is a
highly selective process. A gas molecule must be capable of forming a chemical
bond with the adsorbent surface for chemisotption to occut. Physisotption, in
contrast, is a mote general phenomenon. For these reasons physical adsotption is
more desirable for air pollution control. A summaty of the characteristics of
physical versus chemical adsotption is presented in Table 4-2.

Table 4-2. Summary of the characteristics of chemisorption
and physical adsorption.
Chemisorption » Physical Adsorption
Releases high heat, 10 Kcal/gm mole Releases low heat, 0.1 Kcal/gm mole
Forms a chemical compound Gas retained by dipolar interaction
Desorption difficult Desorption easy
Adsorbate recovery impossible Adsorbate recovery easy
4-21




APT!] 415; CONTROL OF GASEOUS EMISSIONS

Adsorption-Capacity Relationships

Most available data on adsorption systems are determined at equilibrium
conditions. The equilibrium capacity is the maximum amount of vapor that can
be adsorbed at a given set of operating conditions. Adsorption equilibtium is the
set of conditions at which the number of molecules arriving on the surface of the
adsorbent equals the number of molecules leaving. The adsorbent bed becomes

“saturated with vapors” and cannot remove any more vapors from the exhaust

stream. Although a number of variables affect adsorption capacity, gas
tempetrature and pressure are the two most important.

Adsorption equilibrium data may be presented in three forms: isotherm at
constant tempetatute, isobar at constant pressure, and isostere at constant
amount of vapor adsorbed.

Isotherm
The most common and useful method of presenting adsorption equilibrium data
is the adsorption isotherm, a plot of the adsorbent capacity versus the pattial
pressure of the adsorbate at a constant temperature. Figure 4-18 is an example of
an adsorption isotherm for catbon tetrachlotide on one specific activated catbon.
Adsorption capacity may be presented in many different of units, with pounds of
adsorbate per 100 pounds of adsotbent being typical. Data of this type are used
to estimate the size of adsotption systems as demonstrated in Problem 4-1.
Attempts have been made to develop generaﬁzed equations to predict
adsorption equilibrium from physical data. This is difficult because adsorption
isotherms take many shapes depending on the forces involved. Isotherms can be
concave upwatd, concave downwatd, or “S” shaped. To date, most of the
theories agree with data only fot specific adsorbate-adsorbent systems and are
valid over limited concentration ranges.
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Figure 4-18. Adsorption isotherm for catbon tetrachlotide on
one specific commercial activated carbon adsorbent product.

Problem 4-1

A dry cleaning process exhausts a 15,000 SCFM air stream containing 680-ppm
carbon tetrachloride. Given Figure 4-18, and assuming that the exhaust stream is
at approximately 140°F and 14.7 psia, determine the satutation capacity of the
activated carbon.

Solution:
Step 1. In the gas phase, the mole fraction (y) is equal to the ppm divided by 10°.

y = 680 ppm = 0.00068

The partial pressure is the product of the total pressure and the mole
fraction.

P* = yP = (0.00068)(14.7 psia) = 0.010 psia

Step 2. From Figure 4-17, at a partial pressure of 0.01 psia and a temperature of

140°F, the catbon capacity is read as approximately 45 Ib CCl,/ 100 1b C, ot
45%. This is also equal to 45 gm CCl,/100 gm C.

It must be noted that, in practical applications, adsorbets use more catbon
than is required at saturation to ensure that uncaptured vapors are not exhausted
to the atmosphere. Problem 4-2, presented later in this chapter, illustrates this
point,

Isostere ,

The isostere is a plot of the natural log of the pressure versus the reciprocal of
absolute temperature (In[p] vs. 1/T) at a constant amount of vapor adsorbed.
Adsorption isostete lines ate straight for most adsotbate-adsorbent systems.
Figure 4-19 shows an isosteres for the adsorption of H,S gas onto molecular
sieves. The isostere is important because the slope of the isostere corresponds to
the differential heat of adsorption. The total or integral heat of adsorption is
determined by integration over the total quantity of material adsorbed.
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1000

HoS pressure, mm Hg

2.5 2.7 2.9 3.1 3.3 3.5 3.7
Reciprocal of absolute temperature, (1/K)-x 10°

Figure 4-19. Adsorption isosteres of HzS on 13X molecular sieve (loading in %
H,S by weight).

Isobar

The isobat is a plot of the amount of vapor adsotbed versus temperatute at a
constant partial pressure of the adsorbate. Figure 4-20 shows an isobar for the
adsorption of benzene vapors on an activated catbon.

4-24

Al



APTI 41868 CONTROL OF GASEOUS EMISSIONS

120 !
100
- o5
ES &0
g
gg
89 60
TG
Q
£ c £
e 40
&
; 20
I | l | [
O 50 100 150 200 250 300 350

Temperature, °C

Figure 4-20. Adsozrption isobar for benzene on an activated carbon
(Phenzene = 10.0 tam Hg).

Note that the capacity units in this isobar ate ml benzene/gm C. Also note
€ that the amount adsorbed decreases with increasing temperature. This is always
P the case for physical adsorption.

Because the isotherm, isostere, and isobar for a given adsorbate-adsotbent
system are developed at equilibrium conditions, they ate mutally dependent. By
g determining one, such as the isotherm, the other two relationships can be
determined. In the design of an air pollution control system, the adsorption
isotherm is by far the most commonly used equilibrium relationship.

4.3 Adsorption System Performance

Applicability

Nonregenerative Systenss

Nonregenerative systems are applicable to a wide vatiety of small, low-
concentration organic vapor sources. As a very approximate guideline, organic
compounds having molecular weights greater than 50 and/or boiling points

greater than 68°F (20°C) can be adsorbed. Because these units are not
regenerated, it is often possible to use them up to 50% of the saturation level

M

i

4-25




APTI 415: CONTROL OF GASEOUS EMISSIONS

indicated by the applicable adsotption isotherm. This is genetally a higher
adsorbent utilization than is practical in regenerative systems. Accotdingly,
nontegenerative units can have # relatively long service life despite the limited
quantity of adsorbent present.

Regenerative Systems

Conventional regenerative catbon bed adsorbers are used primarily for the
removal and/or recovery of organic compounds having molecular weights
between approximately 50 and 200.° These compounds usually have boiling

points between 68°F and 350°F (20°C to approximately 175°C)." Very high
moleculat weight, high boiling point compounds have such a strong affinity for
the adsorbent that it is impractical to desorb these matetials.

Table 4-3 presents examples of organic compounds suitable for regenerative
carbon adsotption, This is not a complete list because catbon adsorption is used
for a wide vatiety of organic compounds. Other compounds, such as those listed
in Table 4-4, ate not suitable for regenerative adsorption because of theit
reactivity ot high molecular weights and boiling temperatures.

Table 4-3. Examples of organic compounds suitable for carbon adsorption.
Lower
Organic Compound | Boiling Point | Molecular | Water |Flammable| Explosive
°F (°C) Weight | Soluble Liquid Limit,
% Vol
Aliphatic
Heptane 209 (98.4) 100.2 No Yes 1.20
Hexane . 156 (68.7) 86.2 No Yes 120
Pentane 97 (36.1) 722 No Yes 1.50
Naptha 288 (142) - No Yes 0.92
Mineral Spirits 381 (194) - No Yes <100
Stoddard Solvent 379 (193 - - No Yes 1.10
Aromatic
Benzene 176 (80.0) 781 | No Yes 1.40
Toluene 231 (110.6) 92.1 No Yes 1.40
- Xylene 292 (144.4) | 106.2 No Yes 1.00
Ester
Butyl Acetate 259 (126.1) 1162 No Yes 7.60
Ethyl Acetate 171 (77.2) 88.1 Yes Yes 2.50
Halogenated :
Carbon Tetrachloride 170 (76.7) 153.8 No No NE.
Ethylene Dichloride 210 (98.9) 85.0 No Yes 6.20
Methylene Chloride 104 (40.0) 84.9 Yes No N.F.
Peschloroethylene 250 (121.1) 165.8 No No N.F.
Trichloroethylene 189 (87.2) 1314 No No N.F
Trichlotoethane 165 (73.9) 1334 No No N.F.
Ketones
Acetone 133 (56.1) 58.1 Yes Yes 2.60
Diacetone Alcohol 293 (145.0) 1162 Yes Yes -
Methyl Ethyl Ketone 174 (78.9) 724 Yes Yes 1.80
Methyl Isobutyl Ketone| 237 (113.9) 100.2 Yes Yes 1.20
Alcohols
Butyl Alcohol 241 (116.1) 74.1 Yes Yes 1.40
Ethanol 165 (73.9) 46.1 Yes Yes 4.30
Propyl Alcohol 205 (96.1) 60.1 Yes Yes . 210
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Table 4-4. Organic compounds
not usually suitable for carbon adsorption.
Reactive Compounds High Boilers
Otganic acids Plasticizers
Aldehydes Resins
Monomers (some) Long Chain HCs (+Ci4)
Ketones (some) Glycols, Phenols, Amines
Adsorption Capacity

Thtee important terms are used in actual systems to desctibe the capacity of the
adsotbent bed, measured, for example, in pounds of vapor per pound of
adsorbent.

o Breakthrongh capacity is defined as the capacity of the bed at the time where
unadsorbed vapor begins to be emitted.

o Saturation capacity (or equilibrium capacity) is the maximum amount of
vapot that can be adsotbed pet unit weight of carbon. This is the capacity
read from the adsorption isotherms.

o Working capacity is a fraction of the saturation capacity, often in the range
from 0.1 to 0.5 of the saturation capacity, that is used for design
putposes. Smaller working capacities increase the amount of carbon
requited. The designer selects the appropriate fraction for individual
systems by balancing the cost of carbon and adsorber operation versus
preventing breakthrough.,

It is generally uneconomical to desorb all vapor during the regeneration
cycle. The small amount of residual vapor left in the bed is referred to as the hee/
which accounts for a large portion of the difference between the saturation
capacity and the working capacity. In some cases, the working capacity can be
estimated by assuming that it is equal to the saturation capacity minus the heel.'
Problem 4-2 illustrates one method of estimating the working capacity, In all of -
the examples in this course, a design factor of 0.25 of the saturation capacity is
used. This is the same as assuming that the working amount of carbon is four

times the amount required at saturation.

Problem 4-2

A dry cleaning process exhausts a 15,000 SCEM air stream containing 680 ppm
carbon tetrachloride. Based on Figure 4-17 and gas stream conditions of 140°F
and 14.7 psia, estimate the amount of carbon required if the adsorber operates
on a four-hout cycle. Note that saturation capacity of the activated carbon is
45% by weight. The molecular weight of CCl, is 154. Use a working capacity of
25% of the saturation capacity.

Solution:
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Step 1. Compute the flow rate of CCl,.

Qcq,, =15,000 SCFM % 0.00068 =10.2 SCFM Cdl,

Convert to pounds per hour:

10.2 ft® o Jbmole  1541bm 60 min
min  3854f> Ilbmole hout

=245 lbm CCl, /hout

For a four-hour cycle:

4 x 245 = 980 1b, CCl,
Step 2. The amount of activated carbon (at saturation) required is:

100 Ib_ carbon

980 Ib,, CCL , x
30 b, CCL,

= 3270 Ib_ activated carbon

The actual amount of activated catbon requited can be estimated by
multiplying the amount needed at saturation by four (based on the wotking
capacity of 25% of the saturation capacity).

4 x 2178 = 8710 Ib,, catbon per four-hout cycle per adsorber

Note: 'This gives only a rough estimate of the amount of carbon needed.
Actual working capacity may be 25% to 75% of the saturation capacity.

Factors Affecting Adsorption System Performance
A number of factors or system vatables that influence the performance of a
physical adsorption system are discussed in the following sections.

Temperature

The capacity of an adsotbent decreases as the temperature of the system
increases, as illustrated in Figure 4-21. As the temperature increases, the vapot
pressure of the adsorbate increases, raising the energy level of the adsotbed
molecules. Adsorbed molecules now have sufficient energy to ovetcome the van
der Waals’ attraction and migtate back to the gas phase. Molecules already in the
gas phase tend to stay there due to their high vapor pressure. As a general rule,

adsotber temperatures are kept below 130°F (54°C) to ensure adequate bed
capacities. Temperatutes above this limit can be avoided by cooling the exhaust
stream to be treated.
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Carbon capacity —»

Temperature —>

Figure 4-21. Catbon capacity versus gas stream temperature,

Adsorption is an exothermic process with the heat released for physical
adsotption approximately equal to the heat of condensation. At low
concentrations (below 1,000 ppm), the heat release is minimal and is quickly
dissipated by the gas flowing through the bed. At higher concentrations (e.g.,
5,000 ppm), the bed temperature can increase, thus causing the adsorption
capacity to decrease. In addition, granular carbon is a good insulator that inhibits
heat dissipation from the interior of the bed. In some cases, especially ketone
recovery, the temperatute tise can cause auto-ignition of the carbon bed.

Pressure

Adsorption capacity increases with an increase in the partial pressure of the
vapot, which is proportional to the total pressure of the system. Any increase in
pressure will increase the adsorption capacity. The increase in capacity occurs
because of a decrease in the mean free path of vapor at higher pressures. Simply,
the molecules are packed more tightly together, More molecules have a chance to
“hit” the available adsorption sites, increasing the number of molecules
adsorbed.

Gas Velocity
The gas velocity through the adsorber bed determines the contact or residence
time between the gas stream and adsorbent, The residence time ditectly affects
capture efficiency. ‘The lower the gas velocity (the longer the contact time)
through the adsorbent bed, the greater is the probability of a contaminant
molecule reaching an available site. In order to achieve 90% or more capture
efficiency, most carbon adsorption systems are designed for a maximum gas
velocity of 100 ft/min (30 m/min) through the adsorber. A lower limit of at least
20 ft/min (6 m/min) is maintained to avoid flow problems such as channeling,
Gas velocity through the adsorber is determined by dividing the gas
volumettic flow rate by the cross-sectional area of the adsorber, By specifying the
gas velocity through the adsorber, the cross-sectional area is also specified.
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Problem 4-3

A regenerative carbon bed system has three beds in parallel, each having 2 gas
" flow rate of 9,000 SCFM, a gas tempetatute of 100°F, and a gas pressure of +4
in. W.C. The barometric pressute is 30.3 in. Hg, What is the minimum cross-
sectional area of each bed if the gas velocity must be maintained below 100 feet
per minute?

Solution:

Step 1. Calculate the absolute static pressute.

SP, e = (4 in. W.C.)+30.3 inHygl M = 416 in. W.C.
29.92.in.Hg

Step 2. Calculate the gas flow rate in ACFM.

O Fo .
ACEM = 9,000 SCFM(.%O R +100 F)(407 in. W.C.
528°R 416 in, W.C.

Step 3. Calculate the minimum cross-sectional area of the bed to maintain a
maximum of 100 ft/min.

j = 9,340 ACFM

Velocity = (Gas flow rate in ACFM)

Area
9,340 ACFM)

100 ft/min = (
Area

Area = 934 f*

Increasing the gas flow rate through the absorber increases the pressute
drop. Within the above stated maximum and minimum flow rates, the allowable
pressure drop usually dictates the required tower cross-sectional area and flow
rate. The pressute drop across the bed also depends on the depth of adsotbent.

Humiidity

As stated previously, activated carbon will preferentially adsorb nonpolar
hydrocarbons over polar water vapor. The water vapor molecules in the exhaust
stream exhibit stronger attractions for each other rather than the adsorbent.
However, at high telative humidity the number of water molecules increases to
the extent that they begin to compete with the hydrocarbon molecules for active
adsorption sites, thus reducing the capacity and efficiency of the adsorption
system.

Exhaust streams with humidities greater than 50% may require installation of
additional equipment. Condensess to remove a portion of the water ate one
solution. Dilution air containing less moisture than the process stream has also
been used. The contaminant stteam may also be heated to reduce the humidity as
long as the increase in tempetature does not greatly affect adsorption efficiency.
Additional adsorbent can be added to help offset the reduced efficiency.
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Bed Depth

Providing a sufficient depth of adsorbent is very important in achieving efficient
VOC removal due to the fact that adsotption rate is not infinitely fast. There are
practical minimum and maximum limits to the bed depth.

The minimum depth is based primarily on the length of the mass transfer
zone (MTZ) that, at fixed conditions such as temperature, pattial pressure, and
gas velocity, is related to the rate of adsotption. The MTZ is the volume of the
bed where mass transfer occurs at any one time, The MTZ starts on the gas inlet
side of the bed and moves through the bed as illustrated in Figure 4-22. The
actual length of the MTZ temains fairly constant throughout the adsorption step.
As long as the leading edge of the MTZ is above the bed outlet, the effluent
concentration ¢, remains very low, because that portion of the bed in front of the
MTZ has not yet been exposed to VOC.

Mass transfer zone Saturated bed

<—Breakpoint

Solute cdncentration
in effluent

Figure 4-22. MAigaransfer zone.

When the leading edge of the MTZ reaches the outlet of the bed, the
concentration of contaminant in the effluent suddenly begins to rise. This is
referred to as the breakthrough point. If the contaminated gas stream is not
switched to a newly regenerated bed, the concentration of contaminant in the
outlet will quickly rise until it equals the initial concentration, c,.

If the adsotber bed depth is shorter than the required MTZ, breakthrough
will occur almost immediately, rendering the system ineffective. Estimating the
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MTZ is important in detetmining the minimum bed depth.

Estimating the length of the MTZ is difficult because it depends on six
separate factors: (1) adsotbent particle size, (2) gas velocity, (3) adsorbate
concentration, (4) fluid properties of the gas stream, (5) temperature of the
system, and (6) pressute of the system. The MTZ can be estimated from
experimental data using Equation 4-1. To obtain the necessary data, vendors
will usually test a small portion of the exhaust stream on a pilot adsorber column,
operating at several different bed depths.

(Eq. 4-1) vrz=—Lp(1-2]
1-Xs Gs
Where: MTZ = length of MTZ (meters)
X = degtee of saturation in the MTZ (%), usually assumed
to be 50%
D = bed depth (meters)
Cqy = breakthrough capacity (%)
G = saturation capacity (7o)

In the absence of experimental data, empirical factots are often used to
estimate the MTZ.

Actual bed depths are usually several times longer than the length of the
MTZ. The additional bed depth allows for adequate cycle times. Equation 4-1
can be rearranged to solve for breakthrough capacity for a fixed bed depth.

(Eq. 4-2) . = K)CHMTZPHC;D — MTZ)
B D :

Often the actual adsorbent depth is fixed by the maximum allowable static
pressure drop actoss the bed. Pressute drop data for typical catbons ate
presented in Figute 4-23." The pressure drop per meter of bed depth is plotted
versus the gas velocity with the catbon mesh size as a parameter. From the
figure, an adsotber with a flow rate of 80 ft/min (24 m/min) using 4x10 mesh
carbon will have a pressure drop of approximately 6 in. W.C. per foot (1.5 kPa
per metet) of bed depth. Therefore, if the total pressure drop actoss the bed is
limited to 18 in. W.C. (4.5 kPa), the total bed depth should not exceed 3 ft (0.9

m).
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Linear velocity, cm/s

10 20 30 40 50
100 | l | !

Pressure drop per foot of bed depth, in. HoO/ft
Pressure drop per meter of bed depth, kPa/m

— 04
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Linear velocity, ft/min.

Figure 4-23. Pressure drop versus gas velocity
through a deep bed granular cartbon.

Contaminants

Particulate matter, organic compounds that have high boiling points, and
entrained liquid droplets can also reduce adsorber efficiency if present in the gas
streatm.

Dust or lint greater than 3 micrometers in size can cover the sutface of the
adsorbent and reduce the surface area available to the gas molecule for
adsorption. Covering active adsorption sites by an inert material is referred to as
“blinding” or “deactivation.” To avoid this situation, almost all industrial
adsotption systems ate equipped with some type of upstream particulate matter
removal device.

High boiling point and high molecular weight compounds have such an
affinity for the carbon that it is extremely difficult to remove them by standard
desorption practices. These compounds also tend to react chemically on the
catbon sutface, forming solids or polymerization products that are extremely
difficult to desorb. Loss of carbon activity in this manner is tetmed chemical
deactivation,

Entrained liquid droplets can also cause operational problems. Liquid
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droplets that ate non-adsorbing can act the same way as particulate matter by
coveting the surface and blinding the bed. Liquid adsorbate droplets result in
high heats of adsorption, thereby increasing the temperature and decreasing the
adsogption capacity. In the limit, the liquid organic droplets carried over from the
process can cause bed fires from the released heat. An entrainment sepatator
may be required when liquid droplets are present.

Adsorbent Regeneration Methods

Periodic replacement ot regeneration of the adsotbent bed is mandatory in order
to maintain continuous operation. When the adsorbate concentration is high,
and/or the cycle time is shost (less than 12 hours), replacement of the adsotbent
is not feasible, and in situ regeneration is tequited. Regeneration is accomplished
by tevetsing the adsorption process, usually increasing the temperature ot
decreasing the ptessure. Four methods are used commercially for regeneration.

Thermal Swing

The bed is heated so that the adsotption capacity is reduced. The adsorbate
leaves the surface of the carbon and is temoved from the vessel by a stream of
purge gas. Cooling must be provided before the subsequent adsorption cycle
begins. Steam tregeneration is a2 common example of thermal swing regenetation.

Pressyre Swing
The pressute is lowered at a constant temperature to reduce the adsorbent

capacity.

Inert Purge Gas Stripping

Purging with an inert gas reduces the partial pressure of the contaminant in the
gas phase, teversing the concentration driving force. Molecules desorb from the
surface into the gas stream.

Displacement Cycle

The adsorbates is displaced by a compound that is preferentially adsorbed. This
method is usually a last resort for situations in which the adsorbate is both
valuable and heat sensitive and in which pressure swing regeneration is
ineffective.’

Thermal Swing —Steam Stripping

Steam sttipping is the most common desorption technique because it is simple
and relatively inexpensive. There are several additional advantages to using steam
for desorption.

e A low steam temperature of 230°F (110°C) is sufficient to desorb most
adsotbates of interest without damaging the carbon.

e Steam teadily condenses in the adsorber bed, releasing its (the steam’s)
heat of condensation and aiding in desorption.

o Immiscible organic compounds can be easily separated by condensation
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and decantation. Miscible compounds will require condensation followed
by distillation.

® Residual moisture in the bed can be removed easily by a stream of cool,
dry air (either pure or process-effluent).

e Steam is 2 more concentrated soutce of heat than hot air and is effective
in raising the temperature of the adsorber bed quickly, Steam also avoids
the potential fire hazard associated with air.

The amount of steam required for regeneration depends on the adsorbate

-and the adsotbate loading of the bed. The longer a carbon bed is steamed, the

morte adsorbate will be desorbed. It is usually not cost-effective to try to desorb
all of the adsorbate. Acceptable working capacities can be achieved by using less
steam and leaving a small portion of adsotbate in the bed (the heel). During the
initial heating petiod, only a small amount of organic is desorbed because a fixed
amount of steam is first requited to raise the temperature of the bed to the
desorption temperature. As the bed temperatue increases, the rate of desorption
increases until a plateau is reached. The plateau represents the optimum steam
tequitement, usually in the range of 0.25 to 0.35 pound of steam/pound of
catbon.”® ‘The steam is usually supplied at pressures ranging from 3 to 15 psig,
and steam usage can range anywhere from 0.3 to 10 pounds of steam per pound
of solvent removed.
Some disadvantages are associated with steam regeneration:

e The aqueous effluent from the condenser can pose a water pollution
problem unless the condensate is sent to a wastewater treatment facility.

¢ Some organic compounds may hydrolyze or form corrosive solutions in
the presence of water. Corrosive substances can greatly reduce the life of
the adsorption equipment unless expensive corrosive resistant materials
are used, :

¢ A hot, wet carbon bed will not effectively remove organic vapors. The
bed will need to be cooled and dried to ensure adequate removal
efficiencies at the beginning of a subsequent cycle.

Pressure Swing - Vacunm Desorption
Pressute swing ot vacuum desotption has one primary advantage over thermal
(steam) desorption. Desorption is accomplished by a change in pressure rather
than temperature, so the time required to heat and cool the carbon bed is
avoided. Thus ptessure swing allows the bed to be in the adsorption mode for a
greater fraction of the total cycle time, Smaller units may also be used because
there is no increase in air volume due to heating of the bed. Both of these
conditions allow for higher throughputs or smaller adsorber designs than can be
accommodated by thermal swing desorption systems. Importantly, the desorbed
vapors can be condensed ditectly, thus avoiding the need for additional
downsttream processing equipment, such as decanters or distillation columns.
The principle disadvantages of a pure pressure swing cycle are its high
operating and construction costs. A vacuum system is required, unless the
adsotber is initially operated at elevated pressures so that the pressure swing can
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be accomplished by teducing the vessel to atmospheric pressures. In vacuum
systems, the adsorber vessel and valving must be constructed of materials
capable of withstanding vacuums of 28 in. Hg. Vacuum systems operating
cyclically may require mote operating attention than other regeneration systems.
To be effective, pressure regeneration systems must opetate so that a small
decrease in pressure will result in a drastic shift in the direction of mass transfer.

Problem 4-4

A solvent degteaser is designed to recover toluene from an 8,000 ACFM air
stream at 80°F (27°C) and atmosphetic ptessure. The company is planning to use
a two-bed carbon adsorption system with a cycle time of 4 houts. The average
concentration of toluene is 2,400 ppm. Given the adsorption isotherm for
toluene (Figure 4-24), and the additional operational data given below, estimate
the following:

e The amount of catbon requited for a 4-hour operating cycle (opetating
time between desorption steps).

e 'The square feet of cross-sectional area required based on a 100 ft/min
maximum velocity.

¢ The depth of the carbon bed.

Given:  Moleculat weight of toluene = 92.1
Activated carbon density = (30 Ib, /ft})
Solution:

Step 1. Fitst calculate the toluene flow rate.

528°R

8,000 ACF
( M a0r

= 7,820 SCFM

(7,820 SCFM) (lb moles total}( 0.0024 Ib moles toluene
385.4scf 1b moles total

= (0.0487 1b moles toluene/min
‘The mass ﬂo{v rate of toluene is:
(0.0487 1b mole/min)(92.1 Ib_./1b mole) = 4.49 Ib_/min

Step 2. To detetmine the saturation capacity of the catbon, calculate the partial
pressure of toluene at the adsorption conditions.

2400 ppm
Pr=yP = | ZVPPM Vo ia )= 0.0353 psi
y (1,000,000 )( psia) b

From Figure 4-24, the saturation capacity of the catbon is 45% ot 45 pounds
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toluene per 100 pounds of carbon at 0.0353 psia.
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Figure 4-24. Toluene isothermm.

Step 3. The amount of carbon at saturation for a 4-hour cycle is:

( 4.49 Ibm toluene) (60 mm) 1001b,, carbon 4 hr
B min hr 381b,, toluene cycle

= 2,390 Ib,, of carbon (at saturation)

The working chatge of carbon can be estimated by multiplying the saturation
capacity by fout. Therefore, the wotking charge is:

#(2,390 Ib,, of carbon) = 9,680 Ib,, of catbon for a 4-hour cycle

The cross-sectional area of the bed is the volumetric flow rate divided by the
allowable velocity of 100 ft/min through the adsorber.
The required cross-sectional area is:

A Q _ 8,000 ACF/min

S— : T 80 ft?
Maximum Velocity 100 £t/min

Step 4. Estimate the bed depth.
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Fach bed of the proposed two-bed system would have to handle the 8,000
ACFM gas flow rate because one bed would be in desorption mode a pottion of
the operating time,

At a carbon density of 30 1b_ /£, the bed depth would be:

Vol. catbon = 9,680 Ib,, catbon/(30 Ib,,/ft” = 320 ft’
Bed depth = 320 £*/80 £* = 4 ft

This bed depth may result in excessively high pressure drop, so it may be
preferable to use a larger vessel and a lower gas velocity. The required cross-
sectional area is recalculated below using an average velocity of 60 ft/min rather
than the 100 ft/min value used eatlier in this problem.

A= Q _ 8,000 acf/min

- =133 ft?
Maximum Velocity 60 ft/min

The bed depth for this modified approach would be:

320 £2/133 f* = 2.4 ft

4.4 Performance Monitoring

The factors that contribute to premature otganic breakthrough in a large fixed-
bed, regenerative system or 2 latge nonregenerative system are relatively similat.
The problems include but are not limited to the following:

o Corrosion and subsequent collapse of the pellet beds

e Infrequent desorption »

o Loss of adsorptive capacity due to high boiling point compounds

e Plugging of activated carbon pellet beds due to particulate matter

¢ Physical deterioration of the activated carbon pellets or carbon fiber
materials

e Increased operating temperature

e Increased organic vapor concentration

A conventional regenerative deep, fixed-bed system will be used to illustrate
the techniques available to evaluate performance and to identify the problems
listed above. Although the techniques ate relatively similar for all types of fixed-
bed systems, some small-scale fixed-bed units will not have all of the on-site
instruments that are economically reasonable for the large installations.

The example fixed-bed system flowchart is shown in Figure 4-25. This shows
three adsotber beds in parallel. The SLA stream from the process equipment is
discharged by the centrifugal fan through a particulate matter filter and an
indirect heat exchanger into the top of the on-line adsorber vessel. Low-ptessure
steam is used to desorb the organic vapors from the off-line adsotber vessel. The
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typical types of instruments present on a large-scale system are shown in this

flowchatt.

E Particulate é
@ i matter filter:
i‘@—;’ |
Fan
Particulate
matter
Cold water
-
Steam and N |_®__)
solvent ”
vapor § ---)
Condenser:
A

Figure 4-25. Flowchart of a three-bed (deep bed) absorber.

A control room ot control panel for the adsotber system is usually located in
an area close to the adsotbet vessels. One ot more storage tanks are usually also
close to the system.

Outlet VOC Concentration Monitor
The most direct measure of the performance of the adsorber is provided by the
outlet VOC concentration monitor, This instrument draws a sample gas stream
from the outlet of each bed on a frequent basis. Common types of instruments
include photoionization and flame ionization detectors (FID). The outlet
concentrations ate determined and recotrded on a data acquisition system (DAS)
ot strip chatt recorder at the control panel for the adsotber system. Premature
breakthrough ot other improper opetation will be indicated by high outlet
concentration.

It should be noted that these instruments provide an accurate indication of
the outlet concentration only when they are calibrated for the specific organic
“compound, ot compounds, present in the gas stream. The instruments are
usually calibrated using a readily-available organic compound such as methane,
propane, n-hexane, or 1,3 butadiene that can be prepared in a stable form at
relatively high concentrations (100 to 10,000 ppm). Stable gas samples are much
mote difficult to prepate for compounds such as toluene, halogenated organics,
and ketones. When calibration gases such as methane, propane, or 1,3 butadiene
are used for calibration, the instrument reading is only a qualitative indicator of
petformance. However, instrument readings above baseline levels for the unit are
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a clear indication of adsorber performance problems.

The accuracy of the VOC data should be checked regulaly. The instruments
should be calibrated on a daily basis using gas cylinders. Calibration gas is usually
injected neat the sample port on each adsorber bed (Figure 4-26) so that the
integrity of the sample line to the instrument can be confirmed. A vatiety of
problems in these sample lines can lead to lower-than-actual organic vapor
concentration readings; these include:

e VOC outlet monitor sample line problems

e Airinfiltration due to leaking connections or corroded tubing

e Adsorption and absotption along the tubing walls due to low surface
temperatures and water condensation

e Reduced sample gas flow rates due to partial plugging of the tubing
(ptimatily affects flame jonization detectors)

e Inoperative valves controlling sample gas flow from each adsorber vessel

The calibration frequencies and procedutes for the instruments should be
checked. A single point calibration and a zero check should be made on a daily
basis. Outlet concentration data obtained since the last calibration period may be
corrected for calibration drift and zero drift by computerized data acquisition
systems.

Control room

Sampl
Instrument e .. Somplegas .
Calibration gas

Calibration gas

Heat
exchanger -
’ Particula'té’ V. 3 3
Slaol[c;/:r?t p atter filter ) Exhaust?o
air S atmosphere
>

Figure 4-26. Calibration gas injection locations to check for
sample line tubing problems,

Portable Organic Vapor Concentration Detectors

Thete ate a vatiety of portable detectors (often termed portable VOC analyzers)
that can be used for small-scale fixed-bed adsotbets where it is uneconomical to
have permanently mounted instruments. The most common types include (1)
flame jonization detectors, (2) catalytic combuston analyzers, and (3)
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photoionization detectors. All of these ate battery-powered instruments that can
be used to obtain a small gas sample and provide a qualitative indication of the
total outlet VOC concentration. These instruments are subject to the same
calibration gas limitations that affect the permanently mounted units on large-
scale adsorber systems.

Flame Ionization Detectors

The flame ionization detector (FID) extracts 10 to 50 cc/min of the sample gas
that is mixed with either pure hydtogen or a hydrogen/helium blend. The
mixtute is injected and combusted along with "clean" air in the FID. The otganic
compounds oxidized in the hydrogen flame form positive gas ions that are
driven to a collector electrode in the butner chamber. The electrical current
flowing through this electrode is amplified and provides an indication of the total
mass of otganic vapor in the sample gas stream. Any compounds that can be
oxidized in the butner chamber can be detected, including essentially all otganic
compounds with the exception of low molecular weight, highly oxygenated o
halogenated compounds, such as formaldehyde and carbon tetrachloride).

Catalytic Combustion Analyzers

The catalyﬂc combustion analyzer is smnlar to the FID analyzer in that the
otganic compounds in the sample gas stream are entirely oxidized during the
analysis. A small sample gas stream passes through a sintered metal detector that

- has a catalyst-coated wite. Oxidation of the organic compounds in this detector

changes the electrical resistance of the coated wite. This change in tesistance is
converted to a cutrent signal that is propottional to the total organic vapor-
concenttation. This type of instrument responds to approximately the same types
of compounds as the flame jonization detector; however, it is not quite as
sensitive.

Photoionigation Detectors

A photoionization detector (PID) pulls a sample gas stream through a small
chamber where the otganic compounds ate irradiated with ultraviolet light. A
small fraction of the otganics is photoionized to form positive ions that are
accumulated on an electrode cteating a cutrent proportional to the organic vapor
concentration. The cusrent is amplified to indicate the total organic vapor
concentration. Unlike the flame ionization analyzer, the photoionization detector
is essentially nondestructive. The sample gas stream passing through the
instrument can be tecoveted in a sample gasbag and returned to a laboratory for
mote detailed analysis. Photoionization detectors can detect organic compounds
with ionization potentials close to ot below the ionization energy level of the
lamp (e.g., 9.0, 10.0, 10.2, and 11.3 electron volts). Most organic compounds can
be detected, including the highly oxygenated or halogenated compounds that
cannot be measured by the flame jonization detector. Photoionization detectors
are not useful for low molecular weight paraffinic compounds such as methane,
propane, and butane, because these compounds have high ionization potentials.
This is not a problem with respect to catbon adsorber evaluation, however,
because these same compounds have very low affinity for activated carbon and
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are not controlled by these systems.

All three types of instruments can be used to measure the outlet VOC
concentration from an adsorber. Because of the limited pump capacity of all
three instrument types, the sample should be obtained from a positive pressute
portion of the outlet duct. A single point measutement can usually be made, and
the monitoting times ate relatively short.

Organic vapor concenttation measurements using portable VOC analyzers
should be made near the end of the adsotption cycle. At this time, the outlet
VOC concentration is at a maximum. The measutements must not be conducted

‘when the adsorber is in the cooldown-purge cycle just prior to teturning to
adsorption service. Duting this petiod, the gas stream humidity is high and water
droplets may be present. Moisture can damage the sensors of all three types of
instruments,

Additional Monitoring Considerations

LEL Inlet Monitor
Adsorbers designed to operate with feed gas containing more than 10% to 25%
of the LEL usually have an LEL monitor in the inlet duct to the adsorber system.
The primaty putpose of this instrument is to shut down the fan and othet system
components in the event that the inlet concentration increases above the safety
limit.

This instrument can be used to provide a qualitative indication of changes in
the inlet VOC concentration. Increased inlet concentrations could lead to
organic vapor breakthtough unless the adsorption cycle time is decreased.

Gas Inlet Temperature

The gas inlet temperature is one of the most important variables affecting
performance. Due to the weak physical forces involved in adsorption, increased
gas temperatures result in substantially reduced adsorption capacity which leads
to increased prebreakthrough concentrations and premature breakthrough. The
inlet gas temperatures should be compared during the last sevetal months to
identify significant incteases above baseline values. Furthermote, gas inlet

temperatures above 100°F may indicate inadequate petformance.

Adsorber Vessel Bed Static Pressure Drop

The static pressute drop across a fixed-bed adsorber is usually between 0.5 and
3.0 in. W.C. (0.1 and 0.75 kPa) pet foot of bed. The static pressure drop actoss
moving-bed adsorbets is usually considerably lower than the levels for the fixed-
bed designs.

Changes from baseline pressure drop levels are usually associated with
conditions that adversely affect performance, An increase in the static pressute
drop (no change in the gas flow rate) can be caused by the accumulation of dust
and particulate matter on the inlet side of the bed. Gas flow maldistribution will
lead to decreased adsorption efficiency. A decrease in the static pressute drop
may indicate partial or complete collapse of the fixed bed due to cotrosion of the

support grid.
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Gas Flow Rate

Gas flow rates above the design range of the absorber vessel create a longer-
than-anticipated MTZ. Breakthrough will occur if the MTZ reaches the outlet of
the catbon bed befote the adsorber is brought off-line for desorption. Usually,
the maximum gas velocities through the bed are limited to less than 100 feet per
minute. Increased gas flow rates are indicated by increased centtifugal fan motor
cutrents, increased adsorber vessel pressure drop, and/or increased hood static
pressures.

Decteased gas flow rates may also indicate performance problems. Increased
fugitive emissions from the process equipment served by the adsorber could be
due to reduced gas flow rates. This problem may be indicated by reduced fan
motor current, decreased hood static pressure, dectreased static pressute drop
actoss the adsorber vessels, and/or decreased static pressute drop across the
patticulate matter filter,

Hood Static Pressure

The hood static pressure provides a useful indicator of the gas flow conditions at
the pick-up point on the process equipment where the organic vapors are being
released. The typical values of the hood static pressure range from approximately
-0.3 in. W.C. (-0.075 kP2) to more than -2.0 in. W.C. (-0.5 kPa). If the hood static
pressure becomes less negative (moves toward 0.0 in. W.C)), the gas flow rate has
probably decreased, and fugitive emissions have probably increased.
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Review Exercises -

Types and Components of Adsorption Systems

1.

o To®

What types of adsotbents ate often used in adsogption systems? Select all
that apply. '

a, Activated carbon
b. Carbon fibet

c. Zeolites

d. Polymeric materials

What is the priméry putpose for using a preconcentrator adsotption system?

a. Achieve high VOC concentrations to facilitate higher saturation
capacities

b. Imptove collection efficiency in the adsorber vessel

c. Reduce the gas stteam volume and increase the VOC concentration in an
incinerator inlet gas stream

d. Increase the gas stteam concentration prior to treatment in a condenser

“What materials and/or techniques are used to desorb VOCs from

regenerative type adsorption systems? Select all that apply.

Low pressure steam
Hot air
Vacaum

Hot water flush

What is the adsotber bed inlet concentration limit for VOC-containing gas
streams?

a. 25% of the LEL
b. 75% of the LEL
c. 95% of the LEL
d. 99% of the LEL

What problems can potentially be created by the presence of particles larget
than approximately 3 micrometers? Select all that apply.

a. Plugging of the inlet side of the bed
b. Increased channeling of the solvent-laden air through the bed
c. Increased static pressure drop
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d.

Reduction in adsorbent saturation capacity

6. What is the normal maximum gas temperature used in VOC adsotption

systems?
a. 75°F
b. 100°F
c. 130°F
d. 160°F

7. What type of solvent separator'is needed for an activated carbon adsotbet
system that uses low-pressure steam for desorption and is collecting watet-
insoluble organic compounds?

a
b.
c
d

Condenser and decanter
Distillation column
Stripping column

. None of the above

8. What is the typical VOC removal efficiency of a propetly designed and
operated adsorption system?

a.
b.
c.

d.

50% to 75%
75% to 90%
90% to 98%
98% to 99.5%

9. Isanactivated carbon adsorber system applicable to the removal of methane
and ethane from a gas stream?

Ao ooow

Yes

No

It depends on the solvent-laden gas temperature.
It depends on the solvent-laden gas pressure.

Operating Principles of Adsozption Systems

10. How does the saturation capacity of an activated carbon bed change when
the VOC concentration increases?

a
b.
c

d.

It increases.
It decteases.
It remains unchanged.

It depends on the specific VOC.

11. How does the saturation capacity of an activated catbon bed change when
the temperature of the solvent-laden ait increases?
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12,

13.

14.

a, Itincreases.

b. Tt decreases.

c. It remains unchanged.

d. It depends on the specific VOC.
H

ow does the saturation capacity of an activated carbon bed change when
the humidity of the solvent-laden air increases?

It increases.

. It remains unchanged.

a

b. It decreases.

c

d. Itdepends on the specific VOC.

Can the adsorption isotherm shown in Figure 4-20 be used for sizing an
adsorber using a different commercial activated carbon product?

a. Yes

b. No

c. Itdepends on the temperature of the solvent-laden air enteting system
and the sample gas used to develop the isotherm.

d.It depends on the temperature and relative humidity of the solvent-laden
air entering the system and the sample gas used to develop the isotherm.

Why are high molecular weight compounds (> molecular weight of 200)
difficult to handle in a tegenerative adsorber system?

a. 'They ate not adsorbed efficiently.

b. They have too high an affinity and cannot be efficiently desorbed.

c. 'They cannot be separated in decanters, condensers, and distillation
columns,

d. 'They are likely to decompose at the elevated adsotption temperatute.

Adsorption System Petformance

15.

16.

17.

Using Figure 4-24, what is the saturation capacity of activated carbon for
toluene at a temperature of 77°F and a toluene concentration of 600 ppm?

Based on the saturation capacity determined in Question 15, how much
activated carbon would be needed in a three-bed regenerative system to treat
a gas stream having a toluene concentration of 600 ppm and a gas flow rate
of 30,000 SCFM? Assume that each bed is desorbed every third hour and
that two beds are in service duting all operating times. Assume that the
working capacity is 25% of the saturation capacity.

Ts the superficial velocity within the normal range for activated carbon fixed-
bed systems if the three beds evaluated in Question 16 have cross-sectional
areas of 180 ft® each? Use a gas temperature of 77°F, an inlet static pressure
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18.

19.

20.

of + 6 in. W.C,, and a barometric pressure of 29.65 in. Hg, if necessary in
solving the problem,

What is the approximate static ptessute drop across the carbon bed described
in Question 17?7 The bed contains 4 x 10 mesh carbon having a density of 30
Ib, /fe.

The static pressure drop of a fixed-bed carbon adsorber system has increased
from 4 in. W.C. to 5.5 in. W.C. The static pressure drop across the particulate
matter filter has decreased from 1.5 in. W.C. to 1.3 in. W.C. The fan motor
cutrent has also decreased. Have the fugitive emissions from the process
equipment probably increased or decreased due to these changes?

a. Increased

b. Decteased

Which techniques are used to determine the adsorption isotherms that are
used to size adsorbent beds?

Pilot plant tests

Laboratory tests with the specific type or brand of adsorbent
Theoretical adsorption models

Othet

g 0o T @

Performance Monitoring

21

o T

22.

23.

What technique can be used to determine if breakthxough is occurring on a
VOC adsorption system handling toluene?

Monitoring of the outlet VOC concentration

Measuring the bed static pressure drop

Measuring the bed inlet gas temperature

All of the above

What is the primary purpose of measuring the hood static pressure?

a. Evaluate changés in the gas flow rate that could adversely affect the
adsorption bed

b. Detetmine if thereis a need to adjust the desorption frequency

Identify possible increases in fugitive emissions from process equipment

0

d. Identify need to change the rate of water flow to an indirect heat
exchanger upstream of the adsorber beds

What is the primary purpose of installing the adsorber bed inlet LEL gauge?

a. Detect potentially explosive conditions so that the system can be rapidly
de-energized
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Detect increased VOC concentrations that could require increased
desorption frequency

Detect increased VOC concentrations that could confirm improved
fugitive emission capture at the process source

Provide data for compiling a material balance of VOC materials around
the adsorption system

24, What is the purpose of installing a solvent-laden air temperature gauge at the
inlet of the adsotption beds?

a.

b.

Detect potentially explosive conditions so that the system can be rapidly
de-energized

Detect increased gas tempetatures that could require increased
desorption frequency

Detect decreased gas temperatutes that could indicate impaired fugitive
emission capture at the process soutce

Detect increased gas tempetatures that could cause the VOCGs to
decompose.
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Revievw Answers

Types and Components of Adsorption Systems

1.

What types of adsorbents are often used in adsorption systems? Select all
that apply.

a. Activated carbon
b. Carbon fiber
e. Polymertic materials

What is the primary purpose for using a preconcentrator adsorption system?

c. Reduce the gas stream volume and increase the VOC concentration in an
incinerator inlet gas stream

What matetials and/or techniques are used to desotb VOCs from
regenerative type adsorption systems? Select all that apply.

a. Low pressure steam
b. Hotair
c. Vacuum

What is the adsotber bed inlet concentration limit for VO C-containing gas
streams?

a. 25% of the LEL (Note — in some facilities, 10% of the LEL is the
maximum allowed.)

What problems can potentially be created by the presence of particles larger
than approximately 3 micrometers? Select all that apply.

a. Pluggage of the inlet side of the bed
b. Increased channeling of the solvent-laden air through the bed
c. Increased static pressure drop

What is the normal maximum gas temperature used in VOC adsorption
systems?

c. 130°F

What typé of solvent separator is needed for an activated carbon adsorber
system that uses low-pressure steam for desorption and is collecting watet-
insoluble organic compounds?

a. Condenser and decanter
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8. What is the typical VOC removal efficiency of a propetly designed and
opetated adsorption system?

c. 90% to 98%

9. Is an activated carbon adsotbet system applicable to the removal of methane
and ethane from a gas stream?

b. No

Methane and ethane have molecular weights below 50.

Operating Principles of Adsorption Systemms
10. How does the saturation capacity of an activated carbon bed change when
the VOC concentration increases?

a, Itinctreases.

11. How does the saturation capacity of an activated carbon bed change when
the temperatute of the solvent-laden air increases?

b. It decreases.

12. How does the saturation capacity of an activated carbon bed change when
the humidity of the solvent-laden air increases?

b. It dectreases,

13. Can the adsorption isotherm shown in Figure 4-20 be used for sizing an
absorber using a different commercial activated carbon product?

b. No

14. Why are high moleculat weight compounds (> molecular weight of 200)
difficult to handle in a regenerative adsorber system?

b. They have too high an affinity and cannot be efficiently desotbed.

Adsotption System Performance

15. Using Figure 4-24, what is the saturation capacity of activated catbon for
toluene at a temperature of 77°F and a toluene concentration of 600 ppm?

Step 1. In the gas phase, the mole fraction (y) is equal to the ppm divided by
10°. -

y = 600 ppm = 0.0006

Obtain the partial pressute:
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16.

P* = yP = (0.0006)(14.7 psia) = 0.0088 psia
Step 2. From Figure 4-24, at a partial pressure of 0.0088 psia and a
temperature of 77°F, the carbon saturation capacity is read as about 40%.

Based on the saturation capacity determined in Problem 15, how much
activated catbon would be needed in a three-bed regenerative system to treat
a gas stream having a toluene concentration of 600 ppm and a gas flow rate
of 30,000 SCFM? Assume that each bed is desorbed every third hour,
desotption requires exactly one hour, and that two beds are in service during
all operating times. Assume that the working capacity is 25% of the
saturation capacity. ‘

Step 1. Fitst calculate the toluene flow rate per bed.

(15,000 SCEM) (lb mole total )[0.0006 Ib mole toluene)

385.4 SCF 1b mole total

= 0,0234 Ib mole toluene/min

The mass flow rate of toluene is:

(0.0234 1b moles/min)(92.1 b, /1b mole) = 2,16 Ib,/min

From Question 15, the saturation capacity of the activated carbon is 40%
ot 40 pounds toluene per 100 pounds of carbon at 0.0088 psia,

Step 2. The amount of carbon at saturation for a 3-hour cycle is:

2.16.lbm 1001Ib,, carbon (60 mm.j 3hours 970 Ib,, catbon pet bed
min 401b,, toluene hr cycle i

The wotking charge of catbon can be estimated by multiplying the
saturation capacity by 4.

Therefore, the working charge is calculated as:

(4)(970 Ib,, of catbon) = 3870 Ib,, of carbon for a 3-hour cycle

17. Is the superficial velocity within the normal range for activated carbon fixed-

bed systems if the three beds evaluated in Question 16 have cross-sectional
areas of 180 ft* each? Use a gas temperature of 77°F, an inlet static pressure
of + 6 in. W.C,, and a batometric pressure of 29.65 in. Hg,, if necessary in
solving the problem.

Step 1. Calculate the absolute static pressure.

SP

absolute

= (6in. W.C)+29.65 in. g | 42132 W-C. 1 45010, W.C.
29.92in. Hg.
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18.

19.

20.

Step 2. Calculate the gas flow rate in ACEM,

3 (1 5,000 SCFM )( 460°R + 77°F)(.407 inW.C.
Bed 528°R 409 in.W.C.

j = 15,200 ACFM

Step 3. Detetmine the superficial velocity through bed. »
Velocity = Flow Rate/Area = (15,200 £’/ min) /180 ft* = 84.4 ft/min

Yes, the velocity is in the normal range (< 100 ft/min).

What is the approximate static pressure drop across the carbon bed described
in Question 17? The bed contains 4 x 10 mesh catbon having a density of 30
Ib,/ft.

Step 1. Calculate the depth of the activated carbon bed.
At a carbon density of 30 Ib_/ft’, the bed depth would be:
Vol. catbon = 3,870 Ib,, catbon/(30 1b, /fc’) = 129 £’
Bed depth = 129 /180 f* = 0.72 ft

Step 2. Calculate the static pressure drop.

From Question 18, lineat velocity = 84 ft/min, therefore from Figure 4-
23, the pressure drop per foot of bed depth is approximately 7 in.
W.C./ft. ‘

Static pressure drop = 0.72 ft (7.0 in. W.C./foot of bed) = 5.0 in. W.C.

The static pressute drop of a fixed-bed carbon adsorber system has incteased
from 4 in. W.C. to 5.5 in. W.C. The static pressure drop across the patticulate
matter filter has decreased from 1.5 in. W.C. to 1.3 in, W.C, The fan motor
current has also decteased. Have the fugitive emissions from the process
equipment probably increased or decreased due to these changes?

a. Increased

Which techniques are used to determine the adsorption isotherms that ate
used to size adsorbent beds?

b. Laboratoty tests with the specific type or brand of adsorbent

Petformance Monitoring

21,

What technique can be used to determine if breakthrough is occurring on a
VOC adsotption system handling toluene?

a. Monitoring of the outlet VOC concentration
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22. What is the primary purpose of measuring the hood static pressure?

c. Identify possible increases in fugitive emissions from process equipment

23. What is the primary purpose of installing the adsotber bed inlet LEL gauge?

a. Detect potentially explosive conditions so that the system can be rapidly
de-energized

24, What is the primary purpose of installing a solvent laden air temperature
gauge at the inlet of the adsorption beds?

b. Detect increased gas temperatures that could require increased
desorption frequency
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Impact of Sulfur Oxides on Mercury
Capture hy Activated Carhon
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Recent field tests of mercury removal with activated
carbon injection {ACI} have revealed that mercury capture
is fimited in flue gases containing high concentrations of
sulfur oxides {SO,). In order to gain a more complete
understanding of the impact of SO, on ACl, mercury capture
was tested under varying conditions of SO, and SOz
concentrations using a packed bed reactor and simulated
flue gas {SFG). The final mercury content of the activated
carbons is independent of the S0, concentration in the SFG,
but the presence of SOz inhibits mercury capture even

at the lowest concentration tested (20 ppm). The mercury
removal capacity decreases as the sulfur content of the
used activated carbons increases from 1 to 10%. In one
extreme case, an activated carbon with 10% sulfur,
prepared by H,S0, impregnation, shows almost no mercury
capacity. The results suggest that mercury and sulfur
oxides are in competition for the same binding sites on
the carbon surface.

1. Introduction

Activated carbon injection (ACI) has been widely studied as
an effective means for mercury capture from flue gas. Both
unpromoted (e.g., Norit Darco Hg) (I, 2) and halogen-
promoted (e.g., Norit Darco Hg-LH) (1, 3, 4) activated carbons
have been tested during full-scale field studies. Recentresults
indicate that brominated activated carbons are particularly
effective and can capture 70—90% of the mercury from a
sub-bituminous-derived flue gas at injection rates less than
2 Ibs/MMacf (5). However, several studies also indicate that
high concentrations of SO, (S0 = SO»+50;) can interfere
with the capture of mercury by activated carbon (1—4, 6).
For example, at Mississippi Power’s Plant Daniel, increasing
the SOs concentration in the flue gas from 0 to 6 ppm reduced
native mercury capture by fly ash from 55% to 14% and
reduced the effectiveness of ACI (Darco Hg at 10 Ibs/MMacf)
by 25—35% (2). .

S0 enters flue gas from one of three channels: (1) During
combustion, coal-S'is converted to SO; a small fraction of
the sulfur is further oxidized to §O; (7). During combustion
of high-sulfur coals, as much as 1-2% of the sulfur is
converted to SO3, leading to flue gas concentrations in the
range of 10—40 ppm (8, 9). High concentrations of S0; in
flue gas have long been considered a nuisance because S0;
can condense as sulfuric acid (H>S0y, the hydrated form of
S0;s) and lead to increased corrosion and fouling as well as
decreased efficiency (9). (2) SO; is sometimes added to flue
gas upstream of an ESP as a conditioning agent and to
improve ESP performance. SO; (and H,80y) has a low vapor
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pressure and can condense on fly ash; this reduces the
resistivity of the ash and allows it to be removed more
efficiently by the ESP (9). (3) SO, can be oxidized to SO3 by
SCR (Selective Catalytic Reduction) catalysts installed for NO,
reduction (7). SCR catalysts typically contain vanadium
oxides, which are known catalysts for the oxidation of SO,
to SOz (10).

The inhibiting effect of SO, on Hg capture by ACI is a
particularly vexing problem for power plants burning high-
sulfur bituminous coals; the flue gas generated from this fuel
has high concentrations of both SO, (>1000 ppm) and SO;
(10—40 ppm). The poisoning effect upon activated carbons
is also a concern for power plants injecting sulfur trioxide as
a conditioning agent, with resulting flue gas SO; levels
sometimes greater than 10 ppm.

In addition to removing mercury, activated carbon can
also be used as a catalyst for the oxidation of SO; to sulfuric
acid (21, 12) and as an SO, sorbent (13—15). The oxygen
source for SO, conversion to sulfuric acid can be either the
flue gas or oxygen bound to the activated carbon surface
(12). Both mercury and SO; bind to Lewis base (electron-
donating) sites on the activated carbon surface (16). Mercury
is known to chemically adsorb to activated carbon (16);
Huggins etal. showed that mercury exists on carbon surfaces
as Hg?* bound to a softatom such as chlorine or carbon (17).
S0, can form two different bonds with-the carbon surface:
a physical bond due to van der Waals forces with a heat of
adsorption <50 kKJ mol™ or a chemical bond with a heat of
adsorption >80 kJ mol-! that is stable to temperatures above
200 °C (I3, 18). SO; and SO; compete with mercury for
adsorption sites on activated carbon; this competition might
inhibit mercury capture and limit the effectiveness of ACIL
In fact, some activated carbon catalysts for converting SO,
to H,S0; are self-poaisoned by SOs (19) or sulfate (10) buildup

.on the surface; a similar phenomenon might explain the
inhibiting effect of SO, on mercury capture. It has also been
postulated that sulfuric acid that forms on the surface of
activated carbon does not desorb and therefore inhibits
mercury adsorption (16). Furthermore, activated carbon is
a catalyst for the formation of sulfuryl chloride; hence sulfur
dioxide may deplete the surface chlorine with a concomitant
reduction in mercury capture (20}.

In this study we investigate the effect of 50 concentration
on the performance of several activated carbons. We also
present surface analyses of the tested activated carbons and
identify the form of the sulfur on the surface of the carbon.
Experiments were conducted with both unpromoted and
halogenated activated carbons as well as an unpromoted
activated carbon treated with sulfuric acid. The sulfuric acid
treated carbon was used to test the hypothesis that sulfuric
acid blocks adsorption of mercury on the carbon surface.
Potential mechanisms explaining the inhibiting effects of
SO; are presented.

2. Experimental Procedures

Sorbent samples are exposed to mercury in a bench-scale
packed bed reactor that is a larger version of an apparatus
described previously (21, 22). The assembly consists of a
quartz tube reactor, 22 mm i.d. and 61 cm long, contained
in a tube furnace. A 200 mg sorbent bed is placed in the
reactor and is supported by approximately 1 g of glass wool.
Anadditional 1 g plug of glass woolis placed above the sorbent
bed. The sorbent is exposed to a simulated flue gas (SFG)
containing Na, Oy, CO,, Hz0, HCL, NO, SO, S0s, and Hg for
6 h (360 min). In this study, we will use ‘mercury content’
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prior to entering the process. CO2, SOz, HCI (2% in Ny}, and
NO (5% in N») are supplied from certified gas cylinders. Water
vapor is added to the SFG by bubbling N, through a water
saturator held at 52 °C.

S0; is supplied to the system by passing N; through a
cylindrical saturator containing SOs. The saturator is con-
structed of stainless steel and is cooled by a water/propylene
glycol mixture maintained at subambient temperature (—15
to 6.4 °C) by a chiller/circulator. The SO; concentration in
the SFG is calculated based on the vapor pressure of SOs, the
exterior temperature of the saturator, and the flow rate of
the N, carrier gas. When calculating the vapor pressure, we
assume that the SO; in the saturator exists as the y phase.
Given the uncertainties associated with the SO; saturator,
specifically the exact value and the stability of the temperature
inside of the saturator, we assume that our estimate of the
SO3 concentration in the SFG is accurate within £20%,

For all experiments, the concentrations of Hg, CO,, HCl,
and NO are held constant at the values shown in Table 1.
The H20 concentrationis varied between 0% (‘dry’) and 1.0—
1.5% (‘wet’). Real flue gas contains higher concentrations of
H,O than what is present in the SFG; we are limited by our
ability to maintain H,O as a vapor, particularly in the room-
temperature exhaust ductwork, and therefore could not
explore typical H;0 concentrations. DrySFGis used because
the addition of SOj3 significantly lowers the acid dew point
and increases the likelihood of corrosion in the system; all
experiments containing SOs use dry SFG. SOs-free experi-
ments are also conducted with dry SFG because previous
results indicate that the mercury capacity of activated carbons
isdependentupon the moisture content of the SFG (23). The
concentrations of the two sulfur species, SO; and SO, are
varied independently to investigate their impact on mercury
capture.

Three different activated carbons were tested in this
study: Norit Darco FGD, Norit Darco Hg-LH, and H,SO4-
FGD, Both Darco FGD and Darco Hg-LH, a brominated
activated carbon, were used as-received. H;SO4-FGD was
prepared by adding 95% H,S0, to Darco FGD to incipient

wetness, Theimpregnated carbon was then heated to dryness

in an oven at 110 °C,
The mercury (ug g™%) and sulfur (%) contents of the
activated carbon samples were determined by ICP-AES
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LH50-0-0-d, for example, the activated carbon sample was
exposed to a mixture of 50 ppm SO; in N3, Oz, and CO, (with
HCI, SO;, and NO turned off) for 1 h prior to adding mercury
and the other trace species to the SFG. Table 2 also lists the
mercury (ug g1 and sulfur (%) content of the exposed
carbons as well as the mass fraction of the incident sulfur
captured by the carbons. The mercury and sulfur contents
of the unused activated carbons are included for reference.

All of the error bars plotted in this manuscript show the
1-o level of precision, which is approximately £25% for
mercury content measurements and £:10% for sulfur content
measurements. The large uncertainty in the mercury data
arises from several sources. The uncertainty associated with
the ICP-AES measurement is approximately 10%. The
mercury output from the permeation tube has an uncertainty
of at least :6%. The activated carbon samples are 200 mg
of grab samples taken from a 5-Ib bucket, which itself is
taken from a much larger production batch of activated
carbon. Thus, the possibility exists for using activated carbon
samples that are notrepresentative of the bulk material, When
the activated carbon is placed into the packed bed, care is
taken to produce a bed with uniform thickness, However, it
is nearly impossible to produce a perfectly uniform bed.
Several experiments were conducted with intentionally
uneven packed beds; this resulted in significantly decreased
mercury capture. Thus, we assume that the small, inherent
variations in bed thickness can affect changes in the mercury
content.

Results from full-scale field studies also indicate significant
variability in mercury capture efficiency during ACI. Specif-
ically, during long term injection tests, individual measure-
ments of mercury capture efficiency (time scale of minutes
— hours) can differ significantly from the long-term results
(time scale of months) (4). When all of the potential sources
of experimental uncertainty are considered, it is our opinion
that the precision presented for the mercury capture data is
appropriate for our experimental system and is consistent

_ with previous work from this laboratory (21).

3. Results

3.1, SO3-Free Experiments. During SOs-free experiments,
the SO; concentration was varied from 0 to 1870 ppm to
investigate the effect of SO, on mercury capture, Figure 1




TABLE 2, Experiments Conducted in This Study

Hg content? S content? fraction S
experiment {rg g™ (%) captured? {%)

F-1870-0-d 84.8 2.00 0.022
F-1500-0-d 60.6 174 0.020
F-1000-0-d 72.9 1.75 0.030
F-500-0-d 81.0 1.64 0.038
F-0-0-d 71.3 1.28 N/A
F-1870-0-w 54.1 2,58 0.038
F-1500-0-w 45.3 2.45 0.042
F-500-0-w 39.3 2.82 0.16

F-0-0-w 54.8 1.19 N/A
LH-1870-0-d 68.1 2.56 0.044
LH-1500-0-d 42,7 2,25 0.044
LH-1000-0-d 60.0 2.04 0.058
LH-500-0-d 50.1 1.61 0.072
LH-0-0-d 58.4 0.69 N/A
LH-1870-0-w 35.4 3.66 0.072
[LH-1500-0-w 33.2 3.34 0.080
L.H-1000-0-w 41.9 3.39 0.12

LH-500-0-w 25.2 2,40 0.15

LH-0-0-w 41.3 1.16 N/A

Hg content S content fraction 8
experiment {ng g (%) captured (%)

L. H-0-20-d 12.2 3.00 5.2
LH-0-50-d 6.13 7.04 6.0
LH-0-100-d 4,59 8.56 3.7
LH50-0-0-d 9.26 2.36 8.8
LH50-0-50-d 4,70 5.69 4,0
L H-1870-20-d 8.86 4.47 0.093
LH-1870-50-d 7.55 5.19 0.11
LH-1870-100-d 417 8.50 0.19
LH50-1870-0-d 14,3 5.30 0.14
LHB0-1870-50-d 4,61 7.35 0.16
F-0-20-d 16.5 1.83 1.7
F-0-50-d 20.0 2,11 0.95
F-0-100-d 15.6 4,47 1.6
F-1870-50-d 8.66 4,50 0.085
F-1870-100-d 4,52 6.00 0.12
SA-0-0-d 4,13 10.6 N/A
Raw FGD 3.04 0.92 N/A
Raw Hg-LH 0.02 0.72 N/A

* The Hg and S contents were determined by ICP-AES, The maximum possible Hg content is 134 ug g™ © The mass fraction of sulfur captured
by the carbons assumes that the Initial sulfur contents for Darco FGD and Hg-LH are 1.13% and 0.86%, respectively. These values represent the
arithmetic mean of the sulfur content for the virgin materiat and the final sulfur content for the experiments that used neither SO, nor SO, In
the absence of 50, a small fraction of the incident sulfur, typically less than 0.1%, was captured by the activated carbons. The maximum fractional
capture of sulfur occurred in experiments that used SO, but not 50,. When SO, and SO; were both present, SO; was captured preferentially, and
the fractional sulfur capture was lowered relative to the SOg-only case by the large concentration of SO;.

shows the mercury capture results for Darco FGD and Hg-
LH. A statistically significant relationship between SO,
concentration and mercury contentis not apparent for either
activated carbon under wet or dry conditions.

For both FGD and Hg-LH, the mercury contentwas ~50%
higher in dry SFG than wet SFG. The decrease in mercury
content in wet SFG is consistent with previous results
presented by Yan et al. (23). Darco FGD captured ap-
proximately 40% more mercury than Hg-LH in both wetand
dry SFG. This result contradicts results from several full-
scale tests of ACI, where brominated carbons consistently
outperform unpromoted activated carbons such as FGD (3,
5). These results suggest that, with excellent gas—solid contact
provided by a packed-bed reactor, unpromoted carbons
display good capacity for mercury and bromine promotion
doesnotincrease capacity. This isin contrast to the situation
found duringin-flight capture of mercury within the ductwork
of a power plant; in this situation gas—solid contact is poor.

In addition to capturing mercury, the activated carbons
also captured SO,. Figure 2 shows the sulfur captured as a
function of SO, concentration in the SFG. Hg-LH typically
captured more sulfur than FGD under similar (i.e., wet or
dry) conditions, and more sulfur was captured in wet SFG
than dry SFG,

XPS dataindicated that the sulfur on the activated carbon
surface was primarily sulfate. The sulfur present in a raw
sample of Hg-LH was 87% sulfate, with the remainder present
as elemental sulfur. Exposure of Hg-LH samples to SFG
containing 500, 1000, and 1870 ppm of S0, resulted in the
surface sulfur being at least 97% sulfate, The large fraction
of sulfate is consistent with the role of activated carbon as
a catalyst for the oxidation of SO, to sulfuric acid (11, 12).
The larger amount of sulfur captured in the wet SFG may
result from enhanced production of sulfuric acid in the
presence of water. )

3.2, Experiments Containing $0s. We explored two routes
of SO; exposure for the activated carbon samples: varying
the SO; concentration in the SFG from 20 to 100 ppm and
pre-exposing the activated carbon to 50 ppm SOs for 1 h

prior to mercury exposure. Table 2 shows the mercury and
sulfur contents for activated carbons exposed to SO; and
mercury. SOs exposure led to higher final sulfur contents
than were observed in SOs-free SFG. Adding 20 ppm SO; to
dry SFG produced a final sulfur content of 3% for Darco
Hg-LH; in contrast, the maximum sulfur content observed
for Hg-LH in dry SOs-free SFG was 2.5%. The higher sulfur
content after exposure to SO; is expected; SO; has a
significantly lower vapor pressure than $0; and should be
captured more efficiently by sorbents such as activated
carbon.

Adding SO; to the SFG significantly reduced the final
mercury content of the activated carbon samples. The
addition of 20 ppm 8Os to the SFG reduced mercury capture
by nearly 80%, and higher SO; concentrations led to further
reductions in mercury capture. This observation is consistent
with the effect of SOs on ACI observed during full-scale field
tests (2). Recent results also indicate that very low concen-
trations of 80; (<2 ppm) adversely impact the performance
of ACI for mercury control (24). The effect of SO; on mercury
capture presented here may be exaggerated relative to ACI
because of the excellent gas—solid contact provided by the
packed bed reactor.

As with the SO;-free experiments, the 80, concentration
in the SFG does not have a strong effect on the final mercury
content, For example, the final mercury content is nearly
identical for experiments LH-0-100-d (no SO; and 100 ppm
$05) and LH-1870-100-d (1870 ppm SO, and 100 ppm SO3).
Itis evident from the data that SO; has a stronger inhibiting
effect on mercury capture than SOy; possible explanations
for the effect of SO; on mercury capture by activated carbon
are discussed in the next section,

4, Discussion

We consider two hypotheses to explain the inhibition of
mercury capture by sulfur oxides: (1) depletion of surface
chlorine through the formation of sulfuryi chloride (20) and
(2) competitive adsorption between sulfur oxides, particularly
S0; and Hg (25, 26).
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FIGURE 1. Mercury content (ug g~') as a function of SO,
concentration for Darco FGD and Hg-LH under wet and dry SFG
conditions. Error bars show the 1-¢ level of confidence. Hg content
isindependentof the SO, concentration and reduced in the presence
of water vapor.

The loss of surface chlorine via the formation of sulfuryl
chloride could reduce mercury capture by altering the surface
composition of the activated carbon. Halogenated (i.e.,
brominated or iodated) activated carbons are typically better
mercury adsorbents than nonhalogenated activated carbons;
(16) removing halogens from the surface could therefore
negatively impact mercury capture, The presence of sulfuryl
chloride or other flue gas halides, such as phosgene, in the
SFG downstream of the packed bed would serve as a possible
indication of mercury capture inhibition by this mechanism.
Online mass spectrometer data showno presence of flue gas
halides, but this does not rule out their formation. Flue gas
halides are easily hydrolyzed and may be removed from the
SEG via reaction with water prior to reaching the mass
spectrometer (27).

Removal of surface halogens is unlikely to produce the
profound drop in mercury capture efficiency observed during
ACltesting. XPS analysis of both fresh and used Hg-LH shows
no drop in surface chlorine or bromine concentrations due
to exposure to SFG, and online mass spectrometer data do
notindicate a change in SO, concentration across the packed
bed. Furthermore, the inhibiting effect of sulfur oxides on
mercury capture by ACI has been observed for both
halogenated and nonhalogenated activated carbons (1). While
sulfuryl chloride formation may be catalyzed in the packed
bed, the reaction is slow at the temperature used here
(149 °C) (20). Thus, the extent of reaction, and therefore the
impact on mercury capture, is low.

Inhibition of mercury capture because of competitive
adsorption could occur because activated carbon is a catalyst
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FIGURE 2. Sulfur content (%) as a function of SO, concentration
for Darco FGD and Hg-LH under wet and dry SFG conditions. The
mass fraction of the sulfur captured by the carbon is less than 0.2%
in all cases.

for the oxidation of SO, to sulfuric acid or through adsorption
of SO3 (which can hydrolyze to sulfuric acid). SO; and SO3
compete with mercury for the same adsorption sites,
specifically Lewis base sites, on the carbon surface. In flue
gas, adsorption of SO, or SOs could be favored over mercury
adsorption both kinetically and thermodynamically. Mercury
concentrations in flue gas are typically ~1 ppb; this is orders
of magnitude smaller than typical concentrations of SO, and
S03, both of which are present at ppm levels. This concen-
tration difference means that many more SO, molecules
collide with the surface of the activated carbon, thereby
enhancing the adsorption of sulfur oxides versus mercury.
Fast capture of SO or SO; could exhaust the sites available
formercury capture and thereby inhibit mercury adsorption.

The XPS results presented earlier indicate that the sulfur
on the activated carbon surface is present almost exclusively
as sulfate. Sulfuric acid has a low vapor pressure, ap-
proximately 1 Torr at 150 °C (28), and is therefore unlikely
to desorb from the activated carbon surface. Surface S(VI)
can form from the direct adsorption of SOz or from the
oxidation of chemically bound SO;. SO; can form a strong
bond with the carbon surface, with a heat of adsorption >80
kJ mol~! (13, 18). Miller et al. (29) observed that exposing
mercury-laden activated carbon to SO,, with NO; present as
an electron sink for SO, oxidation, caused the mercury to
desorb from the surface with a concomitant increase in
surface S(VI) concentration (30). From this observation we
caninfer that the bond formed between S(VI) and the carbon

~ surface is stronger than the bond formed between mercury

and the surface. Thus, under conditions of either high SO
concentration or oxidizing conditions for converting SO, to
sulfuric acid, mercury capture could be inhibited by com-
petition with SO; adsorption and/or SO; oxidation,
According to the data presented in Figure 1, the SO,
concentration in the SFG does notappear to impact mercury
capture by the activated carbons tested here, However, this
factalone does not disprove the hypothesis that sulfur oxides
outcompete mercury for adsorption sites on the carbon
surface. If mercury competes with S(VI) for binding sites on
the activated carbon surface, then the S(VI) concentration
of the activated carbon, and not the SO, concentrationin the
SFG, is the important variable, We tested an extreme case of
sulfur uptake with H,SO4-FGD, an activated carbon sample
prepared by soaking FGD in 95% H,SO;. As shown in Table
2, H,SO4-FGD had a sulfur content of 10.6% and had a
mercury content after exposure to SFG (4.13 ug g™!) similar
to the raw FGD (3.04 ug g™'). This test suggested that high
concentrations of surface-bound sulfur inhibit mercury
capture, perhaps because of competition for binding sites.
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FIGURE 3. Mercury content {#g g~') as a function of sulfur content
(%) for all of the experiments presented in this study. Mercury
content decreases with increasing sulfur content, and almost ne
mercury is captured at the highest sulfur content (10.6%) tested
here.

Figure 3 shows that, for all of the experiments presented
here, the mercury content decreases as sulfur content
increases. It should be noted that Pigure 3 convolves the
effects of sulfur content and water vapor concentration; as
shown in Figure 1, the mercury content is reduced in wet
flue gas even when no sulfur is present in the SFG. Regardless,
the data shown in Figure 3 are strong evidence for the direct
competition between mercury and sulfur for binding sites
on the carbon surface.

The data in Figure 3 suggest that SOs has a stronger impact
on mercury capture than SO, For example, at 3% S,
approximately 40 g g~ of Hg was captured in SOs-free SFG,
compared to ~10 pg g! in SOz-laden SFG. A possible
explanation for the enhanced effect of SO; may be the form
of sulfur present on the activated carbon surface. As noted
previously, SO, can form two differentbonds with the carbon
surface: a physical bond due to van der Waals forces with
a heat of adsorption <50 kJ mol~ or a chemical bond with
aheat ofadsorption >80 k] mol~! (13, 18). XPSresultsindicate
that >97% of the sulfur captured in SOs-free SFG is sulfate,
suggesting the stronger, chemical bond. However, the surface
concentration of sulfur measured by XPS is significantly lower
than the bulk sulfur content determined by digesting the
activated carbon in solution; the latter quantity is shown in
Table 2 and Figure 3. One possible explanation for the
discrepancy in sulfur concentration may be that a significant
portion of the sulfur captured in the SOs-free SFGis physically
bound; the physically bound sulfur would be measured by
the solution method but could desorb from the activated
carbon surface under the vacuum conditions used for XPS,
We assume that the SO, which is already oxidized to S(VI),
exists on the activated carbon surface exclusively in the
chemically bound form.,

Previous research has suggested that sulfate competes
withmercury for binding sites on the activated carbon surface
(25, 26). Currently, it is not clear whether physically bound
sulfur intereferes with mercury capture by activated carbon,
though it likely has a weaker effect than chemically bound
sulfur, if there is any effect at all. Thus, the presence of
physically bound sulfur from the SOs-free SFG could explain
the discrepancy between SOs-free and SO;-containing ex-
periments in Figure 3, The current hypothesis is that all of
the sulfur captured from the SOs-laden SFG is chemically

bound and therefore inhibits mercury capture, whereas a

portion of the sulfur captured from SOs-free SEG is physically
bound and does not inhibit mercury capture.

1t is important to note that both routes of exposing the
activated carbon to SOs, whether as 4 constituent of the SFG

or pre-exposing the sorbent, lead to significant reductions
inmercury capture, Thisresultfurtherindicates that mercury
and SO; compete for the same adsorption sites on the
activated carbon surface and suggests that SO; adsorption
isfavored both kinetically and thermodynamically to mercury
adsorption, Adding SO; to the SFG, and placing it in direct
competition with mercury for adsorption sites on the
activated carbon surface, leads to reduced mercury capture.
Similarly, the pre-exposure experiments as well as the
experiment with the H,SO, treated activated carbon show
thatmercury cannot dislodge sulfur species from the activated
carbon surface.

The competition between SO, particularly SOs;, and
mercury for binding sites on the surface of activated carbon
will likely limit the effectiveness of ACI for mercury removal
in any high-SO, flue gas. Recent research has led to the
development of chemical alterations, notably bromination,
that enhances the mercury capture efficiency by increasing
the reactivity of the activated carbon. However, as shown
here and in previous studies (1), SOsimpedes mercury capture
by brominated carbons as well as unpromoted activated
carbons. This occurs because bromination increases the

reactivity of the mercury-accepting sites; thus bromination -

alsomakes the activated carbons more reactive toward sulfur
oxides, as shown in Figure 2,

Potential options for overcoming the impact of SO; on
AClinclude removing sulfur species prior to carboninjection,
removing SO, and mercury concurrently by injecting basic
sorbents (i.e., hydrated lime) along with activated carbon
(24), or in cases where SOs is used for flue gas conditioning,
injecting the carbon upstream of the 8Os, Each of these
approaches has advantages and disadvantages. Removing
S0 specifically SOs, prior to carbon injection should improve
the efficiency of ACL. However, including flue gas desulfu-
rization upstream of ACI poses potential logistical challenges
and may increase the cost of an ACI retrofit, Injecting
activated carbon upstream of SOs has been shown to improve
mercury capture in plants using SOs flue gas conditioning
(4), but the mercury capture efficiency in this configuration
still lags behind the SOs-free case. This is due invpart to the
higher temperature upstream of the SO; injection point. The
development of alternative fly ash conditioning agents may
also merit further research. :
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Abstract

Experiments with elemental mercury (Hg") adsorption by activated carbons were performed using a bench-scale fixed-bed
reactor at room temperature (27°C) to determine the role of surface moisture in capturing Hg’. A bituminous-coal-based
activated carbon (BPL) and an activated carbon fiber (ACN) were tested for Hg® adsorption capacity. About 75-85%
reduction in Hg® adsorption was observed when both carbon samples’ moisture (~2 wt.% as received) was removed by
heating at 110°C prior to the Hg® adsorption experiments. These observations strongly suggest that the moisture contained in
activated carbons plays a critical role in retaining Hg® under these conditions. The common effect of moisture on Hg®
adsorption was observed for both carbons, despite extreme differences in their ash contents. Temperature programmed
desorption (TPD) experiments performed on the two carbons after adsorption indicated that chemisorption of Hg' is a
dominant process over physisorption for the moisture-containing samples. The nature of the mercury bonding on carbon
surface was examined by X-ray absorption fine structure (XAFS) spectroscopy. XAFS results provide evidence that mercury
bonding on the carbon surface was associated with oxygen. The results of this study suggest that surface oxygen complexes
provide the active sites for mercury bonding. The adsorbed H,0 is closely associated with surface oxygen complexes and the
removal of the H,O from the carbon surface by low-temperature heat treatment reduces the number of active sites that can
chemically bond Hg® or eliminates the reactive surface conditions that favor Hg® adsorption, © 2002 Elsevier Science Ltd.
All rights reserved.

Keywords: A. Activated carbon; C. Adsorption; Temperature programmed desorption (TPD); D. Adsorption properties; Surface oxygen

complexes

1. Introduction

The emissions of mercury from coal combustion and
waste incineration are a great environmental health con-
cern. Coal combustion is considered the primary source of
anthropogenic mercury emissions in the United States [1].
The control of mercury emissions is strongly dependent on
the form of mercury emitted. Mercury in the flue gases
emitted from municipal waste combustors (MWCs) has
been found mainly in the form of mercuric chloride
(HgCl,) due to the relatively high hydrogen chloride

*Correéponding author, Tel.: -+ 1-919-541-1534; fax: +1-919-
541-0554.
E-mail address: gullett.brian@epa.gov (B.K. Gullett).

(HCI) concentrations in MWC flue gases [2]. A major
portion of the mercury emitted from many coal-fired power
plants is in the elemental form (Hg®). Both Hg® and HgCl,
exist as vapor at flue gas cleaning device operating
temperatures. It is also known that Hg"® is more difficult to
capture than its oxidized form, due to its higher volatility
and insolubility in water [3].

Activated carbons are widely used in the removal of
pollutants from water and gases. Direct injection of an
activated carbon into the flue gas stream has been used as a
relatively simple approach for controlling mercury emis-
sions. Although research has been performed to study the
adsorption of mercury by activated carbons, current knowl-
edge on mercury adsorption by activated carbons is
limited, presenting intriguing scientific questions related to
the nature of the adsorption (physisorption or chemisorp-

0008-6223/02/3 — see front matter © 2002 Elsevier Science Ltd. All rights reserved.
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tion) and the effects of mercury species type in the gas and
solid phases.

Adsorption of Hg® by activated carbons at ambient
temperatures (e.g. 23°C) has been suggested to be a
combination of chemisorption and physisorption, whereas
chemisorption is prevalent at higher temperatures; e.g.
140°C [4]. The Hg® adsorption capacity of activated
carbons decreases with increasing temperature and de-
creasing mercury concentration [4—6]. Many factors have
been found to influence the efficiency of mercury removal,
including carbon characteristics, flue gas composition, and
the presence of active components (e.g. fly ash) [7]. The
low concentrations of Hg® in the flue gases (~10 pg/m®)
and short residence times (<3 s) of the sorbent require
injection of a large amount of activated carbon (high
carbon/Hg® ratio) in order to achieve adequate mercury
removal [3,8].

Studies have shown that sulfur-impregnated activated
carbons exhibit significantly greater Hg® adsorption ca-
pacities compared to those of the thermally activated
carbons [4-6,9—11]. However, heteroatoms such as sulfur
(S) and chlorine (CI), which are reactive for Hg" capture,

generally exist only as trace elements in activated carbons,

On the other hand, appreciable amounts of oxygen (O) are
almost invariably associated with activated carbons in the
form of surface carbon—oxygen complexes produced from
the activation process. Carbon—oxygen surface complexes
are by far the most important structures influencing the
surface characteristics and adsorption properties of acti-
vated carbons [12]. So far, no known research has been
done to understand the role of carbon—oxygen surface
complexes in Hg" adsorption,

Krishnan et al. [4] showed that Hg® capture capacities of
the heat-treated (140°C, flowing nitrogen (N,)) activated
carbon samples were far less than those of unheated
samples. In addition, the same heat treatment applied to a
sulfur-impregnated carbon showed no significant reduction
of Hg® capture capacity. Based on these observations, they
suggested that the active sites causing Hg" adsorption in
the activated carbons containing O, and the reduction of
Hg® capture capacity for the heat-treated carbons was due
to the decomposition of certain surface functional groups.
However, it is generally agreed that carbon—oxygen sur-
face complexes are stable below 200°C [12], but de-
compose to produce H,O, carbon dioxide (CO,), and
carbon monoxide (CO) when heated to higher tempera-
tures under an inert gas atmosphere. The major effect of
heat treatment at low temperatures (e.g. 25-150°C) on
carbon surfaces is the removal of adsorbed H,O molecules
[13]. Thus, the reduction of Hg" capture from low tem-
perature heat treatment, as observed by Krishnan et al. [4],
could likely be caused by the removal of moisture from the
carbon surfaces.

Oxygen complexes formed on the carbon surfaces may
play an important role for Hg® adsorption. Extensive
studies on water adsorption by activated carbons found that

H,O is adsorbed on the carbon surfaces by means of
hydrogen bonding [14-18], Bansal et al. [18] showed that
H,O adsorption at lower relative pressures (e.g. P/P, <
0.4) was correlated directly to the amounts of chemisorbed
O on the carbon surfaces. The oxygen complexes on
carbon surfaces form primary adsorption centers, which
bind the H,0 molecules at low relative pressures. Ad-
sorbed H,O molecules can then become secondary ad-
sorption centers as the H, O vapor pressure increases. It has
been shown that interactions between H,O and carbon—
oxygen complexes influence the reactivities of carbons for
adsorption. One notable example is the catalytic oxidation
of sulfur dioxide (8O,) by carbon in the presence of O,
and H,O. In the absence of H,O vapor, neither oxidized
nor unoxidized carbon could catalyze the oxidation of SO,
[19,20]. In the presence of O, and H,0, SO, becomes
adsorbed on carbon surfaces where it is catalytically
converted to sulfuric acid in a consecutive process. The
effect of H,O on the heterogeneous oxidation of SO, has
been discussed in the literature [21]. During H,O ad-
sorption, a partial hydrolysis of anhydride groups and
lactones occurs. The strongly adsorbed species, which
could be assigned to sulfite (SO27), are formed with the
participation of acidic surface carbon—oxygen complexes.
Infrared (IR) spectroscopic studies [20] have shown that
the conversion of surface species occurred during the
adsorption of H,O.

The main objective of the work reported in this paper
was to study the effect of adsorbed H,O on Hg" adsorption
by activated carbons in order to understand the role of
surface oxygen species in binding mercury. The thermal
stability and the chemical characteristics of the adsorbed
mercury were studied to determine the mechanism of Hg®
bonding on the carbon surface,

2. Experimental

Two activated carbons, a bituminous-coal-based acti-
vated carbon (BPL, Calgon Carbon Corporation) and an
activated carbon fiber (ACN, American Kynol, Inc) were
tested for their Hg® adsorption uptake capacity in this
study. Selected characteristics of these carbons are shown
in Table 1. BET (Brunauer—Emmett—Teller) and DR
(Dubinin—Radushkevich) surface areas were measured by
N, adsorption at 77 K with P/P, up to 0.99, and CO,
adsorption at 273 X with P/P, up to about 0.03, respec-
tively, using a volumetric adsorption apparatus (ASAP
2400, Micromeritics). All samples were degassed at 300°C
under vacuum for 3 h prior to the measurements. The total
pore volume was evaluated from the N, adsorption iso-
therm at P/P,=0.99, and the micropore volume was
estimated from CO, adsorption at 273 K using the DR
equation, A CO, molecular density of 1.03 g/cm® and a
cross-sectional area of 0.187 nm”® were assumed for
estimating the DR surface area [22]. The particle size
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Table 1
Characteristics of activated carbon samples

BPL ACN
BET surface area (m’/g) 1136 1250
CO, surface area (m*/g) 976 . 1248
Total pore volume (cm’/g) 0.58 0.51
Mictopore volume (cm*/g) 0.37 048
Particle size/fiber diameter (o) 125-177 10
Moisture (% wt.) .22 2.0
Combustible (% wt.) 94.6 98.0
Ash (% wt) 3.2 0.0

range of the BPL sample tested was 125-177 pm. The
moisture and ash contents of the samples were measured
by using a thermogravimetric analyzer (TGA-7, Perkin
Elmer). The ACN sample is derived from a phenolic resin,
in the form of needled felt with over 92% carbon and the
remainder oxygen and hydrogen [23], with no ash. It is
well known that the presence of metal oxides or inorganic
impurities as ash in activated carbons could affect the
chemical characteristics and adsorptive behavior [12]. By
employing the ash-free ACN sample the effect of ash
associated with the BPL sample on Hg® adsorption, if it is
significant, can be estimated,

Fig. 1 presents a schematic diagram of the experimental
set-up. Industrial grade N, gas was used as a purge and
Hg® carrfer gas. A dryer and an O, trap were used to
remove trace F,0 vapor and O,, respectively, remaining

in the purge and camrier gas stream. A quartz fixed-bed
reactor (1.27 cm ID) surrounded by a temperature-con-
trolled electrical furnace was used for sample moisture
removal, Hg® adsorption, and desorption expenments To
determine whether mercury is in the elemental (Hg®) or
oxidized (Hg”™) forms in the reactor outlet, an additional
electrical furnace operating at a temperature of 900°C was
added downstream of the reactor to convert Hg" to Hg’

[24] The Hg"-laden gas mixture was generated using a
Hg -containing permeation tube in a constant temperature
system (Dynacalibrator Model 190, VICI Metromc) A Hg®

concentration of 582 ppb (476 pg/Nm®) in N, at a total
flow rate of 340 ml/min was generated and used for the
Hg® adsorption experiments. An ultraviolet (UV) mercury
analyzer (Model 400A, BUCK Scientific) which has a
detection limit of 2 ppb, was used to continuously measure
the concentration of Hg® in the outlet stream. The experi-
ments of carbon heat treatment for moisture removal, Hg’
adsorption, and desorption can be performed consecutively
in situ, using the experimental set-up shown in Fig. 1, so
that moisture uptake due to exposure of the carbon sample
to the atmosphere could be avoided.

To perform a Hg® adsoxption experiment on an as-
received carbon sample, the Hg’-laden gas mixture was
first sent through the bypass to establish the baseline Hg°
concentration prior to adsorption. After loading the pre-
weighed carbon sample (about 20-40 mg, mixed with 2 g
of sand) into the reactor, maintained at a temperature of
27°C (slightly above room temperature), the Hg °laden N,

Oxygen Dryer
- .
» Hg° N X Fay
7 = A J7
Permeation Oven Fixed Bed
Reactor
- By-pass
Mercury Analyzer Furnace
p
D
4 /' &5
- Reduction

@ Three-way

Furnace

Stop-Valve

Fig. 1. Schematic diagram of fixed-bed reactor set-up.
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flow was switched from the bypass to the reactor. The
air-exposed, moisture-containing samples were then ex-
posed to the Hg’-laden N, flow. The adsorption experi-
ment was performed for 2 h, at which time the change in
the outlet Hg® concentration was insignificant. The Hg®
uptake for an adsorption experiment was calculated based
on 100 min of adsorption time using the area between the
inlet Hg® concentration (baseline) and the breakthrough
curve. Hg® adsorption experiments were also performed on
the moisture-free carbon samples after heat treatment. To
remove moisture from the as-received carbon sample
(loaded into the reactor prior to Hg® adsorption), the
sample was heated at a constant rate (8°C/min) to 110°C
under an N, atmosphere, then held for 30 min. The reactor
was then cooled to the Hg® adsorption temperature (27°C)
under N, flow, before the adsorption experiment, similar fo
that performed for the as-received samples, was started.

Temperature programmed desorption (TPD) experi-
ments were performed to measure the thermal stability of
the adsorbed mercury following the Hg® adsorption experi-
ment. The reactor, containing the Hg’-exposed carbon
sample, was purged with N, gas at 27°C unmtil the
concentration of Hg® measured by the UV analyzer fell to
insignificant levels (<2 ppb). The sample was then heated
at a constant heating rate (8°C/min) to the final tempera-
ture of 420°C. Blank TPD experiments using carbon
samples without mercury showed that there is no interfer-
ence on the mercury analyzer with the loss of CO, and
H,O from the carbon surfaces. The amount of Hg’
desorbed during the TPD run was estimated from the area
under the outlet Hg® concentration curve. Preliminary TPD
experiments showed that more than 90% of the adsorbed
Hg® was desorbed when the temperature reached 420°C, so
this was used as the final temperature.

XAFS spectroscopy analysis was conducted on both
as-received and heat-treated carbon samples which had
been exposed to Hg® to provide information on the nature
of mercury bonding on carbon surfaces. The difference in
energy between two principal inflection points (IPD) on
the mercury L, absorption edge measured in XAFS
spectra is a sensitive indicator of the structure and/or
chemistry of the mercury adsorbed onto activated carbon
and other sorbent materials [25]. Prior to the XAFS
examination, the sample was transferred from a sealed
sample container into a polypropylene sample holder and
hung in the X-ray beam. The mercury L, edge at 12,284
eV was used for the absorption experiments, and all
measurements were carried out in fluorescence geometry.
A 13-¢lement germanium detector was used to record the
spectra. A 6 pm gallium filter was also used to maximize
the signal/noise ratio. Details of the XAFS experimental
procedures can be found elsewhere [25]. The XAFS
spectrum was first divided into X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine
structure (EXAFS) spectral regions. The XANES spectrum
was then smoothed and differentiated to obtain the d*Abs/

L T LR .
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0.2 -

Fraction of outlet Hg® concentration (C/Cy)

0.1

0.0 T T T T T
o] 20 40 60 80 100 120

Adsorption time {min)

Fig. 2. Mercury adsorption breakthrough curves of ACN samples.

(dE)” spectrum, from which the inflection point difference
(IPD) could be determined. The step-height was deter-
mined from the XAFS spectrum as the difference in
background absorption above and below the edge.

3. Results and discussion

The Hg® adsorption breakthraugh curves for both the
as-received (-AR) and the 110°C heat-tréated (-110) ACN
and BPL samples are show in Figs. 2 and 3, respectively.
The amounts of adsorbed Hg® estimated from the break-

Fraction of outlet Hg” concentration (c/cy)

0.3 —— As-received (BPL-AR)
0.2 = = = Heat-treated at 110 °C (BPL-110)
0.1
0.0 T T T T T
0 20 40 60 80 100 120

Adsorption time (min)

Fig. 3. Mercury adsorption breakthrough curves of BPL samples.
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Table 2
Mercury uptake from adsorption and recovery from desorption
Samples Hg adsorption at 27°C Hg desorption Hg recovery

0,

Hg captured (pg/g)* N, purge (%) TPD (%) %)
ACN-AR 236 12 86 98
ACN-110 34 42 54 96
BPL-AR 83 5 93 98
BPL-110 20 20 71 91
* Amount of mercury adsorbed for 100 min on dry carbon basis.
through curves are shown in Table 2. It can be seen that
the Hg’ up.take of the as-received carbon fiber sample 140 N, purge @1 27°C TFD
(ACN-AR) is much larger (236 pg/g) than that (83 pg/g)
of the coal-based carbon sample (BPL-AR), although the 120
total surface area of BPL is only 10% less than that of
ACN sample (see Table 1). The very similar values of 100 7
— As-teceived (ACN-AR)

BET and CO, surface areas for the carbon fiber sample
(see Table 1) suggest that ACN is a microporous (<2 nm)
carbon with homogeneous distribution of microporosity.
The CO, surface area of sample BPL is lower than its BET
surface area, suggesting that the sample contains some
mesopores. The average micropore width evaluated from
CO, adsorption with the DR method gives a similar value
of about 1.5 nm for both carbon samples. The larger CO,
surface area of the ACN sample compared to that of the
BPL sample appears to suggest that the micropores of
carbons may be effective for Hg® capture. However, the
higher Hg® uptake of the ACN sample compared to that of
the BPL sample could also be due to the influence of
intraparticle diffusion. As shown in Table 1, the particle
size of the BPL sample was much larger than the fiber
diameter of ACN sample, suggesting that if there were any
diffusion limitations associated with the micropores, the
BPL sample would have a much longer internal diffusion
length than that of the ACN sample.

As shown in Figs. 2, 3 and Table 2, the mercury Hg®
uptake of both carbon samples was drastically reduced to
the similar, low values (20-30 p.g/g) after low tempera-
ture (110°C) heat treatment. Since heat treatment at such
low temperatures does not change the pore structure [4],
this suggests that the reduced Hg’- capture after heat
treatment is not caused by pore structure change. However,
the adsorbed H,0 molecules on carbon surfaces are
removed when heated at low temperatures, e.g. 25-150°C
[13], suggesting that the carbon surface moisture may play
an important role in Hg® adsorption. The removal of
surface moisture had a similar effect for both the ash-free
ACN sample and the coal-based ash-containing BPL
sample, indicating that the strong effect of moisture on Hg®
adsorption may not be associated with the ash contained in
coal-based carbons.

Figs. 4 and 5, respectively, show the ACN and BPL
mercury concentration profiles as a function of run time

- = = Heat-treated at 110 °C (ACN-110)

Mercury (Hg® outlet concentration (ppb)

200 300 400

Time (min) Temperalure (°C)

Fig. 4. Mercury concentration profiles of ACN samples during N,
purge at 27°C and during TPD,

100

<=—— N, purge at 27 °C———>| < TPD —
80

—— As-received (BPL-AR)
60 4 ° * ° Heatlreated at 110 °C (BPL-110)

Mercury (Hg% outlet concentration (ppb)

30 100 200 300 400

Time (min) Temperature (°C)

Fig. 5. Mercury concentration profiles of BPL samples during N,
purge at 27°C and during TPD,
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after adsorption at 27°C and as a function of temperature
during the TPD. The chemisorbed Hg® can be differen-
tiated from the physisorbed Hg® from these figures. The
physisorbed Hg® on the carbon surfaces is evolved when
the reactor gas is switched from the Hg’-laden N, at the
end of the adsorption experiment to pure N, (27°C). The
mercury evolved during the subsequent TPD run is re-
ferred to as chemisorbed Hg®, since it is stable at the
adsorption temperature (27°C) under the inert gas atmos-
phere (N,) and decomposes into gas species as the
temperature rises. The amounts of Hg® desorbed were
caleulated from the area under the outlet Hg® concen-
tration, and the results are presented in Table 2, expressed
as a percentage of the Hg" adsorbed that was measured
during the adsorption experiment prior to the N, purge.
Similar amounts of Hg® were measured between duplicate
runs with and without operating the reduction furnace,
which suggested that the mercury evolved during desorp-
tion was Hg® and not an oxidized form. The mass balances
between the adsorbed and desorbed Hg® in all cases were
greater than 90%, and most of the Hg® adsorbed by the
carbons was recovered by heating the samples to 420°C.

Due to the system’s response lag time (1), the true

mercury desorption temperatures could be lower than those
shown in Figs. 4 and 5. It was estimated that ¢, is about
30 s under the current experimental conditions, which
would result in the true mercury desorption temperature of
4°C lower than those shown in Figs. 4 and S. The possible
influence of intraparticle diffusion and readsorption, which
could affect the shape and position of the observed TPD
profiles [26], was not assessed at the present time. The
mercury concentration profile as a function of temperature
obtained during the TPD run would provide information on
the thermal stability of the adsorbed mercury.

For the two as-received samples (ACN-AR, BPL-AR),
more than 86% of the adsorbed Hg® was desorbed during
the TPD runs at higher temperatures versus only 54 and
71% for their heat-treated counterparts. Hg® evolved
during the N, purge accounts for only a small fraction of
the total Hg® adsorbed, especially with the BPL-AR. In the
case of ACN-AR, two strong Hg® desorption peaks can be
seen (Fig. 4) at temperatures near 100 and 200°C., A
plateau can also be observed when the temperature in-
creases to 250—350°C. For the BPL-AR sample, only a
broad desorption peak was observed (Fig. 5). A slow
desorption process can also be observed at the end of N,
purge, which could make an additional contribution in the
TPD profile, especially at low temperatures (<100°C).
However, this contribution was estimated to be negligibly
small.

Adsorption and desorption processes on the carbon
surface are known to be governed by a distribution of
adsorption energies {27]. Chemical bonds formed between
the adsorbed molecules and the adsorption sites of an
activated carbon are often quite strong. Since the TPD

experiments show that Hg" is evolved over a wide
temperature range, Hg® bonds on the carbon surface
probably involve different site types, which have varying
bonding energies. The different Hg” concentration profiles
shown in Figs. 4 and 5 could imply that the nature of the
carbon surface active sites for bonding Hg® depends on the
carbon characteristics. For the as-received samples,
chemisorption of Hg® appears to be the predominant
process as indicated by Figs. 4 and 5. Since Figs, 4 and 5
show that the reduction of Hg® capture for the heat-treated
samples is related to reduction of chemisorbed Hg®, it
could be deduced that the removal of H,O from the carbon
surfaces by low-temperature heat treatment reduces the
number of active sites that can chemically bond Hg®. It is
also possible that some moisture may still have remained
bound to the micropore surface under the current mild heat
treatment conditions [13], The ACN-110 sample shows a
narrow peak centered at about 250°C, and the BPL-110
sample shows a peak at about 100°C, both of which
coincided with peaks observed from their as-received
samples. These observations suggest that some of the
active sites for bonding mercury chemically were not
completely eliminated by low-temperature heat treatment,
and at least one distinctive active site type is still remain-
ing on each carbon surface for mercury bonding,

Table 3 shows the inflection point difference (IPD, eV)
and the step-height of five samples determined by XAFS
analysis. Sufficiently strong spectra measured from these
samples have permitted the derivative analysis to be
performed in order to obtain the IPD values, except for
ACN-110, in which strong noise was encountered and the
IPD value cannot be determined accurately. It has been
shown that the mercury surface compounds with the
smallest and most fonic anions (0®~, O7) have the largest
values of IPD (e.g. >9.0), whereas those with the largest
and more covalent anions have the smallest IPD values

. [25]. The XAFS spectral results represent a weighted

average of all the mercury (physisorbed and chemisorbed)
which remained bound on carbon surfaces. The effect of a
mixture of physisorbed and chemisorbed mercury on the

Table 3

Mercury L,,;-edge XAFS analysis results

Sample IPD (&V) Step-height
ACN-AR™ 9.0%,9.1° 1.8% 1.6°
ACN-110 n.d? 0.17
BPL-AR 9.2 : 0.6
BPL-110 9.2 0.2

* Samples prepared from two different experiments under the
same mercury adsorption conditions.

® Samples prepared from two different experiments under the
same mercury adsorption conditions.

“n.d,, not determined due to strong noise.
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XAFS spectrum would lower the IPD value compared with
that obtained from the reference mercury compounds [28].
As shown in Table 3, the IPD values derived from the
XANES spectra are basically the same, 9.1+0.1 eV. These
values are significantly higher than those for mercuric
chlorides (8.4£0.2 V) [25], and since oxygen is the only
anion in the system which is more ionic than chloride,
there must be significant Hg—O bonding present. It has
been suggested that the step-height value could be used as
a semiquantitative measure of the relative concentration of
the element in the sample [25]. As shown in Table 3, the
step-heights obtained from the spectra are consistent with
the values of the adsorbed mercury measured by the
adsorption experiments (see Table 2). Furthermore, the
XAFS results are consistent with the TPD results in that

most of the adsorbed Hg® was strongly bound and evolved
" at higher temperatures in all cases.

The above XANES results suggest that carbon-bound
oxygen on the surface captures Hg® during the adsorption
experiments. Different types of oxygen surface groups are
believed to exist on activated carbon surfaces. Depending
on their history of formation and activation temperature,
they could be carboxyl, lactone, phenolic, and carbonyl
groups [29]. Electron transfer processes are hkely to be
involved during the chemisorption of Hg®. Abundant
evidence from the literature shows that different oxygen
groups can participate in the electron transfer processes on
carbon surfaces [30], Extended m bonding in the extensive
aromatic network of carbons permits electron clouds and
charges to be highly delocalized. For example, the re-
sonance-stabilized structures of the aromatic network in
equilibration with the surface functional groups (e g.
quinonoid complexes) could take up electrons from Hg’ at
specific conditions.

The desorbed mercury was found to be Hg® from the
TPD experiments, When thermal energy is applied to a
chemisorbed Hg®, it would be favorable for the electron(s)
to return to the mercury rather than breaking the C-O
bonds. Since certain oxygen complexés such as carboxyl
and lactone groups would also decompose to produce CO,
and H,0 at low temperatures (¢.g. <420°C), it is not clear
if Hg® is bonded to these complexes. However, as de-
scribed by Leon y Leon and Radovic [30], before the
oxidation reactions can proceed they all have specific
surface conditions that must be met such as pH, oxygen
exposure, and the types of surface functional groups. The
fact that the presence of surface moisture promotes Hg®
adsorption could imply that interactions between ,0 and
cacbon—0xygen complexes may create certain active sites
or affect surface conditions which favor Hg® adsorption.
Based on the results from this study it is not known what
particular surface functional groups are participating in
Hg" adsorption, and how the adsorbed surface H,0 could
influence the reactivities of carbons. Further research is
needed to characterize the carbon oxygen surface groups,

and to clarify the role of these functional groups and the
specific conditions that favor Hg® adsorption.

4. Conclusions

The moisture on activated carbon surfaces has been
found to have a significant effect on Hg® adsorption at
room temperature, The results from this study show that
the Hg® adsorption capacities of two activated carbon
samples were drastically reduced after a low-temperature
(110°C) treatment to remove the moisture. By comparing
the results of an ash-free activated carbon sample (ACN)
to those of a coal-based carbon (BPL), it is concluded that
mineral matter or metal oxides in the coal-based carbon do
not play a role in this effect. Results of the TPD experi-
ments show that chermsorptton of Hg’ is a dominant
process during Hg® adsorption for the moisture-containing
carbon samples. At least two different active sites exist on
the carbon surfaces. XAFS analysis provides evidence that
Hg® bonding on the carbon surfaces is associated with
oxygen.

Reésults from both mercury desorption (TPD) and XAFS
analyses suggest that surface oxygen complexes provide
the active centers for mercury bonding. The mechanism of
mercury bonding on the carbon surfaces likely involves
electron transfer processes. The observation that the pres-
ence of surface moisture promotes mercury bonding
suggested that interactions between H,O and carbon—
oxygen complexes might create certain active sites or
surface conditions favoring Hg® adsorption.
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P4 Production, LLC

Sota Springs Plant

1853 Highway 34

P.0. Box 816

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

Fax: (208) 547-3312

January 16, 2014

VIA CERTIFIED MAIL;
RETURN RECEIPT REQUESTED — 7013 1090 0002 1009 1990

Mr, Daniel Pitman

Alr Quality Division

State of Idaho Department of Environmental Quality
1410 North Hilton

Boise, ID 83706

RE:  Facility ID 029-00001, P4 Production, LLC (“P4”)
Response to Public Comment

Mr. Pitman:

On December 2, 2013, the Idaho Conservation League (“ICL”) submitted written comments to
the Idaho Department of Environmental Quality (“IDEQ”) regarding the proposed Tier II
Operating  Permit, T2-2012.0016, which establishes a Mercury Best Available Control
Technology (“MBACT”) emission standard for P4’s Soda Springs facility. ICL’s comments
inquired specifically about (1) the validity of the 746.4 Ib/yr permit limit in relation to the
variability of actual mercury emissions reported between the years 2000 and 2012, and (2) P4’s
ability to segregate and/or pre-treat phosphate ore with high mercury content,

The 746.4 Iblyr permitted mercury emission limit is based on P4’s maximum potential to emit,
estimated using stack test data generated in 2002 for gaseous and particulate mercury emitted
from the kiln. The sum of the average of three data points was used for each of the four kiln
hydrosonic stacks to generate an emission factor in Ib/hr mercury emissions. The emission factor
was then normalized for the actual quantity of kiln feed processed during the stack test period,
which was then adjusted for the maximum kiln throughput to generate the maximum potential to
emit. This permit limit is only 2.7% higher than the highest total annual mercury emissions
reported by P4 in the TRI records during the period from 2002 to 2012, which ranges between
489 and 725 lbs. The variability in P4’s annual emissions is primarily based on the amount of raw
phosphate ore processed to meet production demand. Since the standard error in the stack test
data used to calculate P4’s annual emissions estimates is significantly higher than the 2.7%




difference in question here, any effort to lower the permit limit based on TRI data would be
trivial.

In addition, P4 may be required to limit the amount of ore processed to below historical levels in
order to meet a more stringent limit. Although P4 has recently generated an extensive database
regarding the mercury concentration of ore in the north pit of the new Blackfoot Bridge mine that
suggests a consistently low concentration averaging approximately 0.5 ppm, P4 cannot predict the
variability of mercury in that ore with any certainty; mercury concentration could vary as a result
of a simple change in the ore resulting from a change in location, depth, pit, mine, mercury
speciation in the rock, etc. A change as small as one tenth of a ppm could result in a significant
increase in mercury emissions. Also, the consistently low concentration of mercury measured in
the phosphate ore processed by P4 to date and estimated in ore from the new Blackfoot Bridge

mine present little opportunity to selectively mine ore based on mercury concentration as a means
to reduce emissions,

Finally, ore pretreatment was thoroughly evaluated as a technological option during the BACT
review, and the lack of commercially available options precluded further consideration.
Additional discussion of ore pretreatment is contained in sections 3.1.3, 3.1.5, 3.2.2, and 3.2.5 of

the MBACT for Elemental Phosphorus Report dated March 2012, which was submitted to IDEQ
along with P4’s permit application.

In accordance with IDAPA 58.01.01.123 (Rules for the Control of Air Pollution in Idaho), 1
certify based on information and belief forimed after reasonable inquiry, that the statements and
information in this document are true, accurate, and complete. If you have any questions or would
like more information, please contact Mr. Jim McCulloch at 547-1233,

Thank you for the opportunity to provide a response,
=5 e

Sheldon D. Alver
Vice President



