IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

Inventor(s): Edwin S. Olson et al.

Title: SORBENTS FOR THE OXIDATION AND REMOVAL OF MERCURY
Alttorney Docket No.: 4820.001US9

Customer No.: 21186

PATENT APPLICATION TRANSMITTAL

Commissioner for Patents
P.O. Box 1450
Alexandria, VA 22313-1450

We are transmitting herewith the following attached items and information (as indicated with an "X"):

X CONTINUATION under 37 CFR 1.53(b) of prior Patent Application No. comprising:

X Application Data Sheet (8 pgs).

X Specification (61 pgs. including claims numbered | through 20 and a 1 page Abstract).

X  Formal Drawing(s) (11 sheets).

X  Copy of signed Declaration (3 pgs) from prior application.

X  Certification and Request for Prioritized Examination (Track 1) (1 pg). including authorization to charge
Deposit Account 19-0743 in the amount of $4000.00 for the Prioritized Examination (Track 1) filing fee as set
forth in 37 C.F.R. § 1.17(c): and Authorization to charge Deposit Account 19-0743 for the Processing Fee
(Track 1) set forth in 37 C.F.R. § 1.17(1) in the amount of $140.00.

X  Authorization to charge Deposit Account 19-0743 in the amount of $5,860.00

The filing fee has been calculated below as follows:
No. Filed No. Extra Rate Fee
TOTAL CLAIMS 20-20 0 x $100.00 = $0.00
INDEPENDENT CLAIMS 2-3 0 x $460.00 = $0.00
[IMULTIPLE DEPENDENT CLAIMS PRESENTED $0.00
BASIC FEE $300.00
SEARCH FEE 5660.00
EXAMINATION FEE §760.00
PRIORITIZED EXAMINATION (TRACK 1) FILING FEE $4,000.00
PROCESSING FEE (TRACK 1) $140.00
No. of pages Extra sets of
(75% for e-filing) 50 pages Rate
APPLICATION SIZE FEE (54-100)/50 0 $400.00 $0.00
TOTAL $5,860.00

Please charge any additional required fees or credit overpayment to Deposit Account No. 19-0743. If applicable,
any papers or fees supplied herewith are considered to be timely filed pursuant to 37 C.F.R. § 1.7(a), the response
period falling on a Federal Holiday, Saturday or Sunday being extended to the next succeeding business day.

SCHWEGMAN LUNDBERG & WOESSNER. P.A. By: _/Ryan J. Connell/

Customer Number: 21186 Ryan J. Connell
Reg. No. 74.611

Date of Deposit: May 8, 2018
This paper or fee is being filed on the date indicated above using the USPTO's electronic filing system EFS-Web. and is addressed to The Commissioner for Patents.
P.O. Box 1450, Alexandria, VA 22313-1450.
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Doc Code: TRACK1.REQ
Document Description: TrackOne Request

Modified PTO/AIA/424 (04-14)

CERTIFICATION AND REQUEST FOR PRIORITIZED EXAMINATION UNDER 37 CFR 1.102(e)

(Page 1 of 1)

First Named Edwin S. Olson Nonprovisional Unknown
Inventor: Application Number

(if known):
Title of SORBENTS FOR THE OXIDATION AND Docket No.: 4820.001US9
Invention: IREMOVAL OF MERCURY

APPLICANT HEREBY CERTIFIES THE FOLLOWING AND REQUESTS PRIORITIZED EXAMINATION FOR THE ABOVE-

IDENTIFIED APPLICATION.

1. The processing fee set forth in 37 CFR 1.17(i){1) and the prioritized examination fee set forth in 37 CFR 1.17(c)
have been filed with the request. The publication fee requirement is met because that fee, set forth in 37 CFR
1.18(d), is currently $0. The basic filing fee, search fee, and examination fee are filed with the request or have
been already been paid. | understand that any required excess claims fees or application size fee must be paid for

the application.

2. lunderstand that the application may not contain, or be amended to contain, more than four independent claims,
more than thirty total claims, or any multiple dependent claims, and that any request for an extension of time will

cause an outstanding Track | request to be dismissed.

3. Original Application(Track One) — Prioritized Examination under § 1.102(e)(1)

(a) The application is an original nonprovisional utility application filed under 35 U.S.C. 111(a). This
certification and request is being filed with the utility application via EFS-Web.

SR | - (-
(b) The application is an original nonprovisional plant application filed under 35 U.S.C. 111(a). This
certification and request is being filed with the plant application in paper.

An executed inventor’s oath or declaration under 37 CFR 1.63 or 37 CFR 1.64 for each inventor, or the
application data sheet meeting the conditions specified in 37 CFR 1.53(f)(3)(i) is filed with the application.

Signature

/Ryan J. Connell/

Date 58118

Name

(Print/Typed) Ryan J. Connell

Practitioner
Registration Number: 74,611

Note: This form must be signed in accordance with 37 CFR 1.33. See 37 CFR 1.4(d) for signature requirements and
certifications. Submit multiple forms if more than one signature is required, see below™.

*Total of

1 forms are submitted.
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Modified PTO/AIA/M4 (12-13)
Approved for use through 04/30/2017. OMB 0651-0032
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1985, no persons are required to respond 1o a collection of information unless il contains a valid OMB control number.
o Attorney Docket Number 4820.001US9
Application Data Sheet 37 CFR 1.76
Application Number Unknown
Title of Invention SORBENTS FOR THE OXIDATION AND REMOVAL OF MERCURY

The application data sheet is part of the provisional or nonprovisional application for which itis being submitted. The following form contains the
bibliographic dataarranged in a format specified by the United States Patent and Trademark Office as outlined in 37 CFR 1.76.

This document may be completed electronically and submitted to the Office in electronic format using the Electronic Filing System (EFS)or the
document may be printed and included in a paper filed application.

Secrecy Order 37 CFR 5.2:

[ portions or all of the application associated with this Application Data Sheet may fall under a Secrecy Order
pursuant to 37 CFR 5.2 (Paper filers only. Applications that fall under Secrecy Order may not be filed electronically.)

Inventor Information:

Inventor 1: EdwinS. Olson

Legal Name
Prefix Given Name ‘ Middle Name ‘ Family Name Suffix
Edwin ‘S. ‘Olson

Residence Information (Select One)
P US Residency [OINon US Residency []Active US Military Service

City | Grand Forks State/Province |ND i‘:;:x‘: %United States of America

Mailing Address of Inventor:

Address 1 223 Circle Hills Drive

Address 2

City Grand Forks State/Province |ND

Postal Code |58201 Country |United States of America

Inventor 2: Michael J. Holmes

Legal Name

Prefix Given Name ‘ Middle Name ‘ Family Name Suffix
Michael ‘J. ‘ Holmes

Residence Information (Select One)
P US Residency [OINon US Residency []Active US Military Service

City | Thompson State/Province |ND i‘:;:x‘: %United States of America
Mailing Address of Inventor:

Address 1 614 6th Avenue Northeast

Address 2

City Thompson State/Province |ND

Postal Code |58278 Country |United States of America
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Medified PTO/AIAM4 (12-13)
Approved for use through 04/30/2017. OMB 0851-0032
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1985, no persons are required to respond 1o a collection of information unless il contains a valid OMB control number.
o Attorney Docket Number 4820.001US9
Application Data Sheet 37 CFR 1.76
Application Number Unknown
Title of Invention SORBENTS FOR THE OXIDATION AND REMOVAL OF MERCURY

The application data sheet is part of the provisional or nonprovisional application for which itis being submitted. The following form contains the
bibliographic dataarranged in a format specified by the United States Patent and Trademark Office as outlined in 37 CFR 1.76.

This document may be completed electronically and submitted to the Office in electronic format using the Electronic Filing System (EFS)or the
document may be printed and included in a paper filed application.

Inventor 3: John H. Pavlish

Legal Name
Prefix Given Name Middle Name Family Name Suffix

John ‘ H. Pavlish

Residence Information (Select One)
X US Residency [CINon US Residency [] Active US Military Service

City | East Grand Forks State/Province |[MN c;:;?;:‘:: %United States of America
Mailing Address of Inventor:

Address 1 42204 210th Street SW

Address 2

City lEast Grand Forks State/Province iMN

Postal Code 56721 Country |United States of America

Correspondence Information:
iEnter either Customer Number or complete the Correspondence Information section below.
For further information see 37 CFR 1.33(a).

] An Address is being provided for the correspondence Information of this application.

Customer Number 21186

Email Address request@slwip.com

Application Information:

Title of the Invention SORBENTS FOR THE OXIDATION AND REMOVAL OF MERCURY
Attorney Docket Number |4820.001US9 Small Entity Status Claimed [
Application Type Non-Provisional
Subject Matter Utility
Suggested Class (if any) Sub Class (if any)
Suggested Technology Center (if any)
Total Number of Drawing Sheets (if any) |11 gfwuggested Figure for Publication (if any)‘
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Medified PTO/AIAM4 (12-13)
Approved for use through 04/30/2017. OMB 0851-0032
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1985, no persons are required to respond 1o a collection of information unless il contains a valid OMB control number.
o Attorney Docket Number 4820.001US9
Application Data Sheet 37 CFR 1.76
Application Number Unknown
Title of Invention SORBENTS FOR THE OXIDATION AND REMOVAL OF MERCURY

The application data sheet is part of the provisional or nonprovisional application for which itis being submitted. The following form contains the
bibliographic dataarranged in a format specified by the United States Patent and Trademark Office as outlined in 37 CFR 1.76.

This document may be completed electronically and submitted to the Office in electronic format using the Electronic Filing System (EFS)or the
document may be printed and included in a paper filed application.

Filing By Reference:

|0nly complete this section when filing an application by reference under 35 U.S.C. 111(c) and 37 CFR 1.57(a). Do not
complete this section if application papers including a specification and any drawings are being filed. Any domestic benefit or foreign
priority information must be provided in the appropriate section(s) below (i.e., “Domestic Benefit/National Stage Information” and
“Foreign Priority Information”).

For the purposes of a filing date under 37 CFR 1.53(b), the description and any drawings of the present application are replaced by
this reference to the previously filed application, subject to conditions and requirements of 37 CFR 1.57(a).

Application number of the previously [Filing date (YYYY-MM-DD) ilntellectual Property Authority or
filed application ICountry Publication

Publication Information:

O Request Early Publication (Fee required at time of Request 37 CFR 1.219)

O Request Not to Publish. | hereby request that the attached application not be published under 35 U.S.
C. 122(b) and certify that the invention disclosed in the attached application has not and will not be the subject of an

application filed in another country, or under a multilateral international agreement, that requires publication at eighteen
months after filing.

Representative Information:

Representative information should be provided for all practitioners having a power of attorney in the application. Providing
this information in the Application Data Sheet does not constitute a power of attorney in the application (see 37 CFR 1.32).
Entereither Customer Number or complete the Representative Name section below. If bothsections are completed the
Customer Number will be used for the Representative Information during processing.

Please Select One: X Customer “:l US Patent Practitioner ‘ [ Limited Recognition (37 CFR 11.9)
Customer Number 21186
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Medified PTO/AIAM4 (12-13)
Approved for use through 04/30/2017. OMB 0851-0032
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1985, no persons are required to respond 1o a collection of information unless il contains a valid OMB control number.
o Attorney Docket Number 4820.001US9
Application Data Sheet 37 CFR 1.76
Application Number Unknown
Title of Invention SORBENTS FOR THE OXIDATION AND REMOVAL OF MERCURY
The application data sheet is part of the provisional or nonprovisional application for which itis being submitted. The following form contains the
bibliographic dataarranged in a format specified by the United States Patent and Trademark Office as outlined in 37 CFR 1.76.
This document may be completed electronically and submitted to the Office in electronic format using the Electronic Filing System (EFS)or the
document may be printed and included in a paper filed application.
Domestic Benefit/National Stage Information:
This section allows for the applicant to either claim benefit under 35 U.S.C. 119(e), 120, 121, or 365(c) or indicate
National Stage entry from a PCT application. Providing this information in the application data sheet constitutes the
specific reference required by 35 U.S.C. 119(e) or 120, and 37 CFR 1.78(a)(2) or CFR 1.78(a)(4), and need not otherwise be
made part of the specification.
Prior Application Status Pending
.- — . N Filing or 371(c) Date
Application Number Continuity Type Prior Application Number
pp y lyp pp (YYYY-MM-DD)
This Application continuation of 15/951,970 2018-04-12
Prior Application Status Pending
5 o o N o Filing or 371(c) Date
Application Number Continuity Type Prior Application Numb
pPp y lyp r Pp er (YYYY-MM-DD)
15/951,970 continuation of 14/712,558 2015-05-14
Prior Application Status Pending
5 o o N o Filing or 371(c) Date
Application Number Continuity Type Prior Application Numb
pPp y lyp r Pp er (YYYY-MM-DD)
14/712,558 continuation of 14/318,270 2014-06-14
Prior Application Status Patented
Filing or 371(c) Date
Application Number Continuity Type Prior Application Number
pp u y Typ pp be (YYYY-MM-DD)
14/318,270 continuation of 13/966,768 2013-08-14
Prior Application Status Patented
g o g . - Filing or 371(c) Date
Application Number Continuity Type Prior Application Number
pp y Typ pp b (YYYY-MM-DD)
13/966,768 continuation of 13/427,665 2012-03-22
Prior Application Status Patented
.. I . 5 e Filing or 371(c) Date
Application Number Continuity Type Prior Application Number
PP u n y 1yp rApp n e (YYYY-MM-DD)
13/427,665 continuation of 12/419,219 2009-04-06
Prior Application Status Patented
— R . . Filing or 371(c) Date
Application Number Continuity Type Prior Application Number
PP o vy 1yp PP B (YYYY-MM-DD)
12/419,219 continuation of 12/201,595 2008-08-29
Prior Application Status Patented
L I . L. Filing or 371(c) Date
Application Number Continuity Type Prior Application Number (YYYY-MM-DD)
12/201,595 continuation of 11/209,163 2005-08-22
Prior Application Status Expired
— R . . Filing or 371(c) Date
Application Number Continuity Type Prior Application Number
PP o vy 1yp PP B (YYYY-MM-DD)
11/209,163 Claims benefit of provisional 60/605,640 2004-08-30
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Medified PTO/AIAM4 (12-13)
Approved for use through 04/30/2017. OMB 0851-0032
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1985, no persons are required to respond 1o a collection of information unless il contains a valid OMB control number.
o Attorney Docket Number 4820.001US9
Application Data Sheet 37 CFR 1.76
Application Number Unknown
Title of Invention SORBENTS FOR THE OXIDATION AND REMOVAL OF MERCURY

The application data sheet is part of the provisional or nonprovisional application for which itis being submitted. The following form contains the
bibliographic dataarranged in a format specified by the United States Patent and Trademark Office as outlined in 37 CFR 1.76.

This document may be completed electronically and submitted to the Office in electronic format using the Electronic Filing System (EFS)or the
document may be printed andincluded in a paper filed application.

Foreign Priority Information:

This section allows for the applicant to claim priority to a foreign application. Providing this information in the application data
heet constitutes the claim for priority as required by 35 U.S.C. 119(b) and 37 CFR 1.55(d). When priority is claimed to a foreign

application that is eligible for retrieval under the priority document exchange program (PDX)i the information will be used by the

Office to automatically attempt retrieval pursuant to 37 CFR 1.55(h)(1) and (2). Under the POX program, applicant bears the
Iultimate responsibility for ensuring that a copy of the foreign application is received by the Office from the participating foreign

iintellectual property office, or a certified copy of the foreign priority application is filed, within the time period specified in 37 CFR
1.55(g)(1).

Application Number Country Parent Filing Date (YYYY-MM-DD) | Access Code (if applicable)
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Modified PTO/AIA/M4 (12-13)
Approved for use through 04/30/2017. OMB 0651-0032
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1985, no persons are required to respond 1o a collection of information unless il contains a valid OMB control number.
o Attorney Docket Number 4820.001US9
Application Data Sheet 37 CFR 1.76
Application Number Unknown
Title of Invention SORBENTS FOR THE OXIDATION AND REMOVAL OF MERCURY

The application data sheet is part of the provisional or nonprovisional application for which itis being submitted. The following form contains the
bibliographic dataarranged in a format specified by the United States Patent and Trademark Office as outlined in 37 CFR 1.76.

This document may be completed electronically and submitted to the Office in electronic format using the Electronic Filing System (EFS)or the
document may be printed and included in a paper filed application.

Authorization or Opt-Out of Authorization to Permit Access:

When this Application Data Sheet is properly signed and filed with the application, applicant has provided written authority to
permit a participating foreign intellectual property (IP) office access to the instant application-as-filed (see paragraph A in
subsection 1 below) and the European Patent Office (EPO) access to any search results from the instant application (see
paragraph B in subsection 1 below).

Should applicant choose not to provide an authorization identified in subsection 1 below, applicant must opt-out of the
authorization by checking the corresponding box A or B or both in subsection 2 below.

NOTE: This section of the Application Data Sheet is ONLY reviewed and processed with the INITIAL filing of an application. After
the initial filing of an application, an Application Data Sheet cannot be used to provide or rescind authorization for access by a
foreign IP office(s). Instead, Form PTO/SB/39 or PTO/SB/69 must be used as appropriate.

1. Authorization to Permit Access by a Foreign Intellectual Property Office(s)

A. Priority Document Exchange (PDX) - Unless box A in subsection 2 (opt-out of authorization) is checked, the
undersigned hereby grants the USPTO authority to provide the European Patent Office (EPO), the Japan Patent Office
(JPO), the Korean Intellectual Property Office (KIPO), the State Intellectual Property Office of the People’s Republic of
China (SIPO), the World Intellectual Property Organization (WIPO), and any other foreign intellectual property office
participating with the USPTO in a bilateral or multilateral priority document exchange agreement in which a foreign
application claiming priority to the instant patent application is filed, access to: (1) the instant patent application-as-filed
and its related bibliographic data, (2) any foreign or domestic application to which priority or benefit is claimed by the
instant application and its related bibliographic data, and (3) the date of filing of this Authorization. See 37 CFR 1.14(h)
(2).

B. Search Resuits from U.S. Application to EPO - Unless box B in subsection 2 (opt-out of authorization) is checked,
the undersigned hereby grants the USPTO authority to provide the EPO access to the bibliographic data and search
results from the instant patent application when a European patent application claiming priority to the instant patent
application is filed. See 37 CFR 1.14(h}(2).

The applicant is reminded that the EPO’s Rule 141(1) EPC (European Patent Convention) requires applicants to submit a
copy of search results from the instant application without delay in a European patent application that claims priority to
the instant application.

2. Opt-Out of Authorizations to Permit Access by a Foreign Intellectual Property Office(s)

A. Applicant DOES NOT authorize the USPTO to permit a participating foreign IP office access to the instant

D application-as-filed. If this box is checked, the USPTO will not be providing a participating foreign IP office with
any documents and information identified in subsection 1A above.

D B. Applicant DOES NOT authorize the USPTO to transmit to the EPO any search results from the instant patent

application. If this box is checked, the USPTO will not be providing the EPO with search results from the instant
application.

NOTE: Once the application has published or is otherwise publicly available, the USPTO may provide access to the
application in accordance with 37 CFR 1.14.
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Modified PTO/AIA/M4 (12-13)
Approved for use through 04/30/2017. OMB 0651-0032
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1985, no persons are required to respond 1o a collection of information unless il contains a valid OMB control number.
o Attorney Docket Number 4820.001US9
Application Data Sheet 37 CFR 1.76
Application Number Unknown
Title of Invention SORBENTS FOR THE OXIDATION AND REMOVAL OF MERCURY

The application data sheet is part of the provisional or nonprovisional application for which itis being submitted. The following form contains the
bibliographic dataarranged in a format specified by the United States Patent and Trademark Office as outlined in 37 CFR 1.76.

This document may be completed electronically and submitted to the Office in electronic format using the Electronic Filing System (EFS)or the
document may be printed and included in a paper filed application.

Applicant Information:

Providing assignment information in this section does not substitute for compliance with any requirement of part 3 of Title 37
of CFR to have an assignment recorded by the Office.

Applicant: Midwest Energy Emissions Corp

If the applicant is the inventor (or the remaining joint inventor or inventors under 37 CFR 1.45), this section should not be
completed. The information to be provided in this section is the name and address of the legal representative who is the
applicant under 37 CFR 1.43; or the name and address of the assignee, person to whom the inventor is under an obligation to
assign the invention, or person who otherwise shows sufficient proprietary interest in the matter who is the applicant under 37
CFR 1.46. If the applicant is an applicant under 37 CFR 1.46 (assignee, person to whom the inventor is obligated to assign, or
person who otherwise shows sufficient proprietary interest) together with one or more joint inventors, then the joint inventor
or inventors who are also the applicant should be identified in this section.

Assignee [ Legal Representative under 35 U.S.C. 117 [ Joint Inventor

[J Person to whom the inventor is obligated to assign | [J Person who shows sufficient proprietary interest

If applicant is the legal representative, indicate the authority to file the patent application, the inventor is:

[0 Deceased [ Legally incapacitated

Name of the Deceased or Legally Incapacitated Inventor :

If the Applicant is an Organization check here: X

Organization Name: Midwest Energy Emissions Corp

Prefix Given Name Middle Name Family Name Suffix

Mailing Address Information:

Address 1 670 D Enterprise Dr

Address 2

City Lewis Center State/Province OH
Country United States of America Postal Code 43035

Phone Number

Email Address

Exhibit 2044
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Medified PTO/AIAM4 (12-13)
Approved for use through 04/30/2017. OMB 0851-0032
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1985, no persons are required to respond 1o a collection of information unless il contains a valid OMB control number.
o Attorney Docket Number 4820.001US9
Application Data Sheet 37 CFR 1.76
Application Number Unknown
Title of Invention SORBENTS FOR THE OXIDATION AND REMOVAL OF MERCURY

The application data sheet is part of the provisional or nonprovisional application for which itis being submitted. The following form contains the
bibliographic dataarranged in a format specified by the United States Patent and Trademark Office as outlined in 37 CFR 1.76.

This document may be completed electronically and submitted to the Office in electronic format using the Electronic Filing System (EFS)or the
document may be printed and included in a paper filed application.

Assignee Information including Non-Applicant Assignee Information:

Providing assignment information in this section does not substitute for compliance with any requirement of part 3 of Title 37
of CFR to have an assignment recorded by the Office.

Complete this section if assignee information, including non-applicant assignee information, is desired to be included on the
patent application publication. An assignee-applicant identified in the "Applicant Information"” section will appear on the
patent application publication as an applicant. For an assignee-applicant, complete this section only if identification as an
assignee is also desired on the patent application publication.

If the Assignee or Non-Applicant Assignee is an Organization check here, []

Prefix Given Name Middle Name Family Name Suffix

Mailing Address Information For Assignee including Non-Applicant Assignee:

Address 1

Address 2

City State/Province
Country Postal Code
Phone Number Fax Number

Email Address

Signature:

NOTE: This Application Data Sheet must be signed in accordance with 37 CFR 1.33(b). However, if this Application Data Sheet is
submitted with the INITIAL filing of the application and either box A or B is not checked in subsection 2 of the “Authorization or
Opt-Out of Authorization to Permit Access” section, then this form must also be signed in accordance with 37 CFR 1.14(c).

This Application Data Sheet must be signed by a patent practitioner if one or more of the applicants is a juristic entity (e.g.,
corporation or association). If the applicant is two or more joint inventors, this form must be signed by a patent practitioner, all joint
inventors who are the applicant, or one or more joint inventor-applicants who have been given power of attorney (e.g., see USPTO
Form PTO/AIA/81) on behalf of all joint inventor-applicants.

See 37 CFR 1.4(d) for the manner of making signatures and certifications.

SiEnatiie Date (YYYY-
g /Ryan J. Connell/ MM-DD) 5/8/18
First Name Ryan Last Name | Connell Riegistration 74,611
Number

This collection of information is required by 37 CFR 1.76. The information is required to obtain or retain a benefit by the public which is
to file (and by the USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.14. This collectionis
estimated to take 23 minutes to complete, including gathering, preparing, and submitting the completed application data sheet form
to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you require to complete this
form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and
Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR COMPLETED
FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-14 .
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SORBENTS FOR THE OXIDATION ARND REMOVAL OF MERCURY

CROSS-REFERENCE TO RELATED APPLICATIONS

This application is a continuation of U.S. Patent Application Serial No.
15/951,970, filed April 12, 2018, which is a continuation of U.S. Patent Application
Serial No. 14/318,270, filed June 27, 2014, which is a continuation of U.S. Patent
Application Serial No. 13/966,768, filed August 14, 2013, issued as U.S. Patent No.
8,821,819, which is a continuation of U.S. Patent Application Serial No.
13/427,665, filed March 22, 2012, issued as U.S. Patent No. 8,512,655, which is a
continuation of U.S. Patent Application Serial No. 12/419,219, filed April 06, 2009,
issued as U.S. Patent No. 8,168,147, which is a continuation of U.S. Patent
Application Serial No. 12/201,595, filed August 29, 2008, which is a division of
U.S. Patent Application Serial No. 11/209,163, filed August 22, 2005, issued as
U.S. Patent No. 7,435,286, which application claims the benefit under 35 U.S.C. §
119 (e) of U.S. Provisional Patent Application No. 60/605,640 filed Aug. 30, 2004,

the disclosure of which is hereby incorporated by reference in its entirety.

STATEMENT REGARDING FEDERALLY SPONSGRED
RESEARCH OR DEVELOPMENT

This invention was made with Untied States Government support under
Grant Numbers R 827649-01 and CR 83092901 awarded by the United States
Environmental Protection Agency and under Contract Number DE-FL26-
98FT40320 awarded by the Uinited States Department of Energy. The United States

{(overnment has certain rights in this invention,

BACKGROUND OF THE INVENTION
i. Technical Field of the Invention
The present invention relates to methods and materials for the removal of
pollutants from flue gas or product gas from a gasification system. In particular,
mercury 15 removed from gas sireams generated during the burming or gasification

of fossil fuels by highly reactive regenerable sorbents,
1
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2. Background of the Invention

The combustion and gasification of fossii fisel such as coal generates Hue gas
that comans mercury and other trace elements that originate from the fuel. The
release of the mercury {and cther pollutants) to the environment must be controlled
by use of sorbents, scrubbers, flters, precipitators, and other removal technologies.
Mercury is initiaily present in the elemental form during combustion and
gasification Tn downstream process sections, such 43 o the ducts and stack of &
combustion system, some of the elemental mercury is oxidized. The amount that is
oxidized depends on the amount of acid gases present in the fue gas and other
factors. Amounts of mercury vary with the fuel, but concentrations of mercury in
the stream of flue gas from coal combustion are typically less than § parts per
biliion {ppb}. Large coal combustion facilities such as electric utilities may emit a
pound of mercury, or more, per day. Mercury removal applications include, without
fnutation, Bue gas from coal (or other fossil fuel) combusiion, waste mmcineration,
product gas from gasification, as well as off gases from mineral processing, metal
refining, retorting, cement manufacturing, chioralkali plants, dental facilities, and
crematories.
Mercury Sorbent Technologies

Several types of mercury control methods for flue gas have been
investigated, including injection of fine sorbent particles inio a flue gas duct and
passing the flue gas through a sorbent bed . Fine-particle injection sorbents include

ctivated carbon, metal oxide sorbent, sodium sulfide particles, and basic silicate or

oxide sorbents. When particle injection is eroploved, the mercury captured on the
sorbent panticies is removed from the gas stream in a bag house or electrostatic
precipitator {ESP) and coliected along with ash particulate. The sulfide and basic
silicate and oxide particles are effective only for the oxidized mercury, and the
metal oxide sorbents exhibit slower capture Kinetics than the carbon particies.
Additionally, injection of fine carbon particles into the flue gas stream has been only
partially successfil in removing mercury, especially elemental mercury, where
effective removal of only about 60% is attained for some applications with a FF

{fabric filter) to collect carbon and ash. Even lower removal rates have been

Exhibit 2044
Page 12



10

15

20

25

30

observed when using an ESP to collect the carbon because the contact time of the
carbon with the gas is very short.

A major problem with existing carbon injection systems is that the sorbent ia
inttially unreactive, and only after extended exposure to the flue gas does the
sorbent become effectively seasoned and provide increased reactivity with the
mercury in the gas. Consequently, these sorbents must be used in large amounts, at
high sothent-to-mercury ratios, to effectively capture the mercury These sorbents
tend to be relatively expensive and cannot be easily separated from the ash for
regeneration and reuse. The coliection of carbon in the ash also creates solid waste
disposal problems, and the spent sorbent may contaminate the coliscted ash,
preventing its use in various applications,

Accordingly, there remains a need for more economical and effective
mercury remaoval technology. This invention provides for cost-effective removal of
polfutants including mercury, using sorbent enhancement additives and/or highly
reactive sorbents, with contact times of seconds {or less), and that may be

regenerated and reused.

SUMMARY OF THE INVENTION

it is thus an object of the present invention to overcome the deficiencies of
the pricr art and thereby to provide new and economics! methods for the removal of
mercury from the gases produced in the utilization of fosgil fuels,

A haipgen/halide promoted activated carbon sorbent is described that is
highiy effective for the removal of mercury from fiue gas sireams. The sorbent
comprises @ new halide-modified carbon form containing a reactive compound
produced by the reaction of bromine {or halide or other halogen) with the carbon.
{ptional secondary components and alkali may be added to further increase
reactivity and mercury capacity. Mercury removal efficiencies obtained exceed or
maich conventional methods with added benefits such as reduced costs. Optionaliy,
the sorbent can be regenerated and reused. Sorbent treatment and/or preparation

methods are also described. New methods for in-fhight preparation, introduction,

Exhibit 2044
Page 13



10

15

20

25

30

and control of the active sorbent into the mercury contaminated gas siream are
described.

In some emboduments, a promoted carbon sorbent 18 provided comprising a
base activaied carbon that has reacted with a promaoter selected from the group
cousisting of halides, halogens, and combinations thereof, such that the reaction
product is effective for the removal of mercury from a gas stream.

In an embodiment, a promoted carbon sorbent is provided wherein the base
activated carbon is selected from the group consisting of powdered activated earbon,
granular sctivated carbon, carbon black, carbon fiber, gerogel carbon, pyrolysis
char, activated carbon with an average particle size greater than that of flyash
produced such that it is physically separable therefrom, and combinations thereof,
and the promoter is seiected from the group consisting of molecular halogens,
Group V (CAS nomenciature is used throughout) halides, Group VI halides,
hydrohalides, and combinatons thereot, In an ermnbodirent, the base activaied
carbon may have an mass mean particle diameter such that it can be substantially
separated by physical means from entrained ash in the gas stream from which
mercury 8 o be removed. n an embodument, the base activated carbon may have 2
mass mean pariicle digmeter greater than about 40 micrometers.

fn another embodiment, the sorbent comprises from about 1 to about 30
grams promoter per 100 grams of base activaied carbon. Another embodiment
further comprises an optional secondary component comprising 4 halogen or 2
hivdrohalide such that the reactivity and mercury capacity of the sorbent are
enhanced

in another embodiment, the concentration of the optional secondary
component on the finished sorbent is within the range of from about 1 to about 15
wt-%6 of the concentration of the promoter on the finished sorbent

In another emboedinment, an optional alkall component may preferably be
added Lo provide a synergistic effect through combination of this alkali with the
primary sorbent.

In another erobodiment, the optional secondary component s selected from

the group consisting of Group V halides, Group Vi halides, HI, HBr, HC|, and
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combinations thereof. In another embodiment, the promoter is substantially in vapor
form when combined with the base activated carbon. In ancther embodiment, the
promuoter 1s combined with an organic solvent prior {o reaction with the base
ctivated carbon. In another erobodiment, the promoter and optional secondary

component are combined with the base activated carbon substantially
simultapeousty. Ancther embodiment further comprises adding a mercury-
stabilizing reagent selecied from the group consisting of S, Se, HpS, SC). HuSe,
Se0;, ©8;, 285, and combinations thereof. Another embodiment further comprises
adding an optional alkali component.

in an embodinment, 2 method is provided comprising providing a granular
activated carbon; reacting the activated carbon with a promoter seiected from the
group constating of halogens, halides, and combinations thereof, such that the
reaction product comprises a promoted carbon sorbent effective for removal of
mercury from a gas strean. Ina further embodiment, the reaction product comprises
from about | to about 30 grams promoter per 100 grams activated carbon. In
another embodiment the reaction product has an average particle size distribution
greater than the average size of entrained ash particles in the gas stream from which
mercury 18 to be removed, such that the reaction product can be substantially
removed from the entrained ash particles by physical means. In anocther embodiment
the reaction product has a mass mean particie diameter greater than gbout 40
nucrometers,

in another embodiment, the promoter is selected from the group consisting
of molecuiar halogens, hydrohaiides, Group V halides, Group VI hahides, and
combinations thereof. In another embodiment the promoter is in the gas phase when
contacting the activated carbon. In another embodiment, the promoter is in an
organic solvent when coniacting the activated carbon

In another emboediment, the promoter is selected from the group consisting
of Bry, a Group V bromide, a Group Vi bromide, and combinations thereof

in another embaodiment, the method further comprises reacting the granular
activated carbon with an optiona! secondary component comprising a halogen or a

hydrohalide such that the reactivity and mercury capacity of the sorbent are
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enhanced. in another embodiment, the promoter and optional secondary component
are contacted simuliancously with the activated carbon. In another embodiment the
method further comprises adding a mercury-siabilizing reagent selected from the
group consisting of 8, Se, HzS, 80,, Ha8e, Se(,, T8;, P25, and combinations
thereof In an embodiment, a method 1s provided for control of mercury in 4 fue gas
with substantially lower sorbent requirements. Through enhanced sorbent reactivity,
mercury removal per gram of sorbent is increase, thereby decreasing the capital and
operating costs by decreasing sorbent requirements.

In an embodiment, g method is provided for reducing mercury in Hue gas
comprising providiog a sorbent, injecting the sorbent into 3 mercury-containing flue
gas stream, collecting greater than 70 wt-% of the mercury in the flue gas on the
sorbent o produce a cleaned flue gas, and substantially recovering the sorbent from
the cleanad flue gas. In embodiments where less than 70 wi-% mercury removal is
desired, the required removal may preferably be attained using Jess than half as
nuich carbon as would be required with standard (non-enhanced) carbon. In a
further embodiment, the method further comprises monitoring the mercury content
of the clean flue gas, regenerating the recovered sorbent, and using the monitored
mercury content of the cleaned tlue gas to control the rate of injection of the
sorbent. In another embodiment the injected sorbent i3 prepared 1o-tlight by reacting
an activated carbon and a promoter within a preumatic transport line from which
the reaction product is injected fo the mercury-containing Hue gas stream.

in another embodiment, the promoter is selected from the group consisting
of molecuiar halogens, halides, and combinations thereof. In another ernbodiment,
the promoter 1s reacted in the gas phase or as & vapor. In another embodiment, the
promoter is added at from about | to about 30 grams per 100 grams of activated
carbon.

In another embediment, the injected sorbent is prepared in-flight by reacting
an activated carbon, a promoter, and an optional secondary component to enhance
the reactivity and capacity of the sorbent within a pneumatic transport ling from

which the resction product s injected to the mercury-coniaining flue gas stream,
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in another embodiment, the optional secondary component is selected from
the group consisting of iodine, hydrohalides, Group V halides, Group VI halides,
and combinations thereof. In another embodiment, the optional secondary
component is added at from about 1 1o about 15 wit¥s of the promoter content. In
another emnbodiment, the method further comprises adding to the sorbent a mercury-
stabilizing reagent selectad from the group consisting of §, 8e, Ha8, 80, H:Se,
Se(ds, T8, P28s, and combinations thereof.

in an embodiment, the method further comprises co-injecting an optional
alkaline material, including without imitation alkaline and alkaline earth
components, to improve the efficiency of mercury capture by capturing oxidized
mercury and/or capturing gasecus components that might otherwise reduce sorbent
capacity. Inn another embodiment, the optional alkaline material may preferably
comprise calcium oxide, sodium carbonate, and the like, as are known in the art,

fo another embodiment, the method further coruprises using the monitored
mgrcury content of the cleaned flue gas to control the composition of the sorbent. In
another embodiment, the injecied sorbent is prepared wn-tlight by reacting an
activated carbon and a promoter within a pneumatic transport line from which the
reaction product 15 mnjected to the mercury-containing fHue gas stream, wherein the
promoter is selected from the group consisting of molecular halogens, halides, and
combinations thereof, wherein the promoter is reacted in the gas phase or 45 a vapor,
wherein the promoter is added at from about 1 to about 30 grams per 106 grams of

ctivated carbon, wherein the rate at which the promoter is added and the rate of
sorbent njection are detenimined by a digital computer based at least o part ou the
monitored mercury content of the cleaned flue gas.

In an embodiment, a method for reducing the mercury content of a mercury
and ash containing gas stream is provided wherein particuiate activated carbon
sorbent with a mass mean size greaster than 40 pm is injected into the gas streany,
mercury is removed from the gas by the sorbent particles, the sorbent particles are
separated from the ash particles on the basis of size, and the sorbent particles are re-
injected to the gas stream. In another embodiment, the mercury-coniaining sorbent

particles are regenerated 1o remove some or substantially all of the mercury. In
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another embodiment, an alkaline component is co-injected into the gas siream. In
another embodiment, the sorbent may further comprise a promoter. The promoter
may preferably compnase a halide, a halogen, or both

As will be described in more detail below, the present invention thus
provides several advantages over previously known technigues, including
significanily more effective and economical mercury sorbenis for effiuent gases,
advantageously applicable to treating gas streams from fired equipment and
casification systems.

The foregoing has outlined rather broadly the features and technical
advantages of the present tnvention in order that the detailed description of the
ivention that foliows may be better understood. Additional teatures and advantages
of the invention will be described bereinafter that form the subject of the claims of
the invention. ft should be appreciated by those skilled in the art that the conception
and specific embodiments disclosed may be readily utilized as a basis for modifying
or destgning other structures for carrying out the same purposes of the present
invention. It should aiso be realized by those skiiled 1o the ant that such equuvalent
construciions do not depart from the apirit and scope of the invention as set forth in

the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more detailed description of the preferred embodiments of the present
invention, reference will now be made o the accompanying drawings.

FIG. 1 schematically illustrates methods for preparation of promoted carbon
sorbents in accordance with the present tnvention.

FIG. 2 illustrates a proposed mechanistic mode! of the chemics! reactions
resuliing in the oxidation and capture of mercury,

FIG. 3 schematically Hlustrates preparation of promwted carbon sorbents and
processes for flue gas mercury reduction in flue gases and/or product gases from a
gasification system in accordance with the present invention, including in-flight

preparation of promoted carbon sorbent,
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FIG. 4 is a diagram illustrating breakthrough curves for § wi/wt %
brominated NORIT Darco FGD sorbent (37 mg+113 mg sand} in low-HCI {1 ppm)
synthetic flue gas.

FIG. 5 is a diagram ilusirating breakthrough curves for non-halogenated
NORIT Darco FGD sorbent (37 mgt 113 mg sand) in low-HCH (0 ppmy) synthetic
flue gas.

FIG. 618 a bar chart Hustrating pilot-scale mercury removal resulis,
inciuding large-size sorbent resulis,

FIG. 7 is a diagram illusirating the effects of sorbent size and injection rate
on mercury removal for ESPs and fabric flters,

FIG. 8 is a diagram illustrating the breakthrough curves for a brominated
NORIT Darco FGD sorbent with inert sand.

FiG. 915 a diagram illustrating the breakthrough curves for brominated
NORIT Darco FGD sorbent with a co-injected alkali material,

FIG. 1015 a plot of mercury removal vs. carbon injection rate with and
without co-imjection of alkali matenal,

FIG. 11 is a block diagram illustrating the use of the invention in a coal

fueled facility.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Herein will be described in detatl specific preferred embodiments of the
present invention, with the understanding that the present disclosure is to be
considered an exemplification of the principles of the tovention, and is not intended
to Hmit the invention to that ilustrated and described herein. The present invention
is susceptible to preferred embodiments of different forms or order and should not
be interpreted fo be Himited to the specifically expressed methods or compositions
contained herein. In particular, various preferred embodiments of the present
invention provide a number of different configurations and applications of the
inventive method, compositions, and their uses.

The present invention provides a cost-effective way to capture poliniants by

utilizing exceptionally reactive halogen/halide promoted carbon sorbants using a
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bromide {or other halogen/halide) treatment of the carbon, that capture mercury via
mercury-sorbent surface reactions, at very short contact fimes of seconds or less.
The sorbent does not require in situ activation (no induction pericd} in the gas
stream to achieve high reactivity, as do conventional activated carbon sorbents. The
reactivity of the sorbent toward the poliutanis 15 greatly ephanced and the sorption
capacity can be regenerated, the promoted sorbent may be regenerated. recyeied
and/or reused.

The treated carbons, ireatment techniques, and optional additives discussed
herein have apphicability to mercury control from the product or effiuent gas or
gases from gasification systems, synaas generators, and other mercury-containing
gas streams, in addition to the tlue ¢as from combustion systems. Thus, it should be
understond that the terms combustion system and flue gas as used throughout this
description may apply equally to gasification systems and syngas or fuel gas, as will
be understood by those skilled in the art.

Referring now to FIG. || there is shown a block flow diagram iilustrating
some preferred emboduments of the process of the present invention to prepare
promoted sorbents useful for mercury capture from fhie gas and/or product gas form
a gasification system streams. In a preferred embodiment illustrated by path 10-20,
biock 14 illustrates providing a base activated carbon, and adding 2 halogen or
halide promoter that reacts with the carbon, illustrated at block 20, to produce g
product promoted carbon sorbent. Tn embodiments where the balogen or balide s
added, for exampig, as a vapor, no further steps may be necessary. In embodiments
where the halogen or halide 18 added 1, for example, 4 solvent, i may be desirable
to employ solvent removal as illustrated by block Z0A.

Referring still to FIG. 1, another preferred embodiment of the process of the
present invention s illustrated by path 10-20-30, comprising providing a base

ctivated carbon as shown by block 10, adding a halogen or halide promoter that
reacts with the carbon, iHustrated at block 20, and adding a secondary component
Hlustrated at block 390 that reacts with the result of biock 20 to produce a product
promoted carbon sorbent. In embodiments where both the balogen or halide

promoter and the secondary component are added, for example, as a vapor, no

10
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further steps may be necessary. in embodiments where the halogen or halide
promoter and/or secondary component are added in, for example, a solvent, it may
be desirabie to employ solvent removal as ilustrated by bloek 30A.

Referring still to FIG. 1, another preferred embodiment of the process of the
present invention 18 lustrated by path 10-40, comprnising providing a base activated
carbon as itlustrated at biock 10, and adding a halogen or halide promoter and a
secondary component to the activated carbon together, with which they react as
tiustrated by block 40, producing a product promoted carbon sorbent. As above, in
embodiments where vapor additions are made 1o the activaied carbon no further
steps may be desired. In embodiments where one or more components are added in
solvent, a soivent removal step may be provided as iliustrated by block 40A.

Referring still to FU3. 1, also illustrated are preferred embodiments in which,
as iHustrated by block 50, a flue gas stream is treated with product promoted carbon
sorbent prepared as described above.

in spmie preferred embodiments the activated carbon provided may
preferably be any of several types, as understood by those skilled o the art. For
example, the activated carbon may tnclude powdered activated carbon, granular
activated carbon, carbon black, carbon fiber, carbon honeycomb or plate structure,
aerogel carbon film, pyrolysis char, regenerated activated carbon from product
promotei carbon sorbent, or other types as known in the art.

In some preterred embodiments the activated carbon provided may
preferably be any of several types, as undersiood by those skiiled in the art. For
example, the activated carbon may include powdered activated carbon, granular
activated carbon, carbon black, carbon fiber, carbon honeycomb or plate structure,
aerogel carbon film. pyrolysis char, an getivated carbon or regenerated activaied
carbon with a mass mean particle size greater than fly ash in 2 flue gas stream to be
treated.

in some preferred embodiments the activated carbion provided may
preferably be any of several types, as understood by those skilled in the art. For
example, the activated carbon may include powdered activated carbon, granular

activated carbon, carbon black, carbon fiber, carbon honeycomb or plate structure,
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aerogel carbon film, pyrolysis char, an activated carbon or regenerated activated
carbon with a mass mean particle digmeter preferably greater than 40 micrometers,
more preferably greater than 60 micrometers, or a particle size distribution greater
than that of the fly ash or entrained ash in a Hlue gas stream to be freated, such that
the activated carbon and ash cau be separated by physical means,

in some preferred embodiments, the halogen or halide promoter that is added
w0, and reacts with, the base activated carbon may preferably comprise, by way of
Hiustration and not limitation, a molecular halogen in vapor or gaseous form, a
molecular halogen in an organic soivent, a Group V or Group VI halide, such as
PBraor 8Cly, respectively, in vapor, liquid, or solution form (though not i an
agueous solvent).

Embodiments are also provided in which the organic solvent may preferabiy
comprise a chiorinated hydrocarbon, such as dichloromethane, a hydrocarbon
solvent, including for example, petroleurs ether, Hgroin, peotane, hexane, toluene,
and benzene, carbon disuifide, 2 waste solvent, an ether, a recyciad salvent, a
supercritical solvent, such as supercritical Ty, water (though not in the case of a
Oroup Voor Group VI halide), and others as wili be apparent to those of skili in the
art.

Referring now to FHG. 2, there is illustrated a theory developed from
scientific evidence to explain the nature of the promoting compounds. For example,
as iHustrated in FIG. 2, hydrogen bromide reacts with the unsaturated structure of
the activaied carbon. This may be, by way of iltustration only, & carbene species on
the edge of the graphene sheet struciures of the carbon. Molecular bromine or a
bromine compound reacts to form a similar structure, with a positive carbon that is
active for oxidizing the mercury with subsequent capture by the sorbent.

It has now been found that the formation of the new bromide compound with
carbon increases their reactivity toward mercury and other pollutants. Additionally,
the resuiting bromide compound 15 uniquely suited o facilitate oxidation of the
mercury. The effectiveness of the oxidation apparently resulis from the promaotion
effect of the hahide, exerted on the developing positive charge on the mercury during

the oxidation, known in the chemical art as a specific catalyiic effect. Thus, as the
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mercury electrons are drawn toward the positive carbon, the halide anion electrons
are pushing in from the other side, stabilizing the positive charge developing on the
mercury and lowering the energy requirement for the oxidation process. Bromide is
especially reactive, owing to the highly polarizable electrons in the outer 4p orbitais
of the ton. Thus, adding HBr or Bia to the carbon forms a similar carbon bromide, in
which the positive carbon oxidizes the mercury with the assistance of the bromide
ion

Referring now to FIG. 3, a schematic flow diagram is provided of mercury
control system 100 comprising preparation of promoted carbon sorbents, and flue
gas mereury reduction, in accordance with preferred embodiments of the present
mvention. There is provided base activated carbon reservoir 110, an optional
halogen/halide promoter reservoir 120, an optional secondary component reservolr
130, and an optional akali component reservoir 180, each of which with
corresponding Sow control device(s) 201, 202, 203, and 208/209, tespectively. In
conjunction with the optional alkali component reservoir 188, optional fiow controf
devices 208 and 209 can be used independently, together, or not at all,

Reservoirs 110, 120, 130, and 180 connect through their respeciive flow
control devices and via associated piping, 1o fransport line 115, Optional alkali
component reservolr 180 may also connect, through respective Sow conirol devices
and via associated piping, to transport line 118, A source of air, nitrogen, or other
ansport gastes) is provided by gas source 170 fo transport line 115 for the purpose
of entraining materials discharged from reservoirs 110, 120, 130, and 180 and
jeching such materials, via injection point 116, ioto contaminated Hue gas stream
15. A spurce of air, nitrogen, or other transport gas{es) may be provided by gas
source 171 1o transport Hne 118 for the purpose of entraining materisls discharged
from reservoirs 180 and injecting such materials, via injection point 119, into flue
gas stream 15, Gas sources 170 and 171 miav be the same or different, as desired.
Alternatively, tranaport gas{es} may be provided to both transport lines 115 and 118
by gas source 170 {connection from source 170 to line 118 not shown). Although

gas sources 170 and 171 are shown in FIG 3 as compressors or blowers, any source
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of transport energy known i the art may be acceptabie, as will be appreciated by
those of skill in the art.

For clarity, single injection points 116 or 119 are shown in FIG 3, although
one skilied in the art will understand that multiple Igection points are within the
seope of the present invention. Optical density measuring device(s) 204 is connected
to transport line 115 and/or 118 to provide signals representative of the optical
density inside ransport line 115 and/or 113 as a function of time.

Downstream from injection point 116 and 119 is provided particulate
separator 140, By wav of illustration and not himitation, particulate separator 140
may comprise one of more fabric filters, one or more electrostatic precipitators
(hereinafter “ESP”), or other particulate removal devices as are known in the art |
should be further noted that more than one particulate separator 140 may exist,
sequentiaily or in parailel, and that injection point 116 and 119 may be at a location
upsirearn and/or downstream of 140 when parailel, sequential, or combinations
thereof exist. Particulate separator 140 produces at lzast a predominantly gasecus
{“ciean”} stream 142, and a stream 141 comprising separated soitd materials. A
sorbent/ash separator 150 separates stream 141 into 2 largely ash stream 152, and a
largely sorbent stream 151, Stream 151 may then preferably be passed to an optional
sorbent regenerator 160, which vields a regenerated sorbent stream 161 and a wasie
stream 162.

An optional Continuous Emission Monitor (hersinafier “CEM™) 205 for
mercury 15 provided in exhaust gas stream 35, to provide electrical signals
representative of the mercury concentration in exhaust siveam 35 as 8 function of
time. The optional mercury CEM 205 and flow controllers 201, 202, 203, 208, and
20% are electrically connected via optional lines 207 (or wirelessly) to an optional
digital computer {or controller) 200, which receives and processes signals and
preferably controls the preparation and injection of promated carbon sorbent into
contaminated flue gas stream 15,

in operation, promoted carbon sorbent and/or an optional alkali component
is injected into contaminated flue gas sirearn 13, Afier contacting the injected

material with the contaminated flue gas stream 15, the injected material reduces the
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mercury concentration, transforming contaminated flue gas into reduced mercury
flue gas, 25 The injected material s removed from the flue gas 25, by separator
144, disposed of or further separated by optional separator 150, and disposed of or
regenerated by an optional regenerator 160, respectively. The reduced mercury
“clean” flue gas stremm 142 is then monttored for mercury content by an optional
CEM 2035, which provides corresponding signals (o an optional computer/controiler
206, Logic and optumization signals from 206 then adjust flow controllers 201, 202,
203, 208, 209 to maintain the mercury concentration in exhaust stream 35 within
desired limits, according to control algorithms well known in the art. Flow
controllers 201, 202, 203, 208, 209 can also be adjusted manually or be some other
automated means o maintain the mercury concentration in exhaust stream 35 within
desired ltmits, according to control algorithms well known in the art.

Referring still to FIG. 3, there are illusirated several preferred embodiments
for preparagon and injection of promoted carbon sorbents aud/or alkall components
in accordance with the present invention. Stream 111 provides for introduction of
base activated carbon from reservoir 110, as metered by flow controller 201
manuaily or under the direction of compuier 206. The halogen/halide may be
combined and react with the base activated carbon according to any of several
provided methods. The halogen/balide may preferably be combined via line 12]
directly into transport line 115, within which it contacis and reacts with the base
activated carbon prior to injection point 116, This option is ove form of what s
referred to herein as “in-flight” preparation of a prometed carbon sorbent in
accordance with the invention. Further, the halogen/balide may be combined via
He 1215 with base activated carbon prior to entering transport line 115, Suli
further, the halogenhalide may be contacted and react with the base setivated
carbon by introduction via line 121¢ into reservoir 110, This option is preferabiy
employed when, for example, reservoir 110 comprises an ebullated or fluidized bed
of base activated carbon, through which halogen/halide flows in gaseous form or as
a vapor. Of course, the halogen/halide may also preferably be contacted with the

base activated carbon in hiquid form or in a solvent, as discussed previously, and
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solvent removal {not shown in FIG. 33 may then be provided if necessary as
mentioned with respect to embodiments discussed with reference to FIG 1

Sumilarly, the optional secondary component may be contacted and react
directly in transport line 115 via line 131, or optionally as described sbove with
respect to the balogen/halide, via lines 1318 and 131e

Simiiarly, the optional aikali component from 180 may either be added in
transport line 115 directly, or may be injected separately by transport line 118,
combining downstream in flue gas 15 for synergistic effects with base activated
carbon, promoted carbon, or optional secondary components. Being able to vary
onsite the amount of the optional alkali component relative 1o base activated carbon,
promoted carbon, or optional secondary components is g key feature fo overcome
and optimize for site-specific operating and flue gas conditions.

in some preferred embodiments wherein contacting between components
and reaction 15 performed in a hiquid or solvent phase, stirring of such liguid and/or
sturry mixtures may be provided. In other embodiments, the halogen/halids
promoter and optional secondary componeni{(s) may preferably be sprayed in
sofution form inte or on the base activated carbon. In some such embodiments,
drving, filtering, centrifugation, settling, decantation, or other solvent removal
methods as are kunown in the art may then be provided.

In emboediments wherein the halogen/halide promoter 1s in gaseous or vapor
form, 1t may be duuted in atr, nitrogen, or other gas as appropriate. The
halide/halogen gas, for example, gaseous HBr or Brz, may be passed through an
shullated or flurdized bed of granular or fibrous activated carbon, with the promoted
carbon sorbent so produced removed from the top of the bed via gas entrainment for
injection.

In some embodunents, the secondary component{s} may preferably comprise
iodine or other halogens, hydrohalides, including without inutation HL HBr, HCL 2
Group V or Group VI element with a molecular halogen, such as 8Cl and others. In
some preferred embodiments, the promoted carbon sorbent may comprise from
about 1 10 about 30 g halogen/halide per 100 g base activated carbon. In some

preferred embodiments, the promoted carbon sorbent may comprise an secondary
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component in concentration of from about | to about 15 wi-% of the concentration
of the halogen/halide component.

In still other embodiments, the product promoted carbon sorbent may be
applied to & substrate. In other embodiments, such prepared substrate(s) may be
caused (o contact 3 contaminated flue gas or gasification system product gas stream
for mercury reduction purposes. Such substrates may be monolithic, rotating, or
exposed o the gas siream in any number of ways known to those skilled 1o the art.

in some embodiments, a method is provided whereby a mercury stabilizing
reagent is added to a promoted carbon sorbent to produce a bifunctional sorbent.
Such stabilizing reagent(s) may be sequentiaily added, either before or after the
addition and reaction of the halogen/haiide. In some preferred embodiments, the
halogen/halide preferably comprises Bror HBr, and the mercury-siabilizing reagent
may comprise 8, Se, FhS, 8O, HzSe, 8e0n, T8y, P28s, and combinations thereof.
Halogens 1o Mercury Capture

Methodologies for using halogens for the treatment of flue gas have been
problematic, owing (o their reactivity with other gases and wetals, resulting in
corrosion and health issues. A “halogen” is defined as a member of the very active
elements comprising Group VHA (CAS nomenclature 1s used throughout, Group
VIA {CAS) corresponds to Group VB (IUPAQ)) of the periodic table. In the
molecular elemental form of the halogens, including Fz, Clp, B, and D, the reaction
with 4 hot flue gas components leave little to react with elemental mercury. The
atomic elemental halogen form, which includes the fluorine, chlorine, bromine, and
iodine atoms, is about a million tmes more reactive to mercury but the
conceniration of the atomic forms is typically extremely fow. In a large portion of
electric unility coal combustion tacilities, the concentrations are generally not
sufficient 10 oxidize a significant amount of mercury,

The term “halide” g5 used herein is defined as a compound formed from the
reaction of a halogen with ancther element or radical. In general, halide compounds
are much less reactive than the molecular halogens, having a low chemical potential.

Halides are considered reduced forms that do not, alone, oxidize other compounds,
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In the conventional view therefore. a halide-salt-treated activated carbon will not
effectively oxidize elemental mercury and capture elemental mercury.
Halogen Promuoted Sorbent Characteristics

The sorbent described here has a very high initial reactivity for oxidizing
mercury and therefore can be used in very small amounts to achieve very high
capiure efficiencies, thus lowering operation costs and lessening waste disposal
problems, In addition, further disposal reductions are obtainabie by regenerating and
reusing the sorbents produced using the inventive technology. The time interval
required for the mercury and the promoted carbon sorbenis of the present invention
to successfully interact in a flue gas duct, with the subsequent collection of the
mercury on the sorbent and ash is very short—Iless than seconds. Clearly, such
coliection times require the sorbent to have both high capacity and high reactivity
toward mercury. The promoted carbon sorbent can be utilized in a very tinely
powdered form to minimize mass ranster hmitations. However, again, the reactivity
should be very high to capture ail of the mercury encountered by the fine particles.
Additionally, use of these enhancement technologies allows capture to be effective
for larger sorbent particies which also aliows separation of the sorbent from the ash
to ensble subsequent regeneration as well as ash utilization. One feature of this
invention is the process o prepare a sorbent confatning a halide compound formed
on the carbon structure that provides a sorbent that s highiy active on initigl contact
with the mercury contaminated gas stream, which aliows for very etfective capture
of the mercury.

it appears that the inventive sorbents chemically corbive molecuiar
bromine, for example, from solution, with activated carbon {edge sites). X-ray
photoelectron spectroscopy has established that the addition of bromine, chiorine,
HBr, or HUI formed a chemical compound in the carbon structure. Thas, the sarbent
produced from halogen and activated carbon does not represent a mlecular halogen
form, but rather a new chemically meodified carbon {or halocarbon) structure. This
phenomenon may not occur with the less reactive icdine, where an I molecular
complex can exist on the carbon basal plane v the case of bromine, modified

caticnic carbon has a high chemical potential for oxidation of mercury. Thus, an
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entirely new model is presented for the reactivity of the bromine-treated carbon with
mercury. The reactive carbon form can preferably be generated by the addition of
bramine, hydrogen bromide, or combinations of bromine and other elements, as
described herein. Halogen treatment resulted in higher-activity carbons because the
halide anions {especiaily bromide and iodide} were effective in promoting the
oxidation by stabilizing the developing positive charge on the mercury in the
transition state for oxidation. Based on this model, several innovative, tnexpensive,
activity-enhancing features have been developed.

Optional Second Component

it has been demonstrated that addition of an optional second component, in
addition to the bromine, results in improved reactivity and capacity for the sorbent,
typically exceeding that of both the unireated carbon and the brominated carbon
The second compound comprises either a second halogen or a compound derived
from a second halogen. such as HL Thas, 1o addifion 1o haviog a reactive carbon
form present, the second component generates a Lewis base with greater ability to
stabilize the developing positive charge on the wercury, Thus, the second
component is an element with more polarized electrons (4p and Sp).

Optional Alkali Component

it has been demonstrated that addition of an opticoal alkali component with
a base or promoted activated carbon results in improved mercury capture, typically
exceeding that of both the untreated carbon and the promoted carbon Test data
indicate that flue gas contaminants, flue gas constituents (80, NO,, HCI, etc),
operating temperature, mercury form, and mercury concentration may impact the
effectiveness of the alkali addition. This suggests the need 1o be able to adjust and
tatlor the alkali-to-activated-carbon ratio onsite in order 16 overcome and optimize
for a given set of site condidions,

The synergy that can be gained when co-injecting the two matenais can be
explained as foliows. Firat, testing shows that binding sites on activated carbon
(hereinafter “AC”} can be consumed by chlorine specigs, sulfur spacies (ie.
sulfates), and other flue gas contaninants {arsenates, selenaies, eic). The addition of

optional alkali material will interact and react with these species/contaminants thus
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minimizing their consumption of AC mercury binding sites. S8econd. testing also
shows that standard AC will continue to oxidize mercury, even though the binding
sites are fully consumed. This oxidized mercury can then react with alkall material
and subseguently be captured by particulate control devices. Consequently, the
addition of the optional alkall component acts to protect mercury binding sites and
capiure oxidized mercury, thereby resulting in improved mercury reduction at lower
cost. Alkali is generally much lower in cost (~an order of magnitude lessy than
activated carbon, thus more of it can be used siill resulting in overall lower costs.
“In-Flight” Sorbent Preparation
Furthermore, we have demonstrated that the halogen promoted carbon
sorbent can be readily produced "in-flight”. This is accomplished by, for example,
contacting the vapors of any combination of halogens and optionaily a second
component, in-flight, with very fine carbon particles. The particles may be dispersed
in a stream of transport air (or other gas), which aiso conveys the halogen/halide
promoted carbon sorbent particles 1o the tlue gas duct, or other contaninated gas
stream, from which mercury is to then be removed. Thers is no particuiar
temperature requirement for this contact This techuoiogy is obviously very simple
to implement, and results in 4 great cost savings to facilities using this technology
for mercury capture.
Advantages of Ou-Site Preparation
In-flight preparation of the halogen/halide promoted carbon sorbent on

tocation produces certain advantages. For example, the treatment system can be
combined with the carbon injection system at the end-use site. With this techaigue,
the balogen/haitde 1s infroduced to the carbon-air (or other gas) wibxture in a
transport line {or other part of the sorbent storage and injection system}. This
provides the following benetits over current conventional concepts for treating
sorbents off-site:

Capital equipment costs at g treatment taciiity are eliminated.

{osis to operate the reatment faciitly are eliminated.

There are no costs for transporting carbon and additive to a treatment

faciity.
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The inventive process uses existing hardware and operation procedures.
The inventive technology ensures that the sorbent is always fresh, and
thus, more reactive.

No new handling concerns are introduced.

There are no costs for resuoving carbon from treatroent system

The inventive process allows rapid on-site tatioring of additive-sorbenm
ratios o order to match the requirements of flue gas changes, such a3
may be needed when changing fuels or reducing ioads, thus further
aptimizing the economics.

The inventive technology reduces the amount of spent sorbeunts that are
disposed.

With the foregoing and other features in view, there is provided, in
accordance with the present invention, embodiments including a process for
preparing and regeverating halogen/halide promoted carbon sorbents, whose activity
for mercury capture is enhanced by the addition of halogen {e.g. bromine} to the
carbon structure,

Sorbent Injection Location

Some of the preferred embodiments contemplate the use of a halogen
promoted sorbent in a powdered form that has been injected inio a flue gas stream
before or after ash particuiates have been removed. Other embodiments of the
inventive composition of the halogen promaoted carbon sortbent comprise a
powdered modified activated carbon prepared by adding B or HBr plus a second
optioual component. Other embodiments allow the addition of the optional alkali
component in conjunction with a base activated carbon and/or with the use of a
halogen based sorbent and any other combinations of the sorbent technologies
provided in this patent. Alternatively, embodiments 1nclode methods wherein the
sorbent is on @ moving contactor consisting of particles or fibers containing one or
more of the compositions listed above.

Sorbent Regeneration
Any of the gbove embodimenis of the halogen/balide promoted carbon

sorbent can be easily regenerated; the peisoning contaminants from the flue gas are
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preferably removed and an inexpensive promoting agent added, 1o restore mercury
sorption activity, This process of promoting the activity of the carbon itself contrasts
with the earlier, more expensive, conventional methods of adding 2 reagent {such as
peroxide, gold, tniodide, ote ) to a sorbent. The halogen/halide promoted carbon
sorbent of the present invention, treated with bromine and/or optional components,
15 noncorresive. Detailed examples of sorbent regeneration techniques are described
in co-pending, cormmonty owned PCT patent application No. PCT/USO4/12828,
titled “PROCESS FOR REGENERATING A SPENT SORBENT”, which is hereby
incorporated by reference in its entirety.

Sorbent Injection Control Schemes

Another advantage of the present invention relates to the use of a feedback
system to more efficiently utilize certain aspects of the invention Where possible
and desirabie, the mercury control technology of the present invention may
preferably utilize continuous measurement of wercury emissions as feedback o
assist in conirol of the sorbent injection rate. Tighter conirol on the sorbent and
optional component{s) levels can be achieved 1o this way, which will ensure
mercury removal requitements are et with minimal material requirements, thus
minimizing the assocated costs. In an embodiment, the mercury emissions are
continuously measured downstream of the injeciion location, preferably in the
exhaust gas at the stack.

Promoted Carbon Sorbents

Reactions of haiogens and acidic species with the basic binding sites on the
activated carbon sorbent create sites for onidizing mercury. Other metal tons, such
as boron, tin, arsenic, gallium, 8b. Pb, Bi, Cd, Ag. Cu, Zn, or other contaminants,
will also react with the oxidation sites generated on the carbon.

According to cur model, adding the bromine from the bromine reagent ar a
proton from a bydrogen halide acid to @ basic carbene site on the carbon edge
structure forms a carbocation that accepts electrons from the neutral mercury atom
forming the oxidized mercury species that is bound to the sorbent surface. The
reactive site may aiso generate reactive bromine radicals or carbon radicals at the

active sites on the carbon. Thus, the activated carbon serves to stabilize the bromine,
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yet provides a highly reactive bromine-containing reagent that can oxidize the
mercury and promote its capture on the activated carbon. The sorbent that contains
bromine is expected to be more reactive than the corresponding sorbent containing

chlorine and much less expensive than the sorbent containing iodine.

EXAMPLES
To more clearly tusirate the present tnvention, several exampies are
presented below. These exampies are intended to be itlustrative and no himitations to
the present invention should be drawn or inferred from the exampies presented

herein

Example 1
Preparation and Testing of Halogenated Carbon (& Comparative Exampie) Gas
Phase Halogenation
Finely powdered activated carbon (such as NORIT Darco FGD, NORIT

Americas, Inc, Marshall, Tex. (USA), although others are suitable, as will be
recognized by those skilled in the art), was placed in a rotating plastic barrel with
side blades (a 5 £ (0.14 m’) cement mixer) fitted with a tight plastic lid to prevent
toss of the fine powder during the preparation. In a separate vessel, gas phase
bromine was generated by passing a nitrogen stream over a weighed amount of
Higuid bromine that is warmoed to about 40°-S0° U The vapor pressure of the
bromine was such that a dark red gas is generated and passed out of the generator,
The outlet from the gaseous bromine generator is connected via a U4 inch {0.64 om)
piastic hose to a stationary metal tube inserted through a flange in the center of the
plastic lid and passing into the center of the barrel. The Hlange is not air tight so that
the excess of nitrogen is released after the bromine is transferred to the tumbling
carbon. Thus, the bromine gas stream continuously passed into the rotating barrel
where it contacted the tumbling carbon. The unit is then operated until the desired
amount of bromine has combined with the carbon. Typically, thisis 04 to 1 kg of
bromine to 20 kg of carbon {(2-3 wt %), When the reaction is compleied, the carbon

is weighed. The treated carbon is odoriess and does not cause skin irritation since
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the bromine has completely reacted with the carbon to produce the brominated
carbon.

XPS spectra demonstrate that the brominated carbon contains both covalent
carbon-bound (organic) bromide as weil as anionic bromide. The product contains
the same moisture originally present in the activated carbon (5-17 wi %), but does
not require further drying for use. The moisture is driven out at higher temperatures
{>150° C.}, and the bromine was not released unti] very high temperatures

Bench-Scale Testing of Mercury Oxidation and Capture Efficiency

A bench-scale apparatus and procedure based on the sbove deseription was
used 1o test the inttial activities and capacities of several promoted activated carbon
sorbents using powdered carbon, including bromine-containing sctivated carbons
prepared from a variety of carbons, including commerciaily avaiiable sorbents,
aerogei film sorbents, and the original precursor carbons for comparison.

& detailed description of the apparstus and its operation is provided in
Dunham, G.E.; Miller, § 1 Chang, R.; Bergman, P. favironmenial Progress 1998,
17, 203, which is incorporated herein by reference in its entirety. The bench scale
mercury sorbent tests in the fhie gas compositions were performed with finely
{--400 mesh) powdered sorbents (37 mg) mixed with 113 mg sand and lcaded on a
guartz filter (2.5 inch (6.35 cmi}). The loaded filter and holder were heated in an
oven {123° €} in the simulated flue gas stream (30 SCFH {standard cubic feet/hr) or
0 79 NCMH {(normal cubic meters per hour)) contaimng the tollowing: U2 {0%%),
OO, {12563, SO; {600 ppm), NO (120 ppm) NOG: (6 ppm)y. HCL (1 ppm), He' (11
ug/ro’), HaO (15%), and N» (balance). Elemental mercury was provided by a
standard permeation tube source placed in a double jackered glass condenser, and
heated to the desired temperature. Mercury concentrations in the gas streams were
determined with a continuous mercury emission monitor {Sir Galahad mercury
CEM mir. P.S. Analytical Deertield Beach Fla. USA), and a SnCh cell was used to
convert oxidized species to elemental, so that both elemental and oxidized mercury
concentration data could be obtained for both the influent and the effluent

concentrations from the sorbent bed. Mercury concentrations were calibrated for the
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flow rates used. Spent scrbents were analvzed for mercury to determine the mass
balance.

Referring now to FIG 4, the effiuent mercury concentration data are plotted
as a percent of the intluent mercury versus time. The resulting curve (breakthrough
curve) for the halogenated sorbents typically showed (%-1% Hg in the effluent
{(99+9% capture} at the beginning, and increasing only after 30-60 minutes
{breakthrough point), depending on the sortbent FIG. 4 illustrates the breakthrough
curves for 5 wt/wt % brominated NORIT Darco FGD sorbent (37 mg+113 mg sand)
with synthetic flue gas containing 1 ppm HCL Total Hg (solid circles) and elemental
Hg (solid squares) in the effluent are presented as a per cent of the infet Hg “EOT”
indicates the end of test {the later data points shown are for calibration checks).

FIG. 5 presents the comparative breakihrough curves for the corresponding
nonhalogenated sorbents typically initiated at 3%6-50% of iniet mercury, depending
on the HUL concentration in the syothetic flue gas, thus indicating considerably
lower reactivity for oxidation and capture of the mercury for the nonhalogenated
sorbents, After breakthrough of either halogenated or nonhalogenated sorbent, most

of the mercury in the effluent was oxidized mercury

Example 2
(Ggs Phase Halogenation of Fluidized Carbon

A bed of activated carbon supponted in a vertical fube by a plug of glass
wool was fluidized by a nitrogen stream. The top of the fluidized bed tube was
counected to a catching trap for carbon fines that blow out the top of the tube. The
bromine gas generator as described in Example | was aitached to the fluidized
carbon bed and the desired amount of gaseous bromine was passed into the bed. The
contents of the trap were then mixed with the material in the bed and weighed. The
resulting brominated carbon exhibited properties similar to the brominated carbon of

Example 1.

Example 3
Liquid Phase (Water) Halogenation
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A 5% solution of bromine in water was prepared by carefully adding 50 g of
bromine to | Hter of cold water. One kg of activated carbon was added to the
breanine solution in a large metal can The resulting slurry was stirred with a large
paddle during the addition and for a short time afterwards until ail the bromine had
reacted with the carbon, as indicated by the disappearance of the red color. The
sturry was then filtered using a Buchner funnel under vacuum. The moist carbon
that was collected on the filier was dried in an oven al 116° € for several bours to
constant weight. As in Example 1, some moisture remains in the carbon, however,
The dried carbon was then tumbled in the rotating barrel with metal pieces to break

up and fuff the carbon.

Example 4
Addition of the Optional Second Halide Component
Bromivated carbon was produced by solution phase bromwivation sivoilar to
that described with reference to Exampiz 3. However, before filtration, a sclution of
hydriodic acid (F1) was added to the shurry in an amount equal 1o 10% of the
bromine amount. The slusry was stisred to complete the reaction and then filtered

and dried as described in Examiple 3.

Example 3
Liguid Phase Phosphohalogenation
A solution of phosphon:s tnbromide (500 g) in ligroin (10 liters) was stirred
10 4 large metal can and 10 kg of activated carbon was added. The resuiting shurry
was stirred with a large paddie at ambient temperature to complets the reaction. The
sturry was filtered under vacuum on a large Buchner funnel in several batches. The
wet filter cake was dried at 1107 C. in an oven to constani weight. The dried product

was fluffed in the rotating barrel as described in Examnple 3.

Example 6

Preparation and Sorption oun Larger-Particle Carbon
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Tests were conducted on a pilot-scale combusior while firing a
subbituminous coal, to evaluate mercury control by injecting larger-than-normal
sized treated activated carbon Standard AC sorbents generally are of fine size with
a mean particie diameter of less than 20 micrometers, which is also typical of the
flvash that is generated from pulverized coal combustion. Consequently, because the
sizes of standard AC and tiyash are similar, separation of the two is difficuit.
Iniection of farger sized AC s generally not considered because the sorbent
effectiveness decreases with size. In a scheme 10 recycie the injected carbon, the
carbon is separated from the flvash A separation based on size fractionation
requires a treated larger particle sorbent. To test this concept, a treated larger sized
{(>60 pm) sorbent was developed, prepared, and tested.

Treatment—Gas Phase Halogenation

Granular activated carbon (Calgon F400) was ground and sieved through
conventional mesh screens. The mesh size fraction —170 to +240 {corresponding 1o
about 00 to about 38 micrometers) was collected and placed in a rofating vessel as
described tn Exarople 1 above. In a separate vessel, gas phase bromine was
generated by passing a nitrogen siream over a weighed amount of liquid bromine
that was warmed to about 40°-50° C_, and the outlet from this gaseous bromine
generator was connected via a ¥4 inch {6 35 wm) plastic hose to a stationary metal
tube inserted through a flange in the center of the iid and passing into the center of
the rotating vessel, also as described 1o Example 1. The unit was operated untl the
desired amount of bromine had combined with the carbon, in this case $.05 kg of
bromine to 1 kg of carbon (3 wt. %) When the reaction was completed, the carbon
was weighed. The treated carbon was odorless as has been described above.

PTC Apparatus

The pilot-scale combustor, known as the “Particulate Test Combustor”
{(hereinafier “PTCT), is a 550,000-Bw/hr (about 161 kW) pulverized coal ("PC7)-
fired unit, designed to generate combustion flus gas properties and fly ash that are
representative of those produced in a full-scale utility boiler. The combustor is
oriented vertically {o minimize wail deposits. A refractory lining helps to ensure

adequate flame temperature for complete combustion and prevents rapid quenching
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of the coalescing or condensing fly ash. Based on the superfisial ¢as velocity, the
mean residence time of & particle in the combustor is approximately 3 seconds. The
coal nozzle of the PTC fires axially upward from the bottom of the combustor, and
secondary air 8 introduced concentrically to the primary air with turbulent mixing.
Coal 15 motroduced to the primary air stieam via a screw feeder and eductor. An
electric air preheater is used for precise control of the combustion air temperature.
Unginally, the PTC used cold-water annular heat exchangers to provide flue gas
temperature control to the baghouse (also referred to as a “fabric filter”) or
electrostatic precipitator (ESP). However, analysis of ash deposits collecied trom
the heat exchangers indicated that some mercury was collected on the duct walls. To
minimize this effect, the heat exchangers were modified to provide for ugher duct
wall temperatures.

The PTC instrumeantation permits system temperatures, pressures, flow rates,
flue gas constituent concentrations, and particuiate control device {baghouse,
Advanced Hybnd Particle Collector/ AHPU™, and/or electrostatic precipitator/ESP)
operating data to be monitored continuously and recorded ou a data logger,

PTC Procedure

Flue gas samples were taken at combinations of two of the three available
system sanmple points: the furnace exit, the particulate control device wlet, and the
particulate control device outiet. After passing through sample conditioners to
remove moisture, the flue gas was typically analyzed tor O, CO, CO;, 80, and
NQO« Each constituent was normaily analvzed at both the firrnace exit and the outlet
of the particulate countrol device simultaneousty, using two analyzers The
conceniration values from ail of the instruments were recorded continuously. in
addition, data were manually recorded at set time intervals. NO was determined
using a pair of Rosemount Analytical NOg chemiluminescent analyzers. SO» was
measured using a pair of Ametek Instruments photometric gas analyzers. The
remaining gases were measured by a pair of Rosemount Analvtical multi-gas
continuous emissions monitors. Each of these analyzers was regularly calibrated and

maintained to provide accurate fue gas concentration yoeasuremenis,
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The baghouse vessel was a 20 inch (530.8 cm) (ID}) chamber that is heat-
traced and msulated, with the flue gas introduced near the bottom. The combusior
praduced about 200 ACFM (actual cabic feet per minute; about 5.7 actual m’/min)
of tlue gas at 300° F. (about 1530° C.), therefore three 13-ft by 5-inch (3.96 m by
12.7 ¢} bags provided an air-to-cloth tatio of 4 f/min (1.22 wm/min). Each bag was
cleaned separately in operation with its own diaphragm pulse valve. In order to
quantify ditferences in pressure drop for different test conditions, the bags were
cleaned on a time basis, rather than with the cleaning cycle initiated by pressure
drop. Once bag clearing was initiated, all three bags were pulsed in rapid succession
on-line,

Tests were also conducted with a single-wire, tubular ESP replacing the
fabric filter. The ESP unil was designed to provide a specific collection area of 125
at 300° F_{130° €.}, Since the flue gas fiow rate for the PTC is 130 8CFM (standard
cubic feet per ninute; about 3.7 NCMM (normal m'/nin)), the gas velocity through
the ESP is 5 fi/min (about 1.52 m/min}. The plate spacing for the ESP unitis 11 in
{27.9 ¢}, The ESP was designed o facilitate thorough cleaning between tests so
that all tests can begin on the same basis

PTC Results

Results are tustrated in FIG. 6. As can be observed in FH3. 6, even though
the tested sorbent particle size is significantly larger than normal sorbent particles,
the treated larger-than-voral sized (that is, >00 micrometers) actvated carbon
sorbent was quite effective at capturing mercury. Approximately 73% of the
mercury was captured when the larger-sized freated AC was injected ahead of the
pilot-scale ESP, while approximately 5% of the mercury was captured when
injected ahead of the pilot-scale fabric filter ("FF”). Note that in FIG. 6 {(and
throughout) “Maefl” {and "MACEF”) indicates million actual cubic feet {1 MACF i3
about 0.028 million actual cubic meters or “MACM™).

Referring now to FIG. 7, it can be observed that the larger-sized treated AU
when injected ahead of the pilot-scale ESP {diamond symbol{s}} performed better
than the finer standard AL {irangles) vnder the same arrangement. In comparison,

when injected ahead of the fabric filter (FF), the larger-sized treated AC (square)
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performeid similarly to slightly worse. However, for this appiication, the larger-sized
treated AC can be physically separated from the smalier flvash particles, and the
sorbent can then be regenerated, recyeled, and reused. This will substantially
improve overall utilization and economics. These data thus show that a larger-than-
normal sized sorbent can provide effective mercury contro] and ease fvash and AT
separation, thereby also preserving the charactenistics of the flyash for sale and
beneficial use. Accordingly, because >60 wm sorbent particies have beco
successtully demonstrated, superior mercury control can be obiained with >4¢ um
particles, which may be preferred in some applications, depending on the sorbent
particle/ash separation systern used. Note that in FIG. 7 (and throughout} “Mact”

{and “MACF”) indicates million aciual cubic feet.

Example 7
Liguid Phase (Organic Solvent) Halogenation

A 5% solution of bromine in Higroin was prepared by carefully adding 50 g
of bromine 1o 1 liter of cold ligroin. Oue kg of activated carbou was added 1o the
bromine solution in a large metal can The sharry was stirred with a large paddie
during the addition and for a short time afterwards until all the bromine had reacted
with the carbon as indicated by the disappearance of the red color. The slurry was
filtered using a Buchner funnel under vacuum. The carbon cake that was collected
on the filter was dried in an oven at 110° C. for several hours untii it appeared dry
and a constant weight was obtained. As in Exanmiple 1, some moisture was left in the
carbon, however The dried carbon was then tumbled in the rotating barrel with

metal pieces to break up and fluff the carbon,

Example 8
Promoted Activated Carbon Sorbents
A bench-scale procedure basad on the above description was used (o test the
initial activities and capacities of several promoted activated carbon sorbents using
powdered carbon, including the bromine-containing activated carbons prepared

from a commercially available sorbent and an aerogel carbon filim sorbent, as well
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as the original precursor carbons for comparison. Bromine-treated carbons were
prepared by impregnation of the powdered activated carbon precursors in a stirred
solution of bromine in carbon tetrachloride or methviene chlonide, or alternatively,
in an aquecus solution of HBr, followed by drving in air at ambient temperature and
drying in an oven at 104° C. in air or nibrogen. Bromine-treated carbons were aiso
prepared by impregnating bromine from the gas phase by passing the gas through a
rotating dry bed of the activated carbon precursor. The results indicated that adding
a second component o the sclution improved the capacity of the sorbent,

The carbons were initially tested in a heated bed, where a synthetic flue gas
stream containing efemental mercury (11 pg/m’) was passed through the bed,
Concentrations of total and elemental Hg in the effluent gas were determined using
a Sir Galahad mercury CEM (“continuons emission monitor”) {mfr P § Analytical,
Deerfield Beach, Fla., USA). The powderad sorbent was supported on a guartz filter
during the test, and the other sorbents were tested as a triple layer. A comparison of
the original commercial-grade powdered carbon sorbent with the sorbent afier it was
reated with .1 N HBr, and the powder was collected by centrifugation and drving,
revealed that the mercury capture activily increased from an initial capture
etficiency of about 30% of the Hg in the inlet to 100% capture. A comparison of the
sorbent after subsequent regeneration with HBr indicated that if not only capiured
mercury at the same level gs before (100% capiure) but its capacity was prolenged
by several minutes, and thus ephanced. Similar results were obiained with the
carbon #ilm and carbon fiber sorbents by treatment with molecular bromine in

solution or in dry beds as described above.

Example ¢
Fluidized/Ebuliated Bed Preparation
An activated carbon sorbent was prepared by treating the carbon by
impregnating molecular bromine from a gas composition containing molecular
bromine by flowing the gas through a liquid bromine reservoir in series with a

fluidized bed or ebullated bed of the carbon. The amount of bromine taken up by the
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carbon ranges {(in one example) from <1 to about 3¢ g per 100 2 of activated carbon,

depending on the proportions used.

Example 10
Full-Scaie Testing

in this example, a baghouse (fabric filter) or ESP was used to collect
particulates in the exhaust of a full-scale commerdial pulverized coal-burning
facility. A scrubber and sorbent bed were aiso used to remove undesired
constituents from the flue gas stream, before being fed to the stack. In this example,
the halogen/halide promoted carbon sorbent was injected into the flue gas after the
beiler. In general however, the inventive sorbent can be injected where desired {e.g,
before, after, or within the boiler).

in one exemplary test conducted at a facility fired with lignite coal, the flue
gas phase mercury (elemental) concentration was between 10 and 11 pg/m’. The ash
and injected carbon wers ¢oilectad in the baghouse at 350 . 10 375° F. {(about 175-
190° C.). Injection of commercial-grade activated carbon powder {untreated} at a
rate of L.OIB/MACE ("MACE” and “Macl” represent oue million actual cubic feet;
LG IB/MACF is about 16 kg/MACM (million actual cubic meters)) resuited in
mercury effluent concentrations of 3.8-4.2 ug/m’ (representing 62%-58% removal
of the mercury from the gas, respectively), and at 2.0 Ib/MACF (about 32
kg/MACM), gave 74%-71% reroval, Injection of the bromine-treated carbon at 1.0
Ib/MACF resulted in 73%-69% removal and at 2.0 Ib/MACF gave 86%:-84%
removal Thus, g siguificant increase in the roercury caplure was exhibited duning

use of the bromine promoted carbon sorbent of the present invention.

Example 11A
Adddition of Optional Alkaline Component—RBench-Scale
The efficiency of the activated carbons for mercury capture can be improved
considerably by employing a basic matenal co-injected with the activated carbon, i

order 1o capture any oxidized mercury that may be released from the sorbent, or {o
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capiure some of the sulfur or selenium oxides in the flue gas that can have a
detrimental effect on the sorbent capacity.

Bench-scale testing was conducted by preparing a filter composed of 37 mg
of brominated activated carbon mixed with 113 mg of calcium oxide. The test was
conducted as deseribed in Example 1 and compared with the same carbon sorbent
but with an inert diluent. The breakthrough curve for the mixture of brominated
{2%) NORIT Darco FGD sorbent with inert sand is shown in FIG. 8, and the
breakthrough curve for the mixture with Ca(} 15 shown in FIG. 9. 1t can be seen that
the point of 50% breakthrough improves to 65 minutes with the mixture with Ca0

from only 48 min with the sand mixture,

Exampie 1B
Addition of Optional Alkaline Component—Pilot-Scale

Tests were conducted on the pilot-scale PTC combustor described above
with reference to Example 6 while firing a Texas lignite to evaluate mercury control
by co-injecting a standard activated carbon (also referred 10 herein as “AC™) and an
alkali material upsiream of a fabric filter. Typical results are lustrated in FIG. 10,
As shown in FIG. 10, co-injecting lime with activated carbon vastly improved
mereury removal, Meroury removals of approxumately 90% were achieved with the
co-injected sorbents, whereas less than 60% removal was achieved with the use of
standard AC alone, even at much higher injection rates. Data from siilar tests
show that injecting similar quantities of sodium carbonate and AC, and lime and
AT, resulted 1o mercury removals of approximately 80%, and 87%, respectively.
These data suggest that other alkali can also be co-injected with AC 1o improve
mercury removal. Other data show that flue ggs femperature may impact the
effectiveness of the alkali addition Fusther {est data indicate that thue gas
contaminants, flue gas constituents (80,2, NO HO, etc ), aperating temperature,
mercury form, and mercury concentration may impact the effectiveness of the alkali
addition. This indicates that it may be desirable to be able to adiust and tailor,
onsite, the alkali-to-AC ratio in order to optimize removal for a given set of site

conditipns.
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Without wishing to be bound by any pariicular theory, the synergy observed
in the improved performance when co-injecting the two materials can be explained
as follows. First, tesis indicate that binding sites on AL can be consumed by sulfur
species and other contaminants. The alkali material interacts and reacts with these
species thus mininoizing their consampiion of AC mercury binding sites. Second,
other work has shown that standard AC will continue to oxidize mercury even
though the binding siies are fully consumed, This oxidized mercury can then react
with atkali material and subsequently be captured by the particulate control device.
Thus, contbining alkali with treated and/or non-treated AC synergistically takes
advantage of these two mechanisms, resulting in improved mercury capture at

reduced costs.

Example i2
Brominated Carbon Sorbent for Gasification Fuel Gas

Preparation of 3% Br2W-AC

Using a procedure similar {o Example 3, a 2.5 wifvol %4 solution of bromine
in water was prepared. Granular Calgon F400 was added to the bromine solution to
give a 5 wt/wt % brominated carbon product. The bromine solution was stirred with
a large paddie during and after the addition uniil the red color in the water
disappeared. The suspension was filtered by vacuum on a large Buchner funnel The
filter cake was dried in air, and then tv an oven at 1107 C. unti] a stable weight was
obtained The moisture was reduced to 15%.

Preparation of 5% BrlD-AC

A brominated sorbent was prepared from B addition in solvent as described
in Example 7, except that dichloromethane was used as the solvent instead of
Hgroin, and gramalar Caigon F400 was used.

Preparation of 5% PBr3-AC

A phosphohalogenated sorbent was prepared from PBrusing the method
described in Example 5, except granular Caigon F400 was used.

Testing in Hydrogen Atmosphere—Procedure
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To simulate the capture of mercury from a heated fuel gas or syngas from
coal gasification, tests were conducted employing a stream comprising 10% vol/vol
hydrogen in nitrogen passing through the sorbent at S0C co/min. The stream
contained 26.9 micrograms/m’ of clemental mercury from a commercial mercury
permeation source.

in the tests, the sorbent (0.5 g) was placed in 2 0.39 inch {1 om, inside
digmeter) glass tube fitted with a oedium fiit sintered glass filter dise to hold the
sorbent in the gas stream. The tube containing the sorbent bed was connected to a
gas inlet wbe for introducing the gas stream containing the mercury vapor and at the
putiet to a fube counection to the detector. The detector was a Semiech 2000
contiruous mercury emission monitor. The tube was equilibrated in g nirogen flow
{450 co/min) for S mingtes at ambient temperature to stabilize the system. The
detector showed 0 concentration of mercury in the effluent from the sorbent bed.
(The blank run with no sorbeut read 26 9 mwicrograms/m’) The tube was then placed
in an oven at the selected temperature for the test (from 250° 10 400° €}, Effluent
mercury concentration data from the detecior were collected until the detector
showed a constant reading for 5 minutes Hydrogen (50 co/min) was then added to
the gas stream and detector readings were taken every 5 min. Tests were conducted
at several oven temperatures for various periods of time up to 3 hours, depending on
the temperature and sorbent. The elemental mercury concentration data were plotted

s & percent ol mniel mercury concentration versus tme as 1o Exampie 1. All the
mercury in the effluent was elemental, so a single detector was sufficient, and no
SnCl trap was needed to couvert to elemental mercury (as in Example 1}, The time
for 50% breakthrough (time to reach $0% capture) was then determined from the
breakthrough curves.

Resulis

The resulis are shown in Table 1 (below} for the unbrominated sorbent
{Calgon F-400), the brominated sorbents (5% BrZW-AC and 5% Br3-AC), and the
phosphobrominated sorbent (5% PBr3-AC). The maximum mercury concentration
obtained in the effluent in each run is also reported in Table 1 for the time period

indicated in the last column.
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Under the reducing hydrogen conditions, the unbrominated sorbent broke
through immediately and was exhausted afier only 6.5 min. This complete failure
occurred becanse the hydrogen reduces the captured mercury in the unbrominated
sorbent at any temperature above 100° €. Both of the brominated sorbents exhibited
excellent reactivity and good capacity gt all temperatures, up to atleast 400° € The
phosphobrominated sorbent exhibited superior reactivity and capacity at all

iermpetatures, up 1o at least 400° C,

Times for S0% Breakthrough Maximum
Observed Hg Concentrations for Sorbents
{10% Hvdrogen Streams)

0% Maximum  Time
Sorbent Temp (" C.y  breakthrough -y .

B} {Hyg] (ng/m™y  (min}
F-400 250 G 203 6.5
596 Br2W-AC 250 =156 i4 i50
596 Br2W-AC 300 =188 43 i80
596 Br2W-AC 350 160 15.1 i80
596 BidW-AC 400 60 13.9 G5
5% PBe3-AC 250 =140 .4 i40
5% PR3-AC 300 >150 (3.5 i50
5% PBe3-AC 350 >156 i4 i50
5% B2 3-AC 350 >180 2.1 180
5% B2 3-AC 400 >180 10.9 180

While the preferred embodunents of the invention have been shown and
described, modifications thereof can be made by one skilled in the art without
depatting from the spirit and teachings of the invention. The embodiments described
herein are exemplary only, and are not intended to be limiting Many variations and
modifications of the invention disclosed herein are possible and are within the scope
of the invention. Accordingly, the scope of protection is not limited by the
description set out sbove, but is only himited by the claims which follow, that scope
including all equivalents of the sabiect matter of the claims.

The examples provided in the disclosure are presented for illustration and
expisnation purposes only and are not intended to Himit the clairns or embodiment of
this invention. While the preferred embediments of the invention have been shown
and described, modifications thereof can be made by one skilied in the art without
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departing from the spirit and teachings of the invention. Process criteria, equipment,
and the like for any given implementation of the invention will be readily
ascertainable fo one of skill in the art based upon the disciosure herein. The
embodiments described herein are exemplary only, and are not intended to be
Hmiting. Many variations and modifications of the invention disclosed herein are
possible and are within the scope of the invention. Use of the term: “optionaliy” with
respect 1o any element of the ivention 15 intended to mean that the subject element
is required, or alternatively, is not required. Both alternatives are intended to be
within the scope of the invention.

The discussion of a reference in the Background is not an admission that itis
prior art o the present invention, especially any reference that may have a
publication date after the priority date of this application. The disclosures of all
patents, patent appiications, and publications cited herain are hereby incorporated
herewn by reference in their enfirety, Lo the extent that they provide exemplary,
procedural, or other details supplementary to those set forth herein,

Although the invention s described heren as a sorbent material and
associated processes for its preparation and use, it is pevertheless not intended io be
Himited to the details described, since vanious modifications and structural changes
may be made therein without departing from the spirit of the wvention and within

the scope and range of equivalents of the claims.

PROVISIONAL APPLICATION

A reactive sorbent material is described for capture of mercury in a vapor
stream. The vapor stream includes flue gas from coal combustion or incineration,
synthesis gas from gasification, as well as offgases from mineral processing, metal
refining, retorting, cement manufacturing, chloralkali plants, dental facilities, and
crematories. The sorbent is especially suited to, but not limited to, use in low-
chlorine flue or exhaust gases where the mercury is mainly elemental. The sorbent
comprises a bromide-modified carbon form containing a reactive compound
produced by the reaction of bromine with the carbon. Other additional promoting

substances can be added in smaller amounts to increase the reactivity with and
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sorption of elemental mercury. This combination results in a carbon bromide
structure in the carbon lattice that can oxidize the mercury to a species that is
strongly bonded to the carbon structure and, therefore, easily retained on the sorbent
at higher temperatures in the presence of flue gas constituents. In some examples,
the sorbent consists of a fine or coarse powdered material for injection into the gas
stream or a granular or fibrous material for use in a fixed or moving bed. In some
examples, the sorbent does not require in situ activation (an induction period) in a
flue gas stream as do conventional activated carbon sorbents. Other additives of
base chemistry (Ca, Na, and others) may be added to flue gas as a sorbent mixture,
or co-injected to selectively sorb acid gases or other flue gas constituents to keep
available reactive sites for mercury oxidation and subsequent capture. The sorbent
can be regenerated by washing off contaminating components derived from flue gas
that poison the spent sorbent. Novel methods for introduction of the sorbent
dispersion into the mercury contaminated gas stream are described.

Following is an outline of examples of the invention. The invention may also
take on various other examples or embodiments, as a person skilled in the art would
understand.

1. A modified carbon sorbent was prepared by reacting the carbon with
molecular bromine by applying a solution of molecular bromine in an organic
solvent to the carbon, followed by removal of the modified carbon from the bulk of
solvent and further removal of solvent from the pores by drying the carbon in air or
nitrogen. The solution may also contain an additional promoting substance in small
amounts. In one example, the amount of bromine taken up by the carbon ranges
from <1 to about 30g per 100g of activated carbon, depending on the proportions

used.

1A. (Dependent)
Same as 1, carbon is powdered activated carbon.
Carbon is granular activated carbon.
Carbon is very fine carbon black.

Carbon is very fine carbon fiber.
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Carbon is aerogel carbon film.

Carbon is char recovered from pyrolysis process.

Carbon is powdered activated carbon of size distribution larger than fly ash
size distribution, so that it can be physically separated from the ash and regenerated
for reuse.

Carbon is regenerated from previous usage cycle and recycled.

Other desired types of carbon may also be used.

1B. (Dependent)

Same as 1, Solvent is chlorinated hydrocarbon such as dichloromethane.

Same as |, Solvent is hydrocarbon solvent such as petroleum ether or ligroin
or pentane or hexane or toluene or benzene.

Same as 1, Solvent is water.

Same as 1, Solvent is carbon disulfide.

Same as 1, Solvent is a waste solvent.

Same as 1, Solvent is an ether.

Same as 1, Solvent is recycled from previous batch.

Same as 1, Solvent is supercritical solvent such as CO;.

Other desired types of Solvents may also be used.

1C. (Dependent)

Same as 1, solution of bromine is applied by stirring the carbon in the
bromine solution.

Same as |, solution of bromine is applied by spraying a solution of molecular
bromine in an organic solvent, followed by removal of solvent from the pores by
drying the carbon in air or nitrogen.

The bromine may also be applied using other desired techniques.

1D. (Dependent)
Same as 1, removal of solvent is by filtration, centrifugation, settling, and

decantation and drying in vacuum, air, or other gas.
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Same as 1, when sprayed or minimal volume, removal of solvent is by
drying in air, vacuum, or other gas.

The solvent may also be removed using other desired techniques.

1E. (Dependent)

Same as 1, additional substance is iodine, at 1%-10% of the bromine
concentration added.

Same as 1, additional substance is hydrohalide (HI, HBr, HCI), etc:, 1%-10
% of bromine.

Same as 1, additional substance is a compound comprised of a Group V or
VI element or combination of Group V or VI with Group VII element, such as SCl»,

1-10 wt % of bromine.

2. A modified carbon sorbent was prepared by reacting the carbon with
molecular bromine by contacting the carbon with a gas containing molecular
bromine. In one example, the amount of bromine taken up by the carbon ranges
from <1 to about 30 g per 100g of activated carbon, depending on the proportions
used.

Contacting is by passing the Br gas through a bed of the carbon.

Bed is ebullated or fluidized.
Bed is moving bed of granules or fibers.

Contacting is by admitting Br, gas to a duct through which the carbon is
transported from a reservoir to the flue gas duct via an air-driven entrainment
method, thus promoting the activity of the carbon in-flight.

Same additives as 1E, except these are added in the gas phase, and added in-

flight as in 2 above.

3 A modified activated carbon sorbent was prepared by reacting the carbon
with hydrogen bromide (HBr) by stirring the carbon in a solution of HBr in an
organic solvent or in water, followed by removal of the modified carbon from the

bulk of solvent and further removal of solvent from the pores by drying the carbon
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in air or nitrogen. In one example, the amount of bromine taken up by the carbon
ranges from <1 to about 30 g per 100g of activated carbon, depending on the
proportions used.

Same dependent clauses as in 1A with regard to carbon forms. Same
solutions and treatment as 1B,1C, 1D.

Same additives as 1E, added into the solution phase or later in the gas phase,

and added in-flight as in 2 above.

4, An activated carbon sorbent was prepared by impregnating hydrogen
bromide by passing a gas composition containing hydrogen bromide diluted with
nitrogen or air through a fluidized bed or ebullated bed of the carbon. In one
example, the amount of bromine taken up by the carbon ranges from <1 to about 30
¢ per 100g of activated carbon, depending on the proportions used.

Same dependent clauses as in 1A with regard to carbon forms.

Contacting options are similar to 2.

51 Sequential treatment of activated carbon with bromine or HBr, followed by
another mercury stabilizing reagent to generate a highly reactive bifunctional
sorbent, the reagent to include sulfur and selenium species, such as HzS, SO, H>Se,

Se, SCOI, CS;, P,Ss.

6. Sequential treatment of activated carbon with mercury stabilizing reagent,
followed by bromine or HBr to generate a highly reactive bifunctional sorbent, the
reagent to include sulfur and selenium species, such as H2S, SO, HaSe, Se, SeO»,
CSa, P2Ss.

. Treatment of a carbon with a Group V or VI element combined with Group
VII element, such as PBr3 or SCl». In one example, the amount of Group V or VI
halide is 1-30 wt % of the carbon. The compound is added in vapor phase or in
solution (solvent is hydrocarbon, chlorinated hydrocarbon, or other solvent as

described in 1B, but not water, since the compound is destroyed in water solution).
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8. The process for preparing the bromine-containing activated carbon sorbent
as described in Examples 1-6 and coupled with the injection of the bromine-
containing fine-particle sorbent into the contaminated gas stream and subsequent
removal of the fine particles of sorbent from the gas stream in a collection device,

such as bag filtration of electrostatic precipitator (ESP).

9. The process of using additives (1-8) in conjunction with sorbents to capture
acid gases and other flue gas constituents that block oxidation reactions or consume
sorbent sites that would otherwise capture mercury. The additive is a compound
comprised of Group I or II elements, such as Ca, Na, and others. These additives of
base chemistry may be added to flue gas as a sorbent mixture or co-injected to
selectively sorb acid gases or other gas constituents that compete for mercury
reactive/sorption sites, thereby improving the effectiveness of activated carbon to
capture mercury. In addition, the base additives can augment the treated activated
carbon by helping to capture oxidized mercury forms in the flue gas, such as
mercuric chloride, or that are produced on the carbon sorbent, such as mercuric
bromide, but are released to the gas phase as the sorbent becomes saturated or

capacity limited.

10.  The process of preparing a larger-than-normal (>40 um) sorbent particle
size, promoting with the halogen treatment as described in 1-8, using the treated
sorbent for capture of mercury by injecting in the flue gas, and finally separating
and recovering the sorbent from the ash particles. The larger sorbent size thus will
allow easy mechanical/physical separation so that sorbent can be regenerated,
recycled, and reused, and the ash can be sold as a low-carbon cementatious
byproduct for concrete. The separation can be effected by various methods, such as

density (gravity), floatation, or sieving methods.

11 The process for preparing the bromine-containing activated carbon sorbent
as described in Example 1-10, coupled with the direct injection of the slurry of the
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prepared fine-particle sorbent in the solvent or aqueous phase, so that the aerosol
particles of the slurry achieve a high degree of dispersion in the gas stream and
evaporation of the solvent in the hot gas occurs rapidly. The amount of slurry added
is flow-controlled, and the concentration of particles in the slurry is monitored by

optical density measurements prior to injection. Collection of particles is performed.

12 The process for preparing the bromine-containing activated carbon sorbent,
as described in Examples 2 and 4, coupled where the fine-particle dispersion of
brominated sorbent in the gas stream at the top of the ebullated bed is led to the flue
gas or offgas duct where the said dispersion is contacted with mercury-contaminated
flue gas or offgas stream. The amount of aerosol dispersion added is controlled by
the gas flow to the ebullated bed, and the concentration of particles in the dispersion
can be monitored by optical density measurements prior to injection. Collection of

particles is performed by the existing particulate-collection equipment.

13.  The process for preparing the bromine-containing activated carbon sorbent
bed, coupled with contacting the bed with the mercury-contaminated flue gas or

offgas.

14. The process for preparing the bromine-containing activated carbonBsorbent,
as described in Examples 2 and 4, or untreated activated carbon, coated on a
substrate or as activated carbon material. This material is placed in a moving system
that geometrically allows for control of rate of exposure, sorption, and exchange of

material in a continuous or semicontinuous manner.

15. In the sorbent and mercury removal process outlined in paragraphs above,
the bromine reagents promote metal oxidation activity by creating cationic or
radical character on the carbon edge structure that attracts mercury atoms and
extracts electrons from said mercury atoms, resulting in oxidized mercury, which is
more easily captured on a sorbent. A similar mechanism applies to oxidation and

capture of reduced arsenic and other pollutant species.
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The invention relates to the process for the removal of mercury and other
pollutant species from gas streams generated during the burning of fossil fuels, such
as in a coal-fired utility or synthesis gas from gasification facilities. This removal
process would utilize a sorbent and/or a combination of additives to remove
pollutants from the gas stream, which are at the same time interacting with other gas
components that result in poisoning or deactivating the sorbent and reducing its
capacity or reaction rates with the targeted pollutant species. The present invention
provides a cost-effective way to capture the pollutants by utilizing exceptionally
active carbon sorbents and promoting mercury sorbent surface reactions, containing
a bromide form of the carbon, that capture mercury with high kinetic chemisorption
(oxidation) activity, so that capture can occur during contact times of seconds or
less. The sorbent does not require in situ activation (induction period) in the gas
stream to achieve high activity as do conventional activated carbon sorbents. The
reactivity of the sorbent toward the pollutants and the sorption capacity can be
regenerated, recycled, and reused.

Burning fossil fuels generates a flue gas that contains mercury (and other
trace elements) that was in the coal, plus oxides of sulfur and nitrogen (acid gas
emissions) and particulates whose release to the environment must be controlled by
use of sorbents, scrubbers, filters, precipitators, and other removal technologies.
While control of other elements and/or flue gas pollutants may apply, the discussion
provided is focused on mercury. Initially, mercury is released in the elemental form
during combustion/gasification, but downstream of the boiler, in the ducts and stack
of the combustion system, part of the elemental mercury is oxidized. The amount
oxidized depends on the amount of acid gases present in the flue gas and other
factors. Amounts of mercury vary with the coal, but a typical concentration of
mercury in the stream of combustion gas is about 5 parts per billion (ppb). A pound

of mercury or more per day may be emitted in some utilities.

Discussion of Sorbent Technologies
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Several types of mercury control methods for flue gas have been
investigated, including injection of fine sorbent particles into a flue gas duct and
passing the flue gas through a sorbent bed. Fine-particle injection sorbents include
activated carbon, metal oxide sorbent, sodium sulfide particles (for example, see
U.S. Patent 6,214,304), and basic silicate or oxide sorbents (for example, see the
Ghorishi reference (Ghorishi,B.; Gullet, B.K. Waste Manage Res. 1993, 16, 582).
and Lancia references). When particle injection is employed, the mercury
chemisorbed to the sorbent particle is removed from the gas stream in a bag house
or ESP and collected along with ash particulates (for example, see U.S. Patents
4,889,698, 4,956,162, 5,672,323, 5,827,352, 6,027,551, and 5,505,766). The sulfide
and basic silicate and oxide particles are effective only for the oxidized mercury,
and the metal oxide sorbents exhibit slower capture kinetics than the carbon
particles. Additionally, injection of fine carbon particles into the flue gas stream has
been only partially successful in removing mercury, especially elemental mercury,
where effective removal of approximately 60% was attained with a baghouse to
collect carbon and ash. Even lower removal rates have been observed when using an
ESP to collect the carbon, since the contact time of the carbon with the gas is very
short.

A major problem with existing carbon injection systems is that the sorbent is
initially unreactive, and only after exposure to the flue gas for about 20 minutes
does the seasoned sorbent become effective and provide capture of 60% of the
mercury in the gas. Consequently, these sorbents must be used in large amounts
(high sorbent-to-mercury ratios) to effectively capture the mercury. These sorbents
can be relatively expensive and cannot be easily separated from the ash, regenerated
and reused. The collection of carbon in the ash also creates solid waste disposal
problems, and the spent sorbent may contaminate the collected ash for use in

various applications.

Use of Halogens in Mercury Capture
Methodologies for using halogens for the treatment of flue gas have not

previously been effective. Halogen is defined as a member of the very active
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elements comprising Group VII-A of the periodic table. In the molecular elemental
halogen form, including F», Clz, Brz, and I, the reaction with elemental mercury is
not fast enough to result in the formation of oxidized mercury in a coal combustion
flue gas with conventional ash control technology. The atomic elemental halogen
form, which includes F atom, Cl atom, Br atom, and I atom, is about a million times
more reactive to mercury, but the concentrations of these forms are extremely low,
and also, therefore, cannot result in oxidation of mercury in a utility flue gas.

A halide is a compound formed from reaction of a halogen with another
element or radical. In general, the halide compounds are normally very much less
reactive than the molecular halogens, having expended their high chemical potential
in forming the low energy halide. The halide is considered a reduced form and
cannot therefore oxidize anything by itself. It is for this reason that it is not obvious
that a halide-halogen treated activated carbon would be effective at oxidizing
elemental mercury and provide effective capture of elemental mercury. In fact, for
tests with salts, analytical data show the addition of bromine to an activated carbon
or carbon black or soot does form a compound by reacting with the unsaturated
groups on the carbon. By applying x-ray photoelectron spectroscopy, it has been
determined that bromine or HBr added to carbon black forms chemical compounds
within a carbon structure.

A body of theory has been developed from scientific evidence to explain the
nature of the promotion effect of the bromine compounds. This principle is
illustrated in FIG. 2, which in step 1 shows the reaction of the hydrogen bromide
with the unsaturated structure of the activated carbon. This may be a carbene species
on the edge of the graphene sheets structures of the carbon. Molecular bromine or a
bromine compound reacts to form a similar structure, with a positive carbon that is
active for oxidizing the mercury.

We now teach that the formation of the new bromide compound with carbon
increases the reactivity of the carbon forms toward mercury and other pollutants.
The resulting bromide compound is uniquely suited to facilitate oxidation of the
mercury. The effectiveness of the oxidation results from the promotion effect of the

halide exerted on the developing positive charge on the mercury during the
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oxidation, known in the chemical art as a specific catalytic effect. Thus, as the
mercury electrons are drawn toward the positive carbon, the halide anion electrons
are pushing in from the other side, which stabilizes the positive charge developing
on the mercury and lowers the energy requirement for the oxidation process.
Bromide is especially reactive, owing to the highly polarizable electrons in the outer
4p orbitals of the ion. Thus, adding HBr or Br; to the carbon forms a similar carbon
bromide, in which the positive carbon oxidizes the mercury with the assistance of

the bromide ion.

Prior Art Publications

The earliest patents that relate to mercury capture on a sorbent are actually
not for flue gas mercury control but for capture of mercury from air or other gas
mixtures on a carbon or other sorbent. These patents were based on a model that
recognized the affinity of halogens for mercury, rather than the formation of a
reactive carbon. These patents are discussed below according to the type of halogen
used for impregnation.

One patent that teaches a halogen impregnation (Stock, U.S. Patent
1,984,164, issued in 1934) describes the use of activated carbon or other solid
impregnated with a halogen for removing Hg from air. The impregnation method is
not specified. This seems to be the most general claim with respect to halogen
impregnation. All the statements and claims appear to refer to halogen or iodine, but
the patent does not appear to address bromides or other halides or bromide
compounds or even specifically iodide or an iodine compound. The only example in
the description is iodine impregnation. The patent also is restricted to air systems
and did not pertain to flue gas systems with reactive acid gases. The description did
not assume that the iodine formed a reactive carbon species.

Japanese Patent JP 49-43197 describes the treatment of Hg-contaminated
electrolysis cell gas using a metal iodide salt on a support. A similar treatment using
a resin impregnated with a metal iodide is described in JP 50-6438. These patents do
not appear to represent a carbon bromide compound as specified in this patent

application.
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Another early patent (Hilgen, U.S. Patent 3,849,267, issued in 1974)
describes a method for Hg removal from a gas which claims mixing molecular
chlorine (Clz) with the gas to be cleaned and passing it through a nonporous sorbent
such as glass wool and NaCl (not carbon). This was evidently not an obvious
extension of the Stock patent, since a halogen was introduced as part of the gas
phase being cleaned.

A later patent (deJong, et al., U.S. Patent 4,196,173, issued in 1980)
describes a method for Hg removal in air which claims using a bed of activated
carbon impregnated with halogen-only Cl; is specified in the other claims and
examples, and it is prepared by flowing the Cl» stream through a carbon bed.

An improved sorbent for mercury in air was patented by Revoir and Jones
(U.S. Patent 3662523, issued in 1972), in which ICI and ICl5 vapors were
impregnated into the activated carbon. No explanation of the increased activity was
provided. Since these compounds are interhalogen compounds, the patent did not
infringe Stock.

U.S. Patent 5,891,324 describes an activated carbon containing an acid (HCI,
H>S04, or H3PO,) for the removal of mercury contained in a liquid phase, such as
would occur in a process steam in the oil industry. In this case, the model presented
was that mercury is adsorbed from the liquid into the solid carbon phase at relatively
low temperatures.

In U.S. Patent Application 2004/0003716, a method is described for
removing mercury from a combustion gas. This method employs an exposure of a
finely powdered activated carbon to a molecular bromine gas at an elevated
temperature or to HBr to produce a sorbent with good mercury removal ability when
injected into the flue gas duct. The model for the efficacy of the Nelson sorbent is
not clearly stated, so it can be presumed that the reasoning for using bromine is the
simple premise that some bromine form will help capture the mercury, as does
iodine and chlorine. The methods for incorporation of the bromine in the Nelson
application are not the same as with the present invention, and the Nelson method
will not produce the identical carbon bromide species that are obtained in the art

described in this application. The Nelson method lacks many of the features
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described in this application that impart exceptional activity to the sorbent in a
convenient way, for example, the addition of smaller amount of a second more
powerful promoting agent, the use of facile solvent systems, including aqueous
bromine, and the use of in-flight bromine treatment. Additionally, the patent
application does not mention regeneration, recycling, or reuse, or the use of moving

contactors or larger particle size to facilitate sorbent-ash separation.

Embodiments of the Invention.

A sorbent that is initially very reactive in oxidizing mercury can be used in
very small amounts to achieve high capture efficiencies, thus lowering operation
costs and lessening the disposal problem. In addition, further disposal reduction is
made possible by recycling and reusing the sorbent that is produced using this
technology. The time interval for the mercury and sorbent to interact in a flue gas
duct and the subsequent collection of the mercury on the sorbent and ash may be
very short- only seconds. This requires the sorbent to have high capacity and be
very reactive toward mercury. A sorbent can be utilized in a very finely powdered
form (e.g., 1-10 um) to minimize mass transfer limitations. But, again, the reactivity
should be very high to capture all of the mercury encountered by the fine particles.
One feature of this invention is the process to prepare a sorbent containing a
bromide compound formed on the carbon structure that provides a sorbent that is
highly active on initial contact with the mercury contaminated gas stream, which
allows for effective capture of the mercury.

One possible way to do this is to chemically combine molecular bromine
from solution with activated carbon (edge sites). X-ray photoelectron spectroscopy
established that the addition of bromine formed a chemical compound in the carbon
structure. Thus, the sorbent does not represent a molecular bromine halogen form
but a new chemically modified carbon structure. This may not occur with the less
reactive iodine, where an I>- molecular complex can exist on the carbon basal plane.
In the bromine case, it is actually the carbon that oxidizes the mercury. Thus, an
entirely new model is presented for the reactivity of the bromine-treated carbon with

mercury. The reactive carbon form can be generated by the addition of bromine,
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hydrogen bromide, or combinations of bromine and other elements as described
herein. Chlorine treatment resulted in lower-activity carbons because the chloride
anion was less effective in promoting the oxidation by stabilizing the developing
positive charge on the mercury in the transition state for oxidation. Based on this
model, several innovative, inexpensive, activity-enhancing features have been
developed.

It has been demonstrated that addition of an optional second component, in
addition to the bromine, results in improved reactivity and capacity for the sorbent,
exceeding that of both the untreated carbon and the brominated carbon. The second
compound comprises either a second halogen or a compound from a second
halogen, such as HBr. Thus, in addition to having a reactive carbon form present,
the second component generates a Lewis base with greater ability to stabilize the
developing positive charge on the mercury. Thus the second component is an
element with more polarized electrons (4p and 5p).

Furthermore, we demonstrated that the sorbent can be readily treated with
any combination of bromine and the second component in-flight using vapors of
these components contacting the very fine carbon particles dispersed in air or other
gas stream that conveys the particles to the flue gas duct. There is no particular
temperature requirement for this contact. This technology is very simple to
implement, so it will result in a great cost savings to the utility using this technology
for mercury capture.

A unique, nonobvious technique for preparation of the treated carbon is
through combining the treatment system with the carbon injection system at the end-
use site. With this technique, the halogen is introduced to the carbon-air mixture in
the transport line (or other part of the sorbent storage and injection system). Benefits
over current concepts to treat sorbents off-site include the following:

e (Capital equipment costs at a treatment facility are eliminated.

e Costs to operate the treatment facility are eliminated.

e There are no costs for transporting carbon and additive to a treatment
facility.

e This process uses existing hardware and operation procedures.
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e This technology ensures that the sorbent is always fresh, and thus, more
reactive.

e No new handling concerns are introduced.

e There are no costs for removing carbon from treatment system.

e This process allows rapid on-site tailoring of additive-sorbent ratios in order
to match the requirements of flue gas changes, such as needed when
changing fuels or reducing loads, thus further optimizing the economics.

e This technology reduces the amount of spent sorbents that are disposed.
With the foregoing and other features in view, there is provided, in

accordance with the invention, a process for preparing and regenerating carbon
sorbents whose activity for mercury capture is promoted by the addition of bromine
to the carbon structure.

The invention applies to use of a sorbent in a powdered form that has been
injected into a flue gas stream before or after ash particulates have been removed.
Examples of the composition of the sorbent are a powdered modified activated
carbon prepared by adding Br, or HBr plus a second optional component.
Alternatively, the sorbent is on a moving contactor consisting of particles or fibers
containing the compositions listed in the previous sentence. Either type can be
regenerated,; the poisoning contaminants from the flue gas are removed and an
inexpensive promoting agent added to restore mercury sorption activity. This
process of promoting the activity of the carbon itself contrasts with the earlier, more
expensive art of adding a reagent (such as peroxide, gold, triiodide, etc.) to the
sorbent. The activated carbon sorbent treated with bromine and/or the other
components 1S NONCOITOSIVe.

Detailed examples of sorbent regeneration techniques are described in co-
pending, commonly-owned PCT patent application No. PCT/US04/12828, titled
"PROCESS FOR REGENERATING A SPENT SORBENT", which is incorporated
by reference herein.

Although the invention is described herein as a sorbent material, it is
nevertheless not intended to be limited to the details described, since various

modifications and structural changes may be made therein without departing from
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