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Agenda

A Background

I The SCRO6s role i n Hg contr

I Quantifying and testing SCR catalyst potential

A Review the factors that affect the SCR catalyst
potential for Hg oxidation

I Flue gas conditions

A HgP, Hg?*, O,, H,0, NO, Molar Ratio, Temperature, CO, SO,
I Halogens

A HCI, HBr, HI
I Catalyst

A Traditional

A Advanced

2015 Reinhold NOx-Combustion Round Table

. L Page 2
Richmond, Virginia



SCR Catalyst Functionality

C Reduce NOx

4ANO +4NH, + O, - 4N, +6H,0
2NO +2NO, +4NH, - 4N, +6H,0

C Minimize undesirable side reaction
2S0, +0, - 2SO0,

C Oxidize elemental Hg

2Hg + 4HCI+ 0, - 2HgCl, + 2H,0
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SCR Hg Mass Balance

A At the SCRinlet, Hg is present in three forms:

I — I Particulate Hg i
Hg®® = Hg? +Hg>" + HgPae= affected by the SCR

A Hg mass balance across SCR (at steady state):
Hg> +Hg: " =HQg., + HQZ', 2Hg+arci+0,- 2Hgel, + 21,0

A Quantify Hg oxidation by the SCR:

0 _ 0 2+
hHng — Hgin I(_)Igout %OXidized: OHgout —
I_Igin Hgout T Hgout
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The SCRO6s Rol e iahrecH

. Oxidize Hg for Downstream Capture!

Elemental

Oxidized
Particulate

2Hg + 4HCI + O, A 2HgCl, + 2H,0

2Hg + 4HBr + 0, A 2HgBr, + 2H,0 / —_ /~

Boiler T —

DeNOx and
Hg Oxidation ’
by Halogens
SCR  APH ESP  FGD Stack
Water solubility values (g/l) at %0 ‘1'
Hg = 5.6x10 HgO= 5.3x18, HgCJ=74 HgCl, removal
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Plant Hg Removal Strategy

Site

Coal Type and Combustion

> > D > >

' 4’ CORMETECH
Specific. Includes All or Some Components.

ACIl & DSI + ESP or FF

Hg Content A ACL Ha C "
Cl and Br Contents o T Lapacity
o Temperature
Addgd Cl and/or Br 0 SO; Concentration
LOlin Fly Ash o HCl and HBr
Boiler Load Profile 0 Sorbent Injection Rate
GOAL DSI:
MATS Limit o0 SO; Mitigation

ESP or FF:
o ACI, DSI Capture
ACI| & DSI o Ash Capture (Hg on LOI)

Hg < 1.2 lbs/Tbtu

+
ESP or FF
SCR + WFGD
A SCR:
o Hg°Oxidation Activity

o HCl and HBr

° gem%erat“re.t. Overall Hg removal strategy requires

g Sszsoﬂgpl%s;;gg a system-wide perspective. Focus of
A WFGD: this presentation is on the SCR.

0o Hg? Net Capture Efficiency APH

o Hg°Reemission

A Passive; some Hg Oxidation
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SCR Catalyst Potential

K CatalystPotentia AV = GasFlow
AV Total GSA

% = CatalystPotentiaFor X% DeNOXx

HgOx

AV = CatalystPotentiafor Y% Hg Oxidation

K sozox = CatalystPotentiafor Z% SO, Oxidation

AV
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SCR Catalyst Potential

Activity, K, depends on:

K _ ACatalyst composition and age
= - In(1- qNOx) AFlue gas conditions
AV - Temperature

MR (NH,), O,, H,0, SO,, SO,

Activity, Ky ox depends on:
ACatalyst composition and age
HgOx _ _ ; AFlue gas conditions
— In(l CI.Hng) J

AV Temperature

MR (NH,), O,, H,0, SO,, SO,

Khygoxi' 8 strongly condition dependent, bt _|JHCQ|’SHBtr’i|.L”I’C©’LH;@fuI par ame '

Activity, Keooox, depends on:

ACatalyst composition, r . and age

K
SO20x — A Iti
K= = In(l- dSOZOX) AFlue gas conditions
AV - Temperature
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Measuring SCR Hg Oxidation

A Measure Hg® and Hg?*
I CEMS
I Sorbent traps
A Lab-scale catalytic reactors

T Micro reactor
I Bench reactor

A Field (full scale reactor)

I SCR inlet and outlet measurements
A Particulate challenge (high dust difficult to measure)

I Stack measurements
A Final system performance
A SCR contribution combined
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'Lab Reactors

A Each reactor type can be used to generate quality data.
A Eachreactortypehasi t 6s own advantage
A Micro is well-suited for parametric studies

I Automation can help rapidly test a large set of conditions
A Bench is well-suited for field audit testing

I Full size element
A Catalyst poisons not evenly distributed throughout log.
A Micro may require multiple samples to fully characterize log.

I Multi-layer system test
A System and individual layer performance in a single test

A Micro may need multiple step-wise tests using results of upper
layers to set conditions for lower layers.

I Aging times are similar to micro scale
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\I\/IiCI’O Reactor 4> CORMETECH

A Example shown is fully-automated for efficient data collection.

A Can measure Hg oxidation under a full range of conditions to
ssmoling. evelop catalysts and assist with management strategies.

NH; —»s Vaporizer
Nz —re— Hg® Preheater o
0z —w—] o
NO —wa— Static HCI 5
NO; Mixer HzO | [Hz504 ‘-
S0z —wt— =t
CO —w—]
HC —t——
Sample -~ Furnace
Continuous
Hg Analyzer
SOz
Analyzer
NOx
Analyzer

“” CORMETECH I

Exhaust
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Micro Reactor: Aging Times
Fresh Catalyst

Transients are typically short. Steady state for this test is achieved is < 1 hour.

CC E";? Em w]? h‘

AW B

98%
] 0 ppm CO %’ CORMETECH
? —>
96% Y-
]
i 100 ppm CO 100 ppm CO
94% | AV same as start
c 1
(o) i
s 92%
(] _
S
5
o 90%
w i
T
88% -
86% - k lj\{WV =
—>
] increased AV by 87%
BA% |
0 2 4 6 8 10 12 14 16
Aging Time on Flue Gas [h]

357°C, 5.4% O,, 9.7% H,0, 46 ppm HCI, 1450 ppm SO,, 15 ppm SO, 0 or 100 ppm CO, 275 ppm NO, MR =0
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Micro Reactor: Aging Times ..
Fresh Catalyst ¥ CORMETE

Transients can be longer when HCl is < 10 ppm. Steady state for this series is achieved in <5 hours.

100% -
. %’ CORMETECH

90%
] MR =0, HCI =9 ppm

80% -
r/—\.o—l'—‘

60% MR = 0.25, HCl = 9 ppm r

£0% ] LLL‘_\L\\-'\-H‘\/L (/FV“_‘J
Z MR =0, HCl =3 ppm |

e I"_h_r'LJ‘-‘J

MR = 0.25, HCl = 3 ppm

T |

70%

{ I D 1}
et

T |

S
o
=

Hg® Oxidation

{ I DY B}

20%

T |

10%

0% T T T T T T T T T T T T T 1
0 2 4 6 8 10 12 14

Aging Time on Flue Gas [h]

400°C, 3.3% O,, 11% H,0, 3 or 9 ppm HCI, 490 ppm SO,, 5 ppm SO, 50 ppm CO, 375 ppm NO, MR =0 or 0.25

:
:
s —
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L

f Bench Reactor

&

¥ CORMETECH

A Bench scale allows full-size element testing (single or multi-layer).
A Test fresh or deactivated catalyst.

A Inject HCI/HBr, O,, H,0, SO,, SO,, NOx, CO, HC.

A Full H,O concentration control

Hg oxidation performance measured on bench reactor
100%

90% el
80% /’7
70% / /l/

60% 7/ /

50%

40% i'/

30%
20%
10%

0%

Oxidation Rate (%)

—o—Fresh
——Field (10,135hrs)

%’ CORMETECH

Layer 1 Layer 2 Layer 3
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‘Bench Reactor Data

CORMETECH
'New Catalyst
100% -
: Average Hg ox = 84% %’ CORMETECH
90%
i 4 ¢ ® 4 & * & L 4
80%
70% -
= 1
O 60%
I; : .
3 ] Testing Sequence
= 50%
X i
9 : Step 1 =0to 72 hours A ran SO, oxidation test
%o 40% -
. Step 2 =721to 80 hours A ran DeNOx K test
30% -
] Step 3 = started Hg injection at 84 hours for Hg ox testing
20% -
] 40 hours of total Hg ox testing A stable data!
10% Sample was already at steady state on the first pull!
O%A""l""l""\“"l""l""l“"l“"l""1""l
80 85 90 95 100 105 110 115 120 125 130
Aging Time on Flue Gas [h]
371°C, 4.3% O,, 8.5% H,0, 58 ppm HCI, 850 ppm SO,, 9 ppm SO, 100 ppm CO, 300 ppm NO, 11 ppm NH,
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Mai n Present at i @mered

100% - — .

90%

80% - /

70% : . .
ko ®* 1 scenario 1 Goa_l of this presentation:
5 c05 | High SCR Catalyst Potential for Hg Oxidation Review the factors that
2 6 / iImpact SCR catalyst

] otential for Hg oxidation
B 50% - P g
) 2
© 1 /
& 40%
1) :
] :
N 30% -
20% - _ =
-+ Scenario 2
10% - Low SCR Catalyst Potential for Hg Oxidation
0% T L L L I L L L I T T L T T T T T T I 1
Layer 1 Layer 2 Layer 3 Layer 4
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Summary of Factor Impacts

Positive Correlations

Hg Oxidation Correlation with

Factor . Note

Increasing Factor Value
HCI Strong interdependence with T and concentration
HBr Strong interdependence with T and concentration
HI Strong interdependence with T and concentration
O,

Catalyst surface area
Catalyst V,05
Advanced catalysts

Hg®

O = =) =) =) ) mp )

Determined by layer length and Ap/pitch selection

Improve Hg ox at constant DeNOx and SO, ox

No impact: kinetics are first order in Hg°
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Summary of Factor Impacts
Negative Correlations

Hg Oxidation Correlation with

Factor Increasing Factor Value Note
Hg?* O l Impact depends on re-reduction activity
Temperature l Strong interdependence with HCIl, HBr, NHg, catalyst
NH3 l Strong interdependence with T, HCI, HBr, catalyst
NO l Impact is cross-correlated through NH3
0 (1
SO, l
SO3 l
CcO l Strong interdependence with T, HCI, HBr, catalyst
Hydrocarbons l

-~

Catalyst Age

Strong interdependence with catalyst type
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Impact of @and HO

Hg Oxidation Activity

O, and H,O both have a significant impact on Hg oxidation activity.
In comparison, these parameters have a much smaller impact on
DeNOx or SO, oxidation rates.

HgP Oxidation

100% -

90% +

80% -

70% +

60%
50% -+
40% +

30% +

20% -

//
g

0 1 2 3 4 5
0, Concentration [%vd]

——T=400C, MR=0.2
—-T=400C, MR=0.9

T=370C, MR=0.2
—<T=340C, MR=0.2

HgP Oxidation

100% -
90%
80% -
70%

60% -

50%

40% -

30% -

20%

10% +

0% -

Ty

P

g

8 10 12
H,0 Concentration [%V]

14

16

—o— Catalyst A
- Catalyst B

11% H,0, 350 ppm NO, 0.2 Molar Ratio, 1000 ppm SO,,

10 ppm SO, 100 ppm CO, 11 ppm HCI

400°C, 3.5% O,, 350 ppm NO, 0.2 Molar Ratio, 1000 ppm SO,,
10 ppm SO, 100 ppm CO, 11 ppm HCI
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Impact of Hy

Hg Oxidation Activity

Steady state data reveal that the Hg oxidation reaction is 1storder in
Hg® A Hg oxidation is constant with varied inlet Hg® concentration.

Hg Oxidation Hg Oxidation
with inlet Hg  with inlet Hg

21ng/Nm®  11ng/Nm®

Inlet HCI
NHy/NOX [ppmvd]

0.2 11 28% 27%
0.9 11 11% 14%
0.2 56 81% 81%
0.9 56 58% 61%

400°C, 3.5% O,, 11% H,0, 350 ppm NO, 1000 ppm SO,, 10 ppm SO, 100 ppm CO

The overall kinetic rate law, however, is more complex, and includes the kinetic
effects of HCl and O,, and inhibition effects of H,O, NH;, CO and SO.,.
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'Why are Halogens Needed?

(No halogens included). 2Hgo +02 _ 2Hg2+O

100% -

Full Load SCR
Operating Range

80% -

Without halogens: Hg oxidation is thermodynamically
limited to low conversion in the SCR temperature range.
Halogens (CI, Br, I) are enablers for Hg oxidation!

60%

40% -+

Equilibrium Ratio of Hg?* / Hg, ...

20% \

0% - T |— T LI I T | — ) L— N KRN R R— L LR —
200 250 300 350 400 450 500
Temperature [°C]
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Why are Halogens Needed? = cormetechH

(with Clincluded).  2Hg® + 4HCI + O, - 2|_|92+C|2 +2H,0

100%

s |

o5 80%
I -
+\- Full Load SCR
r%n _ Operating Range
I 60%
b~ ;

[5)
-9

)

(] 5
"E‘ 40%
3 Halogens enable Hg oxidation by
8  shifting equilibrium towards Hg?*.
'S 20%

O i

Ll

O% T T T T T T T T T T T T T T T T T T T T T T
200 250 300 350 400 450 500
Temperature [°C]
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Impact of HCI
Hg Oxidation Activity CORMET

The kinetic data are consistent with a mechanism where HCI| adsorbs on the
catalyst. NH; can significantly inhibit Hg oxidation activity.

100% -
: CORMETECH
90% -
80% -
O 60% /
= :
% - //
2 50% -
3 . / / —~—MR =0.2
o
o7}
E

20% - ~-MR=0.9
30% - / /

20% - /
10% 4//

% —+—7—F—+—F+—F "+ T |

HCI Concentration [ppm]

400°C, 3.5% O,, 11% H,0, 350 ppm NO, 1000 ppm SO,, 10 ppm SO3, 100 ppm CO; MR = Inlet Molar Ratio
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Impact of NtHand NOX

Hg Oxidation Activity

NH; can significantly inhibit Hg oxidation activity. Negative impact of higher
inlet NOx is caused by higher inlet NH; (we tested at fixed molar ratio values).

HgP® Oxidation

100% - 100% -
: CORMETECH ]
90% - 90% -
80% - - 80% -
70% - 70% -
60% -+ ——— S 60% |
- =
] © 1
50% 2 50% -
§ —e—HCl =11 ppm o ——NO =100 ppm
40% —e—HCl = 56 ppm ??:o 40% 1 —o—NO =350 ppm
10% 10% - -
0% o
0.00 0.20 0.40 0.60 0.80 1.00 0.00 0.20 0.40 0.60 0.80 1.00
Inlet Molar Ratio Inlet Molar Ratio

400°C, 3.5% O,, 11% H,0, 350 ppm NO, 1000 ppm SO,, 10 ppm SO, 100 ppm CO
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Impact of HCI on NHhhibition
Hg Oxidation Activity

There is a strong Interdependence between the HCI concentration and the
degree of NH; suppression of the Hg oxidation rate.

<j More suppression  Less suppression |:>

K ratio on y-axis!

400°C, 3.5% O,, 11% H,0, 350 ppm NO, 1000 ppm SO,, 10 ppm SO3, 100 ppm CO; MR = Inlet Molar Ratio
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