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Bench-Scale Testing
Bench-scale screening:

Evaluate a number of different sorbents, sorbent 
enhancements/modifications, gas species interactions, 
oxidation potential, sorbent size, temperature, etc.
Fixed-bed and entrained-flow using simulated gas similar to 
that produced from burning lignite coal
Perform initial screening of sorbents to evaluate capture 
effectiveness, oxidation potential, and capacity
Provide relative ranking to determine most promising sorbent 
for pilot- and full-scale testing based on capacity and cost
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Screening Criteria

Reactivity – comparison to baseline Norit FGD
Capacity – bench-scale breakthrough curves
Physical properties – particle size, surface area, 
functionality
Cost – relative to FGD carbon (50 cents/lb)
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Sorbents for Testing

Carbon-based sorbent selection – six sorbents
– Baseline – Norit FGD
– Luscar – coal, char, fines (?)
– Minnkota – high-sodium Center lignite
– Basin/Otter Tail – high-sodium Beulah Zap lignite
– Calcium silicate 
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Sorbent Comparison

Luscar coal
Luscar coal char
Center coal
Beulah Zap coal

Activated carbons were prepared from the following 
coals and chars:
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Bulk Ash Composition 

SiO2 Al2O3 Fe2O3 TiO2 P2O5 CaO MgO Na2O K2O SO3

Sample (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%)

Luscar Coal 38.3 15.2 6.0 0.6 0.2 15.5 3.5 8.7 1.4 10.6

Luscar Coal Char 32.9 17.3 6.4 0.6 0.2 16.4 3.8 9.9 0.6 12.0

Antelope/Beulah Zap 36.6 13.6 8.1 0.5 0.2 18.1 5.8 5.8 1.1 10.3

Center Coal 43.8 14.3 7.6 0.5 0.1 11.6 4.5 4.3 2.0 11.2

Norit FGD 38.5 15.6 10.6 1.3 0.0 18.1 4.7 0.7 0.6 10.0
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Char Formation

The coals were air-dried and ground, and the particles (-8 
+20 mesh) were collected.
For carbonization, 150 g of the granular coal           (-8 +20 
mesh) were placed in a quartz tube reactor, and heated 
to 400°C in a gentle flow of nitrogen.
The reactor was held at this temperature until tarry 
material ceased to evolve. 
The char was stored under nitrogen for further use.

Page 19 of 120

Exhibit 2031 
Page 19



Activated Carbon Production
For steam activation:  

The char was placed in a vertical quartz tube reactor and heated to 
either 750° or 800°C in a gentle flow of nitrogen.

The char was then heated at either 750° or 800°C in a gentle flow 
of steam and nitrogen introduced from the bottom of the reactor 
for 30 minutes.  
The reactor was cooled to room temperature in flowing nitrogen.  
The activated carbon was removed from the reactor, weighed, and 
stored under nitrogen for further use.  
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Surface Areas

Surface area of the activated carbons was 
determined by iodine numbers:

Carbons were ground to pass through 200-
mesh sieve.  
Iodine numbers for the carbons were 
determined by ASTM procedure.
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Schematic of the Mercury Lab Setup

Page 25 of 120

Exhibit 2031 
Page 25



Breakthrough Curves for Norit FGD and 
High-Na North Dakota Lignite AC

Simulated Flue Gas – Baseline

Hg0 – 15 g/m3

O2 – 6%

CO2 – 12%

H2O – 8%

N2 – Balance

HCl – 50 ppm

SO2 – 1500 ppm

NO – 400 ppm

NO2 – 20 ppm
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X-Ray Photoelectron Spectroscopy (XPS)

XPS is also known as electron spectroscopy for chemical analysis 
(ESCA).
XPS analysis involves irradiating a sample with a mono-energetic x-
ray beam that causes photoelectrons to be emitted from the 
sample.
An energy analyzer is used to determine the binding energy of the 
emitted photoelectrons.
From the binding energy and intensity of a photoelectron peak, the 
elemental identity, chemical state, and quantity of an element can 
be determined. 
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XPS – Detail of Sulfur Peak
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XPS – Surface Sulfate Levels
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Mechanistic Model of Sorbent–Mercury 
Interactions
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Conclusions on Bonding Site
All mercury on the sorbent and effluent gas is oxidized.
Flue gas components have an effect on mercury 
capture.
XANES analysis (past study) showed most sulfur as 
sulfate and most mercury as a chloride and/or carbon 
bonded.
XPS analysis showed most sulfur as sulfate, thiophene, 
and sulfide.
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Conclusions on Bonding Site 
(continued)

There is competition for active sites by Cl and S 
species.
Mercury sorption on the surface depends upon 
sulfide-to-sulfate conversion, buildup of Cl, followed by 
desorption.
Mercury on the sorbent is not Hg0, sulfate, or nitrate 
(past work – XANES).
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Conclusions on Bonding Site 
(continued)

Bonding site for mercury – base site may be a carbon-
edge structure that has Lewis-base characteristics.
– Base can donate electrons to Hg2+, HCl, H2SO4, and 

SO2.
– Acid gases poison the Hg sites – prolonged 

exposure.
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Conclusions from Bench-Scale Testing
of Potential Mercury Sorbents

Unactivated Luscar char and oxidized calcium silicate were 
ineffective in capturing or heterogeneously oxidizing 
mercury.
Lignite-based activated (750°C) carbons required a 30- to 
45-minute conditioning period in the simulated lignite flue 
gas before they exhibited good mercury sorption 
capacities and Hg0 oxidation potentials (>90% Hg2+).
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Conclusions from Bench-Scale Testing
of Potential Mercury Sorbents (continued)

Lignite-based activated (800°C) carbons required a 
shorter, 15-minute conditioning period in the simulated 
lignite flue gas and captured gaseous mercury more 
effectively with greater Hg0 oxidation (>95% Hg2+) than 
those activated at 750°C.
Activated (750°C) Luscar char and DARCO FGD did not 
experience significant early mercury breakthrough in the 
acid gas-rich baseline flue gas.
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Conclusions from Bench-Scale Testing
of Potential Mercury Sorbents (continued)

Mercury capacities of the activated (800°C) Luscar char 
ranged from 164 to 202 g/g in the presence of the 
simulated lignite combustion flue gas.
Activated (800°C) Luscar char and DARCO FGD most 
effectively captured mercury in the simulated coal 
combustion flue gases.
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Sorbents for Pilot-Scale Testing

Norit FGD
Luscar char activated carbon
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Directions
Working with Luscar to develop sorbent – optimization
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Mercury Control Technology
Results
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Phase II
Ongoing Activities

Planning/discussing scope and schedule
Discussing/selecting control technology

– Selecting most promising sorbent(s)
– Identifying technology requirements and design criteria

Scale of technology, 1–10 MW (note Alstom indicates that this 
scale should provide data adequate to ensure guarantees)
Addressing preliminary site consideration and requirements 

Goals
Design, construct, and install slipstream technology
Perform technology performance tests. 

– [Evaluate sorbent and technology effectiveness as a function of design 
and process variables (temperature, sorbent type, sorbent 
characteristics, particulate control system operation, unit operation, etc)]

Evaluate impact of mercury on ash reuse and/or disposal 
Quantify performance, effectiveness, and cost
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Phase II – Proposed Activities
Task 1

Task 1 – Design and Install Technology
Assist in design by providing more specific design information and criteria on the 
selected technology.
Identify and collect test data from other similar tests conducted outside of this 
project, if available. Assess applicability of data to this project.
Identify and gather data on number of existing installations and operating 
experience.
Identify availability of technology suppliers and design support/assistance.
Assist in providing cost estimates of technology and supporting equipment. 
Provide additional bench- and pilot-scale test data targeted at providing specific 
data needs. 

– [One week of bench-scale testing and one week of pilot-scale testing has been budgeted to 
provide additional information throughout this project. Specific tests may include sorbent 
screening tests, additive screening tests, tests to examine specific design parameters (i.e., 
A/C), tests to examine specific process parameters (i.e., temperature, flue gas condition, etc), 
or other tests the project sponsors feel are important and related to this project. These 2 
weeks of testing would be discussed and decided on by consensus of all project sponsors.]
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Phase II – Proposed Activities
Tasks 4

Task 4 – Summarize Technology Performance and Cost
Data generated throughout the test program will be reduced, compiled, 
interpreted, and summarized. 
Mercury speciation and total concentration will be calculated at each test 
location for each test and statistically averaged over short- and long-term tests. 
Mercury collection efficiency will be calculated based on coal inlet 
concentrations as well as on inlet and outlet measurements. Mercury levels and 
variability in the flue gas will be compared to the mercury content of the coal.
Data that are logged by plants will be reduced and plotted along with mercury to 
identify trends and relationships. 
Technology effectiveness relative to mercury control will be calculated for short-
and long-term tests. 
The cost of scaling the technology up to large scale will be estimated.
The cost of mercury control at large scale will be estimated.
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