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ABSTRACT

Regulations developed for the characterization of mercury and sulfur emissions demand sampling and
analysis systems that are capable of reliably and reproducibly transferring sample streams containing
these active compounds. Sampling system surfaces will be evaluated in the transport and retention of
mercury and sulfur compounds. Mercury and sulfur streams are difficult to transport due to activity
with and adsorption to ferrous surfaces. Surfaces to be evaluated include 316L grade stainless steel,
304 grade stainless steel and functionalized amorphous silicon-coated 316L grade and 304 grade
stainless steel. Industries benefiting from this study will include stack gas sampling, environmental
quality testing, refining streams, oil and gas exploration and transport, or any industry transporting or
retaining active compounds.

INTRODUCTION
Mercury emissions have a significant impact on human health and the environment. Doctors and
researchers have determined that mercury exposure causes nerve and brain tissue development
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problems in children and can harm the brain, heart, kidneys, lungs and immune system of people
regardless of age or sex.(1) The primary sources of mercury emissions are coal fired power plants
(33% of total US emissions), municipal waste incinerators (19%), commercial boilers and medical
waste incinerators. Figure 1 shows sources of US mercury emissions.(2)

Figure 1: Sources of Human-Made Mercury in the U.S. (1995)

Every year approximately 48 tons of mercury is emitted into the environment through coal powered
power plant stack emissions. As a result, the USEPA established mercury monitoring and emissions
standards for coal fired power plants and other point source mercury emitters. US EPA 40CFR parts
60, 63, 72, and 75 require coal fired power plants to be compliant with mercury emission standards
beginning January 1, 2009.(3) As a result, coal plants must install mercury emissions monitoring
equipment on approximately 1300 coal units within the next 2 years with a first phase emissions cap of
38 tons per year by 2010 and a second phase cap of 15 tons per year by 2018.
To meet compliance regulations, US coal fired utility plants will invest approximately $6 billion in
capital projects targeted at mercury reduction. (Table 1).(4)
Table 1
Estimated incremental impacts for coal-fired utility units,
rounded, in millions except for mercury reduction
Capital
Annual
Mercury
Unit type
cost
cost
reductions
1999 $
1999 $/yr
tons/yr
Bituminous
4,609
728
Sub bituminous
607
92
Lignite
61
9
Blends
657
101
IGCC
0
0
Coal refuse
57
18
Total
5,991
948

13.3
-1.6
-0.5
1.6
0
0.05
12.9
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Ongoing monitoring will cost the industry another $948 million per year. This does not include costs
related to corrosive damage, as many stack environments common to coal- fired power generators emit
sulfur compounds, sulfuric acid, hydrochloric acid and other corrosives that cause stack monitoring
and testing equipment failures. Further complicating coal fired plant stack test reliability is the
complexity of mercury species present in the plume. Stack mercury emissions may exist in 3 forms,
elemental mercury (Hg), the 2+ oxidation state (Hg++), and attached to particulate matter. In many
stack emission streams, Hg++ will react with sulfur compounds, nitrogen, chlorine, and/or oxygen to
produce sulfurous, nitrous, chloride and oxide mercury species. Additionally, elemental and oxidized
mercury can be lost to reactions and adsorptions on the inner surfaces of monitoring equipment. The
combined effect is inaccurate mercury readings which can result in costly retesting or may illicit broad
financial, environmental and regulatory repercussions as a result of non compliance issues. Analytical
testing costs alone can be substantial. Recent studies estimate a per-test sampling cost ranging from
$100-$640 for a typical mercury analysis. See table 2 for a summary of testing costs by method.(5)
Table 2
Typical costs of various sampling methods
(U.S. dollars)
Approx. Cost
Method
of Analysis
US EPA 29
300
US EPA 101A
100
ASTM D6784-02
250
US EPA 324
430
FAMS™
640

Because of the significant costs associated with inaccurate mercury sampling, various common
materials used in stack emission monitoring were studied for their impact on test accuracy of mercury
and sulfur samples. Previous studies by Restek Corporation and O’Brien Corporation have focused on
sulfur compound adsorption in static and dynamic sampling systems. Results of those studies have
demonstrated significant adsorption in non-treated stainless steel storage and transfer systems.(6)
Figure 2 depicts results from a comparison in which a gas containing 17ppbv of hydrogen sulfide was
stored for 7 days in untreated or in amorphous silicon treated stainless steel sample cylinders. The
response ratio for hydrogen sulfide, relative to a stable reference material, dimethyl sulfide, is steady at
approximately 1:1 for at least seven days in amorphous silicon treated cylinders. The response ratio is
used in this case to look at loss or change over the life of the experiment. The data show an amorphous
silicon treated system will reliably store ppb levels of the active sulfur-containing compound during
transport from the sampling site to the analytical laboratory. In contrast, Hydrogen sulfide degraded
rapidly in the untreated cylinder, and was lost totally within 24 hours.(6)
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Figure 2. Sulfur Compounds at 17PPbV in Amorphous Silicon treated Stainless Steel Containers

CH3SH- (AREA COUNT)

Comparison of amorphous silicon treated electropolished stainless steel tubing (TrueTube™ EPS
tubing, surface roughness average (RA): 5-10, O’Brien Corporation, St. Louis, MO), untreated
electropolished stainless steel tubing (TrueTube™ EP tubing, RA 5-10, O’Brien Corporation), and raw
commercial grade stainless steel tubing (RA 23-27) showed only the amorphous silicon treated
electropolished tubing has the inertness necessary for quantitatively transferring low ppmv to low ppbv
concentrations of sulfur compounds. Figure 3 depicts the result (seamless 316L stainless steel, 1/8”
OD, 0.020” wall). Tests were performed at room temperature, using a gas flow rate of 40cc/minute.(6)
Helium containing 0.500ppmv methyl mercaptan was passed through 100-foot (30.5- meter) lengths of
tubing. The amount of time elapsed before values for the sulfur content exiting the tubing were stable
and accurate was measured. Figure 3 shows amorphous silicon treated electropolished tubing did not
adsorb methyl mercaptan to any measurable extent, delivering a representative sample with no delay.
Untreated electropolished tubing, in contrast, totally adsorbed methyl mercaptan for more than 75
minutes, and the sulfur gas level did not stabilize until approximately 130 minutes. Conventional 316L
seamless tubing totally adsorbed methyl mercaptan for more than 90 minutes, and the sulfur gas level
did not stabilize until approximately 140 minutes.(6)

STANDARD TUBE
TRUETUBE EP
TRUETUBE EPS

RETENTION TIME (MIN)

Figure 3: Adsorption of CH3 SH on Different Tubing Surfaces
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These studies show sulfur compound loss from adsorption to stainless steel surfaces and demonstrate
the benefits of a proper barrier coating integrated into the stainless steel substrates. Mercury species
can also suffer adsorptive effects with stainless steel, as well as catalytic / chemical interactions that
affect the accuracy of a quantitative analysis. The purpose of this paper is to further quantify the
combination of elemental and mercury compound loss from these cumulative effects.

EXPERIMENTAL

304 stainless steel (UNS S30400) and an organic functionalized amorphous silicon surface were
compared under static conditions to determine the impact of mercury and speciated mercury surface
adsorption. Four, one gallon stainless steel sample cylinders (1800psi DOT rated, Swagelok Corp.,
Solon, OH) were used in the study. 2 of the sample cylinders were treated with a functionalized
amorphous silicon surface (Restek Corporation, Bellefonte, PA). All sample cylinders were filled with
a target concentration of 5 ug/m3 Hg standard. NIST traceable, internal mercury gas standards used in
the study were supplied by Spectra Gasses Inc. Alpha, NJ. Calibrated mercury standards were injected
into the sample cylinders. The samples were stored at a nominal room temperature of 70°F. Samples
were tested at day 0, day 7, day 19, and day 50. The samples were tested by direct interface gas
sampling to an atomic absorption (AA) detector. Sample pathway, regulator, and tubing were treated
with functionalized amorphous silicon to ensure a consistent sample pathway and experimental
isolation of the sample cylinder test pieces.

RESULTS

Figure 4 compares the average mercury response performance of functionalized silicon and untreated
304SS (UNS S30400) one gallon sample cylinder surfaces. The functionalized silicon cylinders show
an initial mercury sample loss of 5% with sample stabilization within 7 days. Total 50 day sample loss
was 10% (Table 3). The 304SS cylinders show an initial mercury sample loss of 42% at day 7 with no
sample stabilization during the 50 day test period. Total sample loss after 50 days was 82%.
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Figure 4: Average Mercury Response Comparison of Stainless Steel vs. Functionalized Silicon
Surface

Table 3. Tabulated response comparison: 304SS vs. Functionalized sample
cylinders
Test Day Avg response
Loss vs. day 0 Avg response
Loss vs. day 0
304SS cylinders

Functionalized Si

ug/m3

ug/m3

0
7
19
50

5.65
3.25
2.05
1

42%
64%
82%

6.45
6.1
6
5.8

5%
7%
10%

CONCLUSION

The experimental data show a 70 % greater loss of mercury when stored in 304SS sample cylinders
over a period of 50 days. Significant and rapid mercury loss when exposed to a 304SS surface begins
upon sample charging and continues throughout the test duration. Silicon coated surfaces show an
initial mercury loss of 5% with sample loss stabilizing within 7 days.
The test data demonstrate significant Hg/Sulfur or Hg/Hg oxide adsorption due to active stainless steel
surfaces. Amorphous silicon coated surfaces exhibit 70% less mercury loss compared to bare 304SS
surfaces. Based on this data, analysts charged with monitoring mercury levels in coal fired emission
streams can significantly improve analytical performance by using functionalized amorphous silicon
treated system components.
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