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EXECUTIVE SUMMARY

This report covers work performed during FY 2002 in support of treatment demonstrations conducted
for the U.S. Department of Energy (DOE) Mixed Waste Focus Area (MWFA) Mercury Working
Group. To comply with the requirements of the Resource Conservation and Recovery Act, as
implemented by the U.S. Environmental Protection Agency (EPA), DOE must use one of the
following procedures for mixed low-level radioactive wastes containing mercury at levels above

260 ppm: a retorting/roasting treatment or (if the wastes also contain organics) an incineration
treatment. The recovered radioactively contaminated mercury must then be treated by an
amalgamation process prior to disposal. The DOE MWFA Mercury Working Group is working with
EPA to determine whether some alternative processes could be used to treat these types of waste
directly, thereby avoiding a costly recovery step for DOE.

In previous years, demonstrations were performed in which commercial vendors applied their
technologies for the treatment of radiologically contaminated elemental mercury as well as
radiologically contaminated and mercury-contaminated waste soils from Brookhaven National
Laboratory. The test results for mercury release in the headspace were reported in two reports,
Measurements of Mercury Released from Amalgams and Sulfide Compounds (ORNL/TM-13728)
and Measurements of Mercury Released from Solidified/Stabilized Waste Forms (ORNL/TM-
2001/17). The current work did not use a real waste; a surrogate sludge had been prepared and used
in the testing in an effort to understand the consequences of mercury speciation on mercury release.

Two vendors applied their processes to treat elemental mercury, and samples were tested for the
release of mercury in the headspace. Both processes significantly improved the release of mercury at
20EC, one (sulfur polymer cement) by a factor of about 10 and the other (macroencapsulation) by a
factor of about 20. At 60EC, the same factor of 10 for the sulfur polymer cement was found, but the
macroencapsulation behaved worse than at lower temperature, and the reduction factor when
compared with that of untreated elemental mercury was close to 2 only.

The release of mercury above the headspace of the untreated and treated MER04 surrogate sludge
was studied as a function of temperature. Two temperatures were selected: room temperature
(~20EC) and 60EC. Measurements were performed at three time intervals — 1, 3, and 7 days — to
ensure that equilibrium between the solid and gas phases was reached. The concentration of mercury
in the headspace was found to be almost null in both the raw and treated sludge., Because no analysis
to measure the total concentration of mercury in the sludge tested was performed it is suspected that
heterogeneity of the mercury compounds within the sludge at the time of sampling may be causing
these results. Therefore, no conclusion can be drawn regarding ability of the various processes to
treat specific species of mercury.

X1






1. BACKGROUND

Significant quantities of radioactive mercury waste [mixed low-level waste (MLLW)] are currently
stored at the U.S. Department of Energy (DOE) facilities. Disposal of MLLW must meet the U.S.
Environmental Protection Agency (EPA) Land Disposal Restrictions (LDR) under the Resource
Conservation and Recovery Act (RCRA), as set forth in 40 CFR 268.40. Amalgamation is the
standard treatment used to meet the EPA LDRs.

For radioactively contaminated wastes containing mercury at levels above 260 ppm, one of two
treatment standards precedes the amalgamation step. If the waste does not contain organic
constituents, retorting or roasting (RMERC) in a thermal processing unit is the treatment standard to
follow; if the waste contains organics also, then incineration (IMERC) is the approved treatment
standard. The recovered radioactive mercury then undergoes an amalgamation step before final
disposal can occur. In an effort to reduce the costs associated with this two-step treatment, the DOE
Mixed Waste Focus Area (MFWA) and Mercury Working Group are working together with the EPA
to determine whether some form of direct treatment would meet the goal of the EPA Toxicity
Characteristic Leaching Procedure (TCLP) extract concentration limit of 0.025 mg/L mercury
(maximum) while reducing the cost for final disposal of these wastes.

This effort has been an ongoing project for several years. Various aspects of the complex chemistry
of mercury have been explored within the following demonstration campaigns.

® MEROI was a demonstration of the amalgamation processes of two different vendors for the
treatment of radiologically contaminated elemental mercury wastes. The measurement of
mercury in the headspace of the samples was performed, and the results are found in
ORNL/TM-13728 (Mattus 1999). Other reports cover this demonstration (MWFA 1999a,
1999b)

® MERO02 was a demonstration of the stabilization process for treatment of radiologically
contaminated wastes in which the mercury concentration was < 260 ppm. Two vendors
treated an ion exchange process stream and an other one a sludge and laboratory residues.
Other reports cover this demonstration (MWFA 1999c, 1999d, 1999¢; ATG 1998)

® MERO3 was a demonstration of stabilization processes for the treatment of radiologically
contaminated mercury waste. The waste was a soil from Brookhaven National Laboratory
(BNL) that was contaminated with mercury at levels around 4500 mg/kg and that contained
! Am or '"?Eu. Two reports were issued from this campaign characterizing the treatment
processes and the product they generated. The first one, Use of a New Leaching Test
Framework for Evaluating Alternative Processes for Mercury Contaminated Mixed Waste,
issued by Vanderbilt University (Sanchez et al. 2001, 2002 a, 2002b), covers the leaching
performances of the treated wastes. The second one, Measurements of Mercury Released
from Solidified/Stabilized Waste Forms (Mattus 2001) reports the results of the measurement
of mercury in the headspace of treated and nontreated samples. Other reports cover this
demonstration (ATG 2000).



® MERO04 is the current effort, a study for the treatment of a mercury-contaminated surrogate
sludge. Some reports were issued to document this demonstration. (NFS 2001, ATG 2001,
Adams 2001, SAIC 2002, Morris et al. 2002).

A summary of the participants for each campaign as well as the processes they used is provided in
Table 1.

Table 1. Summary table for DOE—sponsored MER demonstrations

Vendor MERO!I MER02 MER03 MER04 Elemental Hg Treatment process

Sulfur process to produce a
stable mercury sulfide
product then addition of
binders and last addition of
coating agents to form a waste
form

ADA Technologies X X

Chemical stabilization
process: Dithiocarbamate

DTC) formulation (MERO02);
Allied Technology (DTC) formulation ( );

X X X DTC and liquid sulfide

Group (ATG) reagents (MERO3); sodium
hydrogen sulfide (NaSH)
formulation (MER04)

: Sulfur polymer
Brookhaven National X X X stabilization/solidification
Laboratory (BNL) (SPSS)
GTS Duratek X Cement-based grout

Proprietary DeHg™ process;
X X X X different equipment in
MEROI demonstration

Nuclear Fuel
Services (NFS)

High-vacuum rotary kiln

SepraDyne-Raduce X thermal desorption

Concerns have arisen about the release of mercury vapors from amalgamated or stabilized wastes.
Much work has been done to stabilize/amalgamate the mercury, and success was declared when the
leaching results were found to be satisfactory. However, no measurement of the headspace of the
waste form was performed, and the possibility for volatilization of the mercury was overlooked. In
the work performed in FY 1999 for the Mercury Working Group, the author of this report measured
significant amounts of mercury vapor released by some amalgams prepared by commercial vendors
(Mattus 1999). Hamilton and Bowers (1997) have studied the release of mercury vapors from waste
solidified/stabilized in a Portland cement matrix. Their findings corroborate the author’s: the



concentration of mercury in the vapors increased with temperature and time when oxide or elemental
mercury species were solidified in Portland cement. The mercury was released quickly, and the
headspace above the samples became saturated within a few hours. However, when mercury was
stabilized with sulfide, no release of mercury was measured.

2. INTRODUCTION

One of the primary performance requirements specified in the MWFA technology development
requirements document, Mercury Amalgamation (MWFA 1997), is related to vapor emissions: “The
process must not release mercury vapors into the environment above the limits established by the
applicable air permit [in accordance with Clean Air Act (CAA) requirements]. In addition, the
process should not expose operators to mercury vapors above the established Threshold Limiting
Value (TLV) of 0.05 mg/m’. .. Using the TLV as a basis, the final waste form must have a vapor
pressure of less than 10'¢ torr at 140EF.”

“Vapor pressure” is defined as the pressure at which a liquid or solid is in equilibrium with its vapor
at a given temperature (Considine and Considine 1984). This property depends only upon the
temperature and the composition of the material being considered. For a typical liquid, a constant and
reproducible vapor pressure exists and varies only with the temperature (i.e., it increases as the
temperature rises).

The modified test procedure used in this study was very similar to the static headspace analysis
method used by Kriger and Turner (1994). In this technique, the mercury vapor pressure was allowed
to reach equilibrium in a static headspace. A commercial mercury vapor analyzer was then used to
measure the mercury concentration (mass/volume) in the headspace. This instrument was used
successfully in the work performed during previous years (Mattus 1999, 2001) and was also used by
other scientists for similar work (Hamilton and Bowers 1997, Kriger and Turner 1994).

3. EQUIPMENT DESIGN — MERCURY VAPOR ANALYZER

The instrument used for measurement of the vapor pressure of mercury was a Jerome 431-X gold-
film mercury vapor analyzer from Arizona Instruments (Phoenix, Ariz.). The range of detection is
0.000 to 0.999 mg/m’ mercury. The sensitivity of the instrument is 0.003 mg/m’, well below the
threshold limiting value (TLV) of 0.05 mg/m’. Air sampling is performed with the aid of an internal
pump. The amount of air sampled and analyzed each time is 87.5 mL. The air flows through a guard
column packed with soda lime for removing moisture and acid gases. The resulting dry vapor is
deposited onto a gold film, which forms an amalgam with mercury, thus increasing the electrical
resistance of the film. This instrument is stable and selective for mercury and, unlike ultraviolet
analyzers, is not prone to interferences from contaminants such as water vapor or hydrocarbons.
When the sensor approaches its saturation limit, the instrument provides a warning. Regeneration of



the sensor takes about 10 min, but the instrument should not be used for about 30 min after
regeneration of the sensor to allow the metal to cool down to room temperature.

4. ELEMENTAL MERCURY
4.1 WASTE AND TREATMENT DESCRIPTIONS

Two vendors provided amalgamated samples for evaluation. BNL sent a monolithic sample of
elemental mercury treated by its process. The waste form has a waste loading of 33 wt % of
elemental mercury. NFS sent four containers of amalgamated elemental mercury. This material
looked like dark grey sand; some white particulates were present in two of the four samples. Table 2
contains information pertaining to the treatment of the samples of elemental mercury treated by the
two vendors.

Table 2. Summary of technologies used for treatment of elemental mercury

BNL NFS
Process Formation of mercury Amalgamation and stabilization
sulfide followed by process with precipitation of stable
thermoplastic salt.

encapsulation using sulfur
polymer cement
stabilization/
solidification process

Waste loading
(dry basis, wt %) 33 20.1

Final form of treated waste Monolithic Soil-like

4.2 EXPERIMENTAL PROCEDURE

The objective of this set of experiments was to study the effect of temperature on the mercury vapor
released from the various waste forms and untreated sludges. Measurements were made at two
temperatures, ambient (~20—-22EC) and 60EC. These results were then compared with those for pure
elemental mercury.

The literature provides the mercury vapor pressure above pure mercury as a function of temperature.
The expected gas space concentration of mercury at each temperature can be calculated from the
mercury partial pressure by using the ideal gas law [see Eq. (1)].

w_ PM
v RT o
where
p = vapor pressure of the sample (Pa),
w = mass of vaporized material (g),



= molecular weight of mercury (g - mol™),
gas constant (8.31 Pafm’ f mol' § K™),
temperature (K),

= volume analyzed (m’).
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The sample preparation was done in glass sample vials with Teflon septa. Samples held at 60EC
were placed into a water bath to avoid temperature fluctuation during sampling. The temperature of
the water was read from a digital readout placed on the equipment.

Approximately 15 mL of treated material, equivalent to a tablespoonful, was introduced into each
vial. The release of mercury in the headspace is independent of the amount of sample present. All the
samples were prepared in triplicate. For each temperature, as a quality assurance/quality control
check, a blank (empty vial) and a sample containing pure mercury metal were also run in triplicate.
The samples were measured at selected time intervals.

Volumes of 0.2 to 10 mL of the headspace sample diluted to a total of 87.5 mL by room air were
found to be appropriate for use in this set of experiments. The total concentration had to be
recalculated to take into account the dilution made during sampling. Even though equilibrium
between the sample and the air above is reached rapidly (Hamilton and Bowers 1997), measurements
were made at 1, 3, and 7 days to confirm that the data obtained were representative of an equilibrium
condition. Each vial was sampled and analyzed three times, and then the results were averaged. The
standard deviation on the nine measurements made for each sample was used for calculating the error
on the average concentration. The plots in Figs. 1 and 2 represent the domain of error associated with
the results.

4.3 MEASUREMENTS OF MERCURY RELEASED AT 20EC

The samples were maintained at room temperature (~20EC) for this set of experiments. The data
obtained at 1, 3, and 7 days are summarized in Tables A-1 and illustrated in Fig. 1.

4.4 MEASUREMENTS OF MERCURY RELEASED AT 60EC

The data showed more fluctuation for this series of tests. Opening the water bath probably caused the
temperature of the samples to drop; furthermore, the smaller volume of air sampled introduced a
larger error in the measurement of mercury concentration. The data obtained are compiled in Table
A-2 and are plotted in Fig. 2.

4.5 DISCUSSION OF RESULTS

4.5.1 QA/QC Samples

At ambient temperature, which was measured by thermocouples to be ~20EC, the measurements were
found to be in the range of 15.5 to 18.5 mg/m’ for the pure mercury samples. The theoretical
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Fig. 2 Mercury concentration in headspace of treated elemental mercury maintained at 60EC.



values are 15.54 and 19.91 at 22 and 25EC, respectively. At 60EC, the mercury concentration was
found to be between 94 at day 1 and 132 mg/m’ at day 7. The theoretical value is 240 mg/m’ for that
temperature. This difference was probably due to the smaller volume of headspace gas analyzed; only
0.2 mL was used so that the sensor would not become saturated too rapidly. It was also noticed that
the temperature of the bath dropped when the cover was removed during the measurements. Only
one of the replicates for the blank at 60EC was found to be slightly above zero, showing that the
instrument was responding correctly for the low end of the concentration range.

4.5.2 Elemental Mercury Treated Samples

The waste form made by BNL released little mercury in the headspace at either temperature: below
2 mg/m’ at 20EC and below 20 mg/m* at 60EC.

NEFS provided four containers of treated amalgamated mercury, and all four were tested. At 20EC,
three of the four samples had concentrations of mercury in the headspace below 1 mg/m’, but one test
had results close to that of the pure mercury standard. Heterogeneity may be the reason for this
abnormally high result if there was some unreacted mercury present in the treated material. The
results obtained at 60EC were higher than those obtained from the BNL samples; results varied from
35 to 150 mg/m*. The four samples from NFS at 60EC did not have outliers as seen at 20EC.

Both processes decrease the concentration of mercury in the headspace, but none is apparently able to
treat the mercury so that no vapor pressure is present. This finding may be explained by an
incomplete reaction that leaves a minute amount of unreacted material that is enough to liberate
mercury into the headspace.

5. MER04 SURROGATE SLUDGE
5.1 WASTE AND TREATMENT DESCRIPTION

The MERO04 sludge surrogate was designed by ALTER (The Accelerated Life Testing and
Environmental Research Corporation, Dillsboro, Ind.) and contained some “difficult to treat” species
of mercury with an overall mercury concentration of 0.5 percent. The sludge composition is found in
Table 3. It must be stated that this composition was the prepared one, and that the samples that were
sent for mercury vapor measurement at ORNL were not tested for total mercury content, thus not
verified to actually contain this amount of mercury.

The different vendors involved in the demonstration sent samples of the raw MERO04 sludge as well
as the treated samples. BNL raw sludge is a mixture of a solid phase (~2/3 of the total sludge) that
has a clear brown color and a dark brown greenish liquid phase. The treated samples from BNL were
dark grey cylinder monoliths 2 x 2 in. in diameter and height.



Table 3. Characterization of the MERO04 surrogate sludge

Sludge constituent Weight percent  Mercury concentration, mg/kg
Phenyl mercury acetate 0.08 500
Mercury nitrate 0.17 1000
Elemental mercury 0.15 1500
Mercury oxide 0.11 1000
Mercury chloride 0.14 1000
Diatomaceous earth 20 0
Aluminum hydroxide 10 0
Ferric chloride 10 0
Sodium chloride 10 0
Water 49.35 0

Total 100 5000

Allied Technology Group, Hayward, Calif. (ATG), sent two bottles of raw MER04 sludge
corresponding to two different batches (“1” and “2”). They were similar to the sludge from BNL but
contained less liquid phase (~1/4 or 1/5 of the total sludge volume). Four samples of the treated
sludge were received for testing at ORNL. These samples were monoliths cast in 500-mL plastic
bottles. The monoliths were hard to break and were grey on the outside. However, a fresh fracture
revealed the black color of the inside of the material.

Nuclear Fuel Services, Erwin, Tenn. (NFS) sent two bottles of raw MERO04 sludge. This sludge was
slightly different from the two others. It had a darker brown color and very little or no liquid phase.
The treated sludge looked like a clay-like soil with a greenish brown color. The stabilized samples
did not have mechanical strength. A second treated sample was received, which was drier than the
first one and looked like agglomeration of soil in pellets. A summary of the different treatments is
presented in Table 4.

Table 4. Summary of technologies used for treatment of the MERO04 surrogate sludge

BNL NFS ATG

Process Formation of mercury DeHg® amalgamation Formation of mercuric
sulfide followed by and stabilization process | sulfide followed by
thermoplastic encapsulation | of elemental Hg followed | cement-containing
using sulfur polymer by precipitation of stable | proprietary stabilization
cement stabilization/ salt agents
solidification process

Waste loading 30 batch 1: 44.9 254

(dry basis) (wt %) Batch 2: 47.0

Volume or weight 233 wt % on dry basis batch 1: 123 wt % 25 vol. %

increase 36 vol % batch 2: 113 wt % 294 wt %

Final form of treated Monolithic Soil-like Monolithic

waste




5.2 EXPERIMENTAL PROCEDURE

The sample preparation was done in 160-mL low density polyethylene (LPDE) sample vials for the
samples maintained at room temperature and in glass sample vials with Teflon septa for the samples
maintained at 60EC. Samples held at 60EC were placed into a water bath to avoid temperature
fluctuation during sampling. The temperature of the water was read from a digital readout placed on
the equipment.

Approximately 15 mL of material, equivalent to a tablespoonful, was introduced into each vial. The
raw sludges were too liquid to be measured effectively. A layer of water covering the solid phase
prevents the release of mercury in the headspace. Therefore, a sample preparation step was performed
by drying the samples in an oven at 66EC to remove the excess water. No analysis for total mercury
was performed on the sludge prior and after the drying stage, therefore, it is not possible to evaluate
the amount of mercury lost during the two days of drying. The treated samples did not present that
problem, so they did not undergo such a treatment step. All the samples were prepared in triplicate.

Volumes of 0.2 to 10 mL of the headspace sample diluted to a total of 87.5 mL by room air were
found to be appropriate for use in this set of experiments. Measurements were made at 1, 3, and 7
days.

Each vial was sampled and analyzed three times, and then the results were averaged. The standard
deviation on the nine measurements made for each sample was used for calculating the error on the
average concentration. The plots in Figs. 3 through 8 represent the domain of error associated with
the results. The results obtained for the pure mercury standard are not presented on these plots
because of a scaling problem that would not differentiate the results obtained for the MER04
samples.

5.3 MEASUREMENTS OF MERCURY RELEASE AT 20EC

The samples were maintained at room temperature (~20 to 21.5EC) for this set of experiments. The
data obtained at 1, 3, and 7 days are summarized in Tables A-1 to A-4, presented in Appendix A.
Figures 3 through 5 plot the average values obtained for the MER04 sludge.

5.4 MEASUREMENTS OF MERCURY RELEASE AT 60EC

The data showed more fluctuation for this series of tests. Opening the water bath probably caused the
temperature of the samples to drop; furthermore, the smaller volume of air sampled introduced a
larger error in the measurement of mercury concentration. The data obtained are compiled in Tables
A-5 through A-8 presented in Appendix A and are illustrated in Figs. 6 through 8.
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5.5 DISCUSSION OF RESULTS
5.5.1 QA/QC Samples

At ambient temperature, which was measured by thermocouples to be ~20 to 21.5E, the
measurements for the mercury standard were found to be in the range of 15.5 to 18.5 mg/m’. The
theoretical values are 15.54 and 19.91 at 22 and 25EC, respectively. At 60EC, the mercury
concentration was found to be between 94 at day and 132 mg/m® at 7 days. The theoretical value is
240 mg/m’ for that temperature. This difference was probably due to the smaller volume of
headspace gas analyzed; only 0.2 mL was used so that the sensor would not become saturated too
rapidly. It was also noticed that the temperature of the bath dropped when the cover was removed
during the measurements. Only one of the replicates at 60EC was found to be slightly above zero,
showing that the instrument was responding correctly for the low end of the concentration range.

5.5.2 MER04 Surrogate Sludge

Very surprisingly, the results obtained at both temperatures for the raw sludge from all vendors
showed that almost no mercury was present in the headspace of the samples, even though elemental
and ionic mercury were present in the synthetic sludge. The raw sludge samples had been dried at
66EC for two days prior to testing to eliminate the excess water that would have prevented the
mercury vapor from exiting the material. Again, the raw surrogate sludge was not analyzed for total
mercury prior of after drying; therefore, it is not possible to evaluate the amount of mercury lost
during the drying preparation stage as well as knowing how much mercury was effectively present in
the surrogate.

The heterogeneity of the material could explain this result. Mercuric nitrate is very soluble in water
and the solubility of mercuric chloride is 6.9 g/100cc, so these two species should dissolve during the
sludge preparation and be homogeneously dispersed. However, elemental mercury is heavy and
insoluble, and mercuric oxide as HgO is not very soluble; its solubility is only 0.0053g/100 cc. These
two species will not dissolve in the sludge and will have a tendency to settle to the bottom of the
container in which the sludge is prepared. Even with mixing of the tank of sludge, when the
subsampling is taking place, it is difficult to aliquot a representative sample containing the elemental
and oxide mercury forms. When a subsample was taken for testing, it may not have contained all the
mercury species introduced during the preparation of the sludge. That problem may have biased the
results obtained. It would have been valuable to control the amount of mercury present in the raw
sludges prepared by each vendor when they took aliquots for testing of the mercury vapor.

The results obtained for the treated MER04 samples are not significantly different from those
obtained for the raw sludge at either temperature.
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6. CONCLUSIONS

Two vendors treated elemental mercury, and the measurements of the mercury in the headspace of
the treated waste form was improved at 20EC. For each process a reduction factor of mercury
concentration of about 10 or 20 was found. However, at 60EC, the sulfur polymer cement waste form
showed a better reduction factor (~10) than the macroencapsulation process from NFS, which
exhibited a reduction factor of only ~2. It is noteworthy that even though these processes improved
the release of mercury in the headspace of the waste form, that concentration was still higher than the
TLV value of 0.05 mg/m”.

The testing of various species of mercury was not conclusive for the release of mercury vapor in the
headspace of the samples. Neither untreated nor treated synthetic MERO04 sludge showed the
presence of mercury. It is suspected that for the raw sludge, the heterogeneity of the salts
repartitioned in the sludge during the sampling and that the repartitioning was the cause of these
results. Elemental mercury and mercury oxide are not soluble in water; therefore these species are
difficult to mix homogeneously in a large batch, and a subsample is likely to miss them.
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