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ABSTRACT

As part of the Advanced Remediation Technologies (ART) Program, the Department of Energy (DOE)
chose to demonstrate the capabilities of the THOR®™ Steam Reforming process as a potential means to treat
and prepare the Hanford Low Activity Waste (LAW) and Low Activity Waste Recycle (LAWR) waste
steams for disposal.

The Hanford LAW and LAWR waste streams will contain listed and characteristic hazardous waste
constituents as well as underlying hazardous constituents that, under federal and state regulations, preclude
the wastes from land disposal without treatment. An Engineering Scale Technology Demonstration (ESTD)
utilizing the mineralization flowsheet of the THOR® process was successfully completed in May 2008 at
the Hazen Research facility in Golden, CO, using Hanford LAW and LAWR waste simulants. The Hanford
LAW simulant composition was determined by DOE to represent the anticipated stream that would be
processed by the Waste Treatment and Immobilization Plant (WTP) LAW melters. The Hanford LAWR
stream is based on the anticipated combination of the submerged bed scrubber, the wet electrostatic
precipitator, and the caustic scrubber effluents from the WTP LAW melter facility when it is operational.

The ESTD clearly demonstrated the capability of the THOR® steam reforming process to reliably convert
the LAW and LAWR simulants into mineralized solid products in a safe and efficient manner. Gaseous
emissions were found to be within regulatory limits for both LAW and LAWR, with the exception of a 1
microgram/dscm exceedence for low volatile metals. The leach performance of the THOR® process
granular product was superior to the Environmental Assessment (EA) and LAW glass standards for sodium
and silicon. Normalized release rates for rhenium (used as a surrogate for technetium) and cesium were
much less than that of sodium in the EA and LAW glass standards. Based on data from manual off-gas
sampling intervals, cesium and rhenium were captured in the mineralized product with system removal
efficiencies of 99.999% and 99.998% respectively. The overall product retention for iodine from the LAW
simulant was greater than 94%.

Upon completion of ESTD testing, the production of final monolith products from the mineralized LAW
and LAWR products are being demonstrated on a laboratory scale. Work is still pending to show that these
products meet all Hanford Integrated Disposal Facility (IDF) waste acceptance criteria.

INTRODUCTION

The THOR® process has been shown in previous test programs to effectively convert several types of liquid
radioactive waste simulants into solid products. That product may be a water-soluble carbonate matrix or
an insoluble mineralized matrix, depending on the process additives used. As part of the Advanced
Remediation Technologies (ART) program, the Department of Energy chose to demonstrate the capabilities
of the THOR™ process as a potential means to treat and prepare the Hanford LAW and LAW Recycle
(LAWR) wastes for disposal at the Integrated Disposal Facility (IDF).

Numerous pilot plant and engineering scale tests have been conducted over the last several years that have
shown the THOR™ process technology capable of processing high nitrate, liquid waste simulants into a
solid waste form. An engineering scale test for treating Hanford LAW using the THOR® process
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technology was first performed in 2004 at the DOE’s Science and Technology Research Center (STAR)
facility under direction of the Idaho National Engineering and Environmental Laboratory [1].

Following the successful completion of the STAR center pilot scale test program the Engineering Scale
Technology Demonstration (ESTD) unit was built and operated at the Hazen Research facility to
demonstrate the integrated THOR" process and gather necessary technical data for the design and
construction of full-scale process systems. The ESTD is an engineering scale system that includes all unit
operations present in a full-scale unit except the final product packaging equipment. The process flow
diagram for the ESTD is shown in Figure 1. This paper provides a summary of the ESTD pilot plant work
that was completed in 2008 to demonstrate the production of leach-resistant alkali aluminosilicate waste
forms from Hanford LAW and LAWR simulants.

THOR® MINERALIZING PROCESS OVERVIEW

The THOR®™ mineralizing steam reforming process destroys nitrates, nitrites, and organic materials present
in the waste feed and produces a dry, leach-resistant alkali aluminosilicate mineral product containing the
radionuclides, alkali metals, sulfates, halides, and non-volatile heavy metals present in the ART feed
[1,2,3,4,5,6,7,8 and 9]. The process converts nitrates and nitrites directly to nitrogen gas. Any organic
material is converted to carbon dioxide and water vapor in the steam reformers by a combination of steam
reforming and oxidizing reactions. The THOR" mineralizing process flow diagram for treatment of
Hanford LAW and LAW Recycle is provided in Figure 1.

The LAW feed, slurried with an aluminosilicate clay, is introduced into the first steam reformer, the
Denitration and Mineralization Reformer (DMR). The bed particles in the steam reformer are fluidized by
introduction of near ambient pressure superheated steam. In the DMR, liquids are evaporated; the vast
majority of organics, nitrates and nitrites are destroyed; and the reactive chemicals in the waste feed are
converted into a granular mineralized waste product. The second reformer, the Carbon Reduction
Reformer (CRR), serves to further reduce any NOx gases from the first reformer and oxidize residual
organics to carbon dioxide and water vapor. The gases (mainly carbon dioxide, nitrogen, and water vapor)
from the process are filtered through high-efficiency sintered metal filters, HEPA filters, and a mercury
adsorber. They are then vented to the atmosphere through a monitored stack. The THOR® final waste
product, an alkali aluninosilicate, exhibits leach resistant characteristics equal to or better than EA glass, as
indicated by PCT and TCLP analyses

PROCESS CHEMISTRY

The DMR waste feed is atomized into a fluidized bed consisting of granular mineral solids at 943 K to
1,073 K (670 °C to 800 °C). This bed is fluidized with near ambient pressure superheated steam and a
small amount of oxygen. The feed droplets coat the bed particles and are instantly dried. The large active
surface of dried nitrates readily reacts with hot carbon reductant particles, carbon monoxide and hydrogen
gases, and the reduced metal and metal oxide particles in the fluidized bed. This reducing environment
results in the near complete destruction of nitrates and nitrites, with only trace levels remaining in the solid
product. These species are converted directly to nitrogen gas, with very low levels of NOy produced.

Several of the possible reaction mechanisms whereby nitrites and nitrates are converted to nitrogen gas are
shown below:

NO; + 2C — NO +2CO (Eq 1)
NO; + C — NO,+ CO (Eq2)
2NO; +4C — N, + 2CO + 2CO, (Eq 3)
2NO, + 3C — N, + 2CO + CO, (Eq 4)
2NO +2C — N, + 2CO (Eq 5)
2NO +2CO — N, + 2CO, (Eq 6)
2NO + 2H2 i N2 + 2H20 (Eq 7)

Granular carbon is added directly to the DMR bed. A portion of this carbon oxidizes to produce necessary
process energy. It also serves as the reductant which facilitates the above reactions. Carbon reacts with the
fluidizing steam and water in the feed to produce H, and CO via the water gas reaction:

C+H,0 —» CO+H, (Eq 8)
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The CO reacts further via the water gas shift reaction to produce additional H,:
CO + H2O — C02 + H2 (Eq 9)

The non-volatile constituents in the waste feed are converted into highly leach resistant forms by reaction
with the aluminosilicate clay additive. The mineral species formed are principally alkali aluminosilicates,
also referred to as feldspathoid mineral species. These contain unique cage-like structures that retain anions
and radionuclides ionically bonded to the aluminosilicate structure and to sodium. These minerals also
incorporate other ions elsewhere in their molecular structures. Examples of these minerals are nepheline,
nosean, and sodalite, as shown below [10, 11]:

2Na + H,0 + ALO;-Si0, (Clay) — Na,0-ALO;-28i0, + H, (Nepheline) (Eq 10)
2Na + SO, + ALO;-2Si0;, (Clay) — Na;SO4-ALO;-2Si0, (Nosean) (Eq 11)
Na + Cl + Al,05-2Si0; (Clay) — NaCl-Al,05-2Si0, (Sodalite) (Eq 12)

The granular solid products are removed from the DMR either at the bottom or as smaller particles
elutriated with the process gas stream at the top of the unit.

Any organics in the DMR feed are initially volatized and steam reformed into carbon dioxide, carbon
monoxide, hydrogen, and a small quantity of light hydrocarbons, with methane being the main constituent:

CiHy + xH,0 — xCO + (x+y/2) H, (Eq 13)
CH, + (2x-y/2)H, — xCH, (Eq 14)
CO + H,0 — CO, + H, (Eq 15)

The process gases exiting the DMR consist mostly of steam, N, (from process reactions, instrument purges,
and fluidizing gases), CO, CO,, and 0.5% to 4% H,. There are also low levels of NOy, acid gases, and
short chained organics.

The volatile hydrocarbons and the carbon monoxide and hydrogen gases generated in the DMR are further
steam reformed in the lower portion of the second stage steam reformer, the Carbon Reduction Reformer
(CRR), and then oxidized to carbon dioxide and water vapor by addition of oxygen to the fluidizing gases
in the upper portion of the CRR:

CO + H,0 — CO, + H, (Eq 16)
2C0 + 0, — 2 CO, (Eq 17)
2H, + 0, — 2 H,0 (Eq 18)

PILOT PLANT EQUIPMENT

The ESTD at Hazen Research incorporates all of the process unit operations of a production-scale facility
into an integrated system. See Figure 1 for a simplified process flow diagram of the pilot plant. An
overview description of the major equipment items is provided below.

Liquid Simulant Preparation and Feed System

The ART simulant feed is made-up using reagent chemicals in T-100. It is transferred in batches to one of
the two T-101 Waste Feed Tanks. If applicable for a specific test, a heavy metals simulant is added to the
Waste Feed Tanks. The ART simulant is metered into the DMR via a rotary lobe or progressing cavity
feed pump and the flow rate is monitored by a magnetic type mass flow meter. The simulant is injected
into the DMR by one of two specially designed atomizing feed nozzles.

While feeding LAW simulant, a principal organic hazardous constituent (POHC) is injected into the DMR
feed line between the Waste Feed Tanks and the atomizing nozzles during selected LAW tests to determine
the Destructive Removal Efficiency (DRE) of the POHC in the process. The POHC used for this process
was benzene, conservatively chosen to represent the organics present in the actual LAW. No POHC was
added while feeding LAWR simulant.
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Figure 1. Process flow diagram for the Pilot Plant LAW and LAWR Mineralizing Tests conducted at Hazen Research.
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Denitration and Mineralization Reformer (DMR)

The DMR (T-200) is a fluidized bed vessel designed to operate in an autothermal steam reforming mode to
evaporate water; reduce nitrates to nitrogen; volatilize and reform organics; convert alkali and alkaline
earth metals into non-agglomerating solid products; and capture sulfur, fluoride, chloride, and phosphate
compounds in the solid product. Non-volatile heavy metals, other metals, and the non-radioactive
radionuclide surrogates (i.e. rhenium iodine, and cesium) were also captured in the solid product.

The bottom section for the DMR contained ports for the fluidizing nozzles, solids removal auger, and
auxiliary FG nozzle. The DMR has a conical bottom equipped with a product removal auger. Just below
the auger is a nitrogen jet used to transfer product material to the Product Receiver (PR). The bed media is
fluidized with superheated steam via a distributor located near the bottom of the vessel. A mixture of
oxygen and nitrogen is metered into the DMR bed via three injectors located above the superheated steam
fluidizing gas distributor. ART surrogate is fed horizontally into the DMR through one of the two feed
nozzles located several inches above the fluidizing gas distributor. Bed temperatures are monitored via
several thermocouples inserted into the vessel above, below, and in the active bed region. Process
pressures and differential pressures are monitored via nitrogen purged pressure taps located throughout the
vessel. Granular carbon is fed to the DMR via a calibrated vibratory feeder and nitrogen impulsed “shot
pot” that forces the carbon into the active bed region.

High Temperature Filter (HTF) and Product Receiver (PR)

The process gas from the DMR flows to the HTF. It captures any small sized DMR mineral product solids
carried over in the process gas stream. The HTF is equipped with candlestick filters, made of either of
sintered metal or silicon carbide. The filters are automatically back-pulsed with nitrogen during operation
to remove built-up filter cake, based on the differential pressure across the filters.

The HTF was bypassed during the scoping runs but was on-line during the production runs. The solids that
accumulated in the HTF were drained from the bottom of the vessel and transferred into a drum via an
auger.

Product solids are removed from the bottom of the DMR by the auger and are pneumatically transferred to
the PR via a nitrogen jet. The PR is fitted with four sintered metal candlestick filters similar to those used in
the HTF. The off-gas from the PR is vented to the freeboard region of the DMR. Product solids are
drained from the bottom of the PR into 19 liter (5 gallon) collection containers.

Carbon Reduction Reformer (CRR)

The process gases flow from the HTF to the fluidizing gas inlet distributors of the CRR located near the
bottom of the vessel. The CRR is a refractory lined vessel. It has a conical bottom equipped with a valve
through which bed material can be removed, although material is typically removed only at the end of an
operating period, since solid product does not accumulate in the CRR bed. Oxygen diluted with nitrogen is
injected into the CRR in the upper bed region The bed region between the inlet distributors and this
oxygen injection level operates in a reducing mode to enhance overall process NOx destruction, while the
bed region above operates in an oxidizing mode to convert residual CO, H,, and volatile hydrocarbons to
CO, and water. Higher in the CRR, additional oxygen is injected to control the process outlet gas oxygen
concentration, which in turns keeps the process off-gas carbon monoxide concentration low. The CRR
operates at approximately 1,223 K (950 °C). The CRR’s semi-permanent bed media is composed of
alumina.

Ports are provided in the CRR vessel for introduction of autothermal gas (ATG), continuous injection of
propylene glycol fuel, supplemental granular carbon fuel, or emergency water. Granular carbon is fed to the
CRR via a calibrated vibratory feeder and nitrogen impulsed “shot pot” similar to those used for the DMR.
Propylene glycol is fed by a metering pump.

Off-gas Cooler (OGC)

The process gas from the CRR passes through the OGC in a down flow direction. The OGC vessel is
provided with an atomizing water sprayer at the top. The water spray quickly cools the hot process gases to
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approximately 443 K to 463 K (170 °C to 190 °C). The off-gas from the OGC flows to the Off-Gas
Filter.

Off-Gas Filter (OGF)

The off-gases exiting the OGC contain small quantities of particulate solids of attrited media elutriated
from the CRR. The OGF removes the particulates from the off-gas stream. It is fitted with sixteen ceramic
filter elements rated for at least 523 K (250 °C). An automated instrument air pulse-back manifold was
provided to clean the filter elements with the filters on-line. A differential pressure instrument, with sensing
ports in the vessel and in the off-gas line downstream of the vessel, is used to sense the pressure drop across
the filters and automatically actuate the pulse-back function.

The OGF was provided with a product draining auger system during the scoping runs that cooled and
purged the filtered solids and conveyed them into a drum located on a platform scale. It was provided with
a system similar to that used for the PR during the production runs when the HTF was on-line.

Off-gas Blowers

Two Off-gas Blowers (OGBs) provided airflow and process vacuum for the DMR, HTF, CRR, and the
downstream off-gas treatment equipment. The OGBs maintained all systems downstream of the CRR under
negative pressure.

Process and System Off-gas Measurement

Process and system off-gas streams are continuously monitored at three locations. The first measurement
point is just downstream of the HTF. Here the Continuous Process Monitoring System (CPMS) monitors
the filtered DMR process gas stream for H,, O,, CO, CO,, total hydrocarbons (THC), NO, NO,, and total
NOx. The H, concentration is a key parameter for operational control of the DMR. It is used to control the
carbon concentration in the DMR bed and hence the reducing environment in the DMR, which in turn is
essential to NOx emission control. The second measurement point is just downstream of the CRR, where
the O, concentration in the process gas leaving the CRR is monitored. This is important to ensure that
there is adequate O, in this stream so that CO levels are low in the final off-gas. No other gas species are
monitored at this point. The final measurement point is at the stack where the Continuous Emissions
Monitoring System (CEMS) monitors for O,, CO, CO,, THC, NO, NO,, total NOy, and SO,.

In addition to the continuous monitoring, manual samples are obtained from ports in the stack. These
samples are pulled by an independent subcontractor in accordance with formal EPA methods. Analytes of
interest included volatile metals, low volatility metals (As and Cr), semi-volatile metals (Cd and Pb),
radionuclide surrogates (Cs, I, and Re [for Tc]), HCI + Cl,, particulate matter, dioxins/furans, PCBs,
volatile organic compounds (VOCs), semi-volatile organic compound (SVOCs), and total organics. The
manual gas samples obtained were analyzed by another independent subcontractor in accordance with EPA
methods.

Process Data Acquisition and Control System (DACS)

Process electronic data are obtained and process control is provided by the DACS. The DACS uses
programmable automation controllers for control and data acquisition. The system architecture is a
combination of LabVIEW software, FieldPoint controllers, and interface modules'. LabVIEW software is
utilized to monitor and control process operation from human-machine interfaces running on personal
computers in the control room. All of the key process parameters are automatically controlled by the
DACS. These include the DMR and CRR temperatures, the DMR fluidizing gas flowrate, the DMR liquid
feed rate, the carbon feed rates to the DMR and CRR, and the HTF and OGF filter blowback timers.

' LabVIEW and FieldPoint are products of National Instruments, Inc.
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THE TEST PROGRAM

Following construction of the pilot plant, basic checkout and functional tests were performed to verify
safety and operability of the process equipment. When these tests were completed, a readiness review was
conducted to verify the integrated pilot plant was ready for operation.

The pilot plant testing program consisted of three operational phases: (1) Scoping Tests, (2) LAW
Production Tests, and (3) LAW Recycle Production Tests. The scoping tests were designed to demonstrate
basic system operability and verify acceptable ranges for process operating parameters. The production
tests were designed to demonstrate long-term operability of the integrated process, confirm process
chemistry and mass balances, establish key operating parameters for the production-scale facility, obtain
data to confirm design parameters, obtain product data to verify which constituents were captured in the
final waste form, and gather off-gas emissions data to support the environmental permitting process.

The target compositions of the LAW and LAW Recycle simulant solutions are shown in Table I. The table
presents each desired component as either the element or anion of interest. The determination of the
appropriate metal concentrations was based on an evaluation of the anticipated feed composition;
discussions with the DOE field office; discussions with the environmental regulators, and an evaluation of
the Hanford Tank Waste Envelopes A, B, and C. Based on these inputs the team selected target
concentrations for the heavy metals that would allow for their detection in the product and off-gas streams.

Table I. LAW and LAWR Target Simulant Feed Compositions for Production Tests.
LAW Target LAWR Target
Component | Component ngg]eir)\?rn;?ctm C(grc:gﬁ(t):]aet?;n Makeup Reagent
[mol/L] [mol/L]

Oxalate C,0, 0.0118 - Nay(C,0.)

Acetate CH;COO 0.132 -- Na(C,H30,)

Hydroxide OH 0.74 1.564 NaOH

Carbonate COs 0.475 0.200 Na,CO3

Sulfate SO, 0.09 0.005 Na,SOy4

Chloride Cl 0.0438 0.106 NaCl

Fluoride F 0.0316 0.219 NaF

Todide | 0.013 0.001 Nal

Nitrite NO, 0.424 0.036 NaNO,

Phosphate PO, 0.0492 0.007 Na;PO,4+12H,0

Aluminum | Al 0.0637 0.548 Al(NO3)3+9H,0, 60 wi%
solution

Potassium K 0.0124 0.010 KNO;

Sodium Na 5.0161 2.668 NaNOs

Nitrate NO; 2.58487 1.991 [from other components]

Silver Ag 0.00161 0.00086 AgNO;

Arsenic As 0.00137 0.00010 H3As0y, 75 wt% solution

Barium Ba 0.00751 0.00002 Ba(NOs),

Cadmium Cd 0.0042 0.00087 Cd(NO;),+4H,0

Chromium Cr 0.0104 0.00606 Na,Cr,0,¢2H,0

Cesium Cs 0.013 0.01469 CsNO;

Nickel Ni 0.0106 0.00458 Ni(NOs),26H,0
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LAW Target LAWR Target

Component Component
Component | Component Concentration Concentration Makeup Reagent

[mol/L] [mol/L]
Lead Pb 0.00606 0.00131 Pb(NO3),
Rhenium Re 0.0017 0.00113 NaReO,
Antimony Sb 0.00434 0.00160 Sb,04
Selenium Se 0.00123 0.00247 SeO,
Thallium Tl 0.00202 0.00096 TINO;
Ammonium | NHy - 0.292 NH4NO;
Boron B - 0.132 Na,B,0,¢10H,0
oSi 0,
Silicon i - 0018 N&09310;, 37.6 i’
solution

Zinc Zn -- 0.00729 Zn(NO3), 6H,0

Results of the Scoping Tests

The scoping tests were conducted during the period from April 15, 2008 to April 22, 2008. A summary of
process conditions is shown in Table II.

Table II. Operating Conditions from Scoping Tests.
. Feed DMR CRR Clay .
NLTrﬁst;[er P(ehrrlg)d Feed Rate Temp | Temp | Conc. | POHC Off;\%i&; ?jsstlng
(lpm) | K(°C) | K(°C) | (g/L)
1023 1223
ART-S-1 29.5 LAW 0.76 (750) (950) 675 No 29, 5/26A
1073 1223 29, 5/26A, 0023A,
ART-S-2 27 LAW 0.76 (800) (950) 675 Yes 0031, 0010, 0040
ART-S-3 N/A. The planned ART-S-3 test condition was deleted from the scoping tests after review of
the results from the ART-S-1 and ART-S-2 scoping tests.
1073 1123
ART-S-4 19.7 LAW 0.76 (800) (850) 675 No 29, 5/26A
953 1123 29, 5/26A, 0023A,
ART-S-5 31.2 LAW 0.76 (680) (850) 675 Yes 0031, 0010, 0040
998 1173 29, 5/26A, 0023A,
ART-S-6 21 LAW 0.76 (725) (900) 610 Yes 0031, 0010, 0040
998 1198 29, 5/26A, 0023A,
ART-S-7 18.75 | LAW 0.76 (725) (925) 540 Yes 0031, 0010, 0040

The results from the scoping tests included:

1)  Demonstration of sustainable integrated system operation.

2)  Establishment of best operating conditions for feed rates, clay concentrations, and O,/N, injection
mix.

3)  Selection of alumina as the bed media in the CRR.

4) Selection of DMR and CRR operating temperature ranges based on numerous performance
characteristics.

5)  Establishment of ranges for DMR fluidizing gas composition and velocities based on performance of
the active bed in the DMR.

6)  Selection of propylene glycol and PET Coke as CRR energy sources.
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Results of the Production Tests

The production mineralizing tests were conducted between April 27, 2008 to May 6, 2008. The production
mineralizing tests included four sets of operating conditions, which varied simulant feed composition, clay
concentration and DMR operating temperature. During the LAW simulant production tests (P-1A and P-
1B), 1,193 gallons of LAW simulant were processed into 7,395 pounds of granular solid product during
101.5 hours of “feed-on” operation, which was achieved during a total of 102.25 hr of operation, for an on-
line factor of 99.3%. During the LAWR simulant production tests (P-2A and P-2B), 1,223 gallons of
LAWR simulant were processed into 5,127 pounds of granular solid product during 102 hours of “feed-on”
operation, which was achieved during a total of 104.48 hr of operation, for an on-line factor of 97.6%. The
average operating conditions for each production test condition may be found in Table III.

Table II1. Summary of DMR Production Test Operational Parameters.

LAW LAWR
ART-P- Entire Entire
Condition ART-P-1A 1B P-1 ART-P-2A | ART-P-2B P-2
4/27/2008 4/29/2008 5/2/2008 5/5/2008
Start 04:00 08:00 02:00 07:30
4/29/2008 5/1/2008 5/5/2008 5/6/2008
Finish 07:15 11:00 07:30 10:29
Duration Hours 50.6 50.9 101.5 75 27 102
Simulant Ipm 0.76 0.72 0.74 0.72 0.76 0.76
DMR carbon kg/min 0.28 0.25 0.26 0.27 0.33 0.29
DMR - bed K 999 998 998 953 975 959
temp. (°O) (726) (725) (725) (680) (702) (686)
DMR - freeboard | K 984 991 988 950 967 955
temperature (°O) (711) (718) (988) (677) (694) (682)
DMR - outlet gas | K 873 893 883 862 875 865
temperature (°0) (600) (620) (883) (589) (602) (592)
CRR freeboard
pressure atm (abs) 0.80 0.78 0.79 0.79 0.79 0.79
CRR free-board | K 1,232 1,224 1,228 1,223 1,225 1,224
T (°O) (959) (951) (955) (950) (952) (951)
CRR Outlet T K 1,122 1,125 1,124 1,099 1,113 1,102
(°0) (849) (852) (851) (826) (840) (829)
OGF AP cm WC 5.3 10.2 7.9 2.8 2.0 2.8
Stack Flowrate kg/min 2.5 2.4 2.4 2.3 2.4 2.4
HTF Collection | kg/min 0.42 0.44 0.43 0.28 0.29 0.28
Stack K 445 445 445 444 444 444
Temperature (°O) (172) (172) 172) (171) 71 171

Solid product samples were removed from the PR, HTF, and the OGF and analyzed. The compositions of
the PR, DMR, HTF, CRR, and OGF solids were analytically determined by the Hazen analytical laboratory
(except for iodine and chlorine which were measured by ACS labs). The average component compositions
of the OGF, HTF, DMR product solids produced during the Production Tests following 95% conversion of
the start-up bed to product bed, are shown in Table IV.
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Table IV. Average Solids Composition Results Obtained from Production Testing.
Production Tests P-1A and P-1B Production Tests P-2A and P-2B
OGF HTF PR OGF HTF PR
Constituent wt% wt% wt% wt% wt% wt%
Al 17 17 20 27 18 28
Ag 0.02 0.01 0.03 0.01 0.02 0.02
As 0.01 0.01 0.01 0.01 0.004 0.001
B 0.02 0.28 0.08 0.02 0.13 0.25
Ba 0 0.12 0.10 0.00 0.02 0.01
Ca 0.06 0.08 0.07 0.13 0.14 0.05
Cd 0.06 0.04 0.09 0.05 0.03 0.03
Fe 0.5 0.6 5.2 0.4 0.6 4.5
Mg 0.01 0.01 0.02 0.02 0.03 0.03
I 0.09 0.10 0.05 0.05 0.03 0.02
Na 15 12 11 8 10 7
K 0.1 0.1 0.1 0.08 0.2 0.2
Si 19 20 14 9 15 10
Sb 0.07 0.06 0.06 0.03 0.04 0.02
Se 0.002 0.004 0.003 0.03 0.02 0.004
Ti 0.7 0.7 0.6 0.4 0.6 0.4
Tl 0.08 0.03 0.005 0.03 0.09
Cs 0.22 0.22 0.08 0.14 0.36 0.12
Cr 0.03 0.04 0.05 0.02 0.04 0.03
Pb 0.12 0.13 0.09 0.10 0.05 0.06
Ni 0.09 0.07 0.08 0.06 0.06 0.04
Zn 0.003 0.05 0.05 0.003 0.04 0.08
Re 0.02 0.02 0.05 0.01 0.02 0.04
Cl 0.17 0.09 0.04 0.18 0.15 0.04
F 0.10 0.09 0.02 0.15 0.47 0.08
NO;* 0.004 0.004
NO,*
PO, 0.7 0.7 0.8 0.4 0.4 0.2
SOy 0.9 0.5 0.5 0.8 0.4 0.3
CO;*° 0.3
Total Carbon 0.7 7.1 6.8 2.2 14.8 7.6
O (calculated) 42 43 40 37 38 40

*Some constituents could not be detected analytically.

A sample of the DMR bed material is shown in Figure 2. The large dark particles are carbon used as an

energy source and reductant in the DMR.
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Figure 2. DMR solids produced during ART production testing.

Figure 3 is a photograph of material from the CRR. The material is alumina and the photo indicates little or
no buildup on the bed particles. The photo shows that the HTF is performing efficiently and not allowing
significant amounts of product fines to flow to the CRR.
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The initial component composition analyses and PCT tests (ASTM 1285) have been completed by
Savannah River Nuclear Solutions (SRNS) on the granular product. Each constituent’s release rate is
consistent over the range of operating conditions and quantity of additive.

Table V. Average PCT Test Constituent Release Data for LAW and LAW Recycle Steam
Reforming Process Products.
Test Condition Normalized Release (g/m?) — PCT Test Results
Al B Cs K Na Re S Si
Average P1 PR 0.0019 |n/a  |0.014 0.0003 ]0.013  ]0.0068 10.106 0.0006
Average P1 HTF 0.0021 |n/a |0.0075 ]0.0002 ]0.015 |0.024 0.188 [0.0005
Average P2 PR 0.0037 10.17 10.017 0.0001 0.013 |0.007 0.076 10.0002
Average P2 HTF 0.0031 ]0.09 10.013 0.0001 10.014 ]0.019 0.149 10.0001
EA Reference 6.67 1.96
LAW Reference 0.54 0.16

For both test phases, gaseous grab samples were obtained from the stack using formal EPA methods.
Analysis of off-gas data collected from the CEMS and the EPA protocol grab samples during production
testing indicates that a production-scale process would meet all applicable environmental discharge limits.
These include Maximum Achievable Control Technology (MACT) limits for metals, HC1/Cl,, particulate
matter, dioxins/furans, VOC’s, SVOC’s, THC, and CO, as well as the site discharge limits for NOyx and
SOx. A summary of the emissions data from ART testing is shown in Table VI.

© 2008 THOR Treatment Technologies, LLC. All Rights Reserved.
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Table VI. Emissions Summary for ART Testing.
MACT Limit of Concentration % of
Pollutant Pollutant Corrected to o MACT Results and Comments
7% O Corrected to 7% O, Limit
2
Radioactive Avg over P-1 and P-2: Retention efficiency = 99.999% for Cs and 99.998% for Re. Re was
Surrogates N/A Cs <2 pg/dscm N/A not detected in the offgas, so reporting limits were used.
(Cs and Re [for Tc]) Re < 0.4 pug/dscm No HEPA filters were installed in the offgas system
The overall system retention efficiency for iodine from the LAW
simulant was greater than 94%, based on manual off-gas sampling.
Although the system retention efficiency for the LAWR simulant was
Radioactive Average over P-1A/B lower at 19.1%, the actual stack concentration for iodine during
S . and P-2A/B was LAWR operations was lower than that during LAW operations (1.4
urrogate for lodine N/A N/A . X .

HI + I (as HI) 10.9 ppmvd ppm vs. 1.85 ppyn).. The dlfferenc§ in thesg system retention
efficiencies for iodine can be partially attributed to the amounts of
iodine added to the LAW simulant (0.13 1b/hr) versus the amount
iodine added to the LAWR simulant (0.0090 1b/hr), which affects the
ability to detect iodine in the off-gas.

ART-P1 (LAW) met MACT with 4.3 pg/dscm.
ART-P2 (LAWR) exceeded MACT with 24 pg/dscm. With HEPA
Average over P-1A/B filtration as would be expected in a full-scale facility, it could
Low-volatile Metals 23 ue/d and P-2A/B was 4749 reasonably be expected that LVM’s result from the LAW Recycle
(As, Be, Cr) Hg/dsem 10.9 ne/d e stream would be well below the MACT standard.
7 hg/dsem As Retention efficiency = 98.93%
Cr Retention efficiency = 99.99%
No Be in simulant.
. . Met MACT standard of 10 pg/dscm.
Seml'zgﬁ‘“lli)lvletals 10 pg/dsem o) gg{dscgnp , | 200% Pb Removal Efficiency =99.997%
: Or Dot =1 and =2 Cd Removal Efficiency = 99.994%.
HCL + Cl, Average over P-1A/B Met MACT standard of 21 ppmvd.
(as HCI) 21 ppmvd and P-2A/B was 371 % Average HCI + Cl, removal efficiency = 92% over production
7.8 ppmvd testing.
Particulate Matter 3.4 mg/dscm 0.3 —2 mg/dscm 58.8 % Meets MACT standard of 3.4 mg/dscm.

No HEPA filters were installed in the test system.

© 2008 THOR Treatment Technologies, LLC. All Rights Reserved.
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MACT Limit of . % of
Pollutant Pollutant Corrected to Cosg;g:g%ay;n o MACT Results and Comments
7% O, °=2 | Limit
0.007 to 0.01
Dioxins/furans 0.11 ng/dscm nanograms/dscm < 9% [ Met MACT standard of 0.11 ng/dscm.
corrected to 7% O,
5-10 e Virtually no PCBs were detectable.
PCBs DRE=99.9999 % nanograms/dscm N/A e Most PCB congeners not detected.
corrected to 7% O, e Most dioxin-like coplanar PCBs not detected.
VOCs e Met MACT standard of four nines DRE.
(POHC was DRE =99.99 % Mostly non-detectable N/A e ART-P1 benzene DRE equaled 99.9997 %
benzene) e ART-P2 benzene DRE equaled 99.9999 %.

SVOCs N/A Mostly non-detectable N/A e Two SVOCs detected, each only once near the detection limit.
NOx N/A Typlcai)lg;\SIOO wet N/A e  NOx destruction averaged ~93 % over all production testing.
THC 10 ppmvd < 0.2 ppmv dry <2% o Met MACT limit of 10 ppmvd at 7% O,,

CcO 100 ppmvd 0 -2 dry ppmv 0-2% [ Met MACT limit of 100 ppmvd at 7% O,
SOx N/A 5 - 35 wet ppmv N/A e  One run was at 33 wet ppmv.

© 2008 THOR Treatment Technologies, LLC. All Rights Reserved.
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CONCLUSION

The ESTD demonstrated the capability of the integrated THOR™ steam reforming process to convert
Hanford LAW and LAW Recycle simulants in a variety of formulations, including heavy metals, and
organic contaminants, into solid mineral products in a safe, efficient, robust, and sustainable manner.
Gaseous emissions from the process were found to be within regulatory limits, with the only exceedence
being 1 pg/dscm on LVM during the LAW Recycle test. With HEPA filtration that would be present in a
full-scale facility, it could reasonably be expected that LVMs resulting from the LAW Recycle stream
would be well below the MACT standard.
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