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EXECUTIVE SUMMARY

This test studied the abi1ity~of.a blend of nuclear-grade, noble-metal
catalysts to catalyze a hydrogen/nitrous oxide reaction in an effort to
mitigate a potential hydrogen (H,) gas buildup in the Hanford Site Grout
Disposal Facility. The catalyst studied was a 50-50 blend of Deoxe (a
trademark of the Engelhard Corporation) nuclear catalyst type A16430 and
Atomic Energy of Canada Limited hydrophobic catalyst type 85-42.

For gases having H, and a stoichiometric excess of either nitrous oxide
(N,0) or oxygen (0,), this catalyst blend can effectively catalyze the H,
oxidation reaction at a rate exceeding 380 gmoles of H, per hour per gram of
catalyst (pmol/h/g) and Teave the gas with Tess than a 0.15% residual H, .
concentration. This holds true in gases with up to 2.25% water vapor and
0.1% methane. This should also hold true for gases with up to 0.1% carbon
monoxide (CO) but only until the catalyst is exposed to enough CO to biock the
catalytic sites and stop the reaction. Gases with ammonia up to 1% may be
slightly inhibited but can have reaction rates greater than 250 pgmol/h/g with
less than a 0.20% residual H, concentration. Higher reaction rates with Tower
conversions are possible, but were not quantified in this test because the
blend's catalytic ability exceeded the equipment's ability to feed the gas

mixtures to the reactor.

The mechanism for this CO poisoning of the catalyst is the chemisorption
of CO to the active catalyst sites. The CO sorption capacity (SC) of the
catalyst is the total amount of CO that the catalyst will chemisorb. The

average SC for virgin catalyst was determined to be 19.3 + 2.0 pmoies of CO

A
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chemisorbed to each gram of catalyst (umol/g). The average SC for catalyst

regenerated with air was 17.3 £ 1.9 pmol/g.

Because the catalyst will work effectively until it is nearly fully
Toaded with CO, the catalyst bed can be oversized to scavenge CO for several
years. This will keep some of the catalyst available for the H, oxidation
reaction for many years. When the catalyst is almost completely poisoned by
C0, it can then be regenerated by exposure to air, either by removing the bed
from the sump or by an insitu catalyst regeneration method where an airline is
installed in catalyst bed and air is flushed over the catalyst without

removing it from the sump.
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MITIGATION OF HYDROGEN BY OXIDATION USING NITROUS OXIDE
AND NOBILE METAL CATALYSTS

1.0 INTRODUCTION

The Hanford Site Grout Disposal Facility is designed to store Hanford
Site Tow-level radioactive waste. This grout-waste mixture is expected to
generate hydrogen (H,) as well as other gases. If the gas generation rate is
too high, concentratlon Tevels in the gas spaces of the grout vaults may
exceed the iower flammability Timit (LFL). Hydrogen recombiner catalysts
(HRC) may provide a method of reducing this flammability hazard.

This report presents data obtained from testing an HRC's performance in
oxidizing H, using nitrous oxide (N,0) under various conditions. This data
can be used to size H, oxidation beés for the grout vaults as well as define
operating parameters %or these beds. This testing was directed by the Hydrogen
Recombiner Catalyst Performance and Durability Test Plan (Britton 1993a) and
was funded by Grout Technology in support of the Grout Treatment Facility
Safety Analysis Report (WHC 1992). .

1.1 BACKGROUND

The Hanford Site Grout Disposal Facility may be used to store Hanford
Site low-level radicactive waste. Radiolysis and chemical reactions occurring
in the grout are expected to cause the generation and release of H, and N,0
(Roblyer 1993). Other gases such as carbon monoxide (CO), methane (CH,), and
ammonia (NH;), which are products of organic degradation, may also be in the
gas stream. These gases will migrate from the vault catch basin, through the
drain Tine, into the leachate sump, and to the atmosphere through the leachate
sump vent. The driving forces for this gas migration in and out of the sump
are advection, diffusion, and atmospheric pressure changes (Roblyer 1993).
Gas concentrations in the sump will depend on the grout's gas generation rate
and the migration rate of gases from the sump. If the H, generation rate is
too high, the H, concentration Tevel in the sump could exceed the LFL,
potentially caus1ng an unacceptable scenario. See Figures 5-5c, 5- 9c, and
5-10c in Roblyer (1993). One solution is to use a HRC to Tower the H,
concentration to an acceptable range.

Two possible oxidants for the H, oxidation reaction in the sump are
oxygen (0,) and N,0. The ava11ab111ty of 0, for the H, oxidation reaction will
depend on the H generat1on rate and the m1grat1on rate of outside air into
the sump. If there is not enough air suppiied to the sump, an 0, deficient
atmosphere will occur and another compound will have to be used as the
oxidant. It is estimated that the ratio of N,0 to H, produced by the grout
will be a minimum of 1:1 and as high as 2.4: 1 (Rob]yer 1993). Therefore, N0
will always be available as an oxidant for the reaction.

Previous work on HRCs at Hanford was performed by J. 0. Henrie, D. J.
Flesher, K. L. Meshako, B. D. Bullough, and others in support of the cleanup
efforts at the damaged Three Mile Island (TMI) Number Two Reactor (Henrie et
al. 1986, Meshako and Bullough 1985). This work studied the reaction of H,
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and 0, in stoichiometric quantities to form water (H,0) when catalyzed by
p]at1num or palladium catalysts and resulted in recommendat1ons on the type of
catalyst and catalyst bed dimensions used in this test.

I. I. Tret'yakov and B. R. Shub demonstrated that a heated platinum wire,
purified in a high vacuum, would catalyze both the H,/0, and the H,/N,0
reactions. Furthermore, both these reactions can be exp1a1ned by s1m1]ar
kinetic equat1ons and have similar reaction mechanisms (Tret'yakov et al.

1967 Tret'yakov and Shub 1970). Because of these similarities between the
/0 and H,/N,0 reactions, some of Henrie's recommendations (Henr1e et al.
3 for cata]ysts and catalyst beds in H,/0, atmospheres were in this test.

1.2 OBJECTIVE

The Chemical Engineering Laboratory (CEL) conducted performance and
sorption capacity tests on a blend of HRCs. The primary objective of the
performance test was to determine whether the catalyst blend is effective in
catalyzing the H, oxidation reaction using N,0 as the oxidant. A second goal
was to determ1ne whether the catalyzed react1on rate is affected by the
presence of several gas species that may also be produced by reactions in the
grout vault. A recommendation on an appropriate catalyst bed size for the
grout vault Teachate sump could then be made, based on the results from this
test.

The test plan (Britton 1993a) described a durabi]ity test designed to
evaluate catalyst deactivation by measuring the change in the cata]yst S
performance over a period of one year. Conclusions on CO, poisoning from the
performance test indicated this durability test would not provide relevant
information and therefore, was not performed. The reasons for this are
described in Section 5.6. Instead of the durability test, a test was designed
to answer questions about CO chemisorbing onto the active catalyst sites.

The sorption capacity test was used to show the relationship between the
decrease in the H,/N,0 reaction rate and the amount of CO chemisorbed onto the
catalyst. This test was then used to determine the CO sorption capacity of
the catalyst, and to determine a method by which the catalyst could be
regenerated for future use.

1.3 SCOPE

The performance test involved determining the rate of the H,/N,0 reaction
in the presence of a blend of two nuclear-grade cata]ysts The cata]yst blend
was that recommended in Henrie et al. (1986) for use in shipping and storing
wet radioactive waste. Because of time constraints placed on this project,
the recommendation in Henrie et al. (1986) on catalyst bed composition was
used and no investigation of different catalysts or blend ratios was
performed.

The reaction rate is a function of many variables, two of which are H,
and N,0 concentrations. The LFL for a 1:1 ratio of H, and N,O in air is
4 vo]ume percent H, (Weis 1993). The required des1gn safety Timit for H,
concentration in tﬁe sump is 25 percent of the LFL or 1 percent
(NFPA 69, 1992). For the H,/N,0 reaction to completely consume the H,, the
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rat1o between N,0 and H, must be above one. Therefore, only reaction rates at
concentration levels between 0 and 1 percent and N,O to H, ratios greater
tﬁan or equal to 1 were investigated.

These tests were not intended to provide a kinetic model of the reaction
rate. They were designed to determine which variables have the greatest
effect on the reaction rate and to define a reaction rate that could be used
to size the catalyst bed for the sump.

These tests assumed the sump will act as a mixed flow reactor with a
well-mixed gas. Therefore, these tests do not account for diffusion or
concentration gradients in the leachate sump. Additionally, the catalysts do
not function while submerged in H,0. This should be avoided when a catalyst
bed is designed and placed in the sump. The effects of submerging the
catalyst in 1iquid were not investigated.

T T e e R e T
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2.0 TEST ENVIRONMENT AND EQUIPMENT

In the tests, a feed mixture gas was introduced into the bottom of a
reactor vessel containing a bed of HRC. The gases flowed upward through the
reactor vessel and out a tube-at the top. Both the inlet and outlet gases
were sampled to determine the gas compositions. From this, the reaction rate
and the sorption capacity were determined.

2.1 CATALYST

The catalyst bed was a 50-50 blend of Engelhard Deoxo' nuclear catalyst
type A16430 and Atomic Energy of Canada Limited (AECL) hydrophobic catalyst
type 85-42 (Henrie et al. 1986). The Engelhard catalyst, a palladium-on-
alumina media, effectively catalyzes the H,/0, reaction, but only when the
catalyst media is dry. When wet, the Engeﬁhard media becomes very
inefficient. The AECL catalyst is a hydrophobic, platinum-on-silica/alumina
media. Wet or dry, the AECL media is not as effective as dry Engelhard media,
but is more effective than the wet Engelhard media. When the mixed bed
becomes wet, the AECL media continues to catalyze the H, oxidation reaction,
providing enough heat to evaporate the H,0 from the adjacent Engelhard
catalyst. Once dry, the Engelhard catalyst then performs the majority of the
catalysis. .

The Engelhard catalyst pellets are fairly uniform in shape. Each pellet
is a cylinder having an average diameter of 3.25 mm and an average length of
3.6 mm. The AECL catalyst pellets are rough spheres approximately 6.5 mm in
diameter. This blend of catalysts has a bulk density of approximately 1 g/mlL.

2.2 ENVIRONMENT

The hydrogen recombiner catalyst tests were conducted at Westinghouse
Hanford Company's (WHC) Chemical Engineering Laboratory in the 2703E Building
in the 200E Area at the U.S. Department of Energy's Hanford Site. The
laboratory ventilation system, which includes both heating and air
conditioning, moderated the environmental temperature between 13 and 26°C.

2.3 EQUIPMENT

The flowsheet for the HRC tests is shown in Figure 2-1. A1l the tubing
in the apparatus was %-in., 304L stainless steel tubing. A1l the valves
(except V-2 and V-3) are Matheson stainless~steel, greaseless ball-valves.

Two nearly identical test apparatuses were constructed on unistrut carts.
Each cart held six gas cylinders. The gases flowed through pressure
regulators (PR-1 through PR-6) that reduce the gas pressure to 25 psig.
Matheson series 6103 flash arrestors (FA-1 through FA-4) made of brass and
butyl rubber were placed after the regulators on the H,, CO, CH,, and NH,

'Deoxo is a registered trademark of the Engelhard Corporation.
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1ines to protect the gas cylinders from a rapid burn or detonation® in the
downstream equipment, if one should occur. These flash arrestors act as check
valves under normal operating conditions. If a flashback were to occur in the
downstream equipment, the flash arrestors would check the reverse flow and
stop the gas supply. The flash arrestors would then need to be manually reset
before operation could be continued. Flash arrestors were also situated in
the line between F-1 and the reactor (FA-5), and in the offgas line as it
connected to the CEL exhaust system (FA-6). These would protect the metering
equipment and the reactor from a rapid burn or detonation in the downstream
equipment, if one should occur.

The gas flowrates were controlied by Omega FMA-100 series mass flow
controllers (FC-1 through FC-6), all of which are calibrated for air at 20°C.
These flow controllers passed the gas stream through a heated tube and
measured the heat required to raise the gas temperature by 18°C. By comparing
the temperature change to heat input, the mass flow controller operated its
magnetic valve to control the mass flowrate. Ratios between the heat capacity
of the controiled gas and air were used to calculate the actual mass flowrate.
The flow controliers displayed the flowrate as volumetric flowrate at standard
atmosphere and pressure. Omega recommended a 138-kPa (20-psi) drop across the
flow controller for optimum control.

The apparatus was designed so that after the feed gases had mixed
together the feed gas mixture could then be diverted to a humidifier, where
the HZO concentration is increased by bubbling it through a column of
deionized H,0. The gas enters the humidifier at the bottom and is forced
through a sintered filter to diffuse the gas into tiny bubbles. Figure 2-2
gives details of the humidifier.

The apparatus was contingently constructed with a heat exchanger. The
gases could fiow into the heat exchange from the flowmeters or from the
humidifier. Because temperature adjustment of the feed gas was not needed,
this heat exchanger was not used in these tests. Next, the temperature,
pressure, and flowrate of the feed mixture were taken by a thermocouple (T-2),
a pressure gauge (P-2), and a rotameter (F-1).

The feed mixture then flowed into the reactor. The reactor was a 7571-mL
(2-gal), Parr series 4660 general purpose bomb. It had a 15.2-cm (6-in.)
inner diameter, a 43.7-cm (17.2-in,) inner depth, and an all 316 stainless
steel construction. The reactor had two %-inch inlet/outlet ports, a pressure
gauge (P-3), a %-inch inconel rupture disk with a 6,900-kPa (1,000-psig) burst
rating, and a thermowell, The incoming gas was directed to the bottom of the
reactor by an injection tube that extended from the inlet port to within 5 cm
of the bottom of the reactor.

The catalyst bed was made of two concentric cylinders of 316 stainless
steel wire screen with the catalyst contained in the annular region. The
catalyst bed slipped into the reactor and allowed the gas to contact the
catalyst on the inside surface of the catalyst bed. The catalyst bed was
14.9 cm (5:875 in.) in outer diameter and 38 cm (15 in.) high with the

®No flammable or detonable gas mixtures were used in these tests,
although the test apparatus was contingently designed to operate using
detonable gas mixtures.
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catalyst bed 1 cm (0.39 in.) thick (see Figure 2-3). The recommended catalyst
bed thickness was 1 cm with the catalyst exposed to the gas though an 8x8-mesh
(8 wires/1lin.in.) screen using 0.035-in.-dia. wire (Henrie et al. 1986).

" These catalyst beds held 44 + 4 g of catalyst per cm of catalyst bed height.

The catalyst bed in Apparatus 2 was shortened and elevated 15.2 cm (6 in.)
from the bottom of the reactor. This was done so the feed mixture entering
through a tube near the bottom of the reactor would have time to mix with
resident gas in the bottom of the reactor vessel before flowing past the
catalyst bed. This was used for the performance test runs using Apparatus 2
and all the sorption capacity test runs.

Two arrays of thermocoup]es were placed in the reactor. The first array
consisted of four thermocouples brazed into a Cajon® plug, which was inserted
into the reactor through the thermowell hole. These thermocouples were
adjusted to slide into sheaths of tubing placed in the catalyst bed. The
sheaths for thermocouples T3, T4, T5, and T6 ended 2 cm, 10 cm, 16.7 cm, and
28.7 cm from the bottom of the catalyst bed. Each thermocouple was long
enough to extend past the end of its sheath by 0.5 to 1 cm when installed and
was in contact with catalyst, assuming enough catalyst was placed in the bed
to cover the ends of the thermocouple sheaths.

The second array of thermocouples consisted of four type K thermocouples
brazed into a Swagelok® cap and inserted into the reactor through a tee
installed -between the reactor and the rupture disk. The thermocouples were
adjusted to sit near the.center Tine of the reactor and at the same levels
thermocoupies T3, T4, T5, and T6 were at, respectively.

Gas samples were taken on the inlet and outlet tubes from the reactor by
diverting the gas flow through gas sample cylinders (GSC) using valves V-7,
V-8, V-11, and V-12. The GSCs were made of 304L stainless steel and had a
150 mL internal volume. A1l the gas samples taken for the performance test
were taken in the GSC. Most of the samples analyzed for the sorption capacity
test were taken in Tedlar’ bags.

The two apparatuses used the same Whittaker series 800 H, detector

(HA-l), which employed a diffusion Timited electrochemical cei] -to measure the

concentration. It was used as an operational tool to assist in controlling
tﬁ concentration in the reactor. Valves V-5 and V-14 allow the inlet and
out1e% gas streams to be diverted into HA-1. V-19 opened up a line of
nitrogen (N,) to purge the analyzed gases out of the analyzer sample chamber.
Wh1ttaker techn1ca1 representatives indicated that nitrogen oxides, including

N,0, may interfere with accurate determination of the H, concentration and may
a%so degrade the detector's H, permeable membrane, leading to the detector's
failure. No interference from N,0 was observed throughout the test.
Furthermore, no degradat1on was observed in the detector's ability to detect
H,.

3cajon is a registered trademark of the Cajon Company.

Swagelok is a registered trademark of the Crawford Fitting Company.

Tedlar is a registered trademark of the E. I. DuPont De Nemours and
Company.
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.Hydrogen Recombiner Catalyst Test Apparatus.

Figure 2-1.
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- Figure 2-2. HRC Humidifier Schematic.
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Figure 2-3. HRC Catalyst Bed Schematic.
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2.4 QUALITY ASSURANCE

The feed gases were purchased with a certificate of analysis. These can
be seen in Appendix G of the supporting data document (Britton 1994). The
gases were certified by the vendor, Matheson Gas Products, Inc., to be the
following.

- 4.07% H, inN,

- 3.87% NO in N,

- 2.06% 0 in

. 0.50% O in N
- 0.505% CH, in N,
- 5.05% NH; in N,.

The N,0 was also purchased from Matheson Gas Products and had a minimum purity
of 99.995 percent. The pure N, was purchased from WHC's general supplies
warehouse as 99.997 percent pure. All the gases were analyzed individually
using a mass spectrometer to ensure they met their stated purity. The
Whittaker series 800 H, detector was calibrated using the 4.07 percent H, gas
mixture. '

The calibration of the Omega FMA-100 series mass flow controllers was
checked using a Bois DC-1SC Dry Cal flow calibrator. The Bois flow calibrator
was, in turn, checked by the WHC Standards Laboratory. Appendix H in the
supporting data document (Britton 1994) contains the flowmeter calibration
check information. Appendix I in the supporting data document (Britton 1994)
contains the WHC Standards Laboratory Physical and Electrical Report on the
Bios calibrator.

The accuracy of the thermocouples was checked against two calibrated
mercury thermometers. These thermometers had the calibration codes: HEDL
809-79-01-017 and HEDL 809-79-01-018. The offgas thermocouples from
Apparatuses 1 and 2 had a zero error at 21°C and read a lower temperature than
the HEDL # 809-79-01-017 thermometer by no more than 2°C at the 68 to 74°C
temperature range. The other thermocouples read a Tower temperature than the
HEDL # 809-79-01-018 thermometer by no more than 2°C at the ambient
temperature range of 20 to 21°C and read as much as 8°C less than the HEDL #
809-79-01-018 thermometer in the 48 to 52°C range. Because the temperature in
the system never rose more than a few degrees above the ambient temperature,
the calibration check at ambient conditions was satisfactory.

The mass of the catalyst was measured on a Mettler AE 260 DeltaRange®
scale. The calibration of this scale is checked annually by WHC Hanford
Standards Laboratory (Standards Lab No. 815-06-01-005).

The system was checked for leaks by increasing the pressure to greater
than 90 psi, valving the system off from the pressure source and all outlets,
and then watching the pressure in the system decay. Pressure decays that
decreased less than 2 psi in 15 minutes were considered satisfactory.

®DeltaRange is a registered trademark of Mettler Instrumente AG.
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3.0 PERFORMANCE TEST DESCRIPTION

In the performance test, a feed mixture gas was metered into a reactor
vessel containing a bed of HRC Both H, and N,0 (or 0,) chemisorbed onto
active catalytic sites, where they reacted to produce H 0, N,, and heat. The
heat of the reaction drove the products into the gas phase and cleared the
catalyst site for further chemisorption. When the gas concentrations came to
equilibrium, the approximate change in H, concentration was measured using the
online Whittaker H, detector. If the 1nfet H, concentration was equal to the
outlet H, concentrat1on, the -flowrate was 1owered If the outlet H
concentrat1on was zero, the flowrate was increased. When a measuré%]e H,
concentration change was found, samples of the inlet and outlet gas streams
were taken. After the gas samp]es had been analyzed, a comparison of the
inlet and outlet H, concentrations revealed the reaction rate of the H,
oxidation.

3.1 EXPERIMENTAL DESIGN

.The purpose of the performance test was to determine the maximum H,/N,0
reaction rate the catalyst could effect. The rate of the H,/N,0 react1on can
be 1imited either by the catalyst's maximum reaction rate (%he catalyst's ~
kinetic ability to catalyze the reaction) or by the reactant supply rate.
Therefore, to measure the catalyst‘s maximum reaction rate, the experiment
should have supplied the reactants to the catalyst fast enough to fully use
the cataiyst and slow enough that the difference between the inlet and outlet
‘concentrations was readable and the reaction rate could be calculated.

The reactant supply can be described by the specific flowrate (SF) for
H,, which is a single variable used to describe the ratio between the H
fiowrate supplied to the reactor and the mass of the catalyst. SF has %he
same units as the reaction rate which are gmoles of H, per hour per gram of
catalyst (gmol/h/g).

Because the reaction rate of the H,/N,0 reaction was unknown, the
apparatus was designed to handle a w1de range of SF. The cata]yst bed was
designed to hold between 50 and 1,650 g of catalyst and the flowmeters could
vary the feed mixture flowrate between 50 and 750 mL/min. This allowed the
apparatus to operate with SFs between 0.74 and 370 pmol/h/g. With some feed
mixtures, flowrates as high as 900 mL/min were achieved, allowing higher than
designed SFs to be obtained. SFs between 16.5 and 454 pmol/h/g were used
during the performance test. This SF operability region was chosen so that
the crucial reaction rates lie within the region. If the reaction rate was
slower than 0.74 umol/h/g, the catalyst bed required for the leachate sump
would be too large to be practical. And if the reaction rate exceeded
370 pmol/h/g, almost any-size catalyst bed would do. For these calculations
see Appendix C.

3.2 CATALYST

In the performance test, between 20 and 240 g of the 50-50 catalyst blend
of Engelhard Deoxo and AECL hydrophobic catalysts was used. The catalyst bed

13
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was filled with catalyst by dropping the catalyst pellets into the bed
one-by-one in an effort to get the two catalyst types well mixed in the bed.

3.3 FEED MIXTURES

The nine feed mixtures (FM) used in the performance test had different
concentrations of N,0, 0,, H,0, CO, CH,, and NH; in N, (refer to Table 3-1).
A11 the gases excep% H.,0 were supp]ieé by compressed-gas cylinders with
purities greater than 59.99 percent. H,0 was supplied, when needed, by
bubbling the other gases through a column of deionized H,0, as described in
Section 2.3. Because the flowrates of H,, 0,, CO, CH,, and NH; were so low,
each was supplied diluted in N,, which made %he flowrates Targe enough for an
accurate meter reading.

The ninth feed mixture is FM 10 rather than FM 9. FM 9 was described in
the test plan as the feed mixture to be used in a durability test.

The feed mixtures were chosen so that, when the test reactor came to
equilibrium, the reactor concentrations resembled plausible sump
concentrations. The concentrations of the feed mixtures used are T1isted in
Table 3.1.

Table 3-1. Performance Test Feed Mixture Compositions.

Feed Volume percent in N,
mixture
number H, 0, N0 H,0 co CH, NH,
FM 1 1 0.5
FM 2 1 1
FM 3 1 10
FM 4 1 40
FM 5 1 40 2.25
FM 6 1 40 0.1
FM 7 1 40 0.1
FM 8 1 40 1
FM 10 1 40 0.01
+« FM 9 was intended for the durability test, which was not
performed.

« FM 11 and 12 were 0.01% CH, and 0.1% NH; and were to be used
only if the higher levels caused the reaction to slow.
« Blank cells indicate zero percent for that component.

14
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3.3.1 Hydrogen

The inlet H, concentration for all the feed mixtures in the performance
test was 1ntendeé to be 1 percent. The actual inlet H, concentrations for the
completed runs ranged between 0.56 and 1.63 percent. ﬁith the exception of
six runs with either high or Tow H, concentrations, the iniet H,
concentrations averaged to 0.99 % 6.05 percent.

The 1 percent H, concentration is projected to be the highest acceptable
H, concentration in %he grout vault sump, as it is 25 percent of the LFL for
H, and N,0 in air (NFPA 69, 1992). Concentrations higher than 1 percent were
not investigated because higher H, concentrations will increase the reaction
rate, which in turn lowers the H, concentration. Therefore, the minimum H,
concentration the catalyst will %e required to perform adequately at is

1 percent. g

3.3.2 O0Oxygen

The TMI work (Henrie et al. 1986, Meshako and Bullough 1985) studied the
reaction of H, and 0, in stoichiometric amounts to produce H,0. Under some
conditions, tﬁe sump will have enough 0, to complete the H, oxidation
reaction. FM 1 was designed to have stoichiometric concentrations of H, and
0,, making the 0, concentration 0.5 percent. After being corrected for air
contamination, f%e actual compositions used in the runs were: Run 4,

0.31 percent; Run 9, 0.49 percent; Run 15, 0.48 percent; Run 19, 0.36 percent;
Run 31, 0.36 percent; Run 33, 1.11 percent; Run 44, 0.39 percent. With the
exception of Run 33, the 0, inlet concentrations average to

0.4 £ 0.07 percent. Appenéix D contains a discussion of the method used to
correct for ‘air contamination.

3.3.3 Nitrous Oxide

Even though some air will migrate into the sump, it will not be enough to
provide the 0, needed for the H, oxidation under high gas generation rates.
See Figures 5-5c, 5-9c, and 5-10c in Roblyer (1993). 1In this situation, an 0,
depletion will occur and the catalyst will need to catalyze the reaction of H,
and N,O. FM 2 through 8 used N,0 as the oxidant.

FM 2 had approximately stoichiometric concentrations of N,0 and H,,
making the N,0 concentration 1 percent. This is the lowest N,0 to H, ratio
.presented in Roblyer (1993). Actual N,0 concentrations in FM 2 varied between
0.93 and 1.42 percent with an average of 1.11 * 0.19 percent. The N,0
concentrations in FM 3 ranged between 8.9 and 9.7 percent N,0 with an average
of 9.39 + 0.317 percent N,0 and represented a case of a moderate excess of
N,0. These feed mixtures were used to investigate whether low but at least
stoichiometric concentrations of N,O, which diffuses slower than H,, would
Timit the reaction rate. )

The nominal case presented in Roblyer (1993) used a N,0 to H, ratio
of 2.4. This would produce a N,0 concentration greater than 40 percent in the
sump. See Figure 5-5 in Roblyer (1993). FMs 4 through 10 had between 35 and
42 percent N,O concentration. Three runs using these feed mixtures were
unintentional exceptions and had N,0 concentrations between 21.0 and
32.3 percent. .

15
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3.3.4 Mater Vapor

If H,0 condenses on the catalyst, the Tiquid will cover active catalyst
sites and impede the flow of H, and N,0 to the catalyst sites. H,0 in the
bottom of the leachate sump w111 creé%e a humid atmosphere and saturate the
gas in the sump.

In FM 5, the H,, N0, and N, were mixed together and saturated with H,0 in
the humidifier. FM 5 1eft the hum1d1f1er at 20°C with approximately
2.25 percent H,0 concentration. See Appendix C in Britton (1993a).

3.3.5 Carbon Monoxide

Carbon monoxide has been shown to inhibit the catalytic reaction of H,
and 0, (Meshako and Bullough 1985). This inhibiting effect occurs because the
co compet1t1ve1y chemisorbs to active catalyst sites. Also, the oxidation of -
CO, which produces carbon dioxide (C0,), may be a competing reaction.

FM 6 was intended to be 0.1 percent CO. The actual composition varied
between 0.1 and 0.3 percent. This concentration was chosen because
preliminary data from investigations into the grout's gas production indicated
this was a reasonable value. A Jower concentration was also planned in case
the 0.1 percent overwhelmed the catalyst. FM 10 was intended to be
0.01 percent CO although there is no CO analysis available to confirm this
because of equipment failure during analysis.

3.3.6 Methane

Methane, a common product of organic decomposition, may enter the sump as
a generated gas. Runs with approximately 0.1 percent CH, were performed to
determine if CH, affects the H,/N,0 reaction rate. Runs us1ng FM 7 had CH,
concentrations that varied between 0.091 and 0.101 percent.

3.3.7 Ammonia

Ammonia is another gas that may be produced by the grout in the vault.
Runs with NH; in the 1 percent concentration range were used to determine if
NH; has a maJor impact on the reaction rate of H, and N,0. Because NH; readily
sorbs to solids and interacts with H,0, it is extreme]y difficult to
quantitatively analyze gases for NH3 Runs using FM 8 were estimated to have
a NH; concentration between 0.6 and 1.1 percent. See Appendix D of the
support1ng data document (Britton 1994) for more deta1ls on this analysis
method.

3.4 RUN ORDER

Each feed mixture was used at least five times, once in each of the five
primary sets of runs performed. Within each set, all eight feed mixtures were
performed in random order. Multiple sets and a random order were used to
ensure that the data was not tainted with cumulative errors such as a buildup
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of a contaminant on the catalyst. Initially, a set of scoping runs using FMs
1 and 4 was performed. And after the primary runs, a set of CO runs and a set
of extended runs were performed. Table 3-2 shows these sets of runs and their
order.

3.5 PERFORMANCE TEST CONDITIONS

The sump is centered below and to the side of the grout vault and is
contained within an asphalt diffusion barrier. The temperature of the barrier
at this point, 10 years after filling, is expected to be 40°C (Crea 1992,
Figure 32). The temperature of the sump can be increased by the heat of the
reaction and by the inlet vault gas. Heat will be lost by H,0 condensing on
the walls of the sump and by heated gases Teaving the sump and cold gases
entering the sump. The temperature in the sump is assumed to be between 20
and 40°C. The reactors were kept between 13 and 26°C during the performance
test. Some of the test temperatures were lower than the expected temperature.
This should give a slower reaction rate than would occur at higher
temperatures. Table 3-3 lists the steady state conditions that were
maintained in the reactors for the performance test.

3.6 DATA COLLECTION AND SAMPLE ANALYSIS

The mass and volume of the catalyst placed in the bed were recorded in
the laboratory notebook (Britton 1993b) along with details on the catalyst bed
dimensions. A list of data taken during each experiment and recorded in the
Taboratory notebook is -1isted in Table 3-4 along with the range and accuracy
for each variable measured.

During each experimental run, at least one inlet and outlet gas sample
was taken. Samples 93-001 through 93-157 were shipped to the Inorganic Mass
Spectrometry Laboratory at Pacific Northwest Laboratories (PNL) for mass
spectrometer analysis. The samples were analyzed with a Finnigan MAT-271 mass
spectrometer using analytical procedure PNL-MA-299 ALO-284. This procedure is
supplied in Appendix C of the supporting data document (Britton 1994). The
analysis reports are located in Appendix A of the supporting data document
(Britton 1994).

Samples 93-158 through 93-168 were not analyzed by mass spectroscopy.’
Instead they were analyzed by gas chromatography. The computer data files for
these runs were lost due to a misconfigured computer program before they could
be examined.
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Table 3-2.

Run Order.

Scoping Set
Apparatus 1

Set 1
Apparatus 1

Set 2
Apparatus 2

Set 3
Apparatus 2

Run # | FM # Run # | FM # Run # | FM # Run # | FM #
4 1 7 4 15t 1 28 5
5 4 8 5 16 7 30 2
6 4 9 1 17 3 31 1
10 7 18 6 32 6
11 '3 19 1 35 4
12 2 22 8 37 8
13 6 24 4 38 3
14 8 25 2 40 7
27 5
*scoping run
Set 4 Set 5 €0 set Extended runs
Apparatus 1 Apparatus 2 Apparatus 2 Apparatus 1&2
Run # FM # Run # | FM # Run # | FM # Run # | FM #
21 7 41 4 50 10 59 6
23 3 42 52 6 62 8
26" 3 43 8 55 6 63 7
29 6 44 1 56 6 64 5
33 1 45 7 57 6
34 8 47 3. 58 6
36 4 48 2
39 2 49 6
46 5

1:Duph'(:a’ce run

18




WHC-SD~WM-TRP-211, Rev. 0

Table 3-3.

Performance Test Conditions.

Variable

Range

Notes

H, concentration

0.01 %

1.45 %

0, concentration

0.00 %

0.05 %

For runs using FM1. Run 44 was an
exception and had 0.26% 0, in the
outlet gas. :

N0 concentration

o

.24 %

0.57 %

For runs using FM 2.

o)

.10 %

9.10 %

For runs using FM 3.

35.80 %

40.50 %

For runs using FM 4-10.

Runs 18, 49, and 32 were exceptions
and had Tower N,0 concentrations of
33.8%, 25.2%, and 19.2%,
respectively.

H,0 concentration

3.25 %

These concentrat1oné were estimates.
See Britton 1993a, Append1x C for -
more detail.

CO concentration

0.3 %

For runs using FM 6. Run 50 using
FM 10 was estimated to have 0.01
percent CO.

CH, concentration

0.091%

0.1 %

For runs using FM 7. Run 10 had a
lTower CH, concentration measured at
0.03%.

NH, concentration

1.07 %

For runs using FM 8. These
concentrations were estimates. See
Appendix D of the supporting data
document (Britton 1994).

Temperature

13°C

26°C

This drifted with the ambient
temperature of the laboratory.

Pressure

98.9 kPa

19
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Table 3-4. Experimental Data Measurements and Accuracy.
Measurement Equipment Range Accuracy
FC-1, FC-2 + +
’ ’ 10-100 sccm * 10 scem
Mass flowrate FC-3, FC-4
FC-5 50-500 sccm' + 10 scem'
Volumetric flowrate F-1, F-2 50-250 mlL/min [+ 25 mL/min
Temperature of:
humidifier H,0 T-1, 20 °C
inlet gas T-2, 13 °C + 1 °C
catalyst temperature | T-3, 13-20 °C
outlet gas T-4 13-18 °C
Pressure P-1, P-2, P-3 0 psig *+ 2 psig
H, concentration HA-1 0-1 % 0.2 %
T Equipment measured the gas flowrate of N, at standard pressure. This

data was converted

to actual flowrate da%a later.
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4.0 SORPTION CAPACITY TEST DESCRIPTION

In the sorption capacity test, a feed mixture containing CO was metered
into the reactor which contained a known quantity of the catalyst blend. When
a CO molecule came in contact with a free active catalyst site, the molecule
sorbed to that site. The inlet and outlet CO concentrations were measured and
the amount of CO chemisorbed by the catalyst was determined by difference.

4.1 EXPERIMENTAL DESIGN

. The purpose of the sorption capacity test was to determine the amount of
CO the catalyst would chemisorb under conditions similar to those in the grout
vault. A mixture of CO in N, was metered into the reactor which had an
initial CO concentration of zero. The CO concentration in the reactor then
rose from zero to the inlet concentration.

If the inlet gas mixed quickly with the bulk gas in the reactor, the
outlet concentration would be equal to the reactor concentration. And, if no
chemisorption occurred, the change in the outlet concentration could be
described by the first order equation for a mixed flow reactor. Refer to
Appendix D for more information on the sorption capacity equations. A
comparison between the actual and theoretical outlet concentration curves over
the sorption time interval reveals the extent of CO chemisorption on the
catalyst.

A second goal of this test was to determine a regeneration method for the
catalyst. Between runs, the catalyst in the reactor was flushed with varying
amounts of N, or air or the catalyst was replaced with virgin catalyst. If
the reactor was flushed with air or was opened to replace the catalyst, the
air in the reactor was removed by purging with N,. A comparison of the
CO sorption capacities between virgin catalyst and catalyst regenerated with
either N, or air was then made.

4.2 CATALYST

In the sorption capacity test, between 10 and 30 g of the 50-50 catalyst
blend of Engelhard Deoxo and AECL hydrophobic catalyst was used. The catalyst
bed was filled with catalyst by dropping the catalyst pellets into the bed
gns-by—one in an effort to get the two types of catalysts well mixed in the

ed.

4.3 FEED MIXTURES

The feed mixtures used in the sorption capacity test are shown in
Table 4-1. FM 4 nominally contained 1 percent H,, 40 percent N,0 and no CO.
This was used to show the uninhibited and unpoisoned rate of the H,/N,0
reaction on the catalyst. After the reaction rate was established, f%e feed
was switched to FM 14. FM 14 nominally contained 1 percent H,, 40 percent N,0
and 0.05 percent CO and was used to show the relationship between the drop in
the reaction rate and the sorption of the CO onto the catalyst.
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FM 13 was the primary feed mixture used in the sorption capacity test.
FM 13 contained between 0.09 and 0.13 percent CO and allowed CO to be
introduced to the catalyst without the effects of oxidants (0, or N,0), which
may produce reactions, and without effects of H,, which may compete with the
CO for active catalytic sites. This allowed the sorption capacity to be more
accurately estimated than could have been done w1th the feed mixtures used in
the performance test.

Table 4-1. Sorption Capacity Test Feed Mixture Compositions.

Feed Volume percent in N,
mixture H, N,0 co
4 0.71 - 1.77 40
13 40 0.096 - 0.135
14 0.70 - 1.87 40 0.050 - 0.050

e Blank cells indicate zero percent for that component.

4.4 SORPTION CAPACITY TEST CONDITIONS

The sorption capacity test was performed at ambient temperature and
pressure. Table 4-2 Tists the conditions that were maintained in the reactor
for the sorption capacity test.

4.5 DATA COLLECTION AND SAMPLE ANALYSIS

The inlet CO concentration was measured several times before and after
each run. The outlet concentration was measured at 10 or 15 minute intervals
until it ;teadied out at the inlet concentration. The gas samples were taken
in Tedlar’ bags and analyzed on an MTI Quad 400 gas chromatograph. The gas
chromatography data was analyzed by WHC, Special Analytical Studies.

The total difference between the amount of CO that came out and the
amount of CO that would have come out if the catalyst had not been
chemisorbing CO is defined as the catalyst's sorption capacity. This data and
the results are presented in Section 6.0.

Table 4-2. Sorption Capacity Test Conditions.

Variable Range Notes
H, concentration 0.01 % T 1.45 % | For runs using FM 4 and 14.
N,0 concentration “40 % For runs using FM 4, 13, and 14.
CO concentration 0.052% 0.133% | For runs using FM 13 and 14.
Temperature - 13°C 21°C
Pressure 0.976 atm Average barometric pressure.

"Tedlar is a registered trademark of the E. I. DuPont De Nemours and
Company.
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5.0 RESULTS OF THE PERFORMANCE TEST

FMs 1 through 8 and 10 were metered into the reactor with the catalyst in
Runs 1 through 64. Inlet and outlet gas concentrations were determined by
mass spectroscopy. The analytical data for these samples is in Appendix A,
Table A-1.

5.1 AIR CONTAMINATION

Some contamination of the samples with air was expected. Possible causes
of this contamination were an incomplete evacuation of the line when the
sample container was connected to the analytical equipment, or an air
intrusion in the valves or piping in either the experimental apparatus or the
analytical equipment. Because analysis of the feed gases determined there was
very little argon (Ar) in any of the feed gases, any large amount of Ar in a
sample was assumed to have come from air contamination. The degree of air
contamination (®) was determined by calculating the percentage of the analyzed
sample that is air rather than pure sample. Equation 5-1 shows that ¢ is the
ratio of the mole percent of Ar in the sample (X,.) to the mole percent of Ar
in air (Y,.). ' »

ft

X
¢ = = * 1008 (Eqn 5-1)
Ar

As an alternate method, ¢ was calculated using 0, instead of Ar in all
runs except those using 0, feeds. The results of botﬁ ¢ calculation methods
can be seen in Table A-1 in Appendix A. The ¢ was used to screen the sample
analysis for sampies and runs with poor data. The 0, concentrations were
corrected for the air contamination for the runs using FM 1. The corrected
composition equation can be seen in Appendix D. Other components and runs
were not corrected for the air contamination factor because in most other
cases the correction was negligible. '

For most of the samples, ¢ was below 5 percent. In sample 93-061, ® was
48.2 percent when calculated with the Ar method. Because the 0, method
calculated ¢ to be normal and all the other gas constituents were within
expected ranges, the Ar data was assumed to be faulty.

In sample 93-124, the inlet sample for Run 43, ¢ was 61.8 percent and
64.0 percent for the Ar and 0, methods, respectively. An open valve on the
GSC allowed an air intrusion %hat resulted in this poor data. Because only
one inlet sample was taken for this run, the analysis on this run was not
carried further.

5.2 RUN DATA

Tables 5-1 and 5-2 display the performance test data. Table 5-1 Tists
run data in the sequential order in which the runs were performed while
Table 5-2 displays the run data organized by feed mixtures. The runs with
shaded run numbers were performed with Apparatus 1 while the remaining runs
were performed in Apparatus 2. '

23




WHC-SD-WM-TRP-211, Rev. 0
Performance Test Run Data - by Run. (Sheet 1 of 2)

Table 5-1.
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Performance Test Run Data — by Run. (Sheet 2 of 2)

Table 5-1.
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Performance Test Run Data - by Feed Mixture. (Sheet 1 of 2)
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The first six runs listed in Table 5-1 were used as scoping runs to
functionally test the equipment and determine whether or not the reaction
could be detected. Runs 7 through 49 were the performance test runs. In runs
50 through 58, the CO inhibiting phenomenon was investigated further and is
discussed in Section 5.6. The last six runs, runs 59 through 64, as well as
run 28e were extended runs and are discussed in Section 5.6. All the runs
Tisted in Table 5-2 were included in the performance test analysis described
in Sections 5.3 through 5.5. '

The data displayed in Table 5-1 and 5-2 includes temperature (T), inlet
H, concentration (X, ; ), volumetric flowrate (Q), catalyst mass (W), the
outlet gas composition (X, ,.), and the length of time in which the run was
performed in both minutes and the number of residence times (7.). The
residence time (7,) is the time required for one reactor volume of fluid to
flow out of the reactor. More information on the residence time is provided
in Appendix D. :

5.3 H,/N,0 REACTION RATE

The inlet and outlet gases were analyzed for the H, concentrations (X;)
and were compared. The H,/N,0 reaction rate (r,) was the change in X, times
the flowrate of H, into tﬁe reactor divided by the mass of catalyst in the
reactor. Using t%e ideal gas law to calculate the molar flowrate, the H,/N,0
reaction rate (r,) was calculated by the equation:

= opP XH,in - XH,out Ean 5-3
Ta GORTW( 100 ) (an 5-3)

where:

Reaction rate (umol/h/g)

Total volumetric flow rate (mL/min)

Pressure (atm)

Ideal gas constant (mlL-atm/gmol-K)

Temperature (K)

Mass of catalyst (g)

Mole percent concentration of H, in inlet gas (%)
Mole percent concentration of H, in outlet gas (%).

=X

PHOCE T 0O

| | | O ¢ N 1 R | [ |

X
-

—

3

H,out

Tables 5-1 and 5-2 1ist the calculated reaction rate. The shaded data in
Table 5-1 were either flawed and unusable or from runs that were not
completed. The table notes explain the reasons. The data from these runs
were not carried on for the rest of the analysis.

Figure 5-1 shows that the reaction rates varied widely within each of the
feed mixture groups. This wide spread within each feed mixture group shows
that feed mixture composition was not the only variable affecting the reaction
rate. Because other factors were involved, they have to be accounted for
before the feed mixture groups can be compared. However, reaction rates above
300 pmol/h/g were observed for most feed mixtures during the performance test.
Lower flowrates for feed mixture groups 1, 2, 6, and 8 are discussed in
Section 5.5.
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Figure 5—1. Performance Test Reaction Rates
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5.4 SPECIFIC FLOWRATE

The SF is the rate at which H, was supplied to the reactor per gram of
catalyst in the reactor. Because the reaction cannot oxidize more H, than is
supplied to the reactor, the SF places an upper bound on the possible reaction
rate. The SFs shown in Tables 5-1 and 5-2 were calculated from the inlet
flowrate (Q) and the inlet H, concentration (X, ;). The ideal gas Taw was
then used to convert the units to match those ot the reaction rate. The -
equation used to calculate the SF was:

sF = 6022 (X”'i“) (Eqn 5-4)
RTW\ 100

where: .
Specific flowrate for H, (umol/h/g)
Total volumetric flow rate (mL/min)
Pressure (atm)

Ideal gas constant (mL-atm/gmol-K)
Temperature (K)

Mass of catalyst (g)

Mole percent of H, in the inlet gas (%).

NXE—-DDOVWOW!m

L | T I |

H,in

If the SF is Timiting the reaction rate, it is seen as a strong
correlation between the r, and the SF. Figure 5-2 graphs r, versus the SF for
all the runs listed in Tag1e 5-2. A Tlinear regression by ghe least squares
method yields a squared residual error (RZ) of 0.95, which indicates a good
correlation between the reaction rate and the reactant availability.

Figure 5-2 graphs the data for FM 1 and 2 with diamonds and the rest of
the data with squares. This was done to show that runs using FMs 1 and 2 had
reaction rates consistently lower than runs using FMs 3 through 10. Excluding
FMs 1 and 2 from the linear regression yields an R? of 0.99, which is an
excellent correlation between the reaction rate and the SF. Figures 5-3a
through 5-3h graph the reaction rate versus the SF for each feed mixture. The
R? for four of these feed mixtures is above 0.999 and all but one run have
residual errors above 0.95. This indicates that the major factor in the
limitation of the r, is the reactant supply rate or SF. Therefore, reaction
rates cannot be compared without first accounting for the SF.

5.5 CONVERSION

The conversion (x) during a run is the fraction of available H, that
reacted. The conversion can also be thought of as the ratio between the
reaction rate and SF of H,. This definition allows the reaction rates to be
compared to each other wi%h consideration of the different SFs. The
conversions in Tables 5-1 and 5-2 were calculated with the equation:

y = % £ 100% . (Eqn 5-5)

Figure 5-4 plots these conversions grouped by feed mixture. The FM 3, 4,
5, and 7 groups tended to have slightly better conversions at Tower flowrates
than at higher flowrates. Figure 5-5 shows this by graphing the x against
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Figure 5-3. React1on Rates versus Specific Flowrate for each Feed Mixture.
(Sheet 1 of 4)

Fig..5—3a. Reaction Rate vs. Specific Flowrate for FM 1
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Figure 5—3b. Reaction Rate vs. Specific Flowrate for FM 2
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Figure 5-3. Reaction Rates versus Specific Flowrate for each Feed Mixture.
(Sheet 2 of 4)

Figure 5—3c. Reaction Rate vs. Specific Flowrate for FM 3
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Figure 5—3d. Reaction Rate vs. Specific Flowrate for FM 4
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Figure 5-3. Reaction Rates versus Specific Flowrate for each Feed Mixture.
(Sheet 3 of 4)

Figure 5—3e. Reaction Rate vs. Specific Flowrate for FM 5
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Figure 5—3f. Reaction Rate vs. Specific Flowrate for FM 6
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Figure 5-3. Reaction Rates versus Specific Flowrate for each Feed Mixture.
(Sheet 4 of 4)

Figure 5—3g. Reaction Rate vs. Specific Flowrate for FM 7
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Figure 5—-3h. Reaction Rate vs. Specific Flowrate for FM 8
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Figure 5—4. Performance Test Conversions
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the flowrate divided by the catalyst mass (Q/W). The RZ of the regressed 1line
is 0.97, indicating a good correlation between x and Q/W.

An increase in the total flowrate decreases the residence time.
A shorter residence time gives the molecules less time to diffuse into the
catalyst bed and less time for the reaction to take place once in the catalyst
bed. At Tow flowrates using FM 3, 4, 5, or 7, the average SF was
25.4 + 1.0 pmol/h/g, and the average conversion of H, into H,0 was
98.2 + 0.1 percent. At higher flowrates, the average SF was
360.5 + 50.8 pmol/h/g, and the average conversion of H, into H,0 was
88.7 + 1.3 percent. Table 5-3 lists the conversions found at %1gh and Tow
flowrates for each feed mixture.

Table 5-3. Performance Test Conversions.

Feed Average specific Average Average specific Average
Mixture flowrate conversion flowrate conversion
(SF) (x) (SF) (x)
umol/h/g % gmol/h/g %
Low flowrates High Flowrates
1 27.0 £ 2.1 96.2 + 1.9 324.4 £ 95.9 70.3 + 4.5
2 25.8 97.4 349.6 £ 32.1 63.8 + 11.7
b 25.4 + 1.0 98.2 + 0.4 360.5 + 50.8 | 88.7 + 1.3
6 32.0 + 10.8 94.0 + 3.2 — -—
25.9 96.7
8 322.1 £ 9.3 78.0 £ 7.6
160.0 94.6

Run data given are averages * the standard deviation. Data given without
a standard deviation are single data points.

Runs using FM 1, 2, 6, and 8 most Tikely had the same type of correlation
between x and Q/W, although this was not found because it was obscured by
other factors described below. FM 1 and 2 were intended to have
stoichiometric concentrations of H, and an oxidant, 0, or N;0. But, because
of Targer than expected variances in the f]owmeters, 1t is p0551b1e that the
oxidant concentration in some of the runs using FM 1 and 2 was below the
stoichiometric ratio with H,. Also, the oxidants diffuse much slower than H,.
Between the Tower oxidant feed concentrations and the oxidants diffusing
slower, faster flowrates had a greater effect on the conversion in the FM 1
and 2 groups than in other groups. These conversions ranged from 55.3 to
97.5 percent.

In the grout vault, the inlet and outlet flowrate of gases will be very
slow in comparison to the size of the grout vault sump and the diffusion rate
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of the oxidants. These conditions will allow ample time for H, to diffuse to~
the catalyst bed. Therefore, near stoichiometric concentrat1ons of oxidant
and H, will not cause conversion Timitations due to slow diffusion.

The FM 8 conversions varied between 84 and 97 percent and did not conform
to a x versus Q/W correlation. At the higher SF ranges, runs with
0.1 percent NH; were s]1ght1y inhibited. While this conversion range is
obviously 1ower than conversions using FM 3, 4, 5, and 7, runs 14 and 62 show
that conversions greater than 95 percent are poss1b1e at SFs between 26 and
170 pmol/h/g.

The CO in FM 6 significantly impacted the function of the catalyst by
presumably chemisorbing to the active catalytic sites and deactivating them.
After being exposed to enough CO, the cata]yst would no longer catalyze the

H,/N,0 reaction. In all the runs, the CO poisoning of the catalyst decreased
tﬁe amount of active catalyst before the reactor achieved steady state gas
concentrations. Because the reaction rate was dependent on the mass of active
catalyst in the reactor, the partial deactivation of the catalyst decreases
the reported reaction rates. In the runs in Table 5-2 that used FM.6 or 10,
the gas samples were taken before the catalyst was completely deactivated.
These runs give a conservative assessment of the catalyst's performance in a
CO atmosphere before deactivation. At low SFs averaging 32.0 + 10.8 pmol/h/g,
the conversions averaged to 94.0 £ 3.2 percent.

5.6 INHIBITING AND POISONING EFFECTS

In runs using FM 6, the catalyst's performance depended on the amount of
CO the catalyst had been exposed to. If the exposure was relatively low, the
catalyst would function. But if the exposure was relatively high, the
catalyst would not catalyze the H,/N,0 reaction. This cumulative phenomenon
is the reason the catalyst was funct1on1ng when the offgas was analyzed in
some of the runs using FM 6, while in other FM 6 runs it was not.

It was seen that at times the performance runs were not long enough to
allow the cumulative CO poisoning effect to kill the reaction. Therefore,
extended runs were performed to determine whether cumulative poisoning effects
occurred with H,0, CH,, or NH, at run times Tonger than allowed in the
performance runs Each extended run was over 1000 minutes long and went
through more than 100 residence times (7, ) Table 5-4 lists the runs and the
effects on the reaction rate.

No cumulative poisoning effects were found using H,0, CH,, or NH;. Only
CO poisoned the catalyst. This shows that excess H,0 vapor, as well as CH,
and NH; gases will not poison the catalyst.

The durability test described in the test plan (Britton 1993a) called for
a feed mixture with CO as well as all the other gases used in the performance
test. The durability test would then look at the changes in the reaction rate
over a period of months. Because CO in the concentrations used in the
performance test would have poisoned the catalyst and ended the durability
test in a matter of hours, the durability test was not performed. Instead, a
sorption capacity test was designed and performed to determine the amount of
CO the catalyst could hold before becoming too poisoned to function. This
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sorption capacity test is described in Section 4.0 and the results are
reported in Section 6.0.

1
Table 5-4. Extended Performance Runs.

FM | Run # Time # of SF Rxn rate | Conversion Effect
min T, pmol/h/g | pmol/h/g %
28e 1249 | 146 454 .3 396 87 none
: 64 3089 | 306 185.2 ~185¢ ~100% none
6 | 59 | 2665 | 176 | 23.2 0 0 reaction
7 63 1690 | 167 273.3 ~273t ~100f none
8 62 1770 | 175 169.1 160 95 none

tThe gas chromatography analytical data for runs 63 and 64 was lost due
to a misconfigured computer program. The reaction rate and conversion
data is estimated from Whittaker H, concentration measurements.
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6.0 RESULTS OF THE SORPTION CAPACITY TEST

Feed mixtures of N,, CO, H,, and N,0, were metered into the reactor with
the catalyst in Runs 67 through 89. Iﬁﬁet and outlet gas concentrations were
determined by gas chromatography of samples 93-175 through 93-658. The
analytical data for these samples is in Appendix B of the supporting data
document (Britton 1994).

6.1 MIXED TANK REACTOR ASSUMPTION

The CO sorption capacity (SC) of the catalyst is the total amount of CO
that the catalyst will chemisorb per gram of catalyst (gmol/g). This is
calculated by comparing the actual CO concentration of the outlet stream to
the outlet CO concentration that would exist if the catalyst was not
chemisorbing CO.

The outlet CO concentration is estimated by assuming the reactor behaves
Tike a mixed tank reactor where the inlet gas is mixed with the bulk of the
gas in the reactor. The equation for the estimated outiet CO concentration is
derived in Appendix D and is:

-t
XooSur = Xeo, i,,(l— e ‘r) (Eqn 6-1)
where:
ng;nm = CO concentration in the offgas assuming no CO chemisorption (%)
co.in = CO concentration in the feed gas (%)
t ' = Time from the start of the inlet flow (min)
T = Residence time for gas in the reactor (min).

r

. Figure 6-1 displays the actual and estimated CO outlet concentrations
from Run 68. This data is presented without a scale because the data used was
preliminary data and was taken before the gas chromatograph was correctly
calibrated. It is nonetheless presented because run 68 was performed minutes
after the catalyst had been loaded with CO in run 67 and the catalyst was not
given the opportunity to desorb any of the CO. Therefore, the reactor
functioned 1ike it would without the catalyst. Figure 6-1 shows the actual
outlet concentration matches very closely to the outlet concentrations that
would be expected from an ideal mixed-tank reactor. This supports the
assumption that the reactor behaves as a mixed tank reactor. More detail on
the equations for a mixed tank reactor can be found in Appendix D.
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Figure 6-1. Sorption Capacity Test Run 68.
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6.2 CARBON MONOXIDE SORPTION CAPACITY CALCULATION

After applying the ideal gas law to the difference between the estimated
and actual outlet concentrations and summing the data over the entire run, the
equation for the SC becomes:

_ PO E[Il (Xceo:itouto_xgoc:tOUt )] E 6-3
SC= RTW 100 1 o)

where: :
Sorption capacity of CO on the catalyst (gmol/g)
Pressure (atm)

Flowrate of the inlet gas stream. (mL/min)

Ideal gas constant

Temperature (K)

Mass of catalyst (g)

Number of time intervals used

Length of time interval between X, measurements (min)

Estimated CO concentration in the offgas (%)
Actual CO concentration in the offgas (%).

o

- E oo oW

Figure 6-2 displays, on the left Y-axis, the actual and estimated
CO outlet concentrations from Run 84. The accumulated CO chemisorbed to the
catalyst is on the right Y-axis, the final value of which is the SC. The
SC graphs for the other runs are in Appendix B. Table B-1 in Appendix B
contains the run data for the all the runs in the sorption capacity test.

Any deviation in the actual concentration from the expected concentration
.after the outlet concentrations had leveled off at the inlet concentration was
considered a random fluctuation and its contribution to the SC was ignored.

In run 84, the total SC was reached in 90 minutes. Al1 the contributions from
random fluctuations past 90 minutes .were ignored.

6.3 DISPLAY OF CO POISONING/INHIBITION

In run 82, FM 4, which contained H, and N,O but no CO, was used to show
the uninhibited and unpoisoned rate of %he Hz/ﬁzo reaction on the catalyst.
Figure 6-3 is the graphed data from run 82. The uninhibited reaction rate of
435.8 + 36.8 pmol/h/g was determined using FM 4 which had no CO. After
105 minutes, the feed mixture was switched to FM 14 which had a nominal
0.055 percent CO concentration. Over the next 90 minutes, the reaction rate
fell to zero as the amount of CO chemisorbed to the catalyst increased to
14.9 + 21 pmol/g catalyst. This shows the relationship between the drop in
the reaction rate and the sorption of the CO onto the catalyst.

6.4 CATALYST REGENERATION

Two different methods were used to regenerate the catalyst. The methods
involved metering volumes of N, or air over the catalyst. A third scenario
was replacement of the used ca%a]yst with virgin catalyst. A comparison of
the different regeneration methods was made by comparing the SC determined
after each regeneration. Table 6-1 contains a summary of the sorption
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Figure 6-2. Sorption Capacity Test - Run 84.
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capacity test results. The five columns under the heading of regeneration
method are (1) the type of gas used, (2) the flush rate (Q;) in Titers per
minute, (3) the total flush time (t,) in minutes, (4) the total volume (V.) of
gas flushed over the catalyst in 1i{ers, and (5) the ratio of flush gas volume
to the mass of catalyst in liters of flush gas per gram of catalyst. The SC
in the last column is given with its standard deviation.

6.4.1 Nitrogen Regenerated Catalyst

Runs 72, 73, 75, and 76 flushed the 20 grams of catalyst with between
10 and 600 L of N, at rates ranging from 0.5 to 30 L/min. The resulting SCs
ranged from 0.0 to 2.6 pmol/g. These values are very small and the )
variability in this data may be noise. The longest time used to regenerate
the catalyst was 984 minutes or 16.4 hours. - Even in this length of time, no
more than 20 percent of the CO desorbed from the catalyst.
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Figure 6-3. Reaction Rate Decline - Run 82.
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6.4.2 Virgin Catalyst

Runs 69, 74, and 85 were performed with 20 or 30 g of virgin catalyst.
The resulting SCs ranged from 17.9 to 21.5 pmol/g with an average of
19.3 £ 2.0 pmol/g.

6.4.3 Air Regenerated Catalyst

Runs 80, 82 through 84, and 86 through 89 flushed 20 or 30 g of catalyst
with between 30 and 840 L of air at rates ranging from 0.5 to 20 L/min. The
resulting SCs ranged from 13.8 to 19.8 pmol/g with an average of
17.3 + 1.9 pmol/g. This is only slightly smaller than the average SC of the
virgin catalyst and shows that the catalyst can be effectively regenerated
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Table 6-1. Carbon Monoxide Sorption Capacity Test Run Data.

Runj Catalyst ~ Regeneration Method % CO | Sorption Capaci
#| Mass | Gas| Q | & | V L gas umoles CO
g L/minl min|] L | g Catlyst g Catalyst
Nitrogen Regenerated Catalyst
72| 20.0 N, 0.5| 20{ 10 0.5 0.117 1.8 =+ 07
73} 20.0 N, 0.5|984| 492 246] 0.123 3.7 £ 07
751 20.0 N, 12| 17| 204 10.2] 0.135 1.8 = 04
761 20.0 N, 30| 20| 600 30.0] 0.132 0.8 £ 0.1
Average SC 20+ 0.5
Virgin Catalyst
69| 20.0 - - - - - 0.090f 185 20
741 20.0 — - - - - 0.121] 179 = 1.9
85] 30.0 - - - — — 0.100f 215+ 23
Average SC 193 +=- 2.0

Air Regenerated Catalyst
80| 20.0 Air | 17.0| 10| 170 8.5] 0.096} 13.8 =
82| 20.0 Air | 30.0] 18| 540 27.0] 0.056] 149 =
83| 20.0 Air | 30.0] 28| 840 42.0] 0.1283] 195 =
84| 20.0 Air | 30.0{ 10| 300 15.0] 0.105] 16.2 =

86| 30.0 Air 0.5|900| 450 15.0] 0.101 18.5 =
871 300 | Air | 377} 20| 754 25.1 0.103] 19.8 =
88| 30.0 Air 0.6|418| 241 8.0] 0.101 18.7 =
89] 30.0 Air 0.5| 60 30 1.0] 0.102] 17.0 =

:-L—L—LN—L-—LNI\)—L
OO W = O~NN—=2 N

Average SC 17.3 =

with a small amount of air. The most 1likely mechanism for this regeneration
of the catalyst is the oxidation of the CO by the 0, in the air. The sorption
capacities Tisted in Table 6-1 are graphed in Figure 6-4.

6.4.4 Lost Runs

Runs 65 through 68, 70, 71, 77, 78, 79, and 81 were either aborted, the
data was lost due to a misconfigured computer program, or gave very poor and
unreliable data and, therefore, were not included in Table 6-1.

6.5 ANALYSIS DIFFICULTIES- NITROUS OXIDE INTERFERENCE

During the sorption capacity test, the samples were taken in Tedlar® bags
and quickly analyzed with a nearby gas chromatograph. In the analysis, the
N,O was partitioned from the other sample components by a molesieve column.
But because the concentration was so high, the column overloaded. The N,0
peak then stretched out over a considerable time period and appeared as a
deviation of the expected baseline. The elution of the N,O0 from the column
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Figure 6-4. Sorption Capacity.
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Average Sorption Capacity for Nitrogen Regenerated Catalyst = 2.0 = 0.5 umoles CO/g Catalyst.
Average Sorption Capacity for Air Regenerated Catalyst = 17.3 £ 1.9 umoles CO/g Catalyst.
Average Sorption Capacity for Virgin Catalyst = 19.3 * 2.0 umoles CO/g Catalyst.

was over a long enough period that it was initially perceived as an
instrumental error. Several runs gave useless data or were aborted because of -
this erratic baseline. After identifying the problem, an erratic baseline,
and its cause, an extended N,0 elution, analyses were spaced further apart to
compensate for the N,0 elution (Pingel 1994).
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7.0 CONCLUSIONS AND RECOMMENDATIONS

The catalyst studied in this test was a 50-50 blend of Engelhard Deoxo
type 18467 and AECL hydrophobic catalyst type 85-42. For gases having H, and
a stoichiometric excess of either N,0 or 0,, this catalyst blend can
effectively catalyze the H, oxidation reac%ion at a rate exceeding
380 pmol/h/g and leave the gas with less than a 0.15 percent residual H
concentration. This should hold true in gases with up to 2.25 percent ﬁzo and
0.1 percent CH,. Higher reaction rates with slightly lower conversions are
possible, but were not quantified in this test because the blend's catalytic
ability exceeded ‘the equipment's ability to feed the gas mixtures to the
reactor.

This test Timited the amount of time the H, and oxidants were given to
diffuse to the catalyst bed and therefore limited the extent of the
conversion. This was seen in the differences between conversions at low
flowrates and those at high flowrates. This was also seen in the lower
conversion with feed mixtures that did not have excess oxidant. The grout
vault will have a much longer residence time than the reactor vessel in this
test. This will allow more time for gases to diffuse to the catalyst bed and
will result in conversions near 98 percent.

The reaction rates observed with feed mixtures having up to 1.0 percent
NH; tended to be sTower than those of other feed mixture groups possibly
because of a siight inhibition. The inhibition mechanism may be an easily
reversed adsorption of NH; to the active catalyst sites. A less likely
mechanism would be oxidation of NH,." No cumulative effect was noted with this
NH; inhibition and no increase of %he effect with prolonged exposure.
Reaction rates greater than 250 gmol/h/g were measured. These left a residual
H, concentration less than 0.20 percent H,. This lower reaction rate and
conversion with NH; present should not be a probiem for actual operation in
the sump.

The catalyst blend should also work at reaction rates exceeding
380 pmol/h/g in gases with up to 0.1 percent CO but only until the catalyst is
exposed to enough CO to block the catalytic sites and stop the reaction.
Rates this high were not observed in the test because, when using feed
mixtures with 1 percent H, and 0.1 percent CO, the CO poisoned the catalyst
before the reactor could come to equilibrium. However, rates as high as
310 pmol/h/g were observed in the test in gases with 0.01 percent CO.

The mechanism for this poisoning of the catalyst is the chemisorption of
CO to the active catalyst sites. Under operating conditions, moderate '
temperature and no 0,, this chemisorption is not reversible. However, the
chemisorbed CO will readily oxidize when exposed to 0,, leaving the catalyst
fully functional.

~ The average SC for virgin catalyst was determined to be
19.3 + 2.0 pmol/g. The average SC for catalyst regenerated with air was
17.3 £ 1.9 pmol/g. The Towest SC measured for air regenerated catalyst was
13.8 + 1.4 pmol/g. This number is conservative and can be used in calculating
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the mass of catalyst required in the sump for a given period of time. If air
m1grates into the sump due to barometric pressure changes or diffusion, the 0,
in the air will oxidize the CO thereby regenerating the catalyst and extend1ng
the operating 1ife of the catalyst.

Because the catalyst will work effectively until it is nearly fully
loaded with CO, the catalyst bed could be oversized to scavenge CO for several
years. This will keep some of the catalyst available for the reaction for
many years. When the catalyst is nearly completely poisoned by CO, it can
then be regenerated by exposure to air, either by removing the bed from the
sump or by an insitu catalyst regenerat1on method where an airline is
installed in catalyst bed and air is flushed over the catalyst w1thout
removing it from the sump.
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8.0 NOMENCLATURE

Reactor inn diameter

Number of X, measurements taken

Time interval between Xco measurements
Pressure

Volumetric flowrate (at 20°C)

Ideal gas constant, 8.206%107
Reaction rate
CO sorption capacity on the catalyst

Specific flowrate

Run time from the start of the inlet flow
Gas temperature

Volume of reactor

Linear velocity (adjusted for temp)

Mass of catalyst

Concentration of i in sample as analyzed
Concentration of i in air

Residence time of the gas in the reactor
Air contamination

Conversion

Subscripts

in
out
.F

L (O

inlet conditions
outlet or reactor conditions

cm

min

atm

mL/min
mL-atm
umolte-K

gmol/h/g
pmol/g

pmol/h/g
min
°CorK
mL
cm/min

g

mole %
mole %
min

% of total
% reacted

regeneration flush during the sorption capacity test

Superscripts

act
est

no

actual
estimated

Other symbols

cat
A

catalyst
standard deviation

49

PR320 R Y RN 1At 4 LML M




WHC-SD-WM-TRP-211, Rev. 0
9.0 REFERENCES

Britton, M. D., 1993a, Hydrogen Recombiner Catalyst Performance and Durability
Test Plan, WHC-SD-WM-TP-159, Rev. 0, Westinghouse Hanford Company,
Richland, Washington.

Britton, M. D., 1993b, Hydrogen Recombiner Catalyst, Laboratory Notebook
number WHC-N-734, 1, Westinghouse Hanford Company, Richland, Washington.

Britton, M. D.,- 1994, Hydrogen Recombiner Catalyst Test Supporting Data
Document, WHC-SD-WM-TRP-212, Rev. 0., Westinghouse Hanford Company,
Richland, Washington.

Crea, B. A., 1992, Grout Vault Heat Transfer Results, WHC-SD-WM-ER-143,
Rev. 0, Westinghouse Hanford Company, Richland, Washington.

Henrie, J. 0., D. J. Flesher, G. J. Quinn, and J. Greenborg, 1986, Hydrogen
Control in the Handling, Shipping and Storage of Wet Radioactive Waste,
RHO-WM-EV-9, Rev. 1 P, Rockwell Hanford Operations, Richland, Washington.

Levenspiel, Octave, 1972, Chemical Reaction Engineering, Second Edition, John
Wiley & Sons, Inc., New York, New York.

NFPA 69, 1992, Standard on Explosion Prevention Systems, National Fire
Prevention Association, Chapter 3-3, Design and Operating Requirements.

Meshako, K. L. and B. D. Bullough, 1985, Carbon Monoxide Poisoning of Selected
HZ/O Recombiner Catalysts, SD-WM-TRP-007, Rockwell Hanford Operations,
R1chﬁ and, Washington. .

Pingel, L. A., 1994, Grout Program Gas Chromatograph Spread Sheets, (internal
memo 12920-SAS94-083 to M. D. Britton, April 6), Westinghouse Hanford
Company, Richland Washington. (See WHC-SD-WM-TRP-212, Appendix B)

Roblyer, S. P., 1993, Grout Disposal Facility Gas Concentrations,
WHC-SD-WM-ER-151, Rev. 0, Westinghouse Hanford Company, Richland,
Washington.

Tret'yakov, I. I., B. R. Shub, and S. Z. Roginskii, 1967, Hydrogen Oxidation
by Nitrous Oxide on Platinum Purified in an Ultravacuum, Doklady Akademii
Nauk SSSR, Vol. 176, No. 3, pp. 641-644.

Tret'yakov, I. I., and B. R. Shub, 1970, Oxidation of Hydrogen by Nitrous
Oxide on Platinum Purified in High Vacuum, Probl. Kinet. Katal., Vol. 14,
pp 202-210. (Refer to Appendix F of Britton 1993a for the English
translation.)

Weis, M. P., 1993, Hydrogen Gas Mix Burn Analysis for the Grout Disposal
Facility, WHC-SD-WM-ER-162, Rev. 0, Westinghouse Hanford Company,
Richland, Washington.

WHC, 1992, Grout Treatment Facility Safety Analysis Report, WHC-SD-SAR-042
Rev. 0, Westinghouse Hanford Company, Richland, Washington.

50




WHC-SD-WM-TRP-211, Rev. O

APPENDIX A
PERFORMANCE TEST SAMPLE ANALYSIS DATA

T TR T TN T g v
PR3 A s A I SN MR AR 7 P S A P IS N



WHC-SD-WM-TRP-211, Rev. 0

Performance Test Sample Analysis Data. (Sheet 1 of 5)
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Performance Test Sample Analysis Data. (Sheet 2 of 5)

Table A-1.
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Performance Test Sample Analysis Data. (Sheet 3 of 5)
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Performance Test Sample Analysis Data. (Sheet 4 of 5)
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Performance Test Sample Analysis Data. (Sheet 5 of 5)

Table A-1.

"4 pue M1 jo uonenoes o) pesn elem suoneuesuo) *H peplog ‘BIHLO

O°N %00} 994

O'N %b SO

"HO %S0 Vo4

‘0 %02 €94

00 %S0 ¢o4

W %y 194

((®4) §3svO Q334

"10j pezAjeuy JoN  eU

‘sejelwunse ale sajdwes ey} J0j SUCKRIIBOUOD THN pue O%H IV i

"UOJEUIWEIUOD JIE JO SIUNOLWE [jews o} enp Ub|y ele suone)uasuod g iy i

‘ST09NWAS

‘uonisodwoo seb pewinsse Uo peseq Uole.UBoUOD Jejul "HO A

00 %g'0 Metewixoidde sem g uni uo Y3y ey

‘ajqissodu; s} uopisodwoo 09 perodes eyl )N U 0D %S 0 AUO Sem ealnos Q0 eyl n

‘Jolle U} eq o} sieadde uope)UsoUOD UBIY }

10| e|dweg s

*10j08}8p “H JeNeNIUM BUl|—UO B} WOl SI palsi| Blep % '1s0| sem ejep sishjeur 95 J

*AdeiBorewoiya seb e Buisn selpnis jeaifleuy [ejoeds Aq peutioped sisAjeuy b

‘ejeinooeu| eq o} Aj@yl| synsel ‘0sH Uo usdo Sem BAEA o}

"ybiy s uoyeuIWRIUOD Jje peje|nole) u

‘pauopisenb st Aoenbepe sj Jo eyenbepeul s) sisAjeue SN w

‘pouisw sisAjeue ereulele Buisn INd Ag pejewnse suojeiuaouod fHN so/pue o'H u

. ‘pazAjeur Asjenbape jou *0o pue 09 }

"(0%H uwuoy o} pejoeal) uoponpes “H ueosed el pue %g'g JO UOREIILSOUOD O%H |BIUI PEWINSSE BU) UO paseq peiewnss O°H )

*A031100 pezinsseid Jou sem eull QN 8yl 8SNEAG UNJ 8L} JBAO 0162 0} paddoip UOHEIUBILOD OFN 8L p

‘uoljeujieluoa Jfe o} enp s| e|duies ayy uy jusseld ‘0 ay) "IN pue H Ao ‘uni SjU Ul JUBPIXO OU SeM 818U} ‘exelsiW & o} eng B

'SALON

s|oqwAg pue sejoN -V e|qel
BU 'eu BU BU |g2 ’U ) BU BU el oL 'U eu u s| ei1fv9 IgolL—~¢6
BU 'uU eu BU Bu = eu 'u eU eu |00 BU eU Jino g 1 y9 |291-¢6
eu Bu eu euU eu eu eu Bu eu eu |00 'u eu jino g 1} v9 |ogi—-¢6
Bu eu W eu eu 1’0o Bu el eu BU (g} BU eu u /2 At eg |soL—¢6
eu eu 'u ey 'eu 1’0 eu BU 'U eu 0'0 eu eu |no 2 Al eg |vol—-¢c6
'u BU 'U eu 'u 1'0 eu BU eu eU |00 BU eu |no z Alleg |eol—c6
PoUIB 70 |POUIB IV | XON $PHN | O | *HO 00 (010) O:N +%0 H v N
(% 8l0W) (% elon) o/ g # #

uoleuiweiuo) Iy {(pezAjeue se) uonisodwon ejdweg W4 |eloN Juny Jeidwes

A-6



WHC-SD-WM-TRP-211, Rev. 0

APPENDIX B
SORPTION CAPACITY TEST DATA
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Figure B-1. Sorption Capacity Test - Run 69.
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20 g Catalyst10 g Englehard Deoxo 'Ie‘{pe 1846710 g AECL Hydrophobic Type 85—42

Reactor Volume 7571 mL, 1 atm, 16
500 sccm 0.113% CO in Nitrogen
Regeneration Method: Virgin Catalyst
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Figure B-2. Sorption Capacity Test - Run 72.
Sorption Capacity = 1.8 + 0.7 umoles CO/g Catalyst

80

CO Concentration

Ve —— ]

TIME (min)

—m— [COJin

—-— [COJout wjo catalyst

—e— [COJout

—&o— Accumulative CO Chemisorbed

100

150

20¢g Cata‘1)15t (10 g Englehard Deoxo Tgpe 18467, 10 g AECL Hydrophobic Type 85—42)

Reactor Volume 7571 mL, 1 atm, 18°
500 sccm 0,124% CO in Nitrogen
Regeneration Method: Nitrogen

0.5 1/min for 20 min

10L of air, Total

0.5 L air/g catalyst
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Figure B-3. Sorption Capacity Test - Run 73.
Sorption Capacity = 3.7 = 0.7 umoles CO/g Catalyst
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TIME (min)
—m— [COJn —¢— [COJout

—4— [COJout w/o catalyst

—&— Accumulative CO Chemisorbed

20 g Catalyst (10 g Englehard Deoxo Type 18467, 10 g AECL Hydrophobic Type 85—42
g % 5 CYP P

Reactor Volume 7571 mL, 1 atm, 14°
500 sccm 0.123% CO in Nitrogen
Re%::ne_ration Method: Nitrogen Flush
0.5 L/min for 984 min

492 L of air, Total

24.6 L air/g catalyst
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Figure B-4. Sorption Capacity Test - Run 74.
Sorption Capacity = 17.9 £ 1.9 umoles CO/g Catalyst
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Regeneration Method: Virgin Catalyst

T e da TNl m e T

CO Chemisorbed (umoles CO/g Catalyst)



WHC-SD-WM-TRP-211, Rev. 0

Figure B-5. Sorption Capacity Test - Run 75.
Sorption Capacity = 1.8 = 0.4 umoles CO/g Catalyst

0.15
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O 1
0 50 100 150 200
' TIME (min)
—m— [COJin —¢— [COJout
—&— [COJout wfo catalyst —&— Accumulative CO Chemisorbed

20 g Catalyst (10 g Englehard Deoxo 'Ic‘ype 18467, 10 g AECL Hydrophobic Type 85—42)
Reactor Volume 7571'mlL,, 1 atm, 15°
f{OO sccm 0_.135};'{13 SIO dm Nitrogen %
egeneration Method: ¥irgin-Eeatelyst \) 1R 0¢EN FLU
12 E,/min for 17 min VTR Flusy
204 L of air, Total
10.2 L air/g catalyst
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Figure B-6. Sorption Capacity Test - Run 76.
Sorption Capacity = 0.8 = 0.1 pmoles CO/g Catalyst
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—A— [CO]Jout w/o catalyst —O— Accumulative CO Chemijsorbed

20 ¢ Catalyst (10 g Englehard Deoxo e 18467, 10 g AECL Hydrophobic e 85—42
Regctor\'yolu(me 571gl 1 atm, 140’(I§'p & yerop Typ )

500 sccm 0,132% CO in Nitrogen
Regeneration Method: Nitrogen Flush
30 [/min @ 10 psi for 20 min

600 L of arr, Total

30.0 L air/g catalyst
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Figure B-7. Sorption Capacity Test - Run 77.
Sorption Capacity = 28.5 + 3.0 umoles CO/g Catalyst

CO Concentration
. * i
O o T
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TIME (min)
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—h— [COJout wio catalyst —&— Accumulative CO Chemisorbed

20 g Catalyst (10 g Englehard Deoxo Type 18467, 10 ¢ AECL Hydrophobic Type 85—42
Regctor Volu(me %571_gmL, 1 atm, 17"(?,p & yErop P )
500 sccm 0.133% CO in Nitrogen

Regeneration Method: Air Flush

30 L/min @ 10 psi for 15 min

450 L of air, Total

22.5 L air/g catalyst

Note: The air was not purged from the reactor before this run, therefore
the SC is artificaly high and is not used for the average SC.
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Figure B-8. Reaction Rate Decline - Run 78.
Reaction Rate =1005.4 = 10.2 umole H,/h/g Catalyst

60
H,/N,O Reaction Rate "
4 50
L 4 40
30
CO Chemisorbed
! AL ) _ 0
(] 100 200 300 400
TIME (min)
= Reaction Rate

—o— Accumulative CO Chemisorbed

20 g Catalyst (10 g Englehard Deoxo Type 18467, 10 g AECL Hydrophobic Type 85—42)
Reactor Volume 7571'mL, 1 atm, 17°C

500 sccm 1.774% H, in Nitrogen

500 sccm 1.924 H, and 0.054% CO in Nitrogen

Regeneration Method: Air Flush
30 L/min @ 10 psi for 15 min
450L of air, Total

22.5 L air/g catalyst

SnTEe T e
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Figure B-9. Sorption Capacity Test - Run 78.
Sorption Capacity = 22.7 + 3.4 umoles CO/g Catalyst

a €O Concentration J
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TIME (min)
—m— [COJin —0— [COjout
—4— [COJout w/o catalyst —&— Accumulative CO Chemisorbed

20 g Catalyst (10 g Englehard Deoxo Type 18467, 10 g AECL Hydrophobic Type 85—-42)
Reactor Volume 7571 mL,, 1 atm, 17°C

500 scem 1.924 H, and 0.054% CO in Nitrogen

Regeneration Method: Air Flush

30 L/min @ 10 psi for 15 min

450L of air, Total ’

22.5 L air/g catalyst
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Figure B-10. Sorption Capacity Test - Run 80.
Sorption Capacity = 13.8 + 1.4 umoles CO/g Catalyst

—4A— [COJout wio catalyst ——&— Accumulative CO Chemisorbed

Ll CO Concentratio * n i
m
* L 2 -

- o o ©
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0 50 100 150
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20 g Catalyst (10 %SEnglehard Deoi:%?pe 18467, 10 g AECL Hydrophobic Type 85—-42)

Reactor Voluine 71.m116,. 1 atm,
500 sccm 0.096% CO in Nitrogen
Regeneration Method: Air Flush
17 L/min for 10 min

170 L of air, Total

8.5 L air/g catalyst
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Figure B-11. Sorption Capacity Test - Run 82.
Sorption Capacity = 14.9 = 2.1 umoles CO/g Catalyst
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20 g Catalyst (10 g Englehard Deoxo Type 18467, 10 g AECL Hydrophobic Type 85—42)
Reactor Volume 7571 mL, 1 atm, 17°C

595 scem 0.701 H, and 0.055% CO in Nitrogen

Regeneration Method: Air Flush

30 L/min @ 10 psi for 15 min

450L of air, Total

22.5 L air/g catalyst
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Figure B-12. Sorption Capacity Test - Run 83.
Sorption Capacity = 19.5 = 2.2 umoles CO/g Catalyst
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Regeneration Method: Air Flush
30 @ 10 psi for 28 min
840 L of air, Total

42.0L air/g catalyst
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Figure B-13. Sorption Capacity Test - Run 85.
Sorption Capacity = 21.5 + 2.3 umoles CO/g Catalyst
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Figure B-14. Sorption Capacity Test - Run 86.
Sorption Capacity = 18.5 % 1.9 umoles CO/g Catalyst
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Figure B-15. Sorption Capacity Test - Run 87.
Sorption Capacity = 19.8 % 2.1 umoles CO/g Catalyst
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Figure B-16. Sorption Capacity Test - Run 88.
Sorption Capacity = 18.7 = 1.9 umoles CO/g Catalyst
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Figure B-17. Sorption Capacity Test - Run 89.
Sorption Capacity = 17.0 + 1.8 umoles CO/g Catalyst
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Run Data for the Sorption Capacity Test.

Table B-1.
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APPENDIX C

EXPERIMENTAL DESIGN CALCULATIONS
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APPENDIX C: EXPERIMENTAL DESIGN CALCULATIONS

MINIMUM AND MAXIMUM SPECIFIC FLOWRATES

Because the reaction rate of the H,/N,0 reaction was unknown, the test
apparatus was designed to handle a wide range of specific flowrates (SF). The
SF operability range of the apparatus was chosen so that the crucial reaction
rate region could be investigated. Reaction rates outside the operability
region were not considered important. If the reaction rate was too high to be
measured accurately in this test, the catalyst would have no problem in
performing in the grout vault leachate sump. And, if the reaction rate was
too low, it would not be practical to use the catalyst in the leachate sump.

The catalyst bed was designed to hold between 50 and 1650 g of catalyst.
Also, the apparatus was designed to meter between 50 and 750 mL/min of gas
into the reactor. The minimum and maximum SFs that the test apparatus can be
operated at can be calculated by the equations:

PO (X, .
SF . =60 s ( 'ml”) (Eqn C-1)
min RTW_ \ 100
SF,., = 60 P Onax (Xﬂ'i”) (Eqn C-2)
RTW, \ 100
Where:
Quin = 50 mL/min ®_
Quax = 750 mL/min
P = 1 atm 5
R = 8.206%]07 I8l
T -8 K8 HF
W . =50g
W' =1650 g
Xy, in = 1.00 mole%
min mL
SFpin = 60 GOE} (1 atm) (1-0%) 0.74 —bmel __
(8.206*10‘5 %‘3—2—{";()(298]() (16509) 100% h - g catalyst
i mL
P 60 nin @50;;)(1atm) (1.0%) = 370 pmol
max = miatm % g catalyst
(8.206*10 5%;}-{)(2981() (50g) \100

8Flowrate readings were displayed by the flowmeters in sccm and were
referenced to 25°C and 1 atm.
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MNIMUM AND MAXIMUM DETECTABLE REACTION RATES

The maximum observable conversion is 100 percent which is the complete

oxidation of the H,. Assuming that the minimum decrease in the H,

concentration (due to H, ox1dat1on) that can accurately be observed is 5%, the

minimum detectable convers1on for the test is 5 percent.

The definition of the conversion (X) is the reaction rate (r,) divided by
the SF. This can be rearranged to calculate'r,. The equations for the

minimum and maximum detectable r, are:

- xm:Ln
Tamin = Tgog Oim
- Kmax
Trmax = 1003 SFnax
Xmin = 5%
Xmax = 100%
SFin = 0.74 pmol/h/g
SFmax = 370 pmol/h/g
r = (5%) 0.74 Emol = 0.037 pmol
Hymin 100% ( ) h-g catalyst) ' h-g catalyst
- ( 100%) pmol — pmol
Trymax = 100% (37011'9 catalyst) - 3701: -g catalyst

c-3
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MINIMUM AND MAXIMUM CATALYST MASSES

The bounding case for H, generation in the grout vault is 1.3 mol/h
(Roblyer 1993). Also, the bulk density of the catalyst is approximately
1 g/mL. The mass of catalyst that would be needed to catalyze the H, being
regenerated as base on the minimum and maximum reaction rates can be found

with the equations:

Woin, = 3,500 g of catalyst = 3.5 L of catalyst

min
Wmax
Qy = 1.3*10° pmoles H,/h
Yy min = 0.037 pmol/h/g catalyst
iomax = 370 pmol/h/g catalyst
1.3*106%“’2
Wmin =
pmole H,
370 h-g catalyst
1.3 *106 pmol H2
W = h

pmole H,

0.037 h-g catalyst

O

r1-.(,ma.x

Oy

I H,min

(Egn C-5)

(Egn C-6)

Won = 3.5*%107 g catalyst = 35,000 L of catalyst

This shows that the experimental device was designed to operate in a

range of reation rates applicable to the assumed sump conditions.
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APPENDIX D

EQUATION DERIVATIONS AND SAMPLE CALCULATIONS
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APPENDIX D: DERIVATION OF EQUATIONS

PERCENT AIR CONTAMINATION

Inlet and outlet gas samples of the runs were taken and analyzed for
several gas species. Contamination of the samples with air was expected to
some extent. Possible causes of this contamination are an incomplete
evacuation of the 1ine when the sample container was connected to the analytic
equipment, or an air intrusion in the valves or piping. The extent of air
contamination was determined by calculating the Percent Air Contamination (¢)
which is the volume percent of the analyzed sample which is air rather than
pure sample. From this the true sample compositions were determined and large
mistakes were detected.

ARGON METHOD:
Because there is no argon (Ar) in any of the feed gases, any Ar in the

sample comes from the air contaminating the sample. This fact is used to

calculate ¢ for samples analyzed by Pacific Northwest Laboratories using a

mass spectrometer.

XAI

YAI

¢ = * 100% (Eqn D-1)

The squared relative standard deviation (RSD) for ¢, which is the ratio
of two independent and uncorrelated variables, is approximately:

RSD2(g) = RSD?X,,) + RSD(Y ,,) (Eqn D-2)

The RSD? of each variable is equal to the squared quantity of the standard
deviation (A) of that variable divided by that variable. The equation then

becomes:
i
s

The standard deviation of the reaction rate can then described by the

Y

Ar

2
AYAF] (Egn D-3)

equation:
2 2 %
Ad = ¢ [(___AXAI) + (___A YAI) (Eqn D-4)
XAI YAI

where:

® = Percent air contamination (%)

X,, = Mole percent of Ar in sample (%)

Y,, = Mole percent of Ar in air (%).

D-2
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Sample Calculation: Sample 93-019, Run 7. .
X,. = 0.014% £ 0.001%

Y, = 0.934%  0.001%
0.014%
= 0.014% , 100% =1.5%
¢ = 59348 * 10O
0.001%\2 . (0.001%\2)2
= .5%) * 2 =0.11%
Ap = (1.5%) [(0.014%) +(0.934%)] 0.11

¢ =1.5+0.11 %

OXYGEN METHOD:

In most of the runs, no 0, was used. In these runs, an 0, analysis can
be used to determine the ¢ as an alternative to the Ar method. The equation
for this is:

* 100% (Eqn D-5)

2 2
Ad = b (Aon] . (AYOZ) (Eqn D-6)
on Yoz
where:
o, = Percent air contamination (%)
on = Mole percent of 0, in sample (%)
Yo2 = Mole percent of 0, in air (%).

Sample Calculation: Sample 93-019, Run 7.
X, = 0.250% + 0.003%

Y, = 20.946% + 0.002%
2

H

0.250%
(bo =

= 9:220% 4 100% = 1.2%
2~ 20.946% °

1l
-
|—l
N
o
S
*

Ad [(0.003%)2+ (0.002%)2]-;- = 0.014%

0.250% 20.946

¢ =1.2+0.014 %
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RESIDENCE TIME

The residence time (7.) is the time required for one reactor volume of
fluid to flow out of the reactor. It is also the average time a molecule of
gas will spend in the reactor. It was calculated with the equation
(Levenspiel 1972):

v .
Rl (Egn D-7)
_ t
#t, = T (Eqn D-8)
I
where:
7. = Residence time (min)
V' = Volume of reactor (mL)
Q = Volumetric flowrate (mL/min)
t = Run time.
Sample Calculation: Run 7.
) = 7571 mL
Quoe = 275 mL/min
time = 348 min
T, = 7571 mL_ _ 37 5 min/residence time
275 mL/min
#t, = 348 min = 13 residence times

27.5 min/residence time

SPECIFIC FLOWRATE

The specific flowrate (SF) is the rate at which H, was supplied to the
reactor per gram of catalyst in the reactor. The SF 1s calculated from the
inlet flowrate (Q) and the inlet H, concentration (X . The Ideal Gas Law
was then used to convert the un1ts to match those o#{{he reaction rate. The
equation used to calculate the SF was:

= PQ ZTH,in Eqn D-9
SF 6ORTW( 100) (Eq )

where:

Specific flowrate (gmol/h/g)

Total volumetric flow rate (sccm)
Pressure (atm)

Ideal gas constant (8. 206*10—5‘ﬁ%;ﬁ?§)
Temperature (K)

Mass of catalyst (g)

Mole percent of H, in gas (mole %).

NE—X0 TOWn
nonon

==

nwonn
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~ Sample Calculation: Run #7, sample 93-020.

Q = 275 sccm
P =1 atm 5 st
R = 8.206%]0°5 -nk:atn.
T -208K°® M
W =240 g )
XH,in = 0,932 @o]e %
i .
SF = 60'1“3& (1 atm) (275ﬁ) 0.932% = 26.2 pmoles H, reacted
= ( 100% ) - h - g Catalyst

(s .206*1075 ﬁo—m) (298 K) (2409)

REACTION RATE

The reaction rate is based on a unit mass of catalyst and is defined in
Levenspiel (1972) as:

1 dn 10y
r=—_"1_2"H Egn D-10
"owWwdt Wt (Fq )
where:
r, = Reaction rate of H, (umo1/h/g)
W = Mass of catalyst (g)
n, = Moles of H, reacted (pmol)
t = Time (h).’
The ideal gas law, PV=nRT, can be expressed as
n=2L_v (Eqn D-11)
RT

w

The temperature and pressure in this equation are the flowrate's
reference temperature and pressure not the test conditions. The flowmeters
read the mass flowrate and display a volumetric flowrate referenced to 25°C
(77°F) and 1 atm. The reference temperature and pressure are used in these
equations to convert the volumetric flowrate back into a mass flowrate.

When Eqn D-11 is substituted into Eqn D-10, the equation for r, becomes:

1 P Yy
y PR T (Egn D-12)
where:
P = Flowrate reference pressure (1 atm)
R = Ideal gas constant (JEEEELI
T = Flowrate reference temperature (298 K)
V, = Volume of gas in the reactor (mL).

=

° The flowmeter reads mass flowrates and displays a volumetric flowrate
referenced to 25°C and 1 atm. The temperature and pressure used in this
equation are the flowmeters reference conditions, not the test conditions.

D-5
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In turn, V, can be expressed as:

V, =60tQ [—X“'i"l;:“'wt] . (Egqn D-13)

The unit of minutes in the flowrate is changed to hours by the conversion 60
min/h. When Eqn D-13 is substituted into Egn D-12, r, becomes:

= PO | Zg,1n ~ Xy out D-
r, =60 RTW( 156 ) ) (Egqn D-14)
where:

r, = Reaction rate (gmol/h/g)

Q = Total volumetric flow rate (sccm)

P = Flowrate reference pressure (1 atm)

T = Flowrate reference temperature (298 K)

R = Ideal gas constant ﬁ%;ﬁgks

W = Mass of catalyst (g

Xy = Mole percent of H, in gas, in or out (mole %).

The squared relative standard deviation (RSD) for the reaction rate,
which is the product and ratio of independent and uncorrelated variables, is
approximately:

RSD?(ry) = RSD?(Q) +RSD2(W) + RSD?(X; = Xoy) (Eqn .D-15)
The RSD? of each variable is equal to the squared quantity of the standard

deviation (A) of that variable divided by that variable. The equation then
becomes:

2 2
it I [ﬂ]z . [ﬂ]z . N (Eqn D-16)
T Q W (Xin - Xout)z

Assuming that X, and X, are independent of each other, the equation becomes:

out
2
Ar,
My

The standard deviation of the reaction rate is then described by the
equation:

. 2 2
[22]2 . [/-W]Z o | Min * Mo (Eqn D-17)

0 W Kin = Xour

in

out)

1/2
2

2
Ar, = vy |[RO] o (AP |Bhin * B (Eqn D-18)
Q W (Xin —Xout)z

D-6
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Sample Calculation: Run #7, samples 93-019 (out) and 93-020 (in).
275 -+ 10 sccm
1 atm

-5 _mbL-at
8.206%10 -fLuatm

-
-
3

XX =E—~ OV vo

= ==
nmn nn
N
<
o
4=

,out

min mL
-5 ratm
(8.206 *10 _‘memole-x)(?%K) (240g)

8 pmoles H, reacted

25. h + g Catalyst

% [0:932%-0.016%
100%

[

10 )2+(o.1)2+( 0.0092 + 0.0022 )2] £ 0.94 bmolesE

Ar, = 25,8 i
5 =2 [( 275 240 (0.932 - 0.016)2 h - g catalyst

L]

4 pmoles H, reacted
h + g catalyst

r,=25.8£0.9

CONVERSION

The conversion during a run is the ratio between the reaction rate and
specific flowrate of H, which allows the reaction rates to be compared to each
other with consideration of the different specific flowrates. The equation
used for the conversion was:

= .ﬁ % - ’
X = g * 100% (Eqn D-19)
where:
X = Conversion (%)
r, = Reaction rate (gmol/h/g)
SF =

Specific flowrate (gmol/h/g).

"The flowmeters read the mass flowrate and then displayed a volumetric
flowrate referenced to 25°C (77°F) and 1 atm. Temperature and pressure are
the flowrate's reference temperature and pressure and are used in these
equations to convert the volumetric flowrate back into a mass flowrate. There
is no error associated the reference temperature and pressure.

D-7
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The conversion (x) is typically defined as the fraction of available H,
that was reacted. By substituting the equations for r, and SF (Eqns D-14 and
D-9) into Egqn D-19 and canceling terms, the equation for the conversion can be
shown in its more common form (Levensp1e1)

x = XH,in ~ XH,out: * 100% . (Eqn D—ZO)

XH, in

Equation D-17 was used in the calculations.

Sample Calculation: Run #7.

ry = 25.75 pmol/h/g
SF = 26.20 pmol/h/g.

- 25.75

= * 100% = 98.3%
26.20

CORRECTED COMPOSITION

The oxygen compositions for runs using FM 1 were corrected for the air
contamination by lowering the measured composition by the average O
composition deviation at that ¢. The average deviation was calcu]a%ed by
dividing the average X, by the average ¢ and multiplying by the ¢ (Ar method)
for that sample. The average X, and ¢ were determined by averaging all the
non-FM1 values for X, and ©¢. The equation for the corrected composition was:

X, = X, - 2o () (Eqn D-21)
where:
X, = Mole percent component i in sample corrected for air
contamination
Xy = Mole percent component i in sample as analyzed
X5 ave = Average mole percent component i in sample as analyzed
&' = Percent air contamination
¢... = Average percent air contamination

Sample Calculation: Run #7.

X, = 0.525% 0,
XX = 0.26914%0
0% - 3.105%
0. = 2.07078%

ave

r_ o _ 0.26914% -3 -3
X5 0.525% WY (3.105%) =0.121% O,

D-8
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SORPTION CAPACITY

The CO sorption capacity of the catalyst (SC) is the total amount of CO
that chemisorbs to the catalyst. To calculate this, the manner in which the
reactor works needs to be understood.

The reactor in the experimental apparatus closely approximates a mixed
flow yreactor where the inlet gas is mixed with the bulk of the gas in the
reactor. Therefore, the outlet gas concentration (X ,,) is the same as the
concentration of the gas in the reactor. Starting w1th ero percent CO in the
reactor, the X, 1ncreases with time until arriving at the inlet
concentration fk . The difference between the X, ., and X is the
amount of CO the reactor retains in the gas phase. Rssum1ng t%e gas remains
~at a constant density (constant pressure and temperature), and CO js retained

only in the gas phase of the reactor, and the reactor acts as a perfectly
mixed stirred tank reactor, X, should follow a first order equation for a
mixed flow reactor. This can be derived as:

Accumulation = In - Out
dx

v &£

dt

_ _ yest
- Xco,inQ Xco, out O

t
fdt
0

~Ln | X, o= X0t % £

H
<o

f Xco, in 1
est
0 Xeo,in ~ Xco,out

a
1
ol<

-Ln

est
XCO,ln XCO out ] - t

XCO, in

est t
_ XCO out _ I

XCO, in

est
XC’O out

= A%Qin(l - e ‘J (Eqn D-22)
where:

Volume of the reactor (mL)

Time from the start of the inlet flow (min)

CO concentration in the offgas assuming no CO chemisorption (%)
CO concentration in the feed gas (%)

Total volumetric flowrate into and out of the reactor (mL/min)
Mass of catalyst (g)

Residence time of the gas in the reactor (min).

est
0, out

co,in

nouonounonounou

~N =0 D<K < o

'D-9
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Assuming that both t and 7_ are constants the squared residual standard
deviation of XS . equals that of the Xco,in- The standard deviation for the
estimated outlet (O concentration is then:

AX(:O,in
X

est est
AXCO,czut - Xco,out

(Egn D-23)

€o,in

The SC is the total amount of CO that one gram of catalyst will
chemisorb. SC is calculated by finding the difference between the estimated

co concentrat1on (Xeo.oue) and the actual CO concentration of the outlet stream
(Xeoro The outlet tO concentration is measured at intervals of I. The

summa%1on of the estimated and actual CO concentrations over all the intervals
is then multiplied by the Q. When the Ideal Gas Law is applied, the equation

for SC becomes:

PO X [Ti (¥ out ; = X5 out,)| (Eqn D-24)

SC =
RTW 100

The temperature (T) and pressure (P) used in this equation are the
flowrate's reference to standard. These variables are used to convert the
units from volume to moles and do not have an error associated with them.
Their error is in the flowrate.

Assuming no error in T and P and assuming the sampling interval (I) is
constant throughout each run, the squared residual standard deviation of the
SC is approximately:

RSD2(SC) = RSD2(Q) + RSD23(I) + RSD?(W)

(Egn D-25)
est act
+ RSD Z[Ei (Xco,out,i - XCO,out,i)]
Assuming that X is uncorrelated between sampling intervals:
var [E est _ act )}
t t CO out, i CO ,out, i
RSD? [E :Os out,i CaC;:out,i)] = (Egn D-26)
est act
mean {21 (Xco,out,i - XCO,out,i)]
and assuming that X°' and X** are uncorrelated:
t act t 2 t 2
var [E, (Xceos,out,i - XC;,out,i)] _ Ei [(sz(s),out,i) + wgg,out,i)] (Eqn D 27)

2
est act est act
mean [E, (XCO,out,i - Xco,out,i)] [2, (XCO,out,w - Xco, out, 1)]

D-10
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the equation for the standard deviation of the sorption capacity (ASC) is:

2 2 2
ASC = SC ._A_Q + _A_i + M
Q I W
[(Mest )2 B )2% (Eqn D-28)
. Zi co,out,i * (AXEO,out,i
2
t t
[Ei (Xt;Js,out,i - Xcat;:,out,i)]
Sample Calculation: Run # 84
Xeo:n = 0.106 + 0.001%
t ' =1 minute
T, = 14.0 min
¢ -dimin
X5 e = (0.106%) (1-e mnin) =0.007%
P =1 atm
Q = 540 £ 50 mL/min
R = 8.206%107° -Ie-aim
T = 298 K
W=20%0.1 gcatalyst
I1=102% 0.2 min
Table D-1. Run 84 Data for Sorption Capacity Calculation.
I* (XSt ngtout
t est act €O, out Axest 2 act 2 '
COo,out COo,out —ngfout) ( co,out (Axco,out —X(a:;fout
1 0.007 | 0.000 0.0073 0 0 0.00723
11 | o0.057 | 0.020 | 0.3709 1.000%107¢ | 8.225%10°® | 0.03709
21 | 0.082 | 0.040 0.4152 1.000%10°% | 4.193*10° | 0.04152
31 | 0.093 | 0.054 0.3949 1.000*10°® | 3.026%10° | 0.03949
41 | 0.099 | 0.071 0.2836 1.000%*10°® | 1.977%10° | 0.02836
51 | 0.102 | 0.088 0.1424 ‘1.000*10‘6 1.363*10°% | 0.01424
61 | 0.104 | 0.098 0.0564 1.000%10°% | 1.129*10°® | 0.00565
71 | 0.104 | 0.103 0.0134 1.000%10° | 1.036%10°° | 0.00134
81 | 0.105 | 0.104 0.0068 1.000%*10°® | 1.023*10° | 0.00068
91 | 0.105 | 0.104 0.0084 0 0 0.00084
Summation 1.6984 8.000%10°° | 2.1764*107° | 0.1764
D-11
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(1 atm) (540-11?—“)

-5 ml-atm
(8.206*10 m)(zgsK) (20 g cat)

SC =

(1.6984 ¥CO-'min) _ pmoles CO
=18.8
100% g catalyst

1
asc - 18.8 « 59 4 [0:2)7 , [0-1), (8.000x10%) +(2.1764x10%) 7 _ | o smotes w0
540 10 20 (0.1764 )2 g catalyst

SC=18.8 + 1.9 _pmoles CO
g catalyst

D-12
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APPENDIX E: PERFORMANCE TEST PROCEDURES

PERFORMANCE TEST RUN PROCEDURE

This procedure was used to operate the HRC test apparatus and conduct the

HRC performance test runs.

[T S
N = O

13.
14.

15.

16.

17.

18.

19.

W 00 ~N O 01 o W N =

Reinstall the reactor head and reconnect all tubing.
Check for Tleaks in the reactor (refer to the pressure testing section).
Pressurize the regulators on all the cylinders to be used to 20 psi.
Check the cylinders for enough gas to compliete the test.
Open FC-5 and V-1 to purge from the flow controllers to the reactor.
Open V-9 to purge the reactor vapor space and the offgas tubing.
Wait 10 minutes, approximately 10 residence times.
Close V-1 and V-9.
If needed: Check the water Tevel in the humidifier and fill as necessary.
Depressurize the reactor. Wait for P-3 to decrease.
Set the mass flow controllers to the predetermined test flowrates, starting
with N,.
Start temperature strip chart.
Record in the Togbook the following:
Date and time
Run #
Apparatus #
Feed mixture # (FM #)
Mass flowrates from FC-1 through FC-5.
I -neéded; Check the inlet gas temperature (T-2). Adjust the chiller
temperature if T-2 is above ambient.
Record in Logbook the following:
Volumetric flowrates from F-1 and F-2,
Temperatures from T-1 and T-2
Pressures from P-1, P-2, and P-3.
Wait for 5 to 10 residence times or let the system run until equilibrium is
suspected.
Take the first H, measurement. (Refer to the Online Hydrogen Analysis
Procedure.)
Let the system run for 15 to 30 minutes.

E-2




'y

WHC-SD-WM-TRP-211, Rev. 0

20. Take another H, measurement. (Refer to the Online Hydrogen Analysis
Procedure.) : '

HOLD: If the online hydrogen analysis indicates equilibrium has been reached,
proceed to step 20; otherwise, go back to step 18.

21. Take the first outlet gas sample. (Refer to the Sampling Procedure).

22. MWait for 15 to 30 minutes, allowing the system to run.

23. Take another H, measurement. (Refer to the Online Hydrogen Analysis
Procedure.)

HOLD: If the online hydrogen analysis indicates equilibrium has been reached,
proceed to step 24; otherwise, go back to step 18.

24. Take the second outlet gas sample. (Refer to the Sampling Procedure}.
25. Take the inlet gas sample. (Refer to the Sampling Procedure).

26. Turn off the mass flow controllers, FC-1 through FC-4.

27. Purge the system with N,.

28. Turn off FC-5.

29. Turn off PR-1 through PR-6 if another run will not be performed immediately.

Optional:
30. ‘Remove the reactor head.

31. Inspect the catalyst bed. Remove any excess water in the bottom of the
reactor.

PERFORMANCE TEST PRESSURE TESTING
The following was the method used to check for leaks in the test apparatus.
It was used each time the reactor head was reinstalled or tubing was

reconfigured.

1. Close the offgas valve.

2. Pressurize purge gas cylinder to 90 psi.
3. Open V-1 (or V-9). :

4. Wait for reactor pressure to reach 90 psi.
5. Close V-1 (or V-9).
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If pressure on P-1, P-2, and P-3 decreases, tighten the fittings and
reactor head clamp.

When pressure as read on P-3 is maintained for 15 minutes, open the offgas
valve and continue.

PERFORMANCE TEST ONLINE HYDROGEN ANALYSIS PROCEDURE

The procedure followed for'pérforming online hydrogen analysis using the

Whittaker hydrogen analyzer was as follows.

A O W N

NOTE:

Open V-16.

Turn V-14 (or V-5) to redirect the gas flow towards HA-1.

Wait 5 to 10 minutes, letting the inlet/outlet gas into the analyzer.
Record the measurement in the logbook along with the date and time.
Put V-14 (or V-5) back to the original position.

Open V-15 to flush out the HA-1 sample chamber.

Do not open V-15 all the way. The increase in pressure will drive the
H, into the analyzer's membrane.

Close V-16 after running the approximately 10 minutes.

PERFORMANCE TEST SAMPLING PROCEDURE

The procedure followed for taking inlet and outlet gas samples was as

follows.

W 00 ~N O O W N

—t
o

Install the GSC to the sampling ports.

Open the GSC valves.

Open the sampling valves (V-7 & V-8 or V-11 & V-12).

Close V-6 or V-10 to divert the gas flow.

Open V-6 or V-10 to re-divert the gas flow.

Close the sampling valves (V-7 & V-8 or V-11 & V-12).

Close the GSC valves.

Detach the GSC

Screw plugs into the sampling ports or install another GSC.

Label sample and record in logbook. Store sample for shipping to analysis.

E-4
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APPENDIX F

CO SORPTION CAPACITY TEST PROCEDURES
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APPENDIX F: CO SORPTION CAPACITY TEST PROCEDURES

SORPTION CAPACITY TEST RUN PROCEDURE
This procedure was used to operate the HRC test apparatus and conduct the
CO sorption capacity test runs.

Reinstall the reactor head and reconnect all tubing.

Check for leaks in the reactor (refer to the Pressure Testing section).
Pressurize the regulators on all the cylinders to be used to 20 psi.
Check the cylinders for enough gas to complete the test.

Open V-9 and V-10 to purge the reactor vapor space and the offgas tubing.
Wait 10 minutes. Approximately 10 residence times.

N0y O B W N e

Close V-9 and depressurize the reactor. Wait for P-3 to decrease. Close
V-6 and V-10 to isolate the reactor.

8. Set the mass flow controllers to the predetermined test flowrates and

Open V-7.

9. Take an inlet sample from V-7 using a Tedlar bag and analyze. If the gas

composition is correct, proceed to the next step. If not, re-adjust

the mass flow controllers and resample. (Refer to the Sampling

Procedure).

Optional:

10. Check the inlet flowrate with a bag and stop watch. (Refer to the
Flowrate Measurement Procedure).

11. Close V-7 and open V-6 to route the feed mixture into the reactor.

12. Start the stopwatch. )

13. Record the following in the Togbook
Date and time
Run #
Feed mixture # (FM #)

14. Take an outlet sample every 10 or 15 minutes. (Refer to the Sampling
Procedure).

15. Repeat Step 14 until the outlet concentration equals the inlet
concentration.

F-2
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Optional:

16. Take an inlet sample from V-7 using a Tediar bag. Then run this sample
on the gas chromatograph. (Refer to the Sampling Procedure).

17. Turn off the mass flow controllers.

18. Close V-6 and V-10 to isolate the reactor.

19. Proceed to the Regeneration Procedure.

REGENERATION PROCEDURE _

This is the procedure used to regenerate the catalyst in the CO sorption
capacity test. Either bottled N, or bottled air was used as the regeneration
gas.

Open V-10

. ~ Open V-9 and allow the regeneration gas to flush the reactor.
Time the regeneration.

Record:

SN

mass of catalyst
type of regeneration gas (N, or bottled air)
regeneration gas flowrate
regeneration pressure
length of regeneration.
5. Calculate:
total volume of regeneration gas
volume of regeneration gas per mass of catalyst.

FLOWRATE MEASUREMENT PROCEDURE
This procedure was used to perform a bag and stopwatch check on the inlet
feed mixture flowrate. '

1. Take an inlet sample (approximately 2 minutes) and accurately time it.
(Refer to the Sampling Procedure).

Using a scale, tare a bucket that is filled to the rim with water.

Completely suBmerge the inflated sample bag in the bucket of water. The
displaced water will run over the side of the bucket.

4. Remove the sample bag.

W ™N
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Scrape all the water off of the scale and weigh the water bucket.

The difference between the initial and final bucket weights is the mass
of water displaced. ’

Assume the water density is 1 g/mL and multiply this times the displaced
water mass to find the volume of the sample. Then divided by the
sampling time to find the flowrate.

PRESSURE TESTING

The following was the method used to check for leaks in the test

apparatus. It was used each time the reactor head was reinstalled or tubing

was reconfigured.

Y O W N

Close the offgas valve.

Pressurize purge gas cylinder to 90 psi.

Open V-1 (or V-9).

Wait for reactor pressure to reach 90 psi.

Close V-1 (or V-9).

If pressure on P-1, P-2, and P-3 decreases, tighten the fittings and
reactor head clamp.

When pressure as read on P-3 is maintained for 15 minutes, open the
offgas valve and continue.

SORPTION CAPACITY TEST SAMPLING PROCEDURE

The procedure followed for taking outlet (and inlet) gas samples was as

follows.

W 0 N O 0T AW N =

Install the Tedlar bag onto V-11 (or V-7 for inlet samples).

Open the sampling valve V-11 (or V-7).

Open the Tedlar bag valve and close V-10 (or V-6) to divert the gas flow.
Fill bag for 2 minutes.

Open or V-10 (or V-6) to re-divert the gas flow.

Close the Tediar bag valve.

Close the sampling valve V-11 (or V-7).

Detach the Tedlar bag.

Label the sample and record time and sample number in Togbook.

F-4
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10. Record the following information on the Sample Logsheet:
sampie number )
run number
Togbook page number
apparatus number
run time (time from start of run)
flowrate
gas temperature in reactor
feed mixture (FM) number
Inlet/Outlet
notes
11. Connect the Tedlar bag fitting to the injector port of the Gas
Chromatograph (GC) and start the GC.

F-5
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