
ll -.:a 
' J 

"IN Name . 

-e 

DISTRIBUTION SHEET 

With EDT/ECN & EDT/ECN 
Attachment Comnent Only 

Page 1 of 1 

H. D. Boynton 
M. D. Britton (3) 
L. C. Brown 
K. C. Burgard 
R. Carreon. 
R. D. Claghorn- 
D. J .  Flesher 
L. Jensen 
R. M. Marusich 
N .  G. MacDufffie 
R. 3 . .  Murkowski 
C. A. Peterson 
W .  J .  Powell (3) 
M.  A; Richman ' 

S. P. Roblyer 
M. J .  Schliebe 
J .  P. Sloughter 
D.  J ,  Washenfelder 
G. H. Weissberg 
G .  F. Williamson 

Central' Fi les  (2)  
Information Release Administration 
Unclassified Document Control 
OSTI ( 2 )  

T3-04 
54-25 
15-62 
R4-03 
A5-16 
54-43 
14-73 
T6-07 
H5-32 
R2-78 
R4-01 
66-47 

51-57 
h0-38 
54-25 
T6-07 
H5-27 
R3- 10 
R4-0 1 

- l w w H d - 2 7  

18-04 
R1-08 
A4-18 
18-07 

A-6000-135 (12/87) CEFI UEF067 
Distr ibut ion Sheet 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



c 
ENGINEERING DATA TRANSMITTAL 

ED-7400-172-2 (07/89) CEF> GEF097 

. Q.golof \ 
610139 I. EDT 

2. To: (Receiving organization) 3. From: (Originating Organization) 

Grout Techno1 ogy Chemical Engineering 
La bo r a t  ory 

5. Pro j ./Prog./Dept./Div. : 6. Cog. Engr.: 
8A400/D44L2 Michael D. Br i t ton  

8. Originator Remarks: 

Sorption Capacity Test Report. 
’ Hydrogen Recombi ner Cata lys t  Performance and Carbon Monoxi de  

11. Receiver Remarks: 

4. Retated EOT No.: 

161765 

7. Purchase Order No.: 

N/A 

N/A 

2703E 

N/A 

N/A 

9. Equip./Ccqonent No.: 

I O .  System/BLdg./Faci lity: 

12. Major Assm. Dug. No.: 

13. Permit/Permit Application No.: 

14. Required Response Date: 



- RELEASE AUTHORIZATION 

Document Number: WHC-SD-WM-TRP-211 , REV. 0 

MITIGATION OF HYDROGEN BY OXIDATION USING NITROUS 
OXIDE AND NOBLE METAL CATALYSTS Document Title: 

Release Date: January 19, 1995 . 

This document was reviewed following the 
procedures described in WHC-CM-3-4 and is: 

APPROVED FOR PUBLIC RELEASE 

WHC Information Release Administration Specialist: 

January 19, 1995 

TRADEMARK DISCLAIMER. Reference herein to any specific comnercial product, process, or service by trade 
name, trademark, manufacturer, or otheruise, does not necessarily constitute or imply its endorsement, 
recannerdation, or favoring by the United States Goverwnt or any agency thereof or its contractors or 
subcontractors. 

This report has been reproduced from the best available copy. .Available in paper copy and microfiche. 
Printed in the United States of America. 
from: 

Available to the U.S. Department o f  Energy and its contractors 

U.S. Department of Energy 
Office of Scientific and Technical Information (OSTI) 
P.O. Box 62 
Oak Ridge, TN 37831 
Telephone: (615) 576-8401 

Available to the public from: U.S. Department of C m r c e  
National Technical Information Service (NTIS) 
5285 Port Royal Road 
Springfield, VA 22161 
Telephone: (703) 487-4650 

A-6001-400.2 (09/94) WEF256 



I: SUPPORTING DOCUMENT 
? 

1. Tota l  Pages 1 

T h i s  t es t  studied the  a b i l i t y  of a blend of nuclear-grade, noble-metal ca ta lys t s  
t o  catalyze a hydrogen/nitrous oxide reaction i n  an e f fo r t  t o  mitigate a potential  
hydrogen (H,) gas b u i l d u p  i n  the Hanford Site Grout Disposal Faci l i ty .  For' gases 
having H, and a stoichiometric excess of e i the r  nitrous oxide or oxygen, the  
ca ta lys t  blend can effect ively catalyze the H, oxidation reaction a t  a r a t e  
exceeding 380 ,moles of H per hour per gram of ca ta lys t  (pmol/h/g) and leave the 
gas w i t h  less than a 0.15% residual H, concentration. T h i s  holds true i n  gases w i t h  
up t o  2.25% water vapor and 0.1% methane. This should a lso hold t rue  for gases with 
up t o  0.1% carbon.monoxide (CO) b u t  only u n t i l  the ca ta lys t  is exposed t o  enough CO 
t o  block the  ca t a ly t i c  sites and s top  the reaction. Gases w i t h  ammonia up t o  1% may 
be s l igh t ly  inhibited b u t  can have reaction ra tes  greater  than 250 pmol/h/g w i t h  
l e s s  than a 0.20% residual H, concentration. 
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amount of CO t h a t  the ca ta lys t  will chemisorb. The average SC for virgin ca ta lys t  
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EXECUTIVE SUMMARY 

This tes t  studied the a b i l i t y  of a blend of nuclear-grade, noble-metal 

ca t a lys t s  t o  catalyze a hydrogen/nitro.us oxide reaction i n  an e f f o r t  t o  

mit igate  a potent ia l  hydrogen (H,) gas buildup i n  the Hanford S i t e  Grout 

Disposal Fac i l i ty .  

trademark of the Engel hard Corporation) nuclear ca t a lys t  type A16430 and 

Atomic Energy of Canada Limited hydrophobic ca t a lys t  type 85-42. 

The ca t a lys t  studied was a 50-50 blend of Deoxo (a 

For gases having H, and a stoichiometric excess of either n i t rous  oxide 

(N,O) o r  oxygen (O,), this ca t a lys t  blend can ef fec t ive ly  catalyze the H, 

oxidation react ion a t  a ra te  exceeding 380 pmoles of H, per hour per gram of 

ca t a lys t  (pmol/h'/g) and leave the gas w i t h  less than a 0.15% residual H, 

concentration. T h i s  holds true i n  gases w i t h  up t o  2.25% water vapor and 

0.1% methane. This should a l so  hold true f o r  gases w i t h  up t o  0.1% carbon 

monoxide (CO) but only u n t i l  the ca t a lys t  i s  exposed t o  enough CO t o  block the 

c a t a l y t i c  sites and s top the reaction. Gases w i t h  ammonia up t o  1% may be 

s l i g h t l y  inhibi ted but can have reaction r a t e s  grea te r  than 250 pmol/h/g w i t h  

less than a 0.20% residual H, concentration. Higher reaction rates w i t h  lower 

conversions are possible,  but were not quantified i n  this test  because the 

blend's c a t a l y t i c  a b i l i t y  exceeded the equipment's a b i l i t y  t o  feed the gas 

mixtures t o  the reactor.  

The mechanism fo r  this CO poisoning of the ca t a lys t  is the chemisorption 

of CO t o  the active ca t a lys t  sites. 

ca t a lys t  i s  the t o t a l  amount of CO t h a t  the ca t a lys t  will chemisorb. 

average SC f o r  virgin ca t a lys t  was determined t o  be 19.3 k 2.0 pmoles o f  CO 

The CO sorption capacity (SC) of the 

The 

i 
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chemisorbed t o  each gram of catalyst  (,umol/g). 

regenerated with a i r  was 17.3 & 1.9 pmol/g. 

The average SC for ca ta lys t  

Because the ca ta lys t  will work effect ively until  i t  i s  nearly f u l l y  

loaded with C O Y  the ca ta lys t  bed can be oversized t o  scavenge CO for several 

years. 

reaction for many years. 

CO, i t  can then be regenerated by exposure t o  a i r ,  e i ther  by removing the  bed 

from the  sump or by an ins i tu  catalyst  regeneration method where an a i r l i n e  i s  

ins ta l led  in ca ta lys t  bed and a i r  i s  flushed over the ca ta lys t  without 

removing i t  from the sump. 

This will keep some of  the catalyst  available fo r  the H, oxidation 

When the catalyst  i s  almost completely poisoned by 

i i  
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MITIGATION OF HYDROGEN BY OXIDATION USING NITROUS OXIDE 
AND NOBILE METAL CATALYSTS 

1.0 INTRODUCTION 

The Hanford S i t e  Grout Disposal Fac i l i ty  is designed t o  s t o r e  Hanford 
S i t e  1 ow-1 eve1 radioactive waste. This grout-waste mixture is  expected t o  
generate hydrogen (H,) a s  well a s  other  gases. 
too high, H concentration leve ls  i n  the gas spaces of the grout vaul t s  may 
exceed the f ower fl  ammabi 1 i t y  1 imi t (LFL) . 
(HRC) may provide a method of reducing this flammability hazard. 

This report  presents data  obtained from t e s t ing  an H R C ' s  performance i n  
oxidizing H, using ni t rous oxide (N 0) under various conditions. T h i s  data  
can be used t o  size H oxidation be& f o r  the grout vaul ts  as well as def ine 
operating parameters t o r  these beds. This t e s t ing  was directed by the Hydrogen 
Recombiner Cata7yst Performance and Durabi 7 i t y  Test P7an (Brit ton 1993a) and 
was funded by Grout Technology i n  support of the Grout Treatment F a c i 7 i t y  
Safety Ana7ysis Report (WHC 1992). 

If the gas generation r a t e  is  

Hydrogen recombi ner ca t a lys t s  

1.1 BACKGROUND 

The Hanford S i t e  Grout Disposal Fac i l i ty  may be used t o  s to re  Hanford 
S i t e  low-level radioactive waste. Radiolysis and chemical react ions occurring 
i n  the grout a r e  expected t o  cause the  generation and release of H, and N,O 
(Roblyer 1993). 
ammonia (NH,), which a re  products of organic degradation, may a l so  be i n  the 
gas stream. 
drain l ine ,  i n to  the leachate sump, and t o  the  atmosphere through the leachate 
sump vent. The driving forces  f o r  th i s  gas migration i n  and out of the sump 
a re  advection, diffusion,  and atmospheric pressure changes (Roblyer 1993). 
Gas concentrations i n  the sump will depend on the grout ' s  gas generation r a t e  
and the migration r a t e  of  gases from the sump. If  the H, generation r a t e  is 
too  high, the H, concentration level i n  the sump could exceed the LFL, 
po ten t ia l ly  causing an unacceptable scenario. 
5-1Oc i n  Roblyer (1993). One solution is  t o  use a HRC t o  lower the H, 
concentration t o  an acceptable range. 

Other .gases such as  carbon monoxide (CO), methane (CH,), and 

These gases will migrate from the vaul t  catch basin, through the 

See Figures 5 - 5 ~ ~  5 - 9 ~ ~  and 

Two possible oxidants f o r  the H, oxidation reaction i n  the sump a re  
oxygen (0,) and N,O. 
depend on the H generation r a t e  and the migration r a t e  of outs ide a i r  i n t o  
the sump. If t i e re  i s  not enough a i r  supplied t o  the sump, an 0, def ic ien t  
atmosphere will occur and another compound will have t o  be used as the 
oxidant. I t  is  estimated t h a t  the r a t i o  of N,O t o  H, produced by the grout 
will be a minimum of 1:l and as  high as  2.4:l (Roblyer 1993). Therefore, N,O 
will always be avai lable  as  an oxidant f o r  the reaction. 

The ava i l ab i l i t y  of 0, f o r  the H, oxidation react ion will 

Previous work on HRCs a t  Hanford was performed by J .  0. Henrie, D. J .  
Flesher, K. L. Meshako, B. D. Bullough, and others  i n  support of the cleanup 
e f f o r t s  a t  the damaged Three Mile Island (TMI) Number Two Reactor (Henrie e t  
a l .  1986, Meshako and Bullough 1985). This work studied the reaction of H, 
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and 0, in stoichiometric quantit ies t o  form water (H,O) when catalyzed by 
platinum or palladium ca ta lys t s  and resulted i n  recommendations on the type of 
ca ta lys t  and ca ta lys t  bed dimensions used in t h i s  t e s t .  

I .  I .  Tret'yakov and B. R. Shub demonstrated tha t  a heated platinum wire, 
purified in a high vacuum, would catalyze both  the H,/O, and the H,/N,O . 

reactions.  Furthermore, both  these reactions can be explained by s imilar  
kinet ic  equations and have similar reaction mechanisms (Tret'yakov e t  a l .  
1967, Tret'yakov and Shub 1970). 
H / O  and H,/N,O reactions,  some of Henrie's recommendations (Henrie e t  a l .  
15865 for ca ta lys t s  and catalyst  beds in H,/O, atmospheres were in t h i s  test .  

Because of these s imi la r i t i es  between the 

1.2 OBJECTIVE 

The Chemical Engineering Laboratory (CEL) conducted performance and 
sorption capacity t e s t s  on a blend of H R C s .  
performance t e s t  was t o  determine whether the catalyst  blend i s  e f fec t ive  in 
catalyzing the H, oxidation reaction using N20 as the oxidant. A second goal 
was t o  determine whether the catalyzed reaction r a t e  i s  affected by the 
presence of  several gas species t h a t  may also be produced by reactions in the 
grout vault .  
g r o u t  vault  leachate sump could then be made, based on the resu l t s  from t h i s  
t e s t .  

The primary objective of the 

A recommendation on an qppropriate catalyst  bed s i ze  for the 

The t e s t  plan (Britton 1993a) described a durabi l i ty  t e s t  designed t o  
evaluate ca ta lys t  deactivation by measuring the change in the ca t a lys t ' s  
performance over a period of one year. 
performance t e s t  indicated t h i s  durabi l i ty  t e s t  would n o t  provide relevant 
information and therefore,  was n o t  performed. 
described in Section 5.6. 
t o  answer questions about CO chemisorbing on to  the active catalyst  s i t e s .  

Conclusions on CO, poisoning from the 

The reasons for t h i s  are 
Instead of the durabi l i ty  t e s t ,  a t e s t  was designed 

The sorption capacity t e s t  was used t o  show the relationship between the 
decrease in the H,/N,O reaction r a t e  and the amount o f  CO chemisorbed o n t o  the 
ca ta lys t .  
the  ca ta lys t ,  and t o  determine a method by which the ca ta lys t  could be 
regenerated for future use. 

This t e s t  was then used t o  determine the CO sorption capacity of 

1.3 SCOPE 

The performance t e s t  involved determining the r a t e  of the H,/N,O reaction 
in the presence of a blend of two nuclear-grade catalysts .  The ca ta lys t  blend 
was tha t  recommended in Henrie e t  a l .  (1986) for use in shipping and s tor ing 
wet radioactive waste. 
the recommendation in Henrie e t  a l .  (1986) on ca ta lys t  bed composition was 
used and no investigation o f  d i f fe ren t  ca ta lys t s  o r  b lend  r a t io s  was 
performed. 

Because of time constraints placed on t h i s  project,  

The reaction r a t e  i s  a function of many variables, two of which are H, 
and N,O concentrations. 
4 volume percent H (Weis 1993). 
concentration in the sump i s  25 percent of the LFL o r  1 percent 
(NFPA 69, 1992). 

The LFL for  a 1:l r a t i o  of H, and N,O in a i r  i s  . 

The required design safety 1 imit for H, 

For the H,/N,O reaction t o  completely consume the H,, the  

2 
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r a t i o  between N20 and H, must be above one. Therefore, only reaction r a t e s  a t  
H concentration leve ls  between 0 and 1 percent and N,O t o  H, r a t i o s  grea te r  
t i a n  or equal t o  1 were investigated. 

rate. They were designed t o  determine which variables have the grea tes t  
e f f ec t  on the reaction r a t e  and t o  define a reaction r a t e  t h a t  could be used 
t o  s i ze  the ca ta lys t  bed for the sump. 

These t e s t s  were n o t  intended t o  provide a kinet ic  model of  the reaction 

These t e s t s  assumed the sump will act  as  a mixed flow reactor  with a 
well-mixed gas. Therefore, these t e s t s  do n o t  account f o r  d i f fus ion  o r  
concentration gradients in the leachate sump. Additionally, the ca t a lys t s  do 
n o t  function while submerged i n  H20. This should be avoided when a ca ta lys t  
,bed i s  designed and placed in the sump. The e f fec ts  of submerging the 
ca t a lys t  i n  l i q u i d  were n o t  investigated. 
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2.0 TEST ENVIRONMENT AND EQUIPMENT 

In the t e s t s ,  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 o u t  a tube .a t  the top. Both the i n l e t  and out le t  gases 
were sampled t o  determine the gas composit ons. 
and the sorp t ion  capacity were determined. 

From this, the reaction r a t e  

2.1 CATALYST 

The ca ta lys t  bed was a 50-50 blend of Engelhard Deoxo' nuclear ca ta lys t  
type A16430 and Atomic Energy of Canada Limited (AECL) hydrophobic ca ta lys t  
type 85-42 (Henrie e t  a1 . 1986). The Engel hard ca ta lys t ,  a pall adium-on- 
alumina media, e f fec t ive ly  catalyzes the H /O, reaction, b u t  only when the 
ca t a lys t  media i s  dry. When wet, the Engefhard media becomes very 
ine f f i c i en t .  The AECL ca ta lys t  i s  a hydrophobic, platinum-on-silica/alumina 
media. 
bu t  i s  more e f fec t ive  than the wet Engelhard media. 
becomes wet, the AECL media continues t o  catalyze the H, oxidation reaction, 
providing enough heat t o  evaporate the H,O from the adjacent Engelhard 
ca t a lys t .  
catal  ys i s . 

Wet o r  dry, the AECL media i s  n o t  as e f fec t ive  as dry Engelhard media, 
When the mixed bed 

Once dry, the Engelhard ca ta lys t  then performs the majority of the 

The Engelhard ca ta lys t  pe l l e t s  are  f a i r l y  uniform i n  shape. Each pe l l e t  
i s  a cylinder having an average diameter o f  3.25 mm and an average length of 
3.6 mm. The AECL ca ta lys t  pe l l e t s  are rough spheres approximately 6.5 mm i n  
diameter. This blend of  ca ta lys t s  has a bulk density of approximately 1 g/mL. 

2.2 ENVIRONMENT 

The hydrogen recombi ner ca ta lys t  t e s t s  were conducted a t  Westi nghouse 
Hanford Company's (WHC) Chemical Engineering Laboratory in the 2703E Building 
i n  the 200E Area a t  the U.S. Department of Energy's Hanford S i te .  
laboratory vent i la t ion system, which includes b o t h  heating and a i r  
conditioning, moderated the environmental temperature between 13 and 26°C. 

. 

The 

2.3 EQUIPMENT 

The flowsheet for the HRC t e s t s  i s  shown in Figure 2-1. A l l  the  tubing 
in the apparatus was %-in. ,  304L s ta in less  s teel  t u b i n g .  
(except V-2 and V-3) are  Matheson s ta in less -s tee l ,  greaseless ball-valves. 

Each c a r t  held 'six gas cylinders. 
regulators (PR-1 t h rough  PR-6) t ha t  reduce the gas pressure t o  25 ps ig .  
Matheson se r i e s  6103 f lash  a r res tors  (FA-1 through FA-4) made of  brass and 
butyl rubber were placed a f t e r  the regulators on the H,, COY CH,, .and NH, 

A l l  the  valves 

Two nearly identical  t e s t  apparatuses were constructed on unistrut ca r t s .  
The gases flowed through pressure 

'Deoxo i s  a registered trademark of the Engel hard Corporation. 
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l i nes  t o  protect  the gas cylinders from a rapid burn or detonation‘ in the 
downstream equipment, i f  one shou ld  occur. These f lash a r res tors  act  as  check 
valves under normal operating conditions. If  a flashback were t o  occur i n  the  
downstream equipment, the f lash arrestors  would check the reverse flow and 
s t o p  the gas supply. The f lash a r res tors  would then need t o  be manually reset  
before operation could be continued. Flash arrestors  were a l s o  s i tuated in 
the l i n e  between F-1 and the reactor (FA-5),  and in the offgas l i n e  as i t  
connected t o  the CEL exhaust system (FA-6). These would protect  the metering 
equipment and the reactor from a rapid burn o r  detonation in the downstream 
equipment, i f  one should occur. 

The gas  flowrates were controlled by Omega FMA-100 se r i e s  mass flow 
control lers  (FC-1 th rough  FC-6), a l l  of which are calibrated fo r  a i r  a t  20°C. 
These flow control lers  passed the gas stream through a heated tube and 
measured the heat required t o  r a i se  the gas temperature by 18°C. By comparing 
the temperature change t o  heat input, the mass flow control ler  operated i t s  
magnetic valve t o  control the mass flowrate. Ratios between the heat capacity 
of the controlled gas and a i r  were used t o  calculate  the actual mass flowrate. 
The flow control 1 e r s  di spl ayed the f l  owrate as vol  umetric f l  owrate a t  s tandard  
atmosphere and pressure. Omega recommended a 138-kPa (20-psi) d r o p  across the 
flow control 1 e r  fo r  optimum control. 

The apparatus was designed so t h a t  a f t e r  the feed gases had mixed 
together the feed gas mixture could then be diverted t o  a humidifier, where 
the H,O concentration i s  increased by bubbling i t  t h rough  a column of 
deionized H,O. 
t h rough  a sintered f i l t e r  t o  diffuse the  gas into t iny  bubbles. Figure 2-2 
gives d e t a i l s  of the humidifier. 

The gas enters the humidifier a t  the bottom and i s  forced 

The apparatus was contingently constructed with a heat exchanger. The 
gases could flow into the heat exchange from the flowmeters or from the 
humidifier. Because temperature adjustment of the feed gas was not  needed, 
t h i s  heat exchanger was n o t  used in these t e s t s .  
pressure, and flowrate of the feed mixture were taken by a thermocouple (T-Z) ,  
a pressure gauge (P-2 ) ,  and a rotameter ( F - 1 ) .  

The feed mixture then flowed into the reactor.  The reactor was a 7571-1111 
(2-gal) ,  Parr se r i e s  4660 general purpose bomb. 
inner diameter, a 43.7-cm (17.2-in,) inner depth, and an a l l  316 s t a in l e s s  
s teel  construction. The reactor had two &-inch in l e t /ou t l e t  ports,  a pressure 
gauge (P-3), a &-inch inconel rupture disk with a 6,900-kPa (1,000-psig) burst 
ra t ing ,  and a thermowell, The incoming gas was directed t o  the bottom of the 
reactor by an injection tube t h a t  extended from the i n l e t  p o r t  t o  within 5 cm 
of the bottom of the reactor .  

Next, the temperature, 

I t  had a 15.2-cm (6- in . )  

The ca ta lys t  bed was made of two concentric cylinders of 316 s ta in less  
s tee l  wire screen with the ca ta lys t  contained in the annular region. 
ca ta lys t  bed slipped into the reactor and allowed the gas  t o  contact the 
ca ta lys t  on the inside surface of the catalyst  bed. 
14.9 cm (5;875 in . )  in outer diameter and 38 cm (15 i n . )  high with the 

The 

The ca ta lys t  bed was 

‘No flammable or detonable gas mixtures were used in these t e s t s ,  
a l though  the t e s t  apparatus  was contingently designed t o  operate using 
detonable gas mixtures. 
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ca ta lys t  bed 1 cm (0.39 i n . )  th ick (see Figure 2-3). The recommended ca ta lys t  
bed thickness was 1 cm w i t h  the  ca ta lys t  exposed t o  the gas though an 8x8-mesh 
(8 wires/ l in . in . )  screen using 0.035-in.-dia. wire (Henrie e t  a l .  1986). 
These ca t a lys t  beds held 44 f 4 g of ca ta lys t  per cm of ca ta lys t  bed height. 
The ca ta lys t  bed i n  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 t o  mix w i t h  
resident gas i n  the bottom of the reactor vessel before flowing past the 
ca ta lys t  bed. 
and a l l  the sorption capacity t e s t  runs. 

Two arrays of  thermocouples were placed i n  the3reactor. The f irst  array 
consisted of  fou r  thermocouples brazed i n t o  a Cajon p lug ,  which was inserted 
i n t o  the  reactor  through the thermowell hole. These thermocouples were 
adjusted t o  s l i d e  i n t o  sheaths of tubing placed in the ca ta lys t  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 ca ta lys t  bed. 
enough t o  extend past the end of i t s  sheath by 0.5 t o  1 cm when ins ta l led  and 
was i n  contact w i t h  ca ta lys t ,  assuming enough ca ta lys t  was placed in the tjed 
t o  cover the ends of the thermocouple sheaths. 

brazed i n t o  a Swagelok cap and inserted i n t o  the reactor through a t ee  . 

instal led .between the reactor and the rupture d i s k .  The thermocouples were 
adjusted t o  s i t  near t h e x e n t e r  l i n e  of the reactor and a t  the same leve ls  
thermocouples T3, T4, T5, and T6 were a t ,  respectively. 

diverting the gas flow through gas sample cylinders (GSC) using valves V-7, 
V-8, V - 1 1 ,  and V-12. 
1'50 mL internal volume. All the gas samples taken fo r  the performance t e s t  
were taken i n  the GSC. Mpt of the samples analyzed for the so rp t ion  capacity 
t e s t  were taken in Tedlar bags. 

(HA-1) , which employed a d i f f u s i o n  limited electrochemical ce j l  t o  measure the 
H concentration. I t  was used as an operational t o o l  t o  a s s i s t  i n  controll ing 
t6e H concentration in the reactor.  Valves V-5 and V-14 allow the i n l e t  and 
ou t l e t  gas streams t o  be diverted i n t o  HA-1. V-19 opened Up a l i n e  of 
nitrogen (N,) t o  purge the analyzed gases out of the analyzer sample chamber. 
Whittaker technical representatives indicated tha t  nitrogen oxides, including 
N 0, may in t e r f e re  w i t h  accurate determination of the H, concentration and may 
afso degrade the de tec tor ' s  H, permeable membrane, leading t o  the de tec tor ' s  
f a i lu re .  No interference from N,O was observed throughout the  t e s t .  
Furthermore, no degradation was observed i n  the de tec tor ' s  a b i l i t y  t o  detect  

This was used f o r  the performance t e s t  runs using Apparatus 2 

Each thermocouple was long 

The second array t f  thermocouples. consisted o f  fou r  type K thermocouples 

Gas samples were taken on the i n l e t  and out le t  tubes from the reactor  by 

The GSCs were made of 304L s t a in l e s s  s tee l  and had a 

The two apparatuses used the same Whittaker se r ies  800 H detector  

HZ* 

3Cajon i s  a registered trademark of the Cajon Company. 
4Swagel ok i s  a registered trademark of the Crawford F i t t i n g  Company. 
5Tedlar is a registered trademark of  the E. I .  DuPont  De Nemours and 

Company. 

7 



8 



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

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 
fol 1 owing . - 4.07% H, in N, 

3.87% N,O in N, - 2.06% 0 in N, - 0.50% C6 in N, 
0.505% CH, in N, 
5.05% NH, in N,. 

The N,O 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. A71 the gases were analyzed individually 
using a mass spectrometer to ensure they met their stated purity. 
Whittaker series 800 H, detector was calibrated using the 4.07 percent H, gas 
mixture. 

The 

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 cal ibrator. 

The accuracy o f  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 thermocoupl es 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. 
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. 
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 DeltaRange6 
scale. The calibration of this scale is checked annually by WHC Hanford 
Standards Laboratory (Standards Lab No. 815-06-01-005). 

The other thermocouples read a 1 ower temperature than the 

Because the temperature in 

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. 
decreased less than 2 psi in 15 minutes were considered satisfactory. 

Pressure decays that 

'Del taRange is a registered trademark of Mettl er Instrumente AG. 
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3.0 PERFORMANCE TEST DESCRIPTION 

In the  performance test ,  a feed mixture gas was metered in to  a reactor  
vessel containing a bed of HRC. 
ac t ive  c a t a l y t i c  sites, where they reacted t o  produce H,O, N,, and heat. The 
heat of the  reaction drove the products in to  the gas phase and cleared the 
ca t a lys t  s i t e  f o r  fur ther  chemisorption. When the gas concentrations came t o  
equilibrium, the  approximate change i n  H concentration was measured using the 
online Whittaker H, detector.  I f  the in fe t  H, concentration was equal t o  the 
ou t l e t  H, concentration, the  =flowrate was lowered. I f  the  ou t l e t  H 
concentration was zero, the  flowrate was increased. When a measuratle H, 
concentration change was found, samples of the i n l e t  and ou t l e t  gas streams 
were taken. After the  gas samples had been analyzed, a comparison of the 
inlet  and ou t l e t  H, concentrations revealed the reaction r a t e  of the  H, 
oxidation. 

Both H, and N,O (or 0,) chemisorbed onto 

3.1 EXPERIMENTAL DESIGN 

.The purpose of the  performance t e s t  was t o  determine the  maximum H,/N,O 
reaction r a t e  the ca ta lys t  could e f fec t .  The r a t e  of the H /N,O reaction can 
be l imited e i the r  by the  c a t a l y s t ' s  maximum reaction r a t e  ( the c a t a l y s t ' s  . 
kine t ic  a b i l i t y  t o  catalyze the reaction) or by the reactant supply r a t e .  
Therefore, ' to  measure the ca t a lys t ' s  maximum reaction r a t e ,  the experiment 
should have supplied the reactants  t o  the ca ta lys t  f a s t  enough t o  f u l l y  use 
the  ca t a lys t  and slow enough t h a t  the difference between the i n l e t  and ou t l e t  
'concentrations was readable and the reaction r a t e  could be calculated.  

. 

The reactant supply can be described by the spec i f ic  flowrate (SF) for 
H , which i s  a single variable used t o  describe the  r a t i o  between.the H 
fjowrate supplied t o  the reactor and the mass o f  the ca ta lys t .  
same units as the  reaction r a t e  which a re  pmoles of H, per hour per gram of 
ca t a lys t  (pmol /h/g) . 

Because the  reaction r a t e  o f  the H,/N,O reaction was unknown, the  
apparatus was designed t o  handle a wide range o f  SF. The ca t a lys t  bed was 
designed t o  hold between 50 and 1,650 g of ca ta lys t  and the flowmeters could 
vary the  .feed mixture flowrate between 50 and 750 m L / m i n .  T h i s  allowed the  
apparatus t o  operate w i t h  SFs between 0.74 and 370 pmol/h/g. W i t h  some feed 
mixtures, flowrates as  high as 900 mL/min  were achieved, allowing higher than 
designed SFs t o  be obtained. 
during the performance t e s t .  
the  crucial  reaction r a t e s  l i e  w i t h i n  the  region. 
slower than 0.74 pmol/h/g, the ca ta lys t  bed required f o r  the leachate sump 
would be too la rge  t o  be prac t ica l .  
370 pmol/h/g, almost any-size ca ta lys t  bed would do. 
see Appendix C. 

SF has $he 

SFs between 16.5 and 454 pmol/h/g were used 
This SF operabi l i ty  region was chosen s o ' t h a t  

I f  the reaction r a t e  was 

And i f  the  reaction r a t e  exceeded 
For these calculat ions 

3.2 CATALYST 

In the performance t e s t ,  between 20 and 240 g of the 50-50 ca ta lys t  blend 
of Engelhard Deoxo and AECL hydrophobic ca ta lys t s  was used. The ca t a lys t  bed 
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was f i l l e d  w i t h  ca ta lys t  by dropping the catalyst  pe l l e t s  into the bed 
one-by-one in an e f fo r t  t o  get  the two catalyst  types well mixed in the bed. 

3 .3  FEED MIXTURES 

The nine feed mixtures (FM) used in the performance t e s t  had d i f fe ren t  
concentrations of N 0, 0,, H,O, CO, CH , and NH, i n  N, ( re fe r  t o  Table 3-1). 
All the  gases except H 0 were supplied by compressed-gas cylinders with 
pur i t ies  greater  than 69.99 percent. H,O was supplied, when needed, by 
bubbling the other gases th rough  a column of de-ionized H,O, as described in 
Section 2.3. Because the flowrates of H,, 0 ,  COY CH,, and NH, were s o  low, 
each was supplied diluted i n  N,, which made the flowrates large enough for an 
accurate meter reading. 

The ninth feed mixture i s  FM 10 rather  than FM 9. FM 9 was described in 
the t e s t  plan as the feed mixture t o  be used in a durabi l i ty  t e s t .  

The feed mixtures were chosen so tha t ,  when the t e s t  reactor came t o  
equilibrium, the reactor concentrations resembled plausible sump 
concentrations. The concentrations of the feed mixtures used are l i s t e d  i n  
Table 3.1. 

Table 3-1. Performance Test Feed Mixture ComDositions. 

FM 9 was intended for the durabi l i ty  t e s t ,  which was n o t  
performed. 
FM 11 and 12 were '0.01% CH, and 0.1% NH, and were t o  be used 
only i f  the higher levels  caused the reaction t o  slow. 
Blank c e l l s  indicate zero percent for tha t  component. 
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3.3.1 Hydrogen 

The inlet H concentration for all. the feed mixtures in the performance 
test was intendei to be 1 percent. The actual inlet H concentrations for the 
completed runs ranged between 0.56 and 1.63 percent. h t h  the exception' o f  
six runs with either high or low H concentrations,'the inlet 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,O 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 6e required to perform adequately at is 
1 percent. 

3.3.2 Oxygen 

reaction of H and 0, in stoichiometric amounts to produce H,O. Under some 
conditions, tke sump will have enough 0, to complete the H, oxidation 
reaction. 
O,, making the 0 concentration 0.5 percent. After being corrected for air 
contamination, t%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 2 0.07 percent. Appenaix D contains a discussion of the method used to 
correct for 'air contamination. 

The TMI work (Henrie ,et al. 1986, Meshako and Bullough 1985) studied the 

FM 1 was designed to have stoichiometric concentrations of H, and 

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 - 5 ~ ~  5 - 9 ~ ~  and 5-10c in Roblyer (1993). In this situation, an 0, 
depletion will occur,and the catalyst will need to catalyze the reaction of H, 
and N,O. 

FM 2 had approximately stoichiometric concentrations of N,O and H,, 
making the N,O concentration 1 percent. 
.presented in Roblyer (1993). 
0.93 and 1.42 percent with an average of 1.11 f 0.19 percent. 
concentrations in FM 3 ranged between 8.9 and 9.7 percent N,O with an average 
of 9.39 & 0.317 percent N,O and represented a case of a moderate excess of 
N 0. 
szoi chi ometri c concentrations of N,O, which diffuses sl ower than H,, woul d 
limit the reaction rate. 

of 2.4. 
sump. 
42 percent N 0 concentration. 
unintentiona? exceptions and had N,O concentrations between 21 .O and 
32.3 percent. 

FM 2 through 8 used N,O as the oxidant. 

This is the lowest N,O to H2 ratio 
Actual N,O concentrations in FM 2 varied between 

The N,O 

These feed mixtures were used to investigate whether low but at least 

The nominal case presented in Roblyer (1993) used a N,O to H, ratio 

Three runs using these feed mixtures were 

This would produce a N,O concentration greater than 40 percent in the 
FMs 4 through 10 had between 35 and See Figure 5-5 in Roblyer (1993). 

15 
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3.3 .4  Water Vapor 

I f  H,O condenses on the  ca ta lys t ,  the  l i q u i d  will cover act ive ca ta lys t  
s i t e s  and impede the flow o f  H and N 0 t o  the ca ta lys t  s i t e s .  
bottom o f  the leachate sump wijl crea'%e a humid atmosphere and sa tura te  the  
gas i n  the sump. 

H,O i n  the  

In FM 5, the H,, N,O, and N, were mixed together and saturated w i t h  H,O i n  
the humidifier. 
2.25 percent H,O concentration. 

FM 5 l e f t  the humidifier a t  20°C w i t h  approximately 
See Appendix C i n  Britton (1993a). 

3.3.5 Carbon Monoxide 

Carbon monoxide has been shown t o  i n h i b i t  the  ca t a ly t i c  reaction of H, 
and 0, (Meshako and Bullough 1985). 
CO competitively chemisorbs t o  active ca ta lys t  s i t e s .  
C O Y  which produces carbon dioxide (CO,), may be a competing reaction. 

between 0.1 and 0.3 percent. 
preliminary data from investigations into the grout ' s  gas production indicated 
t h i s  was a reasonable value. 
the 0.1 percent overwhelmed the catalyst .  
0.01 percent CO although there i s  no CO analysis available t o  confirm this  
because of equipment f a i lu re  during analysis. 

This i n h i b i t i n g  e f fec t  occurs because the 
Also, the oxidation o f  . 

FM 6 was intended t o  be 0.1 percent CO. The actual composition varied 
This concentration was chosen because 

A .lower concentration was also planned i n  case 
FM 10 was intended t o  be 

3.3.6 Methane 

Methane, a common product of organic decomposition, may enter  the sump as 
a generated gas. 
determine i f  CH, a f fec ts  the H,/N,O reaction r a t e .  
concentrations tha t  varied between 0.091 and 0.101 percent. 

Runs w i t h  approximately 0.1 percent CH, were performed t o  
Runs using FM 7 had CH, 

3.3.7 Ammonia 

Ammonia is  another gas tha t  may be produced by the grout i n  the  vaul t .  
Runs with NH, in the 1 percent concentration range were used t o  determine i f  
NH, has a major impact on the reaction r a t e  of H, and N,O. 
sorbs t o  solids and in te rac ts  w i t h  H,O, i t  i s  extremely d i f f i c u l t  t o  
quant i ta t ively analyze gases f o r  NH,. 
a NH, concentration between 0.6 and 1.1 percent. 
s u p p o r t i n g  data document (Brit ton 1994) f o r  more de t a i l s  on this analysis 
method. 

Because NH, readi ly  

Runs us ing  FM 8 were estimated t o  have 
See Appendix D of the 

3.4 RUN ORDER 

Each feed mixture was used a t  l e a s t  f i ve  times, once i n  each of the f ive  
primary s e t s  of runs performed. W i t h i n  each s e t ,  a l l  eight feed mixtures were 
performed in random order. 
ensure t h a t  the  data was n o t  ta inted w i t h  cumulative e r rors  such as a b u i l d u p  

Multiple s e t s  and a random order were used t o  

16 
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of a contaminant on the  catalyst .  
1 and 4 was performed. And a f t e r  the primary runs, a s e t  of  CO runs and a s e t  
of extended runs were performed. Table 3-2 shows these s e t s  o f  runs and t h e i r  
order. 

I n i t i a l l y ,  a s e t  of scoping runs using FMs 

3.5 PERFORMANCE TEST CONDITIONS 

The sump is  centered below and t o  the s ide of the g rou t  vault  and i s  
contained w i t h i n  an asphalt diffusion barr ier .  The temperature of the  bar r ie r  
a t  t h i s  point, 10 years a f t e r  f i l l i n g ,  i s  expected t o  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,O condensing on 
the walls of the  sump and by heated gases leaving the sump and cold gases 
entering the  sump. The temperature in the sump i s  assumed t o  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. 
T h i s  should give a slower reaction r a t e  than would occur a t  higher 
temperatures. 
maintained i n  the reactors f o r  the performance test .  

Table 3-3 l i s t s  the steady s t a t e  conditions tha t  were 

3.6 DATA COLLECTION AND SAMPLE ANALYSIS 

The mass and volume of  the ca ta lys t  placed i n  the bed were recorded in 
the  laboratory notebook (Britton 1993b) along with de t a i l s  on the  ca ta lys t  bed 
dimensions. A l i s t  o f  data taken during each experiment and recorded in the 
laboratory notebook i s  . l i s ted  in Table 3-4 along with the range and accuracy 
for each vari ab1 e measured. 

During each experimental r u n ,  a t  l e a s t  one i n l e t  and outlet  gas sample 
was taken. 
Spectrometry Laboratory a t  Pacific Northwest Laboratories (PNL) for mass 
spectrometer analysis. 
spectrometer using analytical procedure PNL-MA-299 ALO-284. T h i s  procedure is . 
supplied in Appendix C of  the supporting data document (Britton 1994). The 
analysis reports are  located in Appendix A of  the suppor t ing  data document 
(Bri t t o n  1994). 

Samples 93-001 through 93-157 were shipped t o  the  Inorganic Mass 

The samples were analyzed with a Finnigan MAT-271 mass 

Samples 93-158 through 93-168 were n o t  analyzed by mass spectroscopy. 
Instead they were analyzed by gas chromatography. The computer data f i l e s  for 
these,runs were lost  due t o  a misconfigured computer program before they could 
be examined. 

17 
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Run # 

50 

Scoping Set 

6 4 

FM # 

10 . 

Set  4 

45 
47 

Table 3-2. 

Apparatus 1 

7 

3 

1 2 1 2 1  

44 

f in Order. 
Set 2 

ADDaratus 2 
Run # FM # 

15t 1 1 

19 

25 2 

27 I 5 
tscoping run 

Fl 
58 

I Set 3 

Extended runs 
Apparatus 1&2 

6 4 1 5 1  

*Dupl i cate run 

18 
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0.24 % 

8.10 % 

N,O concentration 
35.80 % 
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0.57 % 

9.10 % 

40.50 % 

Tab1 e 3-3. Performance Test Conditions. 

H,O concentration 

, Variable I Range . 
1 

% 3.25 % 

0, concentration 

CO concentration 

CH, concentration 

NH, concentration 

0.1 % 0.3 % 

0.091% 0.1 % 

0.6 % 1.07 % 

Temperature t Pressure 98.9 kPa 

19 

Notes 
~~~ 

For runs using FMl. Run 44 was an 
exception and had 0.26% 0, in the 
outlet gas. 
For runs usina FM 2. 
For runs using FM 3. 
For runs using FM 4-10. 
Runs 18, 49, and 32 were exceptions 
and had lower N,O concentrations o f  
33.8%, 25.2%, and 19.2%, 
respecti vel y . 
These concentrations were estimates. 
See Britton 1993a, Appendix C for . 
more detai'l . . 
~~ ~ 

For runs using FM 6. 
FM 10 was estimated to have 0.01 
Dercent CO. 

Run 50 using 

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

For runs using FM 8, These 
concentrations were estimates. See 
Appendix D of the supporting data 
document (Bri tton 1994). 
This drifted with the ambient 
temperature of the 1 aboratory . 
Average barometric pressure. 
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Measurement 
1 

Mass f l  owrate 
I 

Vol umetri c f l  owrate 
Temperature of :  

humidifier H,O 
i n l e t  gas  
c a t a l y s t  temperature 
o u t l e t  gas 

Pressure 
H, concentration 

20 

Equipment Range 

10-100 sccmt 

FC- 5 50-500 sccmt 

FC-1, FC-2, 
FC-3, FC-4 

F-1, F-2 50-250 mL/mi n 

T-1 , 20 "C 
T-2, 13 "C 
T-3, 13-20 "C 
T- 4 13-18 "C 
P-1, P-2, P-3 0 p s i g  
HA- 1 0-1 % 

Accuracy I 

k 25 mL/min I 

I 

k 2 p s i g  I 
k 0.2 % I 
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4.0 SORPTION CAPACITY TEST DESCRIPTION 

In the sorption capacity t e s t ,  a feed mixture containing CO was metered 
i n t o  the reactor which contained a known quantity of the ca ta lys t  blend. When 
a CO molecule came in contact with a f r ee  active ca ta lys t  s i t e ,  the molecule 
sorbed t o  t ha t  s i t e .  The i n l e t  and out le t  CO concentrations were measured and 
the amount of CO chemisorbed by the  ca ta lys t  was determined by difference.  

4.1 EXPERIMENTAL DESIGN 

. The purpose of the sorption capacity t e s t  was t o  determine the amount of 
CO the ca ta lys t  would chemisorb under conditions similar t o  those in the grout 
vault .  A mixture o f  CO in N, was metered into the reactor which had an 
i n i t i a l  CO concentration of zero. The CO concentration in the reactor then 
rose from zero t o  the i n l e t  concentration. 

I f  the i n l e t  gas mixed quickly with the bulk gas in the reactor,  the 
ou t l e t  concentration would be equal t o  the reactor concentration. And, i f  no 
chemisorption occurred, the change in the out le t  concentration could be 
described by the  f i r s t  order equation for a mixed flow reactor.  Refer t o  
Appendix D fo r  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 
ca ta lys t .  

A second goal of t h i s  t e s t  was t o  determine a regeneration method for the 
ca ta lys t .  
amounts o f  N, o r  a i r  o r  the ca ta lys t  was replaced with virgin ca ta lys t .  I f  
the  reactor was flustred with a i r  or was opened t o  replace the ca ta lys t ,  the  
a i r  in the reactor was removed by purging with N,. A comparison of the 
CO sorption capaci t ies  between virgin ca ta lys t  and ca ta lys t  regenerated with 
e i the r  N, or a i r  was then made. 

Between runs, the catalyst  in the reactor was flushed with varying 

4.2 CATALYST 

blend of  Engelhard Deoxo and AECL hydrophobic ca ta lys t  was used. 
bed was f i l l e d  with ca ta lys t  by dropping the catalyst  pe l l e t s  into the  bed 
one-by-one i n  an e f f o r t  t o  ge t  the two types of  ca ta lys t s  well mixed in the 
bed. 

In the sorption capacity t e s t ,  between 10 and 30 g of the 50-50 ca ta lys t  
The ca ta lys t  

4.3 FEED MIXTURES 

The feed mixtures used in the sorption capacity t e s t  are shown in 
Table 4-1. 
This was used t o  show the uninhibited and unpoisoned r a t e  of  the H,/N 0 
reaction on the ca ta lys t .  After the reaction r a t e  was established, t i e  feed 
was switched t o  FM 14. FM 14 nominally contained 1 percent H,, 40 percent N,O 
and 0.05 percent CO and was used t o  show the relationship between the d rop  in 
the reaction r a t e  and the sorption of the CO o n t o  the ca ta lys t .  

FM 4 nominally contained 1 percent H,, 40 percent N,O and no CO. 
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Feed 
mixture 

4 

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,O), 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 with the feed mixtures used in 
the performance test. 

Volume percent in N, 
H, N,O co 

0.71 - 1.77 40 

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

13 
14 

40 0.096 - 0.,135 
0.70 - 1.87 40 0.050 - 0.050 

Vari ab1 e 
H, concentration 
N,O concentrat i on 
CO concentration 

Pressure 
Temperature ' 

I I I t 1 

Blank cells indicate zero percent for that component. 

Range Notes 

"40 % For runs using FM 4, 13, and 14. 
0.01 % I 1.45 % 

0.052% 0.133% For runs using FM 13 and 14. 
13°C 21 "C 

0.976 atm Average barometric pressure. 

For runs using FM 4 and 14. 

4.4 SORPTION CAPACITY TEST CONDITIONS 

The sorption capacity test was performed at ambient temperature and 
pressure. 
for the sorption capacity test. 

Table 4-2 lists the conditions that were maintained in the reactor 

4.5 DATA COLLECTION AND SAMPLE ANALYSIS 

The inlet CO concentration was measured several times before and after 

The gas 

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

The total difference between the amount o f  CO that came out and the 
amount o f  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. 

'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 ca ta lys t  i n  
Runs 1 through 64. 
mass spectroscopy. 
Tab1 e A-1 . 

In le t  and out le t  gas concentrations were determined by 
The analytical data for these samples i s  i n  Appendix A, 

5.1 AIR CONTAMINATION 
Some contamination of the samples w i t h  a i r  was expected. Possible causes 

of  t h i s  contamination were an incomplete evacuation of the l i n e  when the 
sample container was connected t o  the analytical equipment, or an a i r  
intrusion in the valves or  piping in e i the r  the experimental apparatus o r  the  
analytical  equipment. Because analysis of the feed gases determined there  was 
very l i t t l e  argon (Ar) i n  any of  the feed gases, any large amount of Ar in a 
sample was assumed t o  have come from a i r  contamination. 
contamination (0) was determined by calculating the percentage of the analyzed 
sample tha t  i s  a i r  ra ther  than pure sample. Equation 5-1 shows tha t  4 i s  the 
r a t i o  of the mole percent of Ar in the sample (XAr) t o  the mole percent of  Ar 
in a i r  (Y,,). 

The degree of a i r  

( # ) = -  xAK * 100% (Eqn 5-1) 
y .  

As an a l te rna te  method, 0 was calculated using 0 instead o f  Ar in a11 
runs except those using O2 feeds. The resu l t s  o f  b o t 6  4 calculation methods 
can be seen in Table A-1 i n  Appendix A. The 4 was used t o  screen the sample 
analysis for samples and runs with poor data. The 0, concentrations were 
corrected for the a i r  contamination for  the runs using FM 1. The corrected 
composition equation can be seen i n  Appendix D. 
were n o t  corrected for the a i r  contamination factor  because i n  most other 
cases the  correction was negligible. 

Other components and runs 

For most of the samples, 4 was below 5 percent. In sample 93-061, 0 was 
48.2 percent when calculated with the Ar method. 
calculated 0 t o  be normal and a l l  the other gas consti tuents were within 
expected ranges, the Ar data was assumed t o  be faul ty .  

64.0 percent f o r  the Ar and 0 methods, respectively. 
GSC allowed an a i r  intrusion tha t  resulted in t h i s  poor data. 
one i n l e t  sample was taken for  t h i s  run, the analysis on this r u n  was n o t  
carr ied fur ther .  

Because the 0, method 

In sample 93-124, the  i n l e t  sample for Run 43, 0 was 61.8 percent and 
An open valve on the 

Because only 

5.2 RUN DATA 

Tables 5-1 and 5-2 display the performance test  data. Table 5-1 l i s t s  
r u n  data in the sequential order in which the runs were performed while 
Table 5-2 displays the r u n  data organized by feed mixtures. The runs with 
shaded r u n  numbers were performed with Apparatus 1 while the remaining runs 
were performed in Apparatus 2. 
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Table 5-1. Performance Test Run Data - by Run. (Sheet 1 o f  2) 

+I +I 4 +I tl tl +I 4 +I .H +I 
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Table 5-1. Performance Test  Run 

25 

Data -. by Run. (Sheet 2 o f  2) 
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Table 5-2. Performance Test  Run Data - by Feed Mix tu re .  (Sheet 1 o f  2) 
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* Table 5-2. Performance Test Run Data - by Feed Mixture.  (Sheet 2 of 2) 
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The first six runs l i s t e d  i n  Table 5-1 were used as scoping runs t o  
functionally t e s t  the equipment and determine whether o r  n o t  the  reaction 
could be detected. Runs 7 through 49 were the performance t e s t  runs. 
50 th rough  58, the  CO inhibit ing phenomenon was investigated fur ther  and i s  
discussed in Section 5.6. The l a s t  s ix  runs, runs 59 through 64, as well as 
r u n  28e were extended runs and are discussed in Section 5.6. A l l  the  runs 
l i s t e d  in Table 5-2 were included in the performance t e s t  analysis described 
in Sections 5.3 through 5.5. 

In runs 

The data displayed in Table 5-1 and 5-2 includes temperature (T), i n l e t  
H, concentration (XH,in) , volumetric flowrate ( 9 )  , catalyst  mass ( W )  , the  
out le t  gas composition (XH,out), and the length of time in which the r u n  was 
performed in both  minutes and the number o f  residence times (7r). The 
residence time (7r) i s  the time required for one reactor volume of f l u id  t o  
flow o u t  of the reactor.  
i n  Appendix D. 

More information on the residence time i s  provided 

5.3 H,/N,O REACTION RATE 

The i n l e t  and out le t  gases were analyzed for the H, concentrations (X,) 
and were compared. The H /N,O reaction r a t e  (r,) was the change in X, times 
the flowrate o f  H into t6e reactor divided by the mass of ca ta lys t  i n  the  
reactor.  
reaction r a t e  (r,) was calculated by the equation: 

Using the ideal gas law t o  calculate the molar flowrate, the H,/N,O 

rH = 60- QP ( xH,inl~oxH,out 
RTW 

(Eqn 5-3) 

where: 
= Reaction r a t e  (pmol/h/g) 
= Total  volumetric flow ra t e  (mL/min) 
= Pressure (atm) P 

R = Ideal gas constant (mL.atm/pmol -K )  
T = Temperature (K) 
W = Mass of ca ta lys t  (9) 
XH,in = Mole percent concentration of H, in i n l e t  gas (%) 
'H, out = Mole percent concentration o f  H, in ou t le t  gas (%). 

Tables 5-1 and 5-2 l i s t  the calculated reaction ra te .  The shaded data in 
Table 5-1 were e i the r  flawed and unusable o r  from runs tha t  were n o t  
completed. 
were n o t  carried on for  the r e s t  of the analysis. 

I;, 

The tab le  notes explain the reasons. The data from these runs 

Figure 5-1 shows t h a t  the reaction ra tes  varied widely within each o f  the  
feed mixture groups. 
t ha t  feed mixture composition was n o t  the  only variable affecting the reaction 
r a t e .  
before the  feed mixture groups can be compared. However, reaction ra tes  above 
300 pmol/h/g were observed for most feed mixtures during the performance t e s t .  
Lower flowrates for feed mixture groups 1, 2,  6 ,  and 8 are discussed in 
Section 5.5. 

This wide spread'within each feed mixture group shows 

Because other factors  were involved, they have t o  be accounted for 
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L 

500 

400 

100 

0 

Peed Modurc 

+ ReadionRak - Pmpgaled Error 

Note: Average Reaction rates for FMs cannot be compared. Reaction rate differences 
are due to differences in Specifc Flowrates rather than in FM composition. 

+ ~ b u ~ a R 1 3 - l o  + -h laR11-z  

- R c # x d a L h . l a M 3 - l O :  Rz-OsPr 

Run 22 is a statistical outlier from the FM 3-10 groups and is not included in regression. 
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5.4 SPECIFIC FLOWRATE 

The SF i s  t h e  r a t e  a t  w h i c h  H was suppl ied t o  the r e a c t o r  per  gram of 
c a t a l y s t  i n  t h e  r eac to r .  
suppl ied t o  the r eac to r ,  t h e  SF places  an upper bound on the poss ib le  r eac t ion  
r a t e .  The SFs shown i n  Tables 5-1 and 5-2 were ca lcu la ted  from the in le t  
f lowra te  ( Q )  and t h e  i n l e t  H, concentrat ion (XH,.J.  The ideal  gas law was 
then used t o  convert  t h e  u n i t s  t o  match those o f  t he  r eac t ion  r a t e .  The . 
equation used t o  c a l c u l a t e  the SF was: 

Because t h e  reac t ion  cannot ox id ize  more H, than i s  

where : 
SF = 
Q =  
P =  
R =  
T =  
w =  
x .  = H, in 

I f  t h e  
co r re l  a t  i on 

., 
Spec i f i c  f lowra te  f o r  H, (,umol/h/g) 
Total  volumetric flow r a t e  (mL/min) 
Pressure (atm) 
Ideal gas constant  (mL.atm/pmol 'K) 
Temperature (K) 
Mass of c a t a l y s t  (9) 
Mole percent  of H, i n  t he  i n l e t  gas (%).  

SF i s  l imi t inq  the reac t ion  r a t e ,  i t  i s  seen a s  a s t rong  

(Eqn 5-4) 

between the r- and the  SF. Figure 5-2 graphs r versus t h e  SF f o r  
a l l  t h e  runs l i s t e d  in  Table 5-2. A l i n e p r  regression by t \ e  l e a s t  squares 
method y i e l d s  a squared res idua l  e r r o r  ( R )  of 0.95, which ind ica t e s  a good 
c o r r e l a t i o n  between t h e  reac t ion  r a t e  and t h e  r eac t an t  a v a i l a b i l i t y .  

Figure 5-2 graphs t h e  da t a  f o r  FM 1 and 2 w i t h  diamonds and t h e  r e s t  of 
t h e  da t a  with squares .  
r eac t ion  r a t e s  c o n s i s t e n t l y  lower than runs using l M s  3 through 10. 
FMs 1 and 2 from t h e  l i n e a r  regression y i e l d s  an R of 0.99, which is  an 
exce l l en t  c o r r e l a t i o n  between ' the  reac t ion  r a t e  and t h e  SF. Figures 5-3a 
tprough 5-3h graph t h e  reac t ion  r a t e  versus t h e  SF f o r  each feed mixture.  
R f o r  fou r  of t hese  feed mixtures i s  above 0.999 and a l l  but one run have 
res idua l  e r r o r s  above 0.95. This i nd ica t e s  t h a t  the major f a c t o r  i n  the 
l i m i t a t i o n  of the rH is  t h e  r eac t an t  supply r a t e  o r  SF. 
r a t e s  cannot be compared without f i rs t  accounting f o r  the SF. 

This was done t o  show t h a t  runs using FMs 1 and 2 had 
Excluding 

The 

Therefore,  reac t ion  

5.5 CONVERSION 

The conversion (x) d u r i n g  a r u n  i s  t h e  f r a c t i o n  of ava i l ab le  H, t h a t  
reac ted .  
r eac t ion  r a t e  and SF of H This d e f i n i t i o n  allows the r eac t ion  r a t e s  t o  be 
compared t o  each o the r  with considerat ion of the d i f f e r e n t  SFs. The 
conversions i n  Tables 5-1 and 5-2 were ca lcu la ted  with t h e  equation: 

The conversion can a l so  be thought of a s  the r a t i o  between t h e  

x = 5 * 100% . (Eqn 5-5) SF 

Figure 5-4 p l o t s  t hese  conversions grouped by feed mixture. The FM 3, 4,  
5, and 7 groups tended t o  have s l i g h t l y  b e t t e r  conversions a t  lower f lowra tes  
than a t  higher f lowra tes .  Figure 5-5 shows th i s  by graphing the x aga ins t  
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F igure 5-3. Reaction Rates versus Speci f ic  Flowrate f o r  each Feed Mixture.  
(Sheet 1 o f  4) 
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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)  
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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 o f  4) 
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Figure 5-3f. Reaction Rate vs. Specific Flowrate for FM 6 
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Run 50 used FM 10 and was not included in the regression. 
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Reaction Rates versus Specific Flowrate for each Feed Mixture. Figure 5-3. 
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Figure 5-3g. Reaction Rate vs. Specific Fiowrate for FM 7 
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Figure 5-4. Performance Test Conversions 
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the flowrate divided by the catalyst  mass ( Q / W ) .  
i s  0.97, indicating a good correlation between x and Q / W .  

The R2 of the regressed l i n e  

Feed 
Mixture 

An increase in the to ta l  flowrate decreases the residence time. 
A shorter  residence time gives the molecules l e s s  time t o  diffuse into the 
ca ta lys t  bed and less time for the reaction t o  take place once i n  the  ca ta lys t  
bed. A t  low flowrates using FM 3, 4, 5, or 7, the average SF was 
25.4 f 1.0 pmol/h/g, and the average conversion of H, in to  H,O was 
98.2 k 0.1 percent. 
360.5 f 50.8 pmol/h/g, and the average conversion of H, into H O  was 
88.7 f 1.3 percent. 
flowrates for each feed mixture. 

A t  higher flowrates, the average SF was 

Table 5-3 l i s t s  the conversions found a t  i i g h  and low 

Average speci f i c Average Average speci f i c Average 
f l  owrate convers i on f l  owrate conversion 

(SF) (XI (SF) (XI 
Pmol /h /g  % Clmol /h /g  % 

Low flowrates . High F1 owrates 

Table 5-3. Performance Test Conversions. 

1 27.0 f 2.1 96.2 f 1.9 324.4 f 95.9 70.3 f 4.5 

2 

3, 4, 
5 & 7  

6 

8 

25.8 97.4 349.6 f 32.1 63.8 f 11.7 

25.4 f 1.0 98.2 k 0.4 360.5 f 50.8 88.7 f 1.3 

32.0 f 10.8 94.0 f 3.2 --- --- 

25.9 96.7 

160.0 94.6 
322.1 f 9.3 78.0 f 7.6 

Runs using FM 1, 2, 6, and 8 most l ike ly  had the same type o f  correlation 
between x and Q / W ,  although t h i s  was n o t  found because i t  was obscured by 
other fac tors  described below. FM 1 and 2 were intended t o  have 
stoichiometric concentrations of  H, and an oxidant, 0, or NiO. 
o f  larger  than expected variances i n  the flowmeters, i t  i s  possible tha t  the 
oxidant concentration in some of the runs using FM 1 and 2 was below the 
stoichiometric r a t i o  with H,. 
Between the lower oxidant fee'd concentrations and the oxidants diffusing 
slower, f a s t e r  flowrates had a greater e f fec t  on the conversion in the FM 1 
and 2 groups than i n  other groups.  
97.5 percent. 

B u t ,  because 

Also, the oxidants diffuse much slower than H,. 

These conversions ranged from 55.3 t o  

In the grout vault ,  the i n l e t  and out le t  flowrate of gases will be very 
slow in comparison t o  the s i ze  of the grout vault sump and the diffusion r a t e  
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of the oxidants. These conditions will allow ample time for H, t o  diffuse t o '  
the catalyst  bed. Therefore, near stoichiometric concentrations of  oxidant  
and H, will n o t  cause conversion limitations due t o  slow d i f fus ion .  

t o  a x versus Q/W correlation. A t  the higher SF ranges, runs with 
0.1 percent NH, were s l ight ly ' inhibi ted.  While this conversion range i s  
obviously lower than conversions using FM 3, 4, 5, and 7, runs 14 and 62 show 
t h a t  conversions greater t h a n  95 percent are'possible a t  SFs between 26 and 
170 pmol/h/g. 

The FM 8 conversions varied between 84 and 97 percent and did not conform 

The CO in FM 6 significantly impacted the function of  the catalyst  by 
presumably chemisorbing t o  the active catalyt ic  s i t e s  and deactivating them. 
After. being exposed t o  enough COY the catalyst  would no longer catalyze the 
H /N,O reaction. In a l l  the runs, the CO poisoning of the catalyst  decreased 
tbe amount of active catalyst  before the reactor achieved steady s t a t e  gas 
concentration.s. Because the reaction rate  was dependent on the mass of active 
catalyst  i n  the reactor, the partial deactivation o f  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 ca ta lys t ' s  performance in a 
CO atmosphere before deactivation. A t  low SFs averaging 32.0 f 10.8 pmol/h/g, 
the conversions averaged t o  94.0 f 3.2 percent. 

5.6 INHIBITING AND POISONING EFFECTS 

In runs using FM 6,  the ca ta lys t ' s  performance depended on the amount of 
CO the catalyst  had been exposed t o .  If  the exposure was relatively low, the 
catalyst  would function. 
catalyst  would n o t  catalyze the H,/N,O reaction. T h i s  cumulative phenomenon 
i s  the reason the catalyst  was functioning when the offgas was analyzed in 
some of  the runs using FM 6, while in other FM 6 runs i t  was not .  

al low the cumulative CO poisoning effect  t o  k i l l  the reaction. Therefore, 
extended runs were performed t o  determine whether cumulative poisoning effects  
occurred with H,O, CH,, orl", a t  run times longer than allowed i n  the 
performance runs. 
through more than 100 residence times (T~). Table 5-4 l ists  the runs and the 
effects  on the reaction rate.  

B u t  i f  the exposure was relatively h igh ,  the 

I t  was seen that  a t  times the performance runs were n o t  long enough t o  

Each extended run was over 1000 minutes long  and went 

No cumulative poisoning effects were found using H,O, CH,, o r  NH,. Only 
CO poisoned the catalyst .  This shows that  excess H,O vapor, as well as CH, 
and NH, gases will n o t  poison the catalyst .  

a feed mixture w i t h  CO as well as a l l  the other gases used i n  the performance 
t e s t .  
over a period of months.  
performance t e s t  would have poisoned the catalyst  and ended the durabili ty 
t e s t  in a matter of hours, the durability t e s t  was n o t  performed. Instead, a 
sorption capacity t e s t  was designed and performed t o  determine the amount of 
CO the catalyst  could hold before becoming too poisoned t o  function. This 

The durabili ty t e s t  described in the t e s t  plan (Britton 1993a) called for  

The durabili ty t e s t  would then look a t  the changes i n  the reaction ra te  
Because CO i n  the concentrations used i n  the 
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FM 

5 

6 

7 

a 

sorption capacity test is described in Section 4.0 and the results are 
reported in Section 6.0. 

? 

Tab1 e 5-4. Extended Performance Runs. 

Run # Time # of SF Rxn rate Conversion Effect 
mi n 7, Pmol /h/g Pmol /h/g % 

28e 1249 146 454.3 396 87 none 

64 3089 306 185.2 "185t - 1 OOt none 

59 2665 176 23.2 0 0 

63 1690 167 273.3 "273+ "loot none 

62 1770 175 169.1 160 95 none 

react i on 
killed 
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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  i n  Runs 67 through 89. 
determined by gas chromatography of samples 93-175 through 93-658. The 
analytical data for these samples is  i n  Appendix B o f  the suppor t ing  data 
document (Britton 1994). 

I h e t  and outlet  gas concentrations were 

6.1 MIXED TANK REACTOR ASSUMPTION 

The CO sorption~ capacity (SC) of  the catalyst  i s  the total  amount of CO 
t h a t  the catalyst  will chemisorb per gram of catalyst  (pmol/g). This is 
calculated by comparing the actual CO concentration of the out le t  stream t o  
the out le t  CO concentration that  would exis t  i f  the catalyst  was n o t  
chemi sorbing CO. 

l i ke  a mixed tank reactor where the in le t  gas is mixed w i t h  the bulk  of the 
gas i n  the reactor. 
derived i n  Appendix D and is: 

The out le t  CO concentration i s  estimated by assuming the reactor behaves . 

The equation for the estimated outlet  CO concentration is 

(Eqn 6-1) 

where: 
= CO concentration in the offgas assuming no CO chemisorption (%) 

= Time from the s t a r t  o f  the in le t  flow (min)  
= Residence time for  gas i n  the reactor ( m i n ) .  

Xest 
C0,OUt 

fco, in  = CO concentration in the feed gas (%) 

7 ,  

Figure 6-1 displays the actual and estimated CO outlet  concentrations 
from Run 68. 
preliminary data and was taken before the gas chromatograph was correctly 
calibrated. I t  is nonetheless presented because r u n  68 was performed minutes 
a f t e r  the catalyst  had been loaded w i t h  CO i n  run 67 and the catalyst  was n o t  
given the opportunity t o  desorb any of the CO. Therefore, the reactor 
functioned l i ke  i t  would without the catalyst .  Figure 6-1 shows the actual 
out le t  concentration matches very closely t o  the out le t  concentrations tha t  
would be expected from an ideal mixed-tank reactor. T h i s  supports the 
assumption tha t  the reactor behaves as a mixed tank reactor. 
the equations for a mixed tank reactor can be found i n  Appendix D. 

. 
This data i s  presented without a scale because the data used was 

. 

More detail  on 
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6.2 CARBON MONOXIDE SORPTION CAPACITY CALCULATION 

After applying the ideal gas law t o  the difference between the estimated 
and actual out le t  concentrations and summing the data over the en t i re  run, the 
equation for the SC becomes: 

where: 
sc 
P 
Q 
R 
T 
W 
n 
I 
Xest 

!&Out 
xco, out 

= Sorption capacity of CO on the catalyst  (pmol/g) 
= Pressure (atm) 
= Flowrate of the in le t  gas stream. (mL/min) 
= Ideal gas constant 
= Temperature (K)  
= Mass of  c.atalyst (9) 
= Number of  time intervals used 
= Length of time ,interval between Xco measurements (min) 
= Estimated CO concentration i n  the offgas (%) 
= Actual CO concentration i n  the offgas (%). 

(Eqn 6-3) 

Figure 6-2 displays, on the l e f t  Y-axis, the actual and estimated 
CO out le t  concentrations from Run 84. . The accumulated CO chemisorbed t o  the 
catalyst  i s  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 i n  Appendix B 
contains the r u n  data for the a l l  the runs in the so rp t ion  capacity t e s t .  

Any deviation in the actual concentration from the expected concentration 
.af ter  the out1 e t  concentrations had leveled off a t  the in l e t  concentration was 
considered a random fluctuation and i t s  contribution t o  the SC was ignored. 
In run 84, the total  SC was reached i n  90 minutes. A l l  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 0 b u t  no COY was used t o  show 
the uninhibited and unpoisoned ra te  o f  the H,/fl,O reaction on the catalyst .  
Figure 6-3 is the graphed data from r u n  82. 
435.8 k 36.8 pmol./h/g was determined using FM 4 which had no CO. After 
105 minutes, the feed mixture was switched t o  FM 14 which had a nominal 
0.055 percent CO concentration. 
f e l l  t o  zero as the amount of CO chemisorbed t o  the catalyst  increased t o  
14.9 k 21 pmol/g catalyst .  
the reaction ra te  and the sorption o f  the CO onto  the catalyst .  

The uninhibited reaction r a t e  of 

. 
Over the next 90 minutes, the reaction ra te  

This shows the relationship between the drop i n  

6.4 CATALYST REGENERATION 

Two different  methods were used t o  regenerate the catalyst .  The methods 
involved metering volumes of N or a i r  over the catalyst .  A t h i r d  scenario 
was replacement of the used catalyst  w i t h  v i r g i n  catalyst .  A comparison o f  
the different  regeneration methods was made by comparing the SC determined 
af te r  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 t e s t  resu l t s .  The f ive  columns under the heading o f  regeneration 
method are  (1) the  type of gas used, (2) the flush r a t e  (Q,) i n  l i t e r s  per 
minute, (3) the  to ta l  flush time (t ) in minutes, (4 )  the  to ta l  volume (V,) o f  
gas flushed over the ca ta lys t  in l i t e r s ,  and (5) the  r a t i o  of flush gas volume 
t o  the mass of ca ta lys t  in l i t e r s  o f  flush gas per gram of ca ta lys t .  
in the l a s t  column i s  given with i t s  standard deviation. 

The SC 

6.4.1 Nitrogen Regenerated Catalyst 

10 and 600 L o f  N, a t  ra tes  ranging from 0.5 t o  30 L/min. The resul t ing SCs 
ranged from 0.0 t o  2.6 pmol/g. 
va r i ab i l i t y  i n  t h i s  data may be noise. The longest time used t o  regenerate 
the ca ta lys t  was 984 minutes o r  16.4 hours.  . Even in t h i s  length o f  time, no 
more than 20 percent of the CO desorbed from the catalyst .  

Runs 72, 73, 75, and 76 flushed the 20 grams o f  ca ta lys t  with between 

These values are very small and the 
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Figure 6-3. 
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6.4.2 Virgin  Catalyst 

The resulting SCs ranged from 17.9 t o  21.5 pmol/g with an average of 
19.3 k 2.0 pmol/g. 

Runs 69, 74, and 85 were performed w i t h  20 o r  30 g of v i r g i n  catalyst. 

6.4.3 Air Regenerated Catalyst 

with between 30 and 840 L of a i r  a t  rates ranging from 0.5 t o  20 L/min. The 
resulting SCs ranged from 13.8 t o  19.8 ,urnol/g with an average of 
17.3 k 1.9 ,umol/g. T h i s  i s  only slightly smaller than the average SC of the 
virgin catalyst and shows t h a t  the catalyst can be effectively regenerated 

Runs 80, 82 through 84, and 86 through 89 flushed 20 o r  30 g of catalyst 
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Run Catalyst Regeneration Method % CO Sorption Capacit 
Mass Gas Q, 4 Vf Lgas pmoles CO 

9 Umin min L g Catlyst g Catalyst 

72 
73 

76 
75 

84 
86 
87 
88 

20.0 N2 0.5 20 10 0.5 0.117 1.8 k 0.7 
20.0 N, 0.5 984 492 24.6 0.123 3.7 k 0.7 

20.0 N, 30 20 600 30.0 0.132 0.8 k 0.1 
20.0 N2 12 17 204 10.2 0.135 1.8 k 0.4 

P 

69 
74 
85 

egenera 
20.0 
20.0 
20.0 
20.0 
30.0 
30.0 . 

30.0 
30.0 

0.090 18.5 k 2.0 
0.121 17.9 k 1.9 

20.0 - - - - - 
20.0 - 
30.0 - 

- - - - 
0.100 21.5 k 2.3 - - - - 

d Catalvst 
Air 
Air 
Air 
Air 
Air 
Air 
Air 
Air 

l i .0  
30.0 
30.0 
30.0 
0.5 

37.7 
0.6 
0.5 

Average SC 19.3 k -  2.0 

8.5 
27.0 
42.0 
15.0 
15.0 
25.1 
8.0 
1 .o 

0.096 
0.056 
0.123 
0.1 05 
0.101 
0.1 03 
0.101 
0.1 02 

13.8 k 1.4 
14.9 k 2.1 
19.5 k 2.2 
16.2 k 1.7 
18.5 +- 1.9 
19.8 k 2.1 
18.7 k 1.9 
17.0 k 1.8 

t Average S C  17.3 k 1.9 

with a small amount o f  a i r .  
o f  the  ca ta lys t  i s  the oxidation of the CO by the 0, in the a i r .  
capaci t ies  l i s t e d  in Table 6-1 are graphed in Figure 6-4. 

The most l ike ly  mechanism for t h i s  regeneration 
The sorption 

6.4.4 Lost Runs 

Runs 65 th rough  68, 70, 71, 77, 78, 79, and 81 were e i the r  aborted, the 
data was los t  due t o  a misconfigured computer program, or gave very poor  and 
unreliable data and, therefore,  were n o t  included in Table 6-1. 

6.5 ANALYSIS DIFFICULTIES- NITROUS OXIDE INTERFERENCE 

During the sorption capacity t e s t ,  the  samples were taken in Tedlar@ bags 
and quickly analyzed with a nearby gas chromatograph. In the analysis,  the 
N,O was parti t ioned from the other sample components by a molesieve column. 
B u t  because the concentration was so high, the column overloaded. The N,O 
peak then stretched o u t  over a considerable time period and appeared as a 
deviation o f  the expected baseline. The elution of the N,O from the column 
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Figure 6-4. Sorpt  i on Capacity . 
40 , 

- 
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Average Sorption Capacity for Nitrogen Regenerated Catalyst = 20  f 05 pmoles CO/g Catalyst. 
Average Sorption Capacity for Air Regenerated Catalyst = 173 -c 1.9 pmoles CO/g Catalyst. 
Average Sorption Capacity for Virgin Catalyst = 19.3 -C 20  pmoles CO/g Catalyst. 

was over  a long enough peri.od t h a t  i t  was i n i t i a l l y  perceived a s  an 
instrumental  e r r o r .  Several  runs gave useless d a t a  o r  were aborted because of  . 
this errat ic  base l ine .  After iden t i fy ing  the problem, an e r r a t i c  base l ine ,  
and i t s  cause,  an extended N,O e l u t i o n ,  analyses  were spaced further a p a r t  t o  
compensate f o r  the N,O e l u t i o n  (Pingel 1994). 
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7.0 CONCLUSIONS AND RECOMMENDATIONS 

The catalyst  studied i n  this t e s t  was a 50-50 blend of Engelhard Deoxo 
type 18467 and AECL hydrophobic catalyst  type 85-42. 
a stoichiometric. excess of e i ther  N,O or 0 
effectively catalyze the H, oxidation reacyion a t  a ra te  exceeding 
380 pmol/h/g and leave the gas with less  than a 0.15 percent residual H 
concentration. T h i s  should hold t rue i n  gases w i t h  up t o  2.25 percent k20 and 
0.1 percent CH,. Higher reaction rates w i t h  s l ight ly  lower conversions are 
possible, b u t  were n o t  quantified i n  t h i s  t e s t  because the blend's catalyt ic  
ab i l i t y  exceeded'the equipment's ab i l i ty  t o  feed the gas mixtures t o  the 
reactor. 

For gases having H, ani 
this catalyst  blend can 

T h i s  t e s t  limited the amount of time the H, and oxidants were given t o  
diffuse t o  the catalyst  bed and therefore limited the extent of the 
conversion. 
flowrates and those a t  high flowrates. This was also seen i n  the lower 
conversion w i t h  feed mixtures that  d i d  n o t  have excess oxidant. The grout  
vault will have a much longer residence time than the reactor vessel i n  this 
t e s t .  This will allow more time for gases t o  diffuse t o  the catalyst  bed ancI 
will resu l t  i n  conversions near 98 percent. 

This was seen in the differences between conversions a t  low 

The reaction rates observed w i t h  feed mixtures having up t o  1.0 percent 
NH, tended t o  be slower than those of other feed mixture groups possibly 
because of a s l igh t  inhibition. 
reversed adsorption of  NH, t o  the active catalyst  s i t e s .  A l e s s  l ikely 
mechanism would be oxidation of NH . *  No cumulative effect  was noted w i t h  this 
NH, i n h i b i t i o n  and no increase o f  {he effect  w i t h  prolonged exposure. 
Reaction rates  greater than 250 pmol/h/g were measured. These l e f t  a residual 
H, concentration less  than 0.20 percent H,. This lower reaction ra te  and 
conversion w i t h  NH, present should n o t  be a problem for actual operation in 
the sump. 

The catalyst  blend should also work a t  reaction rates  exceeding 
380 pmol/h/g i n  gases w i t h  up t o  0.1 percent CO b u t  only u n t i l  the catalyst  i s  
exposed t o  enough CO t o  block the catalyt ic  s i t e s  and s t o p  the reaction. 
Rates t h i s  high were n o t  observed i n  the t e s t  because, when using feed 
mixtures with 1 percent H, and 0.1 percent CO; the CO poisoned the catalyst  
before the,reactor  could come t o  equilibrium. However, ra tes  as high as 
310 pmol/h/g were observed i n  the t e s t  in gases w i t h  0.01 percent CO. 

The inhibition mechanism may be an easi ly  

The mechanism for this poisoning of the catalyst  i s  the chemisorption of 
CO t o  the active catalyst  s i t e s .  
temperature and no O,, this chemisorption is  n o t  reversible. 
chemisorbed CO will readily oxidize when exposed t o  0,, leaving the catalyst  
fu l ly  functional. 

19.3 f 2.0 pmol/g. The average SC for  catalyst  regenerated w i t h  a i r  was 
17.3 f 1.9 pmollg. The lowest SC measured for  a i r  regenerated catalyst  was 
13.8 k 1.4 pmol/lg. T h i s  number i s  conservative and can be used i n  calculating 

Under operating conditions, moderate . 
However, the 

The average SC for virgin catalyst  was determined t o  be 
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the mass o f  ca ta lys t  required in the sump for  a given period o f  time. I f  a i r  
migrates into the sump due t o  barometric pressure changes o r  diffusion, the 0, 
in the a i r  will oxidize the CO thereby regenerating the catalyst  and extending 
the operating l i f e  o f  the catalyst .  

Because the catalyst  will work effect ively until  i t  i s  nearly fu l ly  
loaded with CO, the  catalyst  bed could be oversized t o  scavenge CO for several 
years. This will keep some of the catalyst  available for the reaction fo r  
many years. When the catalyst  i s  nearly completely poisoned by CO, i t  can 
then be regenerated by exposure t o  a i r ,  e i ther  by removing the bed from the 
sump or by an ins i tu  ca ta lys t  regeneration method where an a i r l i n e  i s  
ins ta l led  in ca ta lys t  bed and a i r  i s  flushed over the ca ta lys t  without 
removing i t  from the sump. 
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8.0 NOMENCLATURE 

d = Reactor i n n  diameter 
i = Number o f  X, measurements taken 
I = Time intervay between X,, measurements 
P = Pressure 
Q = Volumetric flowrate ( a t  20°C) 
R = Ideal gas constant, 8.206*10-5 
rH = Reaction r a t e  
SC = CO sorption capacity on the ca ta lys t  
SF = Specif ic  flowrate 
t = Run time from the s t a r t  of the inlet flow 
T = Gas temperature 
V = Volume of reactor  

. = Linear velocity (adjusted f o r  temp) 
W = Mass o f  ca ta lys t  
Xi = Concentration of i i n  sample as analyzed 
Yi = Concentration o f  i i n  a i r  
7r = Residence time o f  the gas i n  the, reactor 
0 = Air contamination 
x = Conversion 

Subscripts 
i n  = i n l e t  conditions 
out = o u t l e t  o r  reactor  conditions 
f = regeneration flush during the sorption capacity test 

Superscripts 
a c t  = actual 
est = estimated 

Other svmbol s 
c a t  = c a t a l y s t  
A = standard deviation 
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Table A-1. Performance Test Sample Analysis Data. (Sheet 1 of 5) 
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Table A-1. Performance Test Sample Analysis Data. (Sheet 2 o f  5)  
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Table A-1. Performance Test Sample Analysis Data. (Sheet 3 of 5) 
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Table A-1. Performance Test Sample Analysis Data. (Sheet 4 of 5) 
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Table A-1. Performance Test Sample Analysis Data. (Sheet 5 of 5) 
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APPENDIX B 

SORPTION CAPACITY TEST DATA 
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Figure B-1. Sorption Capacity Test - Run 69. 
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Figure B-2. Sorption Capacity Test - Run 72. 

Sorption Capacity = 1.8 f 0.7 pmoles CO/g Catalyst 
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Figure B-3. Sorption Capacity Test - Run 73. 
Sorption Capacity = 3.7 2 0.7 Fmoles CO/g Catalyst 
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Figure B-4. 

Sorption Capacity = 17.9 rt 1.9 pmoles CO/g Catalyst 

Sorption Capacity Test - Run 74. 
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F i g u r e  B-5. S o r p t i o n  Capaci ty  Test - Run 75. 

Sorption Capacity = 1.8 & 0.4 pmoles CO/g Catalyst 
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Figure, B-6. Sorption Capacity Test - Run 76. 
Sorption Capacity = 0.8 f 0.1 pmoles CO/g Catalyst 
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Figure B-7. 
Sorption Capacity = 28.5 & 3.0 pmoles CO/g Catalyst 

Sorption Capacity Test - Run 77. 
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Figure B-8. 

Reaction Rate = 1005.4 f 10.2 pmole H2/h/g Catalyst 
Reaction Rate Decl ine  - Run 78. 
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Figure B-9. 
Sorption Capacity = 22.7 & 3.4 pmoles CO/g Catalyst 

Sorption Capacity Test - Run 78. 
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Figure B-10. Sorption Capacity Test - Run 80. 
Sorption Capacity = 13.8 r 1.4 pmoles CO/g Catalyst 
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Figure B-11. Sorption Capacity Test - Run 82. 
Sorption Capacity = 14.9 2 2.1 pmoles CO/g Catalyst 
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F i g u r e  B-12. Sorp t ion  Capaci ty Tes t  - Run 83. 
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Figure B-13. Sorption Capacity Test - Run 85. 
Sorption Capacity = 21.5 2 2.3 pmoles CO/g Catalyst 
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Figure B-14. Sorption Capacity Test - Run 86. 
Sorption Capacity = 18.5 -t- 1.9 pmoles CO/g Catalyst 
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Figure B-15. Sorption Capacity Test - Run 87. 
Sorption Capacity = 19.8 k 2.1 pmoles CO/g Catalyst 
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Figure B-16. Sorption Capacity Test - Run 88. 
Sorption Capacity = 18.7 & 1.9 pmoles CO/g Catalyst 
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Figure B-17. Sorption Capacity Test - Run 89. 
Sorption Capacity = 17.0 & 1.8 pnoles CO/g Catalyst 
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Table B-1. Run Data for t h e  Sorption Capacity Test .  
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APPENDIX C: EXPERIMENTAL DESIGN CALCULATIONS 

MINIMUM AND MAXIMUM SPECIFIC FLOWRATES 

Because the reaction r a t e  of the H2/N20 reaction was unknown, the  t e s t  

Reaction ra tes  outside the operabi l i ty  

apparatus was designed t o  handle a wide range o f  specif ic  flowrates (SF) .  
SF operabi l i ty  range of the apparatus was chosen s o  tha t  the crucial reaction 
r a t e  region could be investigated. 
region were n o t  considered important. 
measured accurately in t h i s  t e s t ,  the catalyst  would have no problem in 
performing in the g r o u t  vault leachate sump. And, i f  the reaction r a t e  was 
t o o  low, i t  would n o t  be practical t o  use the catalyst  in the leachate sump. 

The 

If  the reaction r a t e  was t o o  high t o  be 

The ca ta lys t  bed was designed t o  ho ld  between 50 and 1650 g o f  ca ta lys t .  

The minimum and maximum SFs tha t  the t e s t  apparatus can be 
Also, the apparatus was designed t o  meter between 50 and 750 mL/min of  gas 
into the reactor.  
operated a t  can be calculated by the  equations: 

Where : 
8 

Qmin = 50 mL/min 
Q m x  = 750 mLimin 
P = 1 atm 

5 mL.atm R = 8.206*10- 
T = 298 K 
'mi n = 50 g 
'ma, = 1650 g 
XH,in = 1.00 mole% 

SFen = 60% ( 5 0 s )  ( l a t m )  1.0% 
(8.206*10-5sK)(298K) (1650g) (100%) 

SF,, = 
(8.206 =K) 

( E q n  C - 1 )  

(Eqn  C-2) 

- mol - 
OS7'  h - g t a t a l y s t  

pmol 
37 h . g ca ta ly s t  

8Flowrate readings were displayed by the flowmeters in sccm and were 

c-2 

referenced t o  25°C and 1 atm. 
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MNIMUM AND MAXIMUM DETECTABLE REACTION RATES 

The maximum observable conversion is 100 percent which i s  the complete 
oxidation of  the H,. Assuming t h a t  the minimum decrease i n  the H, 
concentration (due t o  H, oxidation) that  can accurately be observed i s  5%, the 
minimum detectable conversion for the t e s t  i s  5 percent. 

The definition of the conversion (X) is the reaction ra te  (rH) divided by 
the SF. T h i s  can be rearranged t o  calculate-r,.  The equations for the 
minimum and maximum detectable rH are: 

Xmin = 5% 
Xmax 100% 
'',in = 0.74  pmol/h/g 
SFmax = 370 pmol/h/g 

I 

c-3 

(Eqn C-3) 

(Eqn C-4) 



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

MINIMUM AND MAXIMUM CATALYST MASSES 

The bounding case f o r  H, generat ion i n  t h e  g r o u t  v a u l t  i s  1.3 mol/h 
(Roblyer 1993). Also, t h e  b u l k  d e n s i t y  o f  t h e  c a t a l y s t  i s  approx imate ly  
1 g/mL. The mass o f  c a t a l y s t  t h a t  would be needed t o  c a t a l y z e  t h e  H, be ing  
regenerated as base on t h e  minimum and maximum r e a c t i o n  r a t e s  can be found 
w i t h  t h e  equat ions:  . 

h - QH Wmin - - 
rH, m a x  

- QH w,, - - 
rH. min 

(Eqn C-5) 

(Eqn C-6) 

QH = 1.3*106 pmoles H,/h 
rH,min = 0.037 pmol/h/g c a t a l y s t  
rH,rnax - - 370 pmol/h/g c a t a l y s t  

- n 
Wmi* - pmol e H, 

37 h - g  ca ta ly s t  

W,, = 3,500 g o f  catalyst = 3.5 L of catalyst 

- n 
WAX - pmol e H2 

h -9 ca ta ly s t  0 . 0 3 7  

W,, = 3.5*107 g catalyst = 35,000 L of catalysl 

T h i s  shows t h a t  t h e  exper imental  dev ice was designed t o  operate i n  a 
range o f  r e a t i o n  r a t e s  a p p l i c a b l e  t o  t h e  assumed sump c o n d i t i o n s .  
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APPENDIX D: DERIVATION OF EQUATIONS 

PERCENT AIR CONTAMINATION 

In le t  and out le t  gas samples of the Puns were taken and analyzed for 
several gas species. 
some extent.  
evacuation of the l i n e  when the sample container was connected t o  the analytic 
equipment, o r  an a i r  intrusion in the valves o r  piping. 
contamination was determined by calculating the Percent Air Contamination (0) 
which i s  the volume percent of the analyzed sample which i s  a i r  ra ther  than 
pure sample. 
mistakes were detected. 

Contamination of the samples with a i r  was expected t o  
Possible causes o f  t h i s  contamination are an incomplete 

The extent of a i r  

From t h i s  the t rue  sample compositions were determined and large 

ARGON METHOD: 

sample comes from the a i r  contaminating the sample. 
calculate  0 for  samples analyzed by Pacific Northwest Laboratories using a 
mass spectrometer. 

Because there i s  no argon (Ar) in any of the feed gases, any Ar in the 
This f ac t  i s  used t o  

(Eqn D-1) 

The squared re la t ive  standard deviation (RSD) for  0, which i s  the r a t i o  
of two independent and uncorrelated variables, i s  approximately: 

The RSD2 o f  each 
deviation (A) of 
becomes : 

RSD ‘(4) G RSD 2(XAr) + RSD ‘(Y,,) (Eqn D-2) 

variable i s  equal t o  the squared quantity o f  the standard 
tha t  variable divided by t h a t  variable. The equation then 

2 

(Eqn D-3) 

The standard deviation of the reaction r a t e  can then described by the 
equat i on : 

where: 
0 = Percent a i r  contamination (%) 
X,, = Mole percent of Ar in sample (%) 
Y,, = Mol e percent of  Ar in a i r  (%) . 

D- 2 
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Sample Calculation: Sample 93-019, Run 7. . 

X,, = 0.014% .t 0.001% 
Y,, = 0.'934% i- 0.001% 

0.001% 0.001% 2 4  = o.ll% 
= ('3' * [( 0.014%) + (0.934%)] 

@ , =  1.5 f 0.11 % 

OXYGEN METHOD: 

In these runs, an 0, analysis can 
be used to determine the 0 as an alternative to the Ar method. The equation 

In most o f  the runs, no 0, was used. 

for this is: 

@ 

A@ = 0 

where: 

- -  - xo2 * 100% (Eqn D-5) 
yo2 

p y  + (s2]2] (Eqn D-6) 

qO2 = Percent air contamination (%) 
= Mole percent o f  0, in sample (%) 
= Mol e percent o f  0, in air (%) . 

Sampl e Cal cul ati  on: Sampl e 93-019, Run 7. 

xo2 

xo2 

yo2 

= 0.250% .t 0.003% 
= 20.946% .t 0.002% 

0.003% 0.002% 2 f  = 0.014% 
A@ = (1.2%) * [(  0.250%rf(20.946)] 
@ = 1.2 f 0.014 % 
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RESIDENCE TIME 

The residence time (7,) is  the time required f o r  one reactor volume o f  
f l u i d  t o  flow o u t  o f  the reactor.  
gas  will spend in the reactor.  
( Levenspi el 1972) : 

I t  i s  also the average time a molecule of 
I t  was calculated with the equation 

where: 
T r  = 
v =  
Q =  
t =  

- V 
2, - - 

Q 

t 
zr 

#2, = - 

Residence time ( m i n )  
Vol ume of reactor ( m L )  
Volumetric flowrate ( m L / m i n )  
Run time. 

(Eqn D-7) 

(Eqn D-8) 

Sample Calculation: Run 7. 
V = 7571 mL Q,,, = 275 mL/min 
time = 348 min  

- 7571 mL = 2 7 . 5  min/residence t i m e  
2r - 2.75 m l / m i n  

= 13 r e s i d e n c e  t i m e s  348 m i n  
2 7 . 5  midresidence t i m e  #r, = 

SPECIFIC FLOWRATE 

The spec i f ic  flowrate (SF) is  the r a t e  a t  which H, was supplied t o  the 
The SF i s  calculated from the 

The Ideal Gas Law 
The 

reactor  per gram o f  ca ta lys t  i n  the reactor.  
i n l e t  flowrate ( 9 )  and the i n l e t  H, concentration ( X  - ) .  
was then used t o  convert the units t o  match those ot'tnhe reaction r a t e .  
equation used t o  calculate  the SF was: 

where: 
SF = Specific flowrate (pmol/h/g) 
Q = Total volumetric flow r a t e  (sccm) 
P = Pressure (atm) 
R = Ideal gas constant (8.206*10 x) 
T = Temperature (K)  
W = Mass o f  ca ta lys t  (9) 
X, = Mole percent of H, i n  gas (mole %) . 

-5 m L - a t m  

(Eqn D-9) 

D- 4 
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Sample Calculation: Run #7, sample 93-020. 
= 275 scgcm 
= 1 atm 

Q 
P 

W = 240 g 
= 0.932 mole % ',,in > 

60* h (latm) (275*) min 0'. 932 % pmoles H, reacted SF = 
(8.206*10-5sK)(298K) (240g) ( 100% ) = 26'2 h.gCata lys t  

REACTION RATE 

The reaction r a t e  i s  based on a u n i t  mass of  ca ta lys t  and is defined in 
Levenspi el (1972) as : 

where: 
r, = Reaction r a t e  of  H, (prnol/h/g) 
W = Mass of ca ta lys t  (9) 
n, = Moles of  H, reacted ( p o l )  
t = Time (h) . '  

The ideal gas law, PV=nRT, can be expressed as 
P n = - v .  

RT 

(Eqn D-10) 

(Eqn D-11) 

d 

The temperature and pressure in t h i s  equation are  the flowrate 's  
reference temperature and pressure n o t  the t e s t  conditions. The f l  owmeters 
read the  mass flowrate and display a volumetric flowrate referenced t o  25°C 
(77°F) and 1 atm. The reference temperature and pressure are  used i n  these 
equations t o  convert the volumetric flowrate back into a mass fldwrate. 

When Eqn D-11 is  substi tuted into Eqn D-10, the equation f o r  rH becomes: 

where: 
P = Flowrate reference ressur (1 atm) 
R = Ideal gas constant 

V, = Volume of gas i n  the  reactor (mL). 
T = Flowrate reference e empera mL.atm E ure (298 K) 

(Eqn D-12) 

The flowmeter reads mass flowrates and displays a volumetric flowrate 
referenced t o  25°C and 1 atm. The temperature and pressure used i n  this 
equation are the  flowmeters reference conditions, n o t  the  t e s t  conditions. 

D- 5 
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nr, rH 

In t u r n ,  V, can be expressed as:  

[?I2 + [:I2 + 

'H,in - '",out . 
"H = 6 0 t Q  [ ] (Eqn D-13) 

The unit of minutes in the flowrate i s  changed t o  hours by the conversion 60 
min/h. When Eqn D-13 i s  substituted into Eqn D-12, rH becomes: 

PQ ( ra = 60- RTW 
(Eqn D-14) 

where: 
r, = Reaction ra te  (pmol/h/g) 
Q = Total volumetric flow rate  (sccm) 
P = Flowrate reference pressure (1 atm) 
T = Flowrate reference tempera ure (298 K) 
R = Ideal gas constant 

X, = Mole percent of H2 in gas ,  in or o u t  (mole %) . 
The squared relat ive s tandard  deviation (RSD) for the reaction rate ,  

which i s  the product and ra t io  of independent and uncorrelated variables, i s  
approximately : 

W = Mass o f  catalyst  (g i mL*atm 

RSD '(rH) RSD 2 ( Q )  + RSD 2 ( W )  + RSD (Xi, - XOut) (Eqn.D-15)  

The RSD2 of each variable i s  equal t o  the squared quantity of the standard 
deviation (A) of t h a t  variable divided by t h a t  variable. 
becomes : 

The equation then 

Assuming t h a t  Xi, and X,,, are independent of each other, 

The s tandard  deviation of the reaction 
equation: 

r 

L 

he equation becomes : 

( E q n  D-17) 

rate i s  then described by the 

(Eqn D-18) 
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Sample Calculation: 
= 275 .+ {f sccm 
= 1 atm 

Q 
P 
R /unole-K 
T = 298 K 
W =. 240 k 0.1 g 

Run #7, samples 93-019 (out) and 93-020 ( i n ) .  

- - 8.206*10-5 mL.atm 

in  = 0.932 k 0.009 mole % 
X" I out = 0.016 2 0.002 mole % 

60* h (latm) (275%) 

(8.206*10-5~K)(29810 (240g) 
rH = 

0.932%-0.016% pmoles H, reacted 
* ( 100% ) = 25*8 h - g C a t a l y s t  

o.0og2 + 0.0022 pmol es  H, 
A r H  A 25.8 [(xr 27 5 + (")z 240 + ( (0.932 - 0.016)2 ,.]i ' ' 94 h - g catalyst  

t 

CONVERSION 

The conversion dur ing  a r u n  i s  the r a t i o  between the  reaction r a t e  and 
spec i f ic  flowrate of H, which  allows the reaction r a t e s  t o  be compared t o  each 
other w i t h  consideration of the d i f fe ren t  spec i f ic  flowrates. The equation 
used f o r  the conversion was: 

x = 3 * 100% (Eqn D-19) SF 
where: 

X = Conversion (%) 
rH = Reaction r a t e  (pmol/h/g) 
SF = Specific flowrate (pmol/h/g). 

"The flowmeters read the mass flowrate and then displayed a volumetric 
flowrate referenced t o  25°C (77°F) and 1 atm. Temperature and pressure- a re  
the f lowrate 's  reference temperature and pressure and are  used i n  these 
equations t o  convert the volumetric flowrate back in to  a mass flowrate. There 
i s  no e r r o r  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 rH and SF (Eqns D-14 and 
D-9) into Eqn D-19 and canceling terms, the equation for the conversion can be 
shown in its more common form (Levenspiel): 

* 100% . X~,in - X ~ , o u t  
XH, in 

X =  (Eqn D-20) 

Equation D-17 was used in the calculations. 

Sampl e Cal cul a t i  on: Run #7. 

rH = 25.75 pmol/h/g 

SF = 26.20 pmol/h/g. 

25.75 * 1 0 0 %  = 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 0 
composition deviation at that 0. The average deviation was calculated by 
dividing the average Xo by the average (0 and multiplying by the (0 (Ar method) 
for that sample. 
non-FM1 values for Xo and 0. The equation for the corrected composition was: 

The average X, and 0 were determined by averaging all the 

where:, 
= Mole percent component i in sample corrected for air 

= Mole percent component i in sample as analyzed 
= Average mole percent component i in sample as analyzed 
= Percent air contamination 
= Average percent air contamination 

Run #7 .  

contamination X O  

X O  3, ave 

Oave 

Sample Cal cul a t i  on: 
= 0.525% 0, 
= 0.26914% 0, 
= 3.105% 

XO 
$,a"e 

'ave = 2.07078% 

(3 .105%)  = 0.121% 0, 0.26914% x,' = 0 .525% - 2 . 0 7 0 7 8 %  

D-8 
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SORPTION CAPACITY 

The CO sorption capacity of the catalyst  (SC) i s  the total  amount of CO 
t h a t  chemisorbs t o  the catalyst .  To calculate this, the manner i n  which the 
reactor works needs t o  be understood. 

flow reactor where the in le t  gas i s  mixed with the b u l k  of the gas i n  the 
reactor. Therefore, the out le t  gas concentration (Xcofout) i s  the same as the 
concentration of the gas in the reactor. 
reactor, the X, out increases with time until arriving a t  the in l e t  
concentration (($o,in). The difference between the X, and X Ofin is  the 
amount o f  CO the reactor retains in the gas phase. Assuming the gas remains 

I , a t  a constant density (constant pressure and temperature), and CO is retained 
only in the gas  phase of the reactor, and the reactor acts as a perfectly 
mixed s t i r red  tank reactor, X, out should follow a f irst  order equation for a 
mixed flow reactor. T h i s  can %e derived as: 

The reactor i n  the experimental apparatus closely approximates a mixed 

Starting w i t h  zero percent CO in the 

Accumulat ion = In - Out 

- V 7, - - Q 

 in- X ~ ~ , o u t  est ] - - 7, t -Ln [ 
XCO, in 

-- est 
Xc0,out = e ; 

1 -  II 
4 0 ,  in 

XCO. out - Xco, i n  (1 - e-<) (Eqn D-22) 
est - 

where: 
V 
t 

Xco, in 
9 
W 
7r 

= Volume of the reactor ( m L )  
= T'ime from the s t a r t  of the in le t  flow (min)  
= CO concentration in the offgas assuming no CO chemisorption (%) 
= CO concentration i n  the feed gas (%) 
= Total volumetric flowrate i n t o  and o u t  of the reactor ( m L / m i n )  
= Mass of catalyst  (9) 
= Residence time o f  the gas i n  the reactor ( m i n ) .  

xE:fo"t 
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Assuming t h a t  bo th  t and 7 ,  are constants the squared residual standard 
The standard deviation for  the devi a t i  on of X ~ ~ ~ o  

estimated outlet  t 0  concentration i s  then: 
equals that  of the XCO,in. 

est - est ax,,, i n  
4 0 , o u t  - Xc0,out 

'co, i n  

The SC i s  the t o t a l  amount of CO t h a t  one gram of 
chemisorb. SC i s  calculated by finding the difference 

(Eqn D-23) 

catalyst  wi 11 
between the estimated 

CO concentration (XE::out) and the actual CO concentration of the outlet  stream 
(Xco,o t ) .  
summalion of the estimated and actual CO concentrations over a l l  the intervals 
i s  then mu'ltiplied by the Q. When the Ideal Gas Law i s  applied, the equation 
for  SC becomes: 

a c t  The outlet  CO concentration i s  measured a t  intervals of I .  The 

(Eqn D-24) 

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

Assuming no error in T and P and assuming the sampling interval ( I )  i s  
constant t h r o u q h o u t  each r u n ,  the squared residual standard deviation of the 
sc i s  approximately: 

RSD2(SC) RSD2(Q) + RSD2(1) + RSD2(W) 

Assuming t h a t  X i s  uncorrel ated between sampl i ng interval s : 

and assuming t h a t  XeSt and XaCt are 

va r  [xi (x:::out,i - 

uncorrel ated: . 

(Eqn D-25) 

(Eqn D-26) 

(Eqn D-27) 
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. .  

t h e  equat ion  f o r  t h e  standard d e v i a t i o n  o f  t h e  s o r p t i o n  c a p a c i t y  (AX) i s :  
r 

I 

Sample Calculation: Run # 84 
XEtin = 0.106 & 0.001% 
t = 1 minute 
7, = 14.0 min 

lmin est,l - Xco,out - (0.106%) (l-e--) = 0.007% 

P = 1 atm 
Q = 540 k 50 mL/min 

W = 20 2 0.1 g c a t a l y s t  
I = 10 F 0.2 min 

- - 

t 

1 
11 
21 
31 
41 
51 
61 
71 
81 
91 

- 

- 

Table D- 

est  
xco out  

~~ 

0.007 
0.057 
0.082 
0.093 
0.099 
0.102 
0.104 
0.104 
0.105 
0.105 

Summati on 

. Run 

Xact 
C0,OUt 

0.000 
0.020 
0.040 
0.054 
0.071 
0.088 
0.098 
0.103 
0.104 
0.104 - 

1 Data for 

I* (x:::out 
-)(act 

c0,out) 

0.0073 
0.3709 
0.4152 
0.3949 
0.2836 
0.1424 
.O .OS64 
0.0134 
0.0068 
0.0084 

1.6984 

0 
1. ooo*lo-6 
1. ooo*lo-6 
1. ooo*10-6 
1. ooo*10-6 
1. ooo*10-6 
1. ooo*10-6 
1. ooo*10-6 
1. ooo*10-6 

0 

8. 000*10-6 

D-11 

: i ty  Calcula 

(AG:out) 

0 
8. 225*10-6 
4.193*1 0-6 

3. O26*1Oe6 
1. 977*10-6 
1. 363*10-6 
1. 129*10-6 
1.036*1 0-6 

1. 023*10-6 
0 

2. 1764*10-5 

ion. 
Xest 

act  
co, out 

-%or out 

0.00723 
0.03709 
0.04152 
0.03949 
0.02836 
0.01424 
0.00565 
0.00134 
0; 00068 
0.00084 

0.1764 
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CP = 
(1 a t m )  (540% min 1 

"b 

(8.2O6*1Om5 pmol mt.am esX )(298K) (20 g c a t )  

(1.6984 %CO*min) = 18,8 p moles CO 
100% g c a t a l y s t  

0.1 t- (8.000 * lo4) + (2.1764 * lo3) Z = 1 . g  moles  co 
g catalyst I h s C  = 18.8 * [$I2 + [GI2 + [%] 

(0.1764 ) 2  

p o l e s  CO 
g catalyst 

SC= 18.8 f 1.9 
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PERFORMANCE TEST PROCEDURES 
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APPENDIX E: PERFORMANCE TEST PROCEDURES 

PERFORMANCE TEST RUN PROCEDURE 

This procedure was used t o  operate the HRC t e s t  apparatus and conduct the 
HRC performance t e s t  runs. 

1. 
2 .  
3. 
4 .  
5.  
6 .  
7 .  
8.  
9 .  

10. 
11. 
12. 

13. 
14. 

15. 

16. 

17. 

18. 

19. 

%fjj+iie@tl:: . . . . . . . . . . . . . . .  T u r n  on the ch i l le r  attached t o  the heat exchanger. 
Reinstall the reactor head and reconnect a l l  tubing. 
Check for  leaks in the reactor (refer t o  the pressure testing section). 
Pressurize the regulators on a l l  the cylinders t o  be used t o  20 psi .  
Check the cylinders for  enough gas t o  complete the t e s t .  
Open FC-5 and V-1 t o  purge from the flow controllers t o  the reactor. 
Open V-9 t o  purge the reactor vapor space and the offgas tubing. 
Wait 10 minutes, approximately 10 residence times. 
Close V-1 and V-9. 
ZT needed; Check the water level in the humidifier and f i l l  as necessary. 
Depressurize the reactor. 
Set the mass flow controllers t o  the predetermined t e s t  flowrates, s tar t ing 

S t a r t  temperature s t r i p  chart. 
Record in the logbook the following: 

Wait for  P-3 t o  decrease. 

with N,. 

Date and time 
Run # 
Apparatus # 
Feed mixture # (FM #) 
Mass flowrates from FC-1 t h rough  FC-5. 

@..-n&%ed-:$ . . . . . . . . .  ... Check the inlet  gas temperature (T-2) .  Adjust t h e  ch i l le r  
temperature i f  T-2 i s  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. 

suspected. 

Procedure.) 

Wait for 5 t o  10 residence times or l e t  the system r u n  until equilibrium i s  

Take the f i r s t  H, measurement. (Refer t o  the Online Hydrogen Analysis 

Let the system r u n  for 15 t o  30 minutes. 
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20. Take another H, measurement. (Refer t o  the Online Hydrogen Analysis 
Procedure. ) 

If the online hydrogen analysis indicates equilibrium has been reached, 
proceed t o  step'20; otherwise, go back t o  step 18. 

HOLD: 

21. Take the f i r s t  outlet  gas sample. 
22. Wait for  15 t o  30 minutes, allowing the system t o  r u n .  
23. Take another H, measurement. (Refer t o  the Online Hydrogen Analysis 

(Refer t o  the Sampling Procedure). 

Procedure. ) 

HOLD: I f  the online hydrogen analysis indicates equilibrium has been reached, 
proceed t o  step 24; otherwise, go back t o  step 18; 

24. Take the second outlet  gas sample. 
25. Take the in l e t  gas sample. 
26. Turn off the mass flow controllers, FC-1 t h rough  FC-4. 
27. Purge the system w i t h  N,. 
28. T u r n  o f f  FC-5. 
29. Turn  off PR-1 through PR-6 i f  another run will n o t  be performed immediately. 

(Refer t o  the Sampling Procedure). 
(Refer t o  the Sampling Procedure). 

Optional : 
30. 'Remove the reactor head. 
31. Inspect the catalyst  bed. Remove any excess water i n  the' bottom of the 

reactor. 

PERFORMANCE TEST PRESSURE TESTING 
The following was the method used t o  check for  leaks in the t e s t  apparatus. 

I t  was used each time the reactor head was reinstalled o r  tubing was 
reconf i gured . 

1. Close the offgas valve. 
2. Pressurize purge gas cylinder t o  90 psi. 
3. Open V-1 (or V-9). 
4. Wait for reactor pressure t o  reach 90 psi. 
5. C1 ose V-1 ( o r  V-9). 
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6 .  I f  p r e s s u r e  on P-1, P-2, and P-3 d e c r e a s e s ,  t i g h t e n  the f i t t i n g s  and 

7.  When pressure a s  read on P-3 is  maintained f o r  15 minutes, open the  o f f g a s  
r e a c t o r  head cl amp. 

v a l v e  and cont inue .  

PERFORMANCE TEST ONLINE HYDROGEN ANALYSIS PROCEDURE 
The procedure followed f o r '  performing on1 ine hydrogen a n a l y s i s  us ing  the  

Whit taker  hydrogen a n a l y z e r  was a s  fo l lows .  

1. Open V-16. 
2. 
3 .  
4. 
5. 
6 .  

Turn V-14 ( o r  V-5) t o  r e d i r e c t  the gas  f low towards HA-1: 
Wait 5 t o  10 minutes, l e t t i n g  the  i n l e t / o u t l e t  g a s  i n t o  the  a n a l y z e r .  
Record the  measurement i n  the  logbook along w i t h  the  d a t e  and time. 
P u t  V-14 ( o r  V-5) back t o  the  or i 'g inal  p o s i t i o n .  
Open V-15 t o  flush o u t  the HA-1 sample chamber. 

NOTE: Do not  open V-15 a l l  the way. The i n c r e a s e  i n  p r e s s u r e  will d r i v e  the  
H, i n t o  t he  a n a l y z e r ' s  membrane. 

7. Close V-16 a f t e r  running the  approximately 10 minutes. 

PERFORMANCE TEST SAMPLING PROCEDURE 
The procedure followed f o r  t a k i n g  i n l e t  and o u t l e t  gas  samples was a s  

f o l 1  ows . 

1. 
2. 
3. 
4.  
5.  
6 .  
7 .  
8. 
9. 

10. 

I n s t a l l  t he  GSC t o  the  sampling p o r t s .  
Open the GSC va lves .  
Open t he  sampling va lves  (V-7 & V-8 o r  V-11 & V-12). 
Close V-6 o r  V-10 t o  d i v e r t  the  g a s  flow. 
Open V-6 o r  V-10 t o  r e - d i v e r t  the  gas  flow. 
Close the sampling va lves  (V-7 & V-8 o r  V-11 & V-12). 
Close the GSC v a l v e s .  
Detach, the  GSC 
Screw plugs  i n t o  the  sampling p o r t s  o r  i n s t a l l  another  GSC. 
Label sample and record  i n  logbook. S t o r e  sample f o r  sh ipping  t o  a n a l y s i s .  
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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 t o  operate the HRC t e s t  apparatus and conduct the 

CO sorption capacity t e s t  runs. 

1. Rei'nstall the reactor head and reconnect a l l  tubing. 
2 .  Check for  leaks in the reactor ( refer  t o  the Pressure Testing section). 
3 .  Pressurize the regulators on a l l  the cylinders t o  be used t o  20 psi. 
4.  Check the cylinders for enough gas t o  complete the t e s t .  
5.  Open V-9 and V-10 t o  purge the reactor vapor space and the offgas tubing. 
6.  Wait 10 minutes. Approximately 10 residence times. 
7. Close V-9 and depressurize the reactor. Wait for P-3 t o  decrease. Close 

8. Set the mass flow controllers t o  'the predetermined t e s t  flowrates and 

Take an in le t  sample from V-7 using a Tedlar bag and analyze. If the gas 

V-6 and V-10 t o  isolate the reactor. 

Open V-7. 

composition i s  correct, proceed t o  the next step. If n o t ,  re-adjust 
the mass flow controllers and resample. (Refer t o  the Sampling 
Procedure). 

9. 

Optional : 
10. Check the in le t  flowrate with a bag and stop watch. (Refer t o  the 

Close V-7 and open V-6 t o  route the feed mixture into the reactor. 

Record the following in the logbook 

F1 owrate Measurement Procedure). 
11. 
1 2 .  Star t  the stopwatch. 
13. 

Date and time . 
Run # 

Feed mixture # (FM #) 

Procedure). 
14. Take an outlet  sample every 10 o r  15 minutes. 

Repeat Step 14 until the outlet  concentration equals the inlet  

(Refer t o  the Sampling 

15. 
concentration. 
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Optional : 
16. Take an in l e t  sample'from V-7 using a Tedlar bag. Then run this sample 

on the gas chromatograph. 
17. Turn  off the mass flow controllers. 
18. Close V-6 and V-10 t o  isolate  the reactor. 
19. Proceed t o  the Regeneration Procedure. 

(Refer t o  the Sampling Procedure). 

' REGENERATION PROCEDURE 
This i s  the procedure used t o  regenerate the catalyst  i n  the CO so rp t ion  

Either bottled N, or bottled a i r  was used as the regeneration capacity t e s t .  
gas. 

c 1. Open V-10 
2.  
3 .  Time the regeneration. 
4. Record: 

. Open V-9 and allow the regeneratton gas t o  flush the reactor. 

mass of catalyst  
type of regeneration gas (N2 or bottled a i r )  
regeneration gas flowrate 
regeneration pressure 
length of regeneration. 

total  volume of  regeneration gas 
volume of  regeneration gas per mass of catalyst .  

. 

5. Cal cul ate: 

FLOWRATE MEASUREMENT PROCEDURE 

feed mixture flowrate. 
T h i s  procedure was used t o  perform a bag and stopwatch check on the in l e t  

1. 

2. 
3 .  

4.  Remove the sample bag. 

Take an i n l e t  sample (approximately 2 minutes) and accurately time i t .  

Using a scale, t a r e  a bucket that  is f i l l ed  t o  the rim with water. 
Completely submerge the inflated sample bag in the bucket o f  water-. 

(Refer t o  the Sampl ing Procedure). 

The 
displaced water will run over the side of  the bucket. 
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5. 
6.  The difference between the in i t i a l  and final bucket weights i s  the mass 

7 .  

Scrape a l l  the water off of the scale and weigh the water bucket. 

of water di spl aced. 

water mass t o  find the volume of the sample. 
sampling time t o  find the flowrate. 

Assume the water density i s  1 g/mL and multiply th i s  times the displaced 
Then divided by the 

PRESSURE TESTING 
The following was the method used t o  check for leaks in the t e s t  

apparatus. 
was reconf i gured . 

I t  was used each time the reactor head was reinstalled or tubing 

1. Close the offgas valve. 
2 .  
3. Open V-1  ( o r  V-9). 
4. 
5.  Close V-1 (or V-9). 
6 .  If pressure on P-1, P-2, and P-3 decreases, tighten the f i t t i ngs  and 

7 .  

Pressurize purge gas cylinder t o ' 9 0  psi. 

Wait for reactor pressure t o  reach 90 psi .  

reactor head clamp. . 

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

SORPTION CAPACITY TEST SAMPLING PROCEDURE 
The procedure followed for  taking outlet  (and in le t )  gas  

fol1 ows. 

1. 
2 .  
3. 
4.  
5. 
6.  
7. 
8. 
9. 

Install  the Tedlar bag on to  V-11 (or V-7 for in le t  sampl 
Open the sampling valve V-11 (or V-7). 

samples was as 

Open the Tedlar bag valve and close V-10 (o r  V-6) t o  divert  the gas flow. 
Fil l  bag for 2 minutes. . 

Open or V-10 ( o r  V-6) t o  re-divert the gas flow. 
Close the Tedlar 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 logbook. 
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10. Record the following information on the Sample Logsheet: 
sample number 
run number 
1 ogbook page number 
apparatus number 
run time (time from start of run) 
f l  owrate 
gas temperature in reactor 
feed mixture (FM) number 
In1 et/Outl e t  
notes 

Chromatograph ( G C )  and start the GC.  
11. Connect the Tedlar bag f i t t i ng  t o  the injector p o r t  of the Gas 
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