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1. Introduction 

The Manford Waste Vitrification Plant (HWVP) is being designed for the Department of 
Energy (DOE) to immobilize preeeated highly radioactive wastes in glass for permanent disposal. 

In the Hwvp, formic acid is added to the waste before vi.trit?caton to adjust glass redox and melter 

feed rheology. The operation of the glass melter and durability of the glass are affected by the 
glass oxidation state. Formation of a conductive metallic sludge in an over-reduced melt can result 

in a shortened melter lSetime. An over-oxidized melt may lead to foaming and loss of ruthenium 
as volatile RuO4. Historically, foaming in the joule heat& ceramic melter has been attributed to 

gas generation in the melt which is controlled by introduction of a reductant such as formic acid 

into the melter feed. F d c  acid is also found to decrease the melter feed viscosity thereby 
facilitating pumping. 

The catalytic decomposition of formic acid can lead to the unwanted generation of hydrogen 
by the reaction 

HCOOH ----> H2 + C02 

The catalytic role of the noble metals fissibn products, Ru, Rh, and Pd, in hydrogen 

generation from formic acid is discussed in previous technical reports. This technical report 
discusses the noble metal catalyzed foxmic acid reduction of nitrite andor nitrate to ammonia, a 
problem of considerable concern because of the generation of a'ptential ammonium nitrate 

explosion hazard in the plant ventilation system 



2. Summary and Recommendations 

The work summarized in previous technical reports2*3 suggests that the 
paedomhant source of hydrogen generation fioin the fonnic acid treatment of nuclear waste 
simulants containing nitrite and nitrate is a nitri te-promoted homogeneous rhodium- 
catalyzed process. A mechanism has been proposed for this process based on 
nitrorRodlium(nl) intermediates.3 In the case of ammonia generation from the'formic acid 
treatment of the same nuclear waste feed sirnulants, the predominant process appears to be 
heterogencous catalysis involving supported rhodium or palladium metal catalysts. Thus 
5% rhodium metal supported on carbon or alumina is a considerably more active catalyst 
for ammonia production than soluble rhodium trichloride. Nitrate rather than nitrite appears 
to be the major nitrogen source for ammonia production as shown by experiments in which 
either nitrate or nitrite is added to a special nitrogen-free feed simulant. The following 
observations indicate the close similarity between the noble metd-catalyzed formic acid 
reduction of nitrate to ammonia on the one hand and organic hydrogenation 
~ ~ o c ~ s s G s ~ ~ ~ ~ ~ ~ ~ ~ ~  on the other hand: 
(1) The supported noble metal catalysts, namely supported rhodium and palladium 
catalysts, are the same as those which are most active for organic hydrogenations under the 
mildest conditions; 
(2) Ammonia production from the nobIe mnetal-catalyzed formic acid reduction of nitrate 
appears to occur at the expense of hydrogen production. For example, 5% Rh/C and 
Rh/AlzO3 are good catalysts for ammonia production but poor catalysts for hydrogen 
production whereas RhClf is a good catalyst for hydrogen production but a poor catalyst 
for ammonia production. Furthermore, in some of the experiments with supported 
palladium catalysts, some of the initially produced H2 in the closed system is consumed as 
ammonia is produced. 
(3) Formic acid is kn0wng.lo-1~ to be a transfer hydrogenation reagent for conversion 
of nitro compounds to amines in the presence of noble metal catalysts according to the 
following reaction (R = alkyl or aryl group): 

Palladium on charcoal is among the most active catalysts for this reaction.9 
These studies of ammonia production upon formic acid treatment of nitrate- 

containing feed simulants suggest further work in the following areas in order to obtain a 
greater understanding of the chemistry of reactions of formic acid with nuclear wastes: 
(1) The reaction conditions for the fonnic acid treatment of nitrate-containing feed 
simulants in the presence of supported palladium catalysts are similar to those used for the 

RN02 + 3 HC02H + RNH2 + 2 H20 + 3 C02T (2) 



pdadiurn-catalyzed hydrogenation of nitrate to hydro~ylanaine.1*~~3*1~ This suggests that 
reducbion to RydroxyIamine could be another fate of some of the nitrogen in feed simulant 
media upon formic acid treatment. Experiments designed to monitor the formation of 
hydroxylamine in feed simulant media upon treatment with formic acid are of interest. 
E%ectmchemical methods may be applicable for hydroxylamine analyses in feed simulant 
media based on the methodology used in the Russian work.%2*13*%4 
(2) Formation of ammonia upon treatment of nitrate- and iron-containing feed simuIants 
appears to be accompanied by reduction of some of the iron(nI) to i r o n 0  indicated by 
the 602 balance as well as the color of the iron hydroxide precipitate when aliquots of the 
reaction mixture are made basic prior to analysis with the ammonia electrode. Use of a 
redox probe to monitor the redox potential of the feed shulant during formic acid titration 
might allow this effect to be meas.ured. 

3. Experimental Approach 

3.1 Feed simufant experiments 
The experimental methods were similar to those used in previous work3 with the 

necessary modifications to allow monitoring of ammonia production. Thus the reactions 
were conducted in glass reaction vessels of -550 mL total capacity equipped with a 
threaded plug and O-ring adapter. A pressure gauge was attached to the system. The three 
side-arms of the vessel near the top were capped with mbber septa through which needles 
could be inserted to flush the system or to sample the gas phase. A fourth opening also 
capped by a rubber septum was used for the periodic withdrawal of liquid sampIes fiom the 
reaction mixture for ammonia analyses. The reaction vessel had two thermocouple wells. 
A thermocouple attached to a cycle heater was placed in one well to maintain a constant 
temperature. The other well was used to check the temperature of the reaction mixture 
independendy with a second thermocouple. The reaction mixture was stirred magnetically 
during the course of the experiment 

In typical experiments a reaction vessel of the above type was charged with 50 mL 
of the feed simulmt or other reaction medium, 10 mL of water, and a solid noble metal 
catalyst. After flushing the mixture with Ugon, the system was closed and the gas phase 
analyzed using the system described below. The solution was warmed to the desired 
reaction temperature (typically 90°C) and kept there using a temperature controller. Formic 
acid was then added below the surface of the feed simulant from a 10 mL plastic BD 
disposable syringe driven by a Sage Instruments Model 355 syringe pump set to deliver 
0.0194 mumin (1.164 inL/hr) corresponding to 0.118 inmoles HCOaH/min or 26.9 
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m o l e s  HC@H/hr. The setting on the syringe pump to achieve this rate of addition was 
checked weekly with pure water. The pressure gauge was used to monitor the pressure 
buildup from the gases produced during the experiment and to assure the absence of leaks. 
Pressures in excess of 30 psig were frequently found to cause leakage problems and thus 
were avoided by limiting the amount of f e d  simulant used. Gas samples were withdrawn 
periodically at the reaction temperature using a Pressure-Esk syringe inserted into one of 
the rubber septa; these samples were analyzed immediately by gas chromatography as 
indicated below, Liquid samples were also withdrawn periodically using a 1 mL syrhge 
and analyzed for NH4+/M-13 using the ammonia microelectrode described below. 

A summary of all of the experiments of this type is given in Appendix A. 

3.2 Gas analyses 
Hydrogen analyses were gerfonned using a Varian 9OP gas chromatograph. The 

hydrogen was eluted on an 20 cm x 6 mm column packed with a 40/60 mesh 1 3 ~  
molecular sieve material obtained from Varian Corporation. Argon was used as the carrier 
gas. The column temperature was maintained at 80°C. Carbon monoxide, carbon dioxide, 
nitrous oxide, and nitric oxide were monitored using a Fisher Model 1200 gas partitioner. 
The gases were separated on the basis of their size and polarity by means of two columns, 
a 2m 80/100 mesh Columnpak PQ and a 3.3 in 13x molecular sieve column mounted in 
series using helium as the carrier gas. The temperatures of both columns were maintained 
at 50°C. Sensitivity factors were detennined from known amounts of pure certified 
samples of the gases of interest and were rechecked every week. Nitrogen dioxide could 
not be determined by gas chrormtomphy because of the Na4d2O4 equilibrium. 

3.3 pH monitoring 
The pH of seIected reactions was monitored using an Ingold HA405-DXK-58/120 

Combination Xerolyt pH electrode with a 2-14 pH range and a 0-1 10°C temperature range 
and resistant to pressures up to 16 bar at 25°C and 6 bar at 100°C without pressure 
compensation. Temperature compensation for the pH measurements was effected with a 
PT 100-S8- 120 automatic temperature compensator. The pH electrode and .temperature 
compensator were connected to an Ingold Model 2300 pH transmitter which could read 
both pH and temperature. Before each experiment a two-point calibration of this system 
was performed using standard pH 2.00 and 9.00 buffers. 



3.4 Ammonia analyses 
After completion of the treatment of the feed simulants with the formic acid, the 

resulting reaction mixture was analyzed for ammonium ion produced by nitrate or nitrite 
reduction. In this connection a 0.5 mE sample of the reaction mixture was diluted with 0.5 
mL of distilled water and then made strongly basic with 1 to 2 drops of 10 N sodium 
hydroxide in order to convert NH4+ to NH3. The ammonia concentration was then 
determined using a MI-740 microammonia electrode obtained from Microelectrodes, Inc., 
Londondeny, New Hampshire. This electrode is designed to measure ammonia gas and 60 

record the ammonia concentration as millivolts on a standard pH meter; an Orion 290A 
portable pH meter was used for these studies. The ammonia electrode was calibrated 
before each analysis using 6.1 N, 0.01 N, and 0.001 N N&CI solutions made basic with 
10 N sodium hydroxide. 

4. Results 

. 

4.1 Ammonia analyses of previous runs. 
The concentrations of ammonium ion produced by selected syringe pump titrations. 

of various nitrite and/or nitrate-containing feed siinulants with 88 wt % formic acid in the 
presence of various noble metals during the period July, 1992, to July 1993, were 
determined by ammonia analyses as outlined above. The ammonia analyses were 
performed on the residues remaining from the experiments, which had been stored in 
sealed screw cap bottles since completion of the experiments. 

The resuIts summarized in Table 1 indicate that the only experiments which 
produced significant qunntities of ammonia (> 1 mmole) were the runs using the rhodium 
catalysts supported on charcoal or alumina (the 9/2/92 and 10/2/92 experiments, 
respectively). These experiments are also distinguished by the production of far too much 
carbon dioxidels to arise solely from reactions of formic acid leading to carbonate 
decomposition, M n 0 2  reduction to M d + ,  nitrite reduction to N20, and formic acid 
decomposition to H2. In addition the final pH in both of these experiments is much higher 
(6.9) than the final pH in any of the other formic acid titrations (2.9 to 4.3). Production of 
each mole of ammonia by nitrate reduction can convert four moles of formic acid to carbon 
dioxide and neutralizes a fifth mole of formic acid to give formate, i.e. 

5 HC02H + NO3-+ N H 3  + HC02- + 4 C02 + 3 H20 (3) 
- The observed final pH of 6.9 is outside the range of the formic acidformate buffer @K of 
HC02H = 3.7) but in the range of the carbonic acid/bicarbonate buffer (pK1 of H2CO3 = 
6.4). Thus some of the carbon dioxide liberated by the formic acid forms the bicarbonate 
ion and thus cannot be measured in the gas phase. 

5 



Table 1 
Ammonia Analyses on Samples from Selected Titrations of Feed Simulants 

1/8/93 mtefi60). PdCh( 14) 0 92&1 0.1 10.6 0.1 

1/9/93 mter(60). P d Q (  14) 0 92k2 1.4 10.0 0.8 

1/13/93 W31er(60), PdCI2( 14) 0 90k2 1.4 9.6 0 

12fi/92 IIMDXC(S0) "R~C13.3Hfl-(15) , 3.53(152) 89+1 0 2.7 , 0.1 . 
5/19/93 12MIFC50) I "RuCl~*3H20-(1S) J 3.63(190) I 9ofl 0 3.9 I 0.1 

N a W  .5g). 

NdQ(0Jg). 
HCeNa(62g)  

HC@Na(6.2g) 

HCOzNa(6.2g) 

~ 
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These obsebvations suggest that ammonia production by the rhodium catalyzed 
' reduction of nitrite or nitrate ion by formic acid is highly dependent on the form ofthe 

rhodium. Thus highly dispersed rhodium on alumina or charcoal is a very active catalyst 
whereas solubIe rhodium compounds (such 3s the nitrorhodium complexes obtained diom 
rhodium chloride and nitrite ion) are much less active catalysts. Furthermore, rhodium 
coprecipitated with the iron fraction in the feed simulant UGA-13+Rhl is not an active 
catalyst even though the hydrous rhodium oxide is presumably dispersed in the other 
insoluble metal hydrous oxides. 

4.2 Ammonia monitoring of runs with supported rhodium catalysts 
The initial studies were performed using the UGA-12Ml feed simulant and 5% 

rhodium on charcod or alumina since the ammonia analyses on reaction products from 
various experiments performed in 1992 sutnmarized in Table 1 suggested that these 
supported rhodium metal catalysts produced the largest amounts of ammonia, Egures 1 
and 2 show the production of H2, NH3, N20, NO, and C02 from the full feed simulant 
UGA-12MlH upon titration with 88 wt 5% formic acid in the presence of 5% Rh/C (Figure 
1) and 5% RWA1203 (Figure 2). respectively, at 90uC. Both of these experiments using 
supported rhodium metal catalysts are seen to produce significant amounts of ammonia. In 
fact the amounts of ammonia produced in these experiments are significantly larger than the 
amounts of hydrogen. 

The use of supported rhodium metal catalysts appears to be essential for the 
production of relatively large amounts of ammonia. Thus titration of the full feed simulant 
UGA-12MIH with 88 wt % formic acid in the presence of rhodium trichloride (Figure 3), 
which are the standard conditions used for many of the experiments run during the past 
year, is seen to produces much more hydrogen and much less ammonia. Since ammonia 
production appears to occur at the expense of hydrogen production, we suspect that the 
supported rhodium metal catalysts are functioning as hydrogenation catalysts for nitrite, 
nitrate, and/or nitrogen oxides. This idea is also supported by the observed decrease in 
nitric oxide concentration to zero in the experiments using supported rhodium catalysts 
producing significant amounts of ammonia. 

A question of considerable interest is whether nimte or nitrate is the source of the 
ammonia nitrogen. In this connection the nitrite-free feed simulant UGA-1OGXNITl was 
titrated with formic acid in the presence of sodium nitrate as well as 5% rhodium on 
charcoal (Figure 4). The amount of ammonia produced in this experiment (1.6 mmoles) 
was essentially identical to the amount of ammonia produced in an experiment using the full 
feed simulant UGA-12MlH containing nitrite (Figure 1). No nitrogen oxides were 



observed in the experiment with the nitrite-free feed simulant indicating that rhodium cannot 
catalyze the fomic acid reduction of nimute to N2O or NO. 

Two other experiments indicate the role of supported rhodium metal catalysts in 
ammonia production from nitrogen-oxygen species and fonnic acid: 
(I) The usual protocol for the preparation a% UGA-IOXNN feed simulant was 
followed except that 0.284 g. of hydrated rhodium trichloride was added to the aluminum 
&rate before precipitation of the aluminum hydroxide. The presence of rhdum(III) the 
dumhurn hydroxide precipitate was indicated by the tan color of the precipitate and a 
colorless supernatant liquid. Titration of this feed simulant with 88 wt 8 formic acid at 
90°C in the presence of sodium nitrate gave negligible amounts of ammonia and 0.4 
m o l e s  of H2. This experiment suggests that supported rhodium must be the free metal 
(Le., in the zero oxidation state) to exhibit high activity for the reduction of nitrate to 
ammonia by formic acid. 
(2) Negligible amounts of ammonia were observed when the  same 
UGA-lOXNN'/NaN03 mixture was titrated with 88 wt % formic acid at 90°C in the 
presence o€ soluble rhodium trichloride rather than the 5% rhodium on carbon used in the 
experiment depicted in Figure 4. 

Important conclusions suggested by the experiments outlined above concerning the 
fiodium-catalyzed reduction of nitrogen-oxygen compounds to ammonia by formic acid 
include the following: 
(I) Nitrate rather than nimte is the principal source of ammonia. 
(2) Ammonia production appears to occur at the expense of hydrogen production. 
(3) Supported rhodium metal catalysts are more active than rhodium in any other form 
suggesting that ammonia production involves heterogeneous rather than homogeneous 
catalysis, 

4.3 Studies with a nitrogen-free feed simulant 
The protocoi for the preparation of UGA-12M1 and related feed simulants uses 

nitrates as metal sources and therefore contains significant quantities of nitrate even if an 
alkali metal nitrate is not added later since residual nitrate remains even after thorough 
washing of the metal hydroxide/oxide precipitates. The presence of nitrate in the feed 
simulant complicates nitrogen balance studies such as those relating to the origin of 
ammonia. We have therefore developed the protocol described in Appendix B for the 
preparation of a nitrate-free (as well as nitrite-free) feed simulant. In connection with this 
protocol we were somewhat concerned whether the KMnO&nCI2 reaction would be a 
satisfactory method for the prepantion of nitrate-free and organic-free Mn02 because of the 
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possibility of permanganate oxidation of M n Q  to elemental chlorine, but apparently this is 
not significant in the pH range of feed simulant preparation. One liter of a carbonate-fiee 
version of this nitrogen-free feed simulant (designated as UGA-9M2XC) was prepared for 
initial nitrogen balance studies using the protocol in Appendix €3. 

The experiments with this nitrogen-free feed simulant are summarized in Table 2. 
In all of these experiments 50 mL of UGA-gMZXC and 10 mL of water were titrated with 
84 m o l e s  of 88 wb % formic acid at 90k1OC in the presence of the indicated noble metal 
derivative and N d 0 2  and/or N a N Q  where indicated. In addition Figure 5 compares the 
formic acid titration of this feed simullant in the presence of 5% rhodium on carbon and 
added NaN02 or 'added NaN03. Both of these experiments are seen to produce ammonia, 
but the experiment with added nitrate produces more ammonia (1.2 mmoles pTpI3) than the 
experiment with added nitrite (0.6 mmoles NH3). Furthermore in the experiment with 
added nitrate, formation of ammonia began almost immediately upon addition of the formic 
acid at the reaction temperature whereas in the experiment with added nitrite, formation of 
ammonia began only after reaction of fonllic acid with nitrite ion was complete ( I3g-u.~ 5). 
This suggests that the nitrate ion produced by disproportionation of nitrous acid according 
to equation 4 is the source of ammonia in the experiment in which nitrogen is only added in 
the form of nitrite. 

3 HN02+ 2 NO + HN03 + H20 (4) 
Figure 6 compares the fonnic acid titrations of the UGA-9M2XC feed simulant at 

90°C using 5% Pd on carbon as the catalyst and either NaN02 or NaNO3 as the nitrogen 
source. The reaction with NaN03 generated considerable amounts of NH3, H2, and N20 
whereas the reaction with N3N02 generated no hydrogen and a much smaller amount of 
ammonia. 

The following additional points are of interest concerning the experiments 
summanzed * in Table 2: 
(1) If a rhodium catalyst is used, nitrogen oxides are observed only in experiments with 
added nitrite. The N20 remains until the end of the experiment whereas the initially 
produced NO is consumed during the experiment. The maximum amount of NO obsewed 
during this experiment was 7.3 mmoles. Rhodium catalysts thus appear incapable of 
generating N20 from nitrare in the presence of fonnic acid 
(2) Insignificant H2 is produced in the absence of nitrite even in the experiment with 
RhCIy3H20 in accord with the requirement of added nitrite for the rhodium-catalyzed 
decomposition of fonnic acid to H2 + Co;! (equation 1) indicated in previous work.23 
(3) Palladium catalysts, unlike rhodium catalysts, catalyze the reduction of nitrate to 
N20 as well as NH3. Palladium(II) chloride is 3 considerably less active catalyst precursor 



~ than 5% Pa/C for the production of H2, N20, and NH3 consistent with the relative activity 
of Pd catalysts for fonnic 3cid transfer hydrogenolysis of aryl hiilides.16 
(4) Addition of the hTaN03 to the feed simulam one day in advance of beginning the 
reaction in order to allow more time for adsorption' onto the solid phases had no significant 
effect on the production of H2 or NH3 in experiments using either Rha3-3H20 or 5% Pd 
on carbon (Table 2). 

Table 2 
Studies Using the Nitrogen-free and Carbonate-free Feed Simulant UGA- 

9M2XC 
Additive&) NobIe MetaI(mp)' mmol Hz mmol COz mmol N20 mmol NO mmoI NH3 Find pH 

none 
none 

N a O 3  (1.9) 
NaNO3( 1.9) 
NaNO3( 1.9)a 

NaNO3(1.9)= 
NATO~(I .9) 
NaN@( 1.5) 
NaN02( 1.5) 

none 

NaNO3( 1.9) 

none 

5% Rnl/C(l16) 
5% RVC(118) 

RhC13*3H20( 14) 
RhC13-3H20( 14) 
5% PdC(120) 
5% PdC(120) 

PdC12( 13) 
5% RWC(ll8) 

RhC13* 3H20( 14) 

RhCl3*3H20( 14) 
0.0 
0.0 
0.0 
0.1 
0.4 
0.4 
0.4 
0.8 
0.3 
0.0 
1.5 

3.1 
4.3 
12-0 
16.7 
6.5 
5.5 
33.1 
33.6 
18.7 
19.4 
15.3 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
3-7 
3.5 
1.2 
6.9 
5.8 

0.0 
Q.0 
0.0 
0.0 
0.0 
0.. 0 
0.0 
0.0 
0.0 
0.0 
4.5 

0.0 2.9 
0.0 3.0 
0.0 3.9 
1.2 4.0 
0.0 3.2 
0.0 3.0 
1.4 5.0 
1.4 5.0 
0.2 4.0 
0.6 4.2 
0.1 3.7 

NaN02(1.5) 5% Pd/C(120) 0.0 15.2 6.1 3.3 0.2 3.8 

a In these experiments the NaNO3 was added to the feed simuhnt at least 12 hr. befon the experiment in 
order to allow time for adsorption of  nitrate ion onto Ihe solid p h s e  before initiation of the reaction. 

4.4 Carbon balance studies 
The carbon balance in the ammonia generation experiments is of interest. Table 3 

compares the observed amounts of C02 with the total amount expected from carbonate 
aciUication, Mn02 reduction, H2 generation, reduction of nitrite to N20, and reduction of 
nitrate to ammonia upon titration of the full metal nimte-based feed simulant UGA-12M1 
with fonnic acid in the presence of various rhodium catalysts. The experiments producing 
relatively large amounts of ammonia are seen to'produce excess C02 even assuming the 
production of 4 mmoles of C02 for each minole of bH3 3s required by equation 2 above. 
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A possible source of this excess C02 is partial reduction of the considerable amounts of 
kon(nI) in the feed simulant to iron(I1) under the conditions where nitrate is reduced to 
mmonia. This hypothesis is supported by the fact that the metal hydroxide precipitate 
obtained upon additkm of base to samples for ammonia analysis is more green and less 
brown in samples containing appreciable amounts of ammonia suggesting that some 
reduction of iron(1II) to iron(I1) may be accompanying ammonia production. This 
possibzty can be tested in the future by monitoring changes in the redox potential of the 
reaction mixture as ammonia is generated. 

Table 3 
Carbon Balance in the Titration of UGA-12Ml Feed Simulants with 88 wt 

% Formic Acid at 99°C in the Presence of Rhodium Catalysts 

5% Rh/C 5% RNA203 RhC13-3H2O 
Sources of C02 Figure 1 Figure 2 Figure3 

Carbonate (1 m o l e  CwmmoIe CO+) 6.2 6.2 6.2 
M n Q  (1 m o l e  Cwmmole Mn02) 1.5 1.5 1.5 
2N&-+N20 (2 nunoles C02/inmole N2O) 13.4 13.9 11.6 

N03-+NH3 (4 mmoles COz/inmole NH3) 6.4 4.8 1.6 
Total mmoles CO2 expected: 27.9 26.7 21.8 
m o l e s  C02 observed 30.4 30.3 20.4 

H a H + H 2  (1 mmole COZ/mmole H2) 0.2 0.3 0.9 

Excess C02 produced: 2.7 3.6 -1.4 

Some C02 balance observations were also made in the experiments using the 
nitrogen-free and carbonate-free feed simulant UGA-9M2XC summarized in Table 2. In 
these experiments the C02 produced in the absence of any additives (3.1 mmoles) must 
come from formic acid reduction of some of the metals in the feed simulant since this feed 
simuIant contains no carbonate. Reduction of the 1.55 mmoles of MnO2 present in 50 mL 
of UGA-9M2XC according to the equation 

should give only 1.55 mmoles of C02 suggesting that the remainder of the observed 3.1 
mmoIes of C02 must come from reduction of Fe(OH)3. The amount of CO;! increases 
markedIy in the presence of rhodium and the absence of any carbon sources other than the 
elemental carbon support of the 5% Rh/C suggesting that the formic acid reduction of 

MnO2 + 3 H C a H  + CO2T + 2 H20 + Mn2+ + 2 H C a -  (5) 
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i r o n 0  to i r o n 0  can be catalyzed by addition of rhodium. The feed simulant is 0.45 M 
in i r o n 0  which means that the 50 mL of UGA-9M2XC contains 22.5 mmoles of F a  
which would give 1.1.2 minoles of C@ according to the equation 

The 12.0 moles of C02 observed in the experiment with 5 8  Rh/C but no added nitrogen 
species is very close to the 112.4 mmoles of C02 expected for complete reduction of 1.55 
m o l e s  of M n a  and 22.5 m o l e s  of Fe(OH)3, The predicted amount of C0.L from the 
experiment in Table 2 with added nitrate from formic acid reduction of M n a  to Mn*+, 
Fe3+ to )?e?+, and nitrate to ammonia is 17.6 minoles (Table 4) as compared with the 16.7 
m o l e s  of C@ observed in this experiment. 

. 

2 Fe3+ -+ H C a H  --+ 2 Fez+ + C02 + 2 H+ (6) 

Table 4 
C02 Balance in the Titration of UGA-9M2XC with Formic Acid in the 

Presence of Nitrate at 90°C Listed in Table 2 

C02 from reduction of (50 mL)(0.0314 M> = 1.55 nunoles Mn02 
C02 from reduction of (50 mL)(0.45 M) = 22.5 inmoles of Fe3* to Fez+ 

1.5 m o l e s  
11.3 m o l e s  

Cq;? from reduction of nitrate to I .2 mmoles of ammonia 
Total expected CO?: 

4.8 m o l e s  
17.6 mmoles 

The predicted amount of CO2 from the experiment in Table 2 with added nitrite from formic 
acid reduction of MnO2 completely to Mn2+, Fe+3 coinpletely to Fez+, the 7.3 observed 
mmoles of NO completely to N20, the production of the remaining 3.3 m o l e s  of N20 by 
nitrite reduction, and reduction of nitrate to the observed 0.6 minoles of ammonia is 25.4 
mmoles (Table 5 )  which compares with the observed 19.4 mmoIes suggesting that 
reduction of Fe3+ to Fe2+ is incomplete in the presence of nitrite. 

4.5 Limited component experiments 
A series of limited component experiments was performed in order to gain a greater 

insight into the factors affecting ammonia formation. In these experiments solutions of the 
additives of interest in 60 mL of water in the presence of the noble metal derivative of 
interest were titrated at 9WloC with 84 inmoles of 88 wt 95 formic acid using the syringe 
pump. Supported noble metal catalysts were used for these experiments since the previous 
experiments with feed simulants discussed above suggest that they are more active than 
soluble noble metal catalysts for formic acid reduction of nitrate and/or nitrite to ammonia. 

. .. ... , .. . +f...i.** ' : 



The final compositions of the reaction mixtures (typically after 400 minutes reaction time) 
are s u m m h t e d  h Table 6. Two of the titrations of nitnte with fonnk acid in the presence 
of Pd/C are depicted in Figure 7. 

Table 5 
CO2 Balance in the Titration of UGA-9M2XC with Formic Acid in the 

Presence of Nitrite at 90°C Listed. in Table 2 

C02 from reduction of (50 mL)(0.0314 M) = 1.55 mmoles MnQ 1.5 m o l e s  
C02 from reduction of (50 mLJ(O.45 M) = 22.5 minoles of Fe3+ to Fe2+ 11.3 m o l e s  
CQ2 from reduction of 7.3 mmoles of NO to 3.6 mmoles of N20 3.6 m o l e s  
CO2 from reduction of nitrite to (6.946) = 3.3 ininolies of N20 6.6 m o l e s  
(2% from reduction of nimte to 0.6 mmoles of ammonia 2.4 m o l e s  
Total qec ted  COz: 25.4 m o l e s  

The following points are of interest concerning these limited component 
experiments: 
(1) The C02 produced in the RWC experiment with Fe(OH)3 indicates essentially 
complete formic acid reduction of the 22.5 ininoIes of I%?+ present to Fe2+probably 
catalyzed by the supported riiodiuin catalyst. The final color of this reaction mixture was 
pale green consistent with the high conversion of Fe3+ to Fez+. 
(2) Substantial amounts of hydrogen are produced in the RWAlzO3 experiment with 
added NaN02 but not in the experiments with NaNOs. This again indicates the role of 
nMte as a promoter for the rhodium catalysts for hydrogen generation from formic acid as 
suggested from previous work.23 
(3) Although RhCl~3H20 does not produce NH3 from nimte at least in feed simulant 
experiments, RhlC produces a significant amount of h-3 (1.5 mmoles) but very little H2 
(0.2 moles) from nitrite. The production of H2, N20, and NH3 accounts for essentially 
all of the C02 since 0.2 + (58x2) + (1.5~3) = 16.3 mmoles as compared with the 
observed 17.1 mmoles. 
(4) Pd/A1203 is more efficient than Pd/C at catalyzing the formic acid reduction of 
nin-ite to ammonia. In addition Pd/Al2O3 but not Pd/C catalyzes formic acid decomposition 
to hydrogen in the presence of nitrite. 
(59 The experiment with 1.9 g of NaNO3 using Pd/C had to be stopped after 138 min 
after the addition of only 6 1.3 minoles of formic acid because of excessive pressure (e.g., 



36.1 m o l e s  of C a )  and produced -5.4 mmoIes of N2 in addition to the gases listed 
above. The production of refatively large amounts of NH3 (2.9 mmoles) led to an 
unusually high final pH (7.0). Use of a smaller amount of NaNO3 (0.5 g) allowed the 
reaction to be carried out to completion and led to the generation of considerable amounts of 
H2. The maximum €32 generatea in this experiment with 0.5 g of NaNO3 was 21 
m o l e s ,  but the amount of €32 present in this experiment decreased to 1.1 m o l e s  as 0.7 
m o l e s  of NH3 was generated in the later stages of the reaction. This suggests that the 
NH3 arises from H2 reduction of a higher oxidation state nitrogen intermediate. 
Furthermore, a cornprison of the otherwise identical experiments using 1.9 g and 0.5 g of 
NaNO3 suggests that if the nitrate concentration is high enough, all of the H2 generated by 
formic acid decomposition is used for the reduction sf nitrate to N H 3  rather than king 
evolved as H2 gas. 
(6) Supported ruthenium catalysts are not active for the formic acid reduction of either 
nihte or nitrate to ammonia* at least under the reaction conditions of interest in this work 
Supported ruthenium catalyses are only active for-formic acid decomposition to hydrogen in 
the absence of both nitrite and nitrate (Table 6). 

The effect of NaNO3 concentration on the Pd/C catalyzed reduction of nitrate with 
formic acid was investigated at a range of nitrate concentrations (Table 7). At i n t d  
nitrate concentrations (5.9 and 1 1.7 tnmoles NaNOd60 I&) some of the initially produced 
H2 was subsequently consumed suggesting a metal-catalyzed hydrogenation of nitrate to 
ammonia according to the following equation: 

The final pH in such experiments was 2.0 f 0.3 which is close to the reported range for the 
hydrogenation of nitrate ion in the presence of a 5% Pd/C catalyst in aqueous phosphoric 
acid.12+13-l4 Under such conditions nitrate is reported to be hydrogenated not only to 
ammonia but also to hydroxylamine according to the following equation: 

This suggests that hydroxylamine might be a byproduct on the fonnic acid treatment of 
nuclear wastes containing nitrate or even nitrite ion. Future experiments designed to detect 
hydroxylamine in the products from the formic acid treatment of nitrate-containing feed 
simulants, possibly using electrochemical methods, will be of interest 

N03-+ 4 H2-3 NH3 + 2 H20 + OH- (7) 

NO3- + 3 H2+ W20H + H20 i= OH- (8) 



Table 6 
Formation of Ammonia and Hydrogen in Limited Component Experiments 

Additivek) Noble Meml(mp) mmol Hz mmol Cot mmol Nz0 mmol NO mmol NH3 End pH 

5% WC(112) 
58Rh/C(115) 
5%Rh/C( 1 1 5) 

58Rh/N203( 1 15) 
5%Rh/AI203( 117) 
5% RWC(ll8) 
5% PdC(1.20) 

5% PdC(120) 
5% PcvC(120) 
5% PcuC(120) 
5% PdC(120) 
5% P<IIC(120) 

5% ~u/~1203(110) 
5% Ru/C(llO) 
5% Ru/C(l 10) 
5% Ru/C(llO) 

5% Pd/A1203(120) 

1.0 
0.2 
0.0 
0- 1 
1.4 
0*2 
0.0 
1 .o 
0.0 
0.6 
1.1 
4.4 
3.8 
0.0 
0.0 
0.0 
0.2 

1.1 
1-5 

13.8 
0.6 
15.1 
17.1 ' 

10.3 
12.2 

7.3 
8.0 
4.9 
3.5 
6.7 
6.2 
0.6 
0.4 

136.11 

0.0 
0.0 
0.0 
0.0. . 
5.1 
5.8 
6,7 
6.0 
1.6 
0.0 
0.0 
0.0 
0.0 . 
4.5 
4.3 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
2 3  
0.0 
2.4 
2.5 
0.0 
0.0 
0.0 
0.0 
0.0 
6.5 
6.1 
0.0 
0.0 

0.0 
0.2 
0.3 
0.0 
1.9 
1.5 
0,l 
0,4 
2.9 
0.8 
0.7 
0.1 
0.0 
0.0 
0.0 
0.0 
0.0 

a50 rnL of a 0.45 M aqueous slurry ob Fe(OH)3, 10 mE of waier. 0.5 g. of sodium nitrate, and 115 mg of 
5% rhodium on mhon wxs used for this experiment. 

. . ..... -. . . . . . . -. . ,  .-. . .  . . . . .  

1.8 
1.8 
3.7 
1.9 
3.2 
3.2 
3.2 
3.1 
7.0 
2.2 
2-3 
1.9 
1-8 
3.1 
3.1 
1.8 
1.8 



Table 7 
Effect of Nitrate Concentration on the Pd/C Catalyzed Reduction of Nitrate 

with Formic Acida 

NaNQ3mmol H2mmolb C@mnol N20mmoI N2mmol NH~mmol finalpH 
0 3. 8(12.2) 3.5 0 0 0 1.8 

2.4 4.4(11.4) 4.9 0 0 0.1 1.9 
5.9 1.1C 8.0 0 0 0.7 2.3 
11,7 0.6( 17.7)d 7.3 0 0 0.8 2.2 
22.3 oe 36.4 1.6 5.3 2.9 7.0 

aAll experiments were performed using GO mL of water and 1120 mg 5% Pd/C. 
b e  rate of Hz production is given in parentheses in rnrnoles!dayy. 
cMaximum Hz produced = 2.1 mmoles at 80 min. Too few points were obtained to give a reliable H2 
production nte. Rate of N H 3  incrense = 2.7 mmoledday. h i e  of Hz decrease during N H 3  production = 4.3 
rnmoI&&y. 
dMaximum H2 produced = 1.2 mmoles ar 69 min. Rate of NH3 increase = 4.1 mmoledchy. Rate of H2 
decrease during N H 3  production = 2.7 mrnoleddsy. 
T h e  reaction was stopped afier 138 min owing to excessive pressure. No Hz was observed during my 
stage of the process. 

. .  
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Figure Captions 

Figure 1: Titration of 50 rnL UGA-12MlH, 10'mL of water, and 0.118 g. 5% W C  with 
85 m o l e s  of 88 wt % formic acid at 90QlOC. 

Hgure 2: Titration of 50 mL UGA-l2MlH, 10 mL of water, and 0.118 go 5% WAlzO3 
with 85 m o l e s  of 88 wt 4% formic acid at 90klOC. 

figure 3: Titration of 50 mL UGA-12MlH. 10 mL of water, and 14 mg of Rha3-3H20 
with 85 m o l e s  of 88 wt % formic acid at Wl OC- 

Figure 4: Titration of 50 mL UGA-IOXNN'IG, 10 mL of water, 0.5 g NaNO3, and 
0.118 g. 5% RWC with 85 rnmofes of 88 we % formic acid at'90+IoC. No nitrogen oxides 
or H2 were observed in this experiment. 

Figure 5: Comparison of the effects of added NaN02 and NaNO3 in the titration of 50 mL 
of the nimte- and carbonate-free feed siinulant UGA-gMXC, 10 mL of water, and 11 8 mg 
of 5% W C  with 85 mmoles of 88 wt % fonnic acid 3t 90+l°C. 

figure 6 Comparison of the effects of added NaN02 and NaNO3 in the titration of 50 I& 
of the nitrite- and carbonate-fke feed sGnuIant UGA:9M2XC9 10 mL of water, and 120 mg 
of 5% Pd/C with 85 m o l e s  of 88 wt % formic acid at 9WlOC. 

. .  

Figure 7: Effect of NaNO3 concentration in its tieration with formic acid in the presence of 
5% Pd/C. 
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Appendix A 
Summary of Reactions of Formic Acid with Feed Simulants Studied During the Course of this Project 
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FEED SIMULANT COMPOSITION 

The Hanford Waste Vitrification Plant (HWVP) feed simulant prepared at the 
University of Georgia contains the major components present in 2 3% concentrations using 
Table 1 of the original University of Georgia proposalo as the basis for the choice of the 
feed simulant composition. The major component feed simulant thus contains 12 
components, namely the nine metals AI, Cd, Fe, Mn, Nd, Ni* Na, Si, and Zr and the dvee 
hens N02-, NO3-* and CO32-- In order to distinguish this feed simulant from other feed. 
s h d a n t s  to be prepared later in this work, this feed simulant is given the code name 
UGA-12M1, with the “12” corresponding to the 12 components, the “M” indicating that 
the components are the major components, and the “lY9 indicating that this is the Rrst feed 
shulant of this type to be prepared during the course of this research project. In the early 
stages of the research to evaluate the role of the noble metals Ru, Rh, and Pd in hydrogen 
generation, variations of this feed simulant leaving out the redox component Fe and the 
metal complex forming component nitrite were also be prepared. The iron-free feed 
simuIant based on this protocol is called UGA-1 lXFel, the nitrite-free feed simulant based 
on this protocol is called UGA-1 lXN1, and an iron-free and nitrite-free feed simulant is 
called UGA-1OXFeNl with the fust number indicating the number of components. In 
most cases the noble metals of interest were added as chlorides or nitrates to individual 
diquots of the feed simulant iminediately before carrying out the hydrogen and ammonia 
generation studies. 

The commercially available inorganic salts used as sources of the 12 components of 
the feed simulant UGA- 12M 1 are listed in Table 1A. 

Research proposal entitled Waste Vitrification Plant Feed Preparation Hydrogen Study 
submitted to the Pacific Northwest Laboratories by the University of Georgia Research 
Foundation in August, 1991. 



Table IA 
Sources of the Components of the Feed Simulant UGA-12M1 

Component* Molarity Source Amount$ Water soh bilitys 
d 4 l  
Cd 
Fe 
m 
Nd 
Ni 
si 
a 

Na+ 

0.226 
0.03 
0.45 

0.03 14 

0,0264 
0.0392 
0.0854 
0.156 
0.80 ]I t 

~032-  0.125 
NO3- 0.1 16 
N02- 0.435 

$438 g 
9.25 g 

181.80 g 

11.57 g 
11.57 g 
5.13 g 
36.07 g 

see below 

{ :..E f 

13.25 g 
986 g 
30.02 g 

63.7 8/1OOg @ 25OC 
215 g/IM g@ Z0C 

"solubfe" 
6.38 g/100 g @ 2OoC 
426.4 g / l O O  g @ O°C 

238.5 g/100 g @ O°C 
hsolubfe 
solubk 

see below 

152.9 gmo g @ 25OC 
{ 

7.1 g./100 g @? O°C 

81.5 @lo0 g @ 15OC 
92.1 g/1oog @ 2s0c 

* The insoluble components are present as AI(OH)3, Fe(OH)3, Mn02, Nd2O3, Ni(OH)2, 
Si02,ZrO2. 

t The nominal Na+ concentration in the simulant is 0.88 M because of additional Na+ from 
the NaOH precipitant incompletely washed from the oxidehydroxide precipitates. 

$ Amount for a one-liter batch. 

9 The water solubility figures for these salts are taken from the Haridbook of Chemistry 
and Physics. 



Appendix B 

PROTOCOL FOR THE PREPARATION OF A NITROGEK- 
FREE MAJOR COMPONENT HWVP FEED SIMULANT FROM 

METAL CHLORIDES: UGA-1OM2 

13. B. King and N. K. Bhattacharyya, Department of Chemistry, University of Georgia, 
Athens, Georgia 30602 

- Introduction 
The objective of this procedure is to prepare a valid nitrogen-free Hanford Waste 

Vitrification Plant (Hwvp) feed simulant containing the major components present in 2 3% 
concentrations using Table 1 of the University of Georgia proposal1 as the basis for the 
choice of the feed simulant composition. The major component feed simulant thus will 
contain 10 components, namely the nine metals AI, Cd, Fe, Mn, Nd, Ni, Na, Si, and ZP 
and the anion CO+. Metal chlorides rather than metal nitrates will be used as metal 
sources since experience has shown that.feed simulants prepared from metal nitrates (e.g., 
UGA-12M1 and other feed simulants prepared according to this protocol) contain 
considerable amounts of nitrate ion in the metal hydroxide precipitates even after 
considerable washing. The nitrogen-free feed simulant is of interest in studies of the 
nitrogen balance and ammonia generation during reactions of the feed simulant with formic 
acid or other reducing acids since the only source of nitrogen is any nitrate and/or nitrate 
added in known amounts to the nitrogen-free feed simulant prior to the reaction. 

In order to distinguish this feed simulant from other feed simulants prepared in this 
work, this feed simulant will be given the code name UGA-10M2, with the “10” 
corresponding to the 10 components, the “ M  indicating that the components are the major 
components, and the “2” indicating that this is the first feed simulant of this type to be 
prepared during the course of this research project. In the early stages of the research to 
evaluate the role of the noble metals Ru, Rh, and Pd in hydrogen generation, variations of 
this feed simulant leaving out the redox component Fe and the metal complex forming 
component nitrite will also be prepared. The iron-free feed simulant based on this protocol 
will be called WGA-9XFe2, and an iron-free and aluminum-free feed simulant will be 
called UGA-8XFeA12 with the fmt number indicating the number of components. In these 

Research proposal entitled Waste Vitrification Plant Feed Preparation Hydrogen Study 
submitted to the Pacific Northwest Laboratories by the University of Georgia Research 
Foundation in August, 1991. 
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hitid studies the noble metals of interest will be added as chlorides to individual aliquots of 
the feed simulant immediately before carrying out the arninonia generation and nitrogen 
balance studies. In later studies the noble metals will be introduced into the feed simulant 
prepamtion along with other metals precipitated as oxides or hydroxides. 

the fetd shulant UGA-lOM12 are listed in Table 1. 
"he commercially available inorganic salts used as sources of the 12 components of 

Table ]I 
Sources of the Components of the Feed Simulant UGA-lOM2 

Component* Molarity Source Amount$ Water solubility0 
Al 0.226 AICI3.6H2O 54.6 g "soluble" 
Cd 0.03 2 CdC125H20 6.9 g 168 g/100 g @ 20°C 
Fe 0.45 121.6 g 91.9 dl00 g@ 20°C 

{ 151g/100 g @ 0°C h4.n 0.03 14 

Nd 0.0264 NdCl3.6HzO 9.5 g 2468/100 g @ 25°C 

Si 0.0854 Si@ 5.13 g insoluble 
zr . 0.156 ZrOCl2.8H2O 50.3 g soluble 

Na+ 0.250 N a 2 W  see below see below 

633 g/100 g @ 20°C 
MnC124H20 

Ni 0.0392 NiC126H20 9.3 g 254 d100 g @ 0°C 

(2032- 0.125 Na2C03 13.25 g 7.1 g./100 g @ 0°C 

* The insoluble components are present as AI(OH)f, Fe(OH)3, Mn02, Nd2O3, Ni(OH)2, 
Si@, Zra. 

$ Amount for a one-liter batch. 

8 The. water solubility figures for these sdts are taken from the Handbook of Chemistry 
and Physics. 



Protocol 
A flow chars for the protocol for the preparation of UGA-1OM2 major component 

feed s h d a n t  is depicted in Figure 1. The individual steps are described below. Before 
beginning the procedure the vessel containing the final feed simufant is marked at a volume 
of one liter with tape to facilitate dilution to the c o m t  final volume. 

~ Precipitation of Fe(OH)&d(OH)fli(OH)2/T 
Nd(0H)flQfrom the chlorides + NaOH 

Precipitation of Mn02 from 
the MnCIdKMn04 reaction 

1 
b 

w I Wash MnO~Fe(OH)3(Cd(OH)~Ni(OH)2/N~~ 1 f r 8 2  by decantation I 
1 

Figure 1: Outline of the scheme for the preparation of the nitrogen-free 
UGA-lOM2 major component feed simulant. 

(A) Precipitation of MnO2. 
The precipitation of MnOa uses the reaction of KMnO.4 with MnCl2 according to the 

doflowing general equation whish is used to calculate the stoichiometry: 
2 KMnQ4 + 3 MnC.12 + 2 H2Q + 5 Mn@ + 2 KCI + 4 HQ (1) 

This procedure should be conducted in 3 hood because of the possibility of a side reaction 
ofchloride with permanganate resulting in evotution of the toxic Qz. 

Dissolve 3.7 g. of MnC12.4H20 in 100 mL of water. Agitate the solution and 
maintain the temperature in the range 3540OC. In a separate vessel dissolve 2.0 g. of 
KMnO4 in 100 mL of water, agitate the soIution and warm to 3540°C. Add the warm 
KMn04 solution to the M n Q  solution slowly with constant stirring maintaining the 
temperature in the 35-4OoC range. When the precipitation is complete, measure the pH. 
Allow the solution to cool. 
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(B) Precipitation of Fe(OH)3/Cd(OH)2/Ni(OH)2t/Nd203/ZrOt. 
Add to the above slurry 500 mL of water and then add'successively with constant 

stirring 121.6 g. of FeC13-6H20.6.9 g. of 2 CdC1~5H20,9.3 g. of NiCI2.6H20,9.5 g. 
of NdCl3-6Z420, and 50.3 g. of ZrOC124H20. After all of these solid chlorides Rave 
dissolved, add 10 M aqueous NaOH with constant stimng at such a rate ( -1 to 5 
Wmkute) that the temperature is maintained below 40°C during the addition. Monitor the 
pH of the slurry during the addition of NaOH and stop addition of the NaQM when the pH 
is in the range 10-11. If the end point is missed, backtitrate with hydrochloric acid. 
Record the final pH. 
(C) Precipitation of AI(OH)s. 

The Al(OH)3 must be precipitated in a separate vessel since a lower pH must be 
used to avoid loss of the aluminum through dissolution in excess NaOH to give solubIe 
AI(OH)4-. To prepare the AI(OH)3 dissohe 54-6 8. of AIC13-6H20 in 500 mE of water. 
While agitating the solution add IO Ad NaOH at such a rate ( -1 to 5 muminute) that the 
temperature is maintained below 40°C during the course of the addinon. Monitor the pH of 
the sluny during the addition of the NaOH. Stop the addition of NaOH when the pH is 
between 7 and 7.5 using hydrochloric acid to backtitrate if necessary. 
(D) Washing the Oxide/Hydroxide Precipitates, 

The purpose of washing the precipitates is to remove soluble components, 
particuIariy the sodium chloride formed as a byproduct upon treatment of the various metal 
chlorides with sodium hydroxide. The precipitates are washed by decantation With distilled 
water until the wash liquid is free of chloride and other d t s .  This is readily determined by 
measuring the conductivity of the wash liquid and comparing it with pure water. The 
precipitates of Mn02/Fe(OH)~Cd(OH)fli(OH)2/Nd~03/Zr02 and of Al(OH)3 are each 
allowed to settle until their volume does not decrease sipificantly. The supematant liquids 
are then removed by decantation. Each remaining precipitate is then sdrred separately With 
at least three times its volume of pure water for a mirtimirm of ten minutes after no further 
change is observed. The resulting slurry is then allowed to senle until the precipitate 
volume does not decrease significantly (3 minimzdm of 12 hours and possibly as much as 
three days). The supernatant liquid is then removed by decantation and its conductivity 
checked. This washing procedure is repeated in the same way for at least a second time 
and until the water does not contain significant amounts of electrolytes (NaC1) as 
detexmined by its conductivity compared with pure water. The nitrate concentration of the 
wash liquid can also be monitored by a chloride-selective electrode and/or ion 
chromatography if these analytical methods are available. 
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Addition of SiO2, and Na2CO3, 
Remove by decantarion enough of the final wash water for both the 

MnOfle(OH)$Cd(OH)fli(OH)fld203/Z1'02 and the AI(OH)3 slurries so that the total 
volumes of each slurry is no more than -350 mL. Then add the Al(OH)3 slurry to the 
M n ~ e ( O H ) 3 / C d ( O H ) 2 / N i ( O ~ ~ ~ 2 0 ~ 2  slurry using a minimum of wash water to 
wash the Al(OH>3 slurry into the other vessel. Then add with s t a n g  5.13 g. of Si& and 
13.25 g. of NaaCOg making sure that the Na2CO3 does not contain any clumps that might 
dissolve slowly. The Si02 will remain insoluble but the Na2C03 will dissolve. Dilute the 
fmal slurry to one liter and package in a screw cap bottle. After shaking the bottle well 
remove a reference sample of 25 mE of the sluny, glace in a secondary container, and send 
it in a labelled bottle to K;uatn Wiemers P7-14, PA% H W P  Technology Development 
Project, Battelle Pacific Northwest Laboratories, P. 0, Box 999, Richland, Washington 
99352. Also retain the f ind  25 mL of each sample of feed siinulant after completion of the 
hydrogen generation studies as an additional reference sample for analysis. 
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