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SUMMARY

During the 1950s, ferrocyanide was used to scavenge radiocesium from
l

aqueous nitrate-containing Hanford wastes. During the production of defense

materials and while these wastes were stored in high-level waste tanks at the

Hanford Site, some of these wastes were likely mixed with other waste con-

stituents and materials. Recently, Pacific Northwest Laboratory (PNL) was

commissioned by Westinghouse Hanford Company (WHC)to investigate the chemical

reactivity of these ferrocyanide-bearing wastes. Because of known or poten-

tial thermal reactivity hazards associated with ferrocyanide, and nitrate-

bearing wastes, _nd because of the potential for different materials to act as

catalysts cr initiators of the reactions about which there is concern, we at

PNL have begun investigating the effects of the other potential waste constit-

uents. This report presents the results of a preliminary screening study to

identify classes of materials that might be in the Hanford high-level waste

tanks and that could accelerate or reduce the starting temperature of the

reaction(s) of concern. Weplan to use the results of this study to determine

which materials or class of materials merit additional research.

Our preliminary study employed a statistically based experimental design

and PNL's time-to-explosion (TTX) test to investigate the effects of

tetrasodium ethylenediaminetetraacetate (EDTA) and the hydroxides of iron,

chromium (III), and nickel on the reaction between sodium nickel ferrocyanide

and equimolar sodium nitrate and nitrite. These selected potential catalysts

and initiatorswere tested individuallyand in their possiblecombinations

(also termed treatments),each at 0.03 mole per mole of ferrocyanidein a

mixtureof sodiumnickel ferrocyanideand equimolarsodiumnitrateand

nitrite. The amountof nitrateand nitritein the testedmixtureswas 1.1

times the stoichiometricamount neededfor the most energeticreactions.

The test resultssuggestthat many of the treatments'loweredthe TTX at

each of the test temperatures;however,only a few treatmentsloweredthe TTX

sufficientlyto cause a statisticallysignificanteffect at the 95% confidence

level. At 380°C, these treatmentswere EDTA alone; the combinationof EDTA,
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iron hydroxide,and chromiumhydroxide;and the combinationof all the mater-

ials. At 350°C,the combinationof EDTA and iron hydroxidecauseda statis-

ticallysignificantreduction. Note that EDTAwas present in each of these

mixtures. At 320° and 296°C, no treatmentsignifica_tlyreducedthe TTX, nor

did any of the treatmentsreducethe minimumobservedexplosiontemperatureof

293 + 30C. We hypothesizethat possiblyoxidationof the EDTA first provided

additionalheat to the system,or that EDTAcomplexedwith the sodiumnickel

ferrocyanideto destabilizethe compoundand increasethe susceptibilityto

oxidation by nitrateor nitrite.

This screeningstudy suggeststhat materialssuch as EDTA or other

organiccomplexantswillhave the greatestcatalyticor initiatingeffect on

the reaction betweensodiumnickel ferrocyanideand nitrate and/ornitrite,

though there are indicationsthat the transitionmetal hydroxideswork in con-

junctionwith EDTA or could enhanceEDTA'seffect. At a minimum,future

studiesshould focus on EDTA and probablyshould includeone or two of the

transitionmetal hydroxideswe tested;other organiccomplexantsshouldalso

be evaluated.
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1.0 INTRODUCTION

1.1 SOURCEANDNATUREOF HANFORDFERROCYANIDE-BEARINGWASTES

At the Hanford Site during the 1950s, radiocesium was scavenged from

aqueous radioactive wastes containing nitrate by precipitating alkali nickel

ferrocyanides. In some cases, the aqueous wastes contained large quantities

of dissolved solids that precipitated during the decontamination treatments,

potentially mixing with the ferrocyanide solids. In other cases, the process

likely resulted in ferrocyanide solids free of other insoluble solids. The

radiocesium scavenging campaigns were often coupled with other processes to

scavenge other radionuclides, thus producing solid wastes containing other
radionuclides and chemicals.

The ferrocyanide wastes have beer, stored irl Hanford's single-shell tanks

(SSTs) for over 30 years. Du'ring that time, these wastes were heated to

evaporate excess solution, and concentrated and hot wastes were added to the

ferrocyanide-containing tanks. The ferrocyanide wastes were moved to other

tanks and exposed to high levels of radiation and to pH levels above 7. Ali

of these normal tank management activities and environmental exposures have

potentially caused different materials to be added to the original

ferrocyanide-bearing wastes. These additional materials include organic

complexants (Klem 1990), transition metal hydroxides, sulfides, calcium or

strontium phosphates, chlorides, fission product oxides or hydroxides (Scheele

et al. 1992). The organic complexants and sulfides are themselves susceptible

to rapid oxidation by nitrates and nitrites and could act as initiators or

catalysts for the ferrocyanide reaction with nitrate and nitrite. Transition

metals, which will be in the wastes as results of fis;_ion or corrosion, are

known to act as catalysts for some reactions.

Because of concerns about the safe storage of these wastes (Burger 1984;

Peach 1991), Westinghouse Hanford Company(WHC,the operating contractor for

the Hanford Site) has chartered Pacific Northwest Laboratory (PNL)(a) to

(a) Pacific Northwest Laboratory is operated by Battelle Memorial Institute
for the U.S. Department of Energy under Contract DE-ACO6-76RLO1830.
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investigatethe reactivityand explosivityof ferrocyanidewastes. As part of

these reactivitystudies,we at PNL are investigatingthe effectsof waste

constituentsthat could have been mixed with the precipitatedferrocyanides.

Our objectivein this study is to identifycandidatewaste constituentsthat

may act as catalystsor initiators;to do so, we performeda preliminarystudy

to screen selectedclassesof materialsthat might be in the Hanfordhigh-

level waste (HLW) tanks. We plan to use the resultsof this preliminarystudy

to determinewhich materialsor class of materialsmerit additionalstudy.

This report specificallydiscussesthe resultsof our preliminaryscreening

studiesusing the PNL time-to-explosion(TTX)test coupledwith statistically

based analyticalmethodsto identifythe materialor combinationof materialsi,

that cause a reductionin the TTX.

1.2 SELECTIONOF CATALYSTSAND INITIATORSFOR TESTING

In our previousstudiesto determinethe effectsof potentialcatalysts

and initiatorson the thermalreactionbetweencesium nickelferrocyanideand

equimolarsodiumnitrateand nitrite,we used the TTX test to investigate

tetrasodiumethylenediaminetetraacetate(EDTA),a mixtureof tributyl

phosphateand normalparaffinhydrocarbon(TBP/NPH),ferrichydroxide,nickel

hydroxide,ammoniumnitrate,and sodiumhydroxideat the 5 mol% level in the

oxidant. Ferrichydroxide,nickel hydroxide,and EDTA reducedthe explosion

times and the minimumexplosiontemperatures. EDTA had the greatesteffect,

causinga reductionin the minimumexplosiontemperaturefrom 350° to 280°C.

The other compoundshad minimaleffects (Bu_'gerand Scheele1991).

Based on our previousresultsand on our discussionwith M. J. Kleinof

WHC regardingother materialsthat are likelyto be or have been ob_r_rvedin

the SSF wastes, we selectedEDTA, and ferric,nickel,and chromium(III)

hydroxides(abbreviatedE, F, N, and C, respectively)f'orour preliminary

studiesto determinecatalystsand initiatorsfor the reactionbetweensodium

nickel ferrocyanideand sodiumnitrateand nitrite. We also decidedto use a

catalystand/or initiatorratio of 0.03 mole per mole of sodiumnickel

ferrocyanide.

1.2
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2.0 EXPERIMENTAL

The effects of four potential catalysts or initiators on the reactions

of sodium nickel ferrocyanide with an equimolar mix of sodium nitrate and

sodium nitrite were studied using a modified Henkin test. Ali the materials

used in these studies were prepared at PNL except for the EDTA, which was

purchased from a commercial vendor. This section of the report contains a

description of the preparation of the materials, test methods, and the

experimental design.

2.1 PREPARATIONOF MATERIALS

The scavenging of radiocesium from the aqueous Hanford wastes was accom-

plished by adding K4Fe(CN)6 (or the sodium analog) to the aqueous waste,

adjusting the pH to about 9, and adding NiSO4 at a concentration equal to the
ferrocyanide. The ferrocyanide compound used in the studies described in this

report was prepared in a similar manner and washed to remove the soluble salts

to provide a relatively pure sodium nickel ferrocyanide.

To prepare the sodium nickel ferrocyanide for this study, sodium ferro-

cyanide [(Na4Fe(CN)B . 10 H20)] (0.17 M) was dissolved in an aqueous solution

with a high ionic strength (1.7 _MNAN03). This solution was agitated and

heated to 80°C, followed by the addition of NJ(NO3)2 (0.15 M). The solution

was agitated for I h at 70°C and allowed to settle overnight at 60°C. Only

minimal settling occurred; therefore, the sample was centrifuged (ambient

temperature), and the supernate was decanted. Tb produce a relatively pure

sodium nickel ferrocyanide, the majority of the centrifuged solids were washed

with water several times. In addition, a final wash was performed with a

0.03 M Na2SO4 solution at pH I0. The washed solids were centrifuged, dried in

a vacuum oven at 160°C and low vacuum (<20 mmHg), and ground with a mortar

and pestle to -200 mesh.

Chemical analyses of the sodium nickel ferrocyanide sample were per-

fornled to determine the composition of the sample. The chemical analyses

perl-ormed included inductively coupled argon plasma atomic emission spectros-

copy (ICP/AES) to measure elemental content, ion chromatography (lC) to

2.1
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measure anion content, x-ray diffraction spectroscopy (XRD) to identify spe-

cific chemical species, total cyanide, total carbon, and scanrling thermogravi-

metric analysis (STG).. The composition of this sample as determined by these

methods was nominally Na2NiFe(CN)6 . 3 H20.

Three of the catalysts [iron (Iii), nickel (II), and chromium (III)

hydroxides]were preparedFrom 3 M solutionsof Fe(N03)3,Ni(N03)2,and

Cr(N03)3. These solutionswere titratedwith NaOH to pH 13 to precipitatethe

metals as hydroxidesaltsor as hydrousoxides. The precipitatewas centri-

fuged and the supernatediscarded. Chemicalanalysesof these salts indicated

that their nominalcompositionswere Cr(OH)3. H20, FeO(OH). 2 H20,and

Ni(OH)2. EDTA, the fourthsuspectcatalystand/or initiator,was purchased

from a commercialchemicalsupply companyas the tetrasodiumsalt

(98% purity).

The oxidantwas preparedby mixingreagentgrade NaNO2 and NaNO3 at a
mole ratio of 1"i. The mix was placed in a 350°C oven for 2 h. The molten

salt was cooled to room temperature,and the resultingsolidwas ground to

-200 mesh. The solidswere placed.ina 60°C oven for 2 h and then stored in a

desiccator.

'Thesamplesused for the TTX testingwere preparedby mixingthe

catalyst/initiator(C/I)with the oxidant,then mixingthe sodiumnickel

ferrocyanidewith the oxidantand C/I mixture,using a slightexcess of

oxidant;i.e., 1.1 times the stoichiometricamount for the most energetic

postulatedreactionsrequiring6 moles of NaNO3 or 10 moles of NaNO2 per mole
of ferrocyanide(Scheeleet al. 1992). The compositionof each of the sixteen

differentC/I test sampleswas selectedto allow use of statisticallybased

analyticalmethodsto identifysignificantfactors;the experimentaldesign is

: discussed in more detail later in Section 2.3. The amount of each of the C/Is

was equivalent to 3 mol% of the ferrocyanide. The concentration for each of

° the components in these samples is given in Table I.

i 2.2 TESTMETHODS

We used the PNL TTX test (Burgerand Scheele 1991)to investigatethe

effectsof selectedpotentialcatalystsand/or initiatorson the reactivity

i
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TABLE I. Compositionof"FestedSamples

Concentration,Mole Per Mole Ferrocyanide

Treatment N__NiFe(CN)__ _ NAN02 Cr(a) Fe(a) Ni (a) EDTA(b)

Control i 4.12 4.12 0 0 0 0

E I 4.12 4.12 0 0 0 0,033

N I 4.12 4.12 0 0 0.033 0

E*N I 4.12 4.12 0 0 0.033 0,033

F I 4.12 4.12 0 0.033 0 0

E*F i 4.12 4.12 0 0.033 0 0.033

N*F I 4.12 4.12 0 0.033 0.033 0

E*N*F I 4.12 4.12 0 0.033 0.033 0.033

C I 4.12 4.12 0.033 ,0 0 0

C*E i 4.12 4.12 0.033 0 0 0.033

N*C I 4.12 4.12 0.033 0 0.033 0

E*N*C I 4.12 4.12 0.033 0 0.033 0,033

F*C I 4.12 4.12 0.033 0.033 0 0

E*F*C I 4.12 4.12 0.033 0.033 0 0.033

N*F*C I 4.12 4.12 0.033 0.033 0.033 0

E*N*F*C I 4.12 4.12 0.033 0.033 0.033 0.033

(a) Precipitated from pH 13 solui,ion as hydroxide or hydrous oxide.
(b) Tetrasodium ethylenediamineacetate.

and explosivity of mixtures of sodium nickel ferrocyanide and sodium nitrate

and nitrite. This section provides a brief description of the TTX test.

The PNL TTX test provides a rough method of measuring kinetic effects

and determining relative explosivities of materials. Therefore, the test was

chosen to investigate the effects of selected C/Is on the explosivity of mix-

tures of Na2NiFe(CN)6, nitrate, nitrites, and catalysts and initiators. In

this test method, the "FTXwas measured as a function of temperature for small,

60- to 70-mg quantities of the various mixtures (the amount of ferrocyanide

remained constant). By measuring the time required for an explosion to occur

at several temperatures, it was possible to extrapolate the plot of time

2.3
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versustemperatureto the minimumexplosiontemperature,or criticaltempera-

ture, Tc, for that particularconfigurationand size.

For the TTX testing,a 5-.mm-diametertest tube (a thin wall NMR tube)

containingabout 70 mg of samplewas placed into a fitted2.75-cm-deephole in

a stainlesssteel right cylindermeasuring3.6-cmdiameterby 4-cm tall.

Anotherhole, adjacentto the first,was providedfor a thermocouple. The

cylinder,surroundedby an insulatingblock,was placedon a hot plate and

heatedto and maintainedat the desiredtemperatur_by a temperature

controller.

The samplewas placed in the heated cylinder,and the time from inser-

tion to explosionwas measuredand recordedalong with any visual observa- r

tions. An explosionwas defined_ either a loud noise or a flash of light;

often both occurred. If no pronouncedchemicalreactionoccurredwithin nomi-

nally 30 min, the test was stopped. The test performedusing the standardTTX

procedurecan be consideredas a modifiedHenkin test (Henkinand McGill 1952;

Caldwellet al. 1984; Faubian1984)_

In the TTX test, the TTX should be dependenton the temperatureas would

be predictedby the Arrheniusequation if a single reactionmechanismoccurs.

Often an explosionoccurredafter a period of a few seconds,but occasionally

some occurredafter 25 min. Only one test, at 296°C,did not explodeafter

30 min. The absence of an explosion did not mean an exothermic reaction did

not occur. Gases that were normally evolved during the testing of ferrocya-

nide and nitrateand/ornitritemixtures includedoxidesof nitrogen(identi-

fied by the characteristicbrown color of NO2 producedeiLherjust above the

reactionmixtureor slightlyhigher after the NO had an opportunityto react

with air), and often the contentsof the tube were splatteredat lower

temperatures.

2+3 EXPERIMENTALDESIGN

To identifythe materialsor combinationof materialsthat acted as

catalystsor initiators,we selectedan experimentaldesign that would allow

us to use statisticallybased analyticalmethods. The designof this C/I

study was based on partialreplicationof a full factorialexperimentin a

2.4

rlllr ll_ll_.; _II_r "tJ+HPl ' U,'llqll II 11.,rql M Pl,ll ,_i m ., r_ llrl_lY _,_l , qp umg, ,i'_ ' lm'+@I Sl' 'III mm, , ' ""lqr_'"ITr_'_"'"' ''I11''



randomizedblock design. The factorsinvestigatedwere the four C/Is at two

concentrationlevels,0 and 0.03 mole per mole of ferrocyanide,and the tem-

peratureof the experimentalapparatus. The compositionsof the 15 C/I

treatmentand controltest mixturesresultingfrom this experimentaldesign

are presentedin Table I.

Each of the treatmentswas tested at four differenttemperatures

(nominallevelsof 296°, 320°, 350°, and 380°C)using four distinctapparatus

to allow the four tests to run concurrently. This designproduced64 distinct

treatmentswhen the 16 C/I mixtureswere testedat each of the four

temperatures.

Each of the 15 possibleC/I treatmentsplus the controlwere randomly

sequencedwith replicationof some of the treatments. The randomiz_._ion

schemeallocatedthe treatmentsto the 33 tests performedon the first day so
that:

• each C/I treatmentwith a singleC/I was tested at three
temperatures(12 tests)

•. three of the mixtureswith two C/is were tested at two tempera-
tures, and three were tested at one (9 tests)

• the mixtureswith three C/Is were testedat one temperature(4
tests)

• the mixturewith all four C/Is was tested at two temperatures,
(2 tests)

• control, ,es,etures;once at 380°C, twice at 320°C, and three times at 6
tests).

Each experimentalapparatuswas held at its assignedtemperature

throughoutthe 33 tests performedon the first day. The same order for the

C/I treatmentswas maintainedin all four sets of 33 tests with the tempera-

tures randomlyassignedto the individualexperimentalapparatus. A total of

132 tests were performedduring the four days of study.

The expectedmarked differencesin the TTX at the varioustemperatures

shouldmake irrelevantany lack of independencethat may have resultedfrom

followingthe same testingsequenceof the C/I in each subsetof 33 tests.

2.5
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3.0 RESULTSOF SCREENINGSTUDY

This sectionpresentsand discussesthe resultsof our first screening

study to identifycatalystsand/or initiatorsfor the thermalreactionbetween

ferrocyanideand nitrateand nitrite. In this study we used the PNL TTX test

and designedthe e'_perimentssuch that statisticalmethodscould be used to

determinewhetherEDTA (E), Ni(OH)2(N), Fe203(F),or Cr(OH)_(C), and all

their possiblecombinationsreducedthe TTX at four discretetemperatures,

rangingfrom 295° to 380°C, of a mixtureof Na2NiFe(CN)Band a stoichiometric

amountof equimolarsodiumNaNO3 and NaNO2.

The full set of test data is presentedin AppendixA. Table A.I lists

the treatmentsin their naturalorder, alongwith their resultingTTX in

secondsat each temperature. No statisticalanalysiswas performedto deter-

mine whetherthe testingorder (testnumber)and the experimentalapparatus
affectedthe TTX.

In additionto using statisticalanal"ticalmethods,we conducteda very

small study to determinethe minimumexplosiontemperaturefor the different

treatmentsusing the samplesize and geometryof our TTX test. In this study

the treatmentsdid not change the explosiontemperaturerelativeto the con-

trol. The minimumexplosiontemperaturelc' this geometryand samplesize was

293° ± 3°C independentof treatment.

3.1 PRELIMINARYDISCU3SIONOF Fr.SULTS

In early TTX testing,Burger and Scheele(1991)found a bilinearrela-

tionshipbetweenthe naturallog of the TTX, In(TTX),and the inverseof the

absolutetemperature(I/T). If the explosivereactionis a singlereaction

that followsexpectedArrheniuskineticbehavior,a linearrelationship

betweenIn(TTX)and I/T should be observedinsteadof the bilinearrelation-

ship observedin FigureI, which presentsa plot of In(TTX)versus I/T for the

controlmixtureand is typicalof most of the other mixtures.

A bilinearrelationship'isone that is linearwith one slope over part

of the range and anotherslope over the other part of the range. The inter-

sectionof the two lines is referredto as the inflectionpoint. The
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FIGURE1. Arrhenius-Type Plot for In(TTX) versus Reciprocal Temperature
for a Mixture of Sodium Nickel Ferrocyanide and Equimolar
Sodium Nitrate and Nitrite (control)

inflection point in Figure I is near I/T of 1.6 X 10.3 or at a temperature of

350°C, which is near that observed for most treatments. An inflection point

could be caused by a change in chemical mechanism for the explosion, or it

might be explained by the relative time for heat transfer into the sample

compared to the TTX.

The hy[;r;thesis of a change in chemical mechanism is supported by the

differential scanning calorimetry (DSC) analysis of the control mixture pre-

sented in Figure 2. According to this figure, several discrete reactions

occur as the sample is heated to increasing temperatures or the oxidation of

sodium nickel ferrocyanide by sodium nitrate and nitrite is a multistep

3.2
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FIGURE2. DSC Analysisof Reaction(s)BetweenNazNiFe(CN)6 and Equimolar
Sodium Nitrate and Nitrite (control l

reaction. Our STG results (Figure3) and our initialmass spectralanalysis

of the releasedmass 28 gases from the controlshown in Figure4 (Scheele

et al. 1992) also indicatethere are discretetemperatureregimesfor produc-

tion of productgases. These observationssuggestthat a singularreaction

will not predominatethroughoutthe entire temperaturerange used in the TTX

testing.

A secondpossibleexplanationfor the data at 380°C to have exhibited

differentbehaviorthan the rest of the data in FigureI could involvetile

physicalheatingof the reactionmaterial.There is a time lag betweenthe

moment a sample tube is placedwithinthe heated block and the time the

reactantshave equilibratedat the block temperature. At the very short TTXs

measuredfor the 380°C data, this time lag could representa very significant

fractionof the TTX value.

In earlierstudiesusing Cs2NiFe(CN)6 to determinea time-temperature

profile,we inserteda micro thermocoupleinto the test mixtureand monitored

temperatureand time using a stripchart recorder. We encounteredproblems
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FIGURE 4.. Nj and/or CO Produced from Temperature Programmed Pyrolysis of
N_pNiFe(CN)_ and Equimolar Sodium Nitrate and Nitrite
Mi;<ture(Scl_eeleet al. 1992)
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because of the small sample size and the excellent thermal conductivity of the

thermocouples, The thermocouples transferred heat out of the system very

rapidly, thus causing overestimation of the time to reach temperature,

Because of our difficulties in measuring the actual time to temperature

and explosion, we estimated the time to temperature and adjusted the TTX by

different constant amounts. Even with this adjustment, the bilinear relation-

ship between In(TTX) and I/T continued to exist indicating that the time lag

hypothesis is not an adequate explanation for the bilinear relationship.

Not all of the plots of In(TTX) versus I/T produced a bilinear relation-

ship. The exceptions to this apparent bilinear behavior are the plots of

treatmer'_tsE'F, E'C, E*N*C,and perhapsN*F*C. All these.exceptionsare for

treatmentshavingonly one observationat each temperatureand, therefore,

less reliableresponsepatternsover temperaturethan the treatmentswith some

replication. These plots also show that the data were well behaved,with no

obviousoutliers.

3.2 IDENTIFICATIONOF POTENTIALCATALYST/INITIATORS

This screening study was designed so that analys,is of variance (AOV)

methods could be used to analyze the results. The general linear models pro-

cedure (PROC GLM in the computer-basedstatisticalanalysispackageSAS)was

used to estimatethe means and variancesand to providesignificancetests and

confidencelimitsfor testingthe null hypothesisthat there were no signifi-

cant catalyticor initiatoreffects.

The first AOV model investigatedwas the fullmodel with the five

factors' nominaltemperature(TG), E, N, F, and C and the two-, three-,

four-,and five-factorinteractionsthat could be formedfrom them. This

analysisindicatedthat the main effectsfor TG, E and F, and the two-factor

interactionsTG*E, E*C and F*C had a statisticallysignificanteffecton the

• TTX (at least at the 95% confidencelevel). The only higher order interaction

that was statisticallysignificantwas TG*E*C.

This AOV also showedthat the mean TTX at one temperatureis statisti-

cally different from the mean TTX at each of the other temperatures as shown
,,
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in Figure5, This resultwould be predictedassumingArrheniuskineticbehav-

ior with the rate constantinverselyproportionalto the exponentialof

reciprocaltemperature.

Since the TG main effectaccountedfor 98% of the total variabilityin

the data, and there were significantinteractionsinvolvingTG, we analyzed

the data using Dunnett'stest (1955)to determinethe effectsof each of the

C/Is and their combinationsat each temperature. Dun_,ett'stest is used to

compareseveraltreatmentswith a control,which in this case is sodiumnickel

ferrocyanidewith equimolarsodiumnitrateand nitrite. Dunnett'stest main-

tains 95% confidence (<5%chance of judginga differencesignificantwhen it

is not significant)for all comparisonsmade within a temperaturelevel.

Becauseof expectedArrheniusbehavior,we used the naturallogarithmof

the TTX for this statisticalanalysisto identifywhich additivesacted as

; _' Control Responae
- . _ ,

, --I ,-

6 Control Roaponso
- 3=0°c A /_ / .....I

,

4 -

350 QC /Oontmt R-eponse
--,, _--- ii , ,

.atr

3 -" , l., ._.= V --__ / Control Response

Control E N F C EN EF BC NF NC FO 6NF ENC EFC NFC _NFC

Treatment 39201080.7

FIGURE5. Effect of Treatments on Mean ln(TTX) at Different Temperatures

[E = EDTA, N : Ni(OH)2,F = Fe(OH)3,C = Cr(OH)3,,EoNn EDTAplus Ni(OH)2 (as an example of treatment combinal:i s)]
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catalystand/or initiators, l'hemean In(TTX)sfor each treatmentand for the

cortrolat each temperatureare presentedin Table 2, and graphicallycompared

in Figure5.

To illustratethe effect of each C/I on the TTX at a particula,'tempera-

ture in Figure5, we includeda horizontalline markingthe mean for the con-

trol in each temperaturegroup. The mean TTXs for many of the C/I treatments

TABLE 2. Effectof Treatmenton Mean In(TTX)

Overall
Mean In(TTXl_In (s) Treatment

Treatment N(a) 296°C 320°C 350°C 380°C Mean

Control 6 7.13 5.71 3.40 2.91 4.79

EDTA 3 7.11 5.33 3.33 2.41(b) 4.55 (b)

Ni(OH)2 3 7.01 5.37 3.45 2.74 4.64
Fe(OH)3 3 7°25 5.34 3.41 3°03 4.76
Cr(OH)3 3 7.21 5.49 3°42 2.83 4.74

E*N I 6.75 5.02 3.14 2.48 4.35(b)
E*F I 7.01 5.43 2 94(b) 2.71 4.52
E*C I 7.23 5.97 3.09 2.94 4.81
N_'F 2 7.05 5.34 3.37 2.88 4.66
N*C 2 6.96 5.42 3.28 2.97 4.66
F*C 2 6.94 5.09 3.26 2.74 4 50(b)

E*N*F I 6.70 5.14 3.09 2.64 4.39(b)
E*N*C I 7.20 5.99 3.22 2.56 4.74
E*F*C I 7.01 5.48 3.14 2 20(b) 4.46
N*F*C I 6.65 4.68 3.33 2.94 4 40(b)

E*N*F*C 2 7.14 5.27 3.31 2.52(b) 4.56

Mean of Means 16(ci
WeightedMean 33(d, 7.02 5.38 3.26 2.72 4.607.07 5.42 3.32 2.76 4.64

,,

Error Std. Dev. 0.17 0.38 0.12 0.13 0.23

(a) Number of treatmentreplicationsat each temperature.
(b) Mean is significantly(one-sided95% ConfidenceLevel)smallerthan

controlusing Dunnett'stest for significantdifferencesfrom
control.

(c) Number of means.
(d) Number of observations for each temperature.
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are less than the control,indicatingthat many of the C/Is reducethe TTX

relativeto the control, lt is valuableto note that most of those treatments

exhibitinga TTX lessthan the controlcontainEDTA. However,when the sta-

tistical variationabout the mean for a treatmentis taken into consideration,

there were few of the C/Is that had a statisticallysignificanteffect.

Using Dunnett'stest, a total of four treatmentswere found to cause a

statisticallysignificantdifferencein the TTX relativeto the controlat a

particulartemperature.At the two lower temperatures,no statisticallysig-

nificantdifferencewas found. For the 350°C treatments,only 'thedifference

E*F*Cfor the E*F interactionwas significant. At 380°C,the treatmentsE,

and E*N*F*Cwere determinedto have significantcatalyticor initiating

effects.

Figure6 illustratesgraphicallythe statisticalanalysisof the data

obtainedat 380°C. Figure6 presentsa comparisonof the mean In(TTX)for the
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FIGURE6. Effectof Treatmentson Mean In(TTX)at 380°C Including95%
ConfidenceLimits Based on DunnettDifferencefrom Control

[E- EDTA N = Ni(OH)2, F = Fe(OH)3, C = Cr(OH)3,EN EDTA
plUS Ni(Ol_)2 (as an example of treatment combinations)]
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controland the mean In(TTX)sfor the differenttreatments;includedare the

95% confidenceintervalsfor the treatments. If a treatmenthad a statis-

ticallysignificanteffect,the control'smean would be outsidethe treat-

ment's confidenceinterval. Using this criteria,Figure6 shows that at 380°C

the additionof EDTA alone,E*F*C, and E*N*F*Ccauseda statisticallysignifi-

cant reductionin the TTX. Similarpresentationsfor the other three tempera-

tures are presentedin AppendixB, and they showthe same resultsas reported

in the previousparagraph.

The error standarddeviationreportedin Table 2 is the statisticthat

estimatesthe experimentalvariability. Based on the In(TTX)units,the stan-

dard deviationfor each temperaturerelativeto the mean for that temperature

is between2% and 7%, and when pooled over all temperatures,it is about 5%.

This level of variabilityin the units of the statisticaltestingis not large

for physicalmeasurementssuch as the TTX.

All these analyseswere conductedusing the In(TTX). In an effortto

gain additionalinformationfrom our data, we transformedthe In(TTX)data

presentedin Table 2 back into time by Computingtheir naturalantilogarithm.

The resultsof this backtransformationappear in Table 3, which presentsthe

confidencelimitsand mediansin seconds. Also given are the upper and lower

half-widths(HW) for the 95% confidencelimits in seconds. This simpletrans-

formationis called the Naive Transformationby Land (1975). The Naive Trans-

formationprovidesexact confidencelimits for the median,thus resultingin

confidencelevels for the mediansat somewhatless than the 95% obtainedfor

the.naturallog data Becauseof the back transformation,the confidence

limits in secondsare asymmetric(comparethe upper and lower HW in Fable3).

Comparisonof the mediansof the controland treatmentsat each tempera-

ture presentedin Table 3 yields the same resultsregardingstatisticallysig-

nificanttreatmentsas obtainedusing the In(TTX). Again, the four treatments

that caused reductionsin the TTX were E*F at 350°C and E, E*F*C,and E*N*F*C

at 380°C.

. The stat,isticalanalysisof the TTX test data indicatesthat only EDTA

alone and the mixed treatmentsE*F*C and E*N*F*Cat 380°C,and E*F at 350°C

caused statisticallysignificant(at the 95% confidencelevel) reductionsin

. 3.9
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_. In(TTX) Means and Dunnett-Based 95% Confidence Limits
Transformed Back to Seconds

Temperature, Lower Upper
°C Treatment N Limit, s Median Limit, s

......i

296 N*F*C I 415.10 771 143Z.06
296 E*N*F I 438.25 814 1511.93
296 E*N I 460.32 855 1588.08
296 E*F*C 1 597.01 1109 2059.85
296 E*F I 597.61 1110 2061.73
296 E*N*C I 724.13 1345 2498.21
296 E*C I 741.90 1378 2559.51

296 F*C 2 646.88 1033 1649.59
296 N*C 2 660.48 1054.71 1684.24
296 N*F 2 725.22 1158.10 1849.37
296 E*N*F*C 2 786.20 1256.25 2007.35

296 N 3 735.99 1103.85 1655.59
296 E 3 _ 814.13 1221.05 1831.37
296 C 3 902.07 1352.95 2029.19
296 F 3 941.68 1412'.36 2118.30

296 Control 6 -- 1254.84 --
o

320 N*F*C I 27.44 108 425.10
320 E*N I 38°36 151 594.36
320 E*N*F I 43.45 171 673.01
320 E*F i 58.18 229 901.37
320 E*F*C I 60.97 240 944.67
320 E*C I 9'9.34 391 1539.03
320 E*N*C I 101.11 398 1566.58

320 F*C 2 57.37 161.63 455.37
320 E*N*F*C 2 68.71 193.56 545.27
320 N*F 2 73.99 208.45 587.21
320 N*C 2 80.14 225.78 636.09

320 E 3 84.30 206.71 J06.91
320 F 3 85.39 209.40 513.49
320 N 3 87.74 215.16 527.63
320 C 3 99.02 242.82 595.46

320 Control 6 -- 301.03 --
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IABLE3. (contd)

Temperature, Lower Upper
°C Treatment _ Limit, s Median Limit,s

350 E*F i 12.41 19.00 29.08
350 E*N*F I 14.37 22.00 33.67
350 E*C I 14.37 22.00 33.67
350 E*F*C I 15.03 23.00 35.21

, 350 E*N 1 15,03 23,00 35.21
350 E*N*C I 16.33 25.00 38.27
350 N*F*C I 18.29 28.00 42,86

350 F*C 2 18.83 25.98 35.84
350 N*C 2 19.20 26.50 36.55
350 E*N*F*C 2 19.93 27.50 37.93
350 N*F 2 21.01 28.98 39.98
350 E 3 21.15 27.95 36.94

' 350 F 3 22.95 30.33 40.08
350 C 3 23.17 30,62 40.46
350 N 3 23.95 31.64 41.81

350 Control 6 -- 29.94 --

380 E*F*C I 5.46 9.00 14.84
380 E*N I 7.28 12.00 19.79
380 E*N*C I 7.88 13.00 21.43
380 E*N*F I 8.49 14.00 23.08
380 E*F i 9.10 15.00 24.73
380 N*F*C I 11.52 19.00 31.33

i 380 E*C I 11.52 19.00 31.33
i

380 E*N*F*C 2 8 50 12 41 18 11
380 F*C 2 10.57 15.43 22.51
380 N*F 2 12.16 17.75 25.90
380 N*C 2 13.32 19.44 28.37

380 E 3 8.06 11.19 15.52
380 N 3 11.12 15.43 21.40
380 C 3 12.24 16.98 23.56
380 F 3 14.88 20.65 28,64
380 Control 6 -- 18.29 --
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the TTX. However, comparing the mean effect of each treatment to the control

mean indicates that many of these suspect catalysts and/or initiators and

their combinations reduce the TTX.

The commonadditive to all the statistically significant and most all (i

the near-statistically significant treatments is EDTA. Wedo not know enough _'

about the reaction mechanism to explain why the ferrocyanide and nitrate and

nitrite reaction is accelerated by EDTA. The important role of EDTAin these

reactions may be due to its hydrocarbon fuel content. At the high tempera-

tures used in this study, it is possible for EDTAto react exothermically with

the oxidants present in the test matrix. The heat liberated from this reac-

tion could then initiate or accelerate the reaction of the Na2NiFe(CN)8with

the oxidants. An alternative hypothesis is that the EDTAcomplexes with the

nickel or iron in the sodium nickel ferrocyanide increasing the susceptibility

of the carbon and nitrogen to oxidation by the nitrate or nitrite.
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APPENDIXA

TTX RESULTSOF FIRST,C/lSCREENINGSTUDY,

|
[]

|
,n,,lfll r,q, _mll" IIl_' "rl" ,J'IJ iT' '_P rl q,,,,,_f1_ln rlFl,' I_ ' ,r,n'l'Jl ''q' r'll' '111' IIrl'r IFl"lr,r , ..... rn ' ' ll,,,Ir' "lliT"lllq_lr 'rlI,r''l''r *'rJJ_qTI" _' I_l _'"' rl li',,,Ull ,r'p,, Iq' 'TFI....



TABLE A.I. TTX Resultsof First Catalystand/or Initiator(C/l) Screening
Study for ReactionBetweenSodiumNickel Ferrocyanideand
EquimolarSodium Nitrateand Nitrite

Time-to.-Explosion,s
Treatment 296oC 320oC 350oC 380oC

.i

Control(no C/I added) 1335 354 31 16
1257 401 34 19
1296 232 28 18
1353 249 29 20
1365 289 29 18
972, 314 29 19

E 1060 242 30 10
1458 292 26 14
1178 125 28 10

Ni(OH) 1200 166 24 17
1229 219 44 12
912 274 30 18

Fe(OH)3 1370 358 30 22
1398 249 30 20

.. 1471 103 31 20

1800 336 _30 16
Cr(OH)3 1489 212 29 17

924 201 33 18

E*N(a) 855 151 23 12

E*F 1110 229 19 15

E*C 1378 391 22 19

N*F 1235 275 28 21
1086 158 30 15

N*C 927 331 26 21
1200 154 27 18

F*C 1036 209 27 14
1030 125 25 17

E*N*F 814 171 22 14

E*N*C 1345 398 25 13

E*F*C 1109 _aO 23 9

N*F*C 77] 108 28 19

E*N*F*C 1436 262 28 11
1099 143 27 14,

(a) E*N = EDTA + Ni(OH)padded to controlmixture
[Na2NiFe(CN)6 + EqufmolarNaNO3 + NAN02]
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APPENDIXB

PLOTOF 95% CONFIDENCELIMITS BASEDONt

DUNNETTDIFFERENCEFROMCONTROl
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FI.G..UREB.I. Effectof Treatmentson Mean In(TTX)at 296°C Including95%
ConfidenceLimitsBased on DunnettDifferencefrom Control

[E = EDTA N = Ni(OH)p.,F = Fe(OH)3,C Ct(OH)3,EN EDTA
plus Ni(OH)2(as an e)_ampleof treatmenlcombinations=)]
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FIGUREB.2. Effect of Treatments on Mean In(TTX) at 320°C Including 95%
Confidence Limits Based on Dunnett Difference from Control

[E = EDTA N _ Ni(OH)2,F : Fe(OH)3, C = Ct(OH)3, EN = EDTAplus Ni(OH)2 as an exampleof treatmentcombinations)]
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FIGUREB.3.. Effect of Treatments on Mean In(TTX) at 350°C Including 95%
Confidence Limits Based on Dunnett Difference from Control
[E = EDTA N = Ni(OH)2, F = Fe(OH)3, C : Cr(OH)_, EN = EDTA
plus Ni(OH)2 (as an example of treatment combinations)]
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