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ABSTRACT

During the 1950s, ferrocyanide- and nitrate-bearing wastes were produced
at Hanford. A concern about continued safe storage and future treatment of
these wastes has arisen because ferrocyanide and nitrate mixtures can explode
when heated. Because of this concern, the Pacific Northwest Laboratory has
performed experimental studies to determine the conditions needed to continue
storing the wastes safely. In this paper, we present the results of our
studies on the effects of other potential ferrocyanide waste constituents on
the explosivity of mixtures of sodium nickel ferrocyanide and sodium nitrate
and nitrite. In particular, this paper presents the results of investigations
on the diluent effects of equimolar sodium nitrate and nitrite, sodium nickel
ferrocyanide, and sodium aluminate, and the catalyst or initiator effects of
nickel sulfide. These studies showed that added equimolar sodium nitrate and
nitrite and sodium aluminate reduced the explosivity of a mixture of sodium
nickel ferrocyanide and equimolar sodium nitrate and nitrite in that the time-
to-explosion was increased as more of these materials were added. The inves-
tigations of the effect of nickel sulfide showed that increasing amounts of
nickel sulfide increased the sensitivity of the explosive reaction to thermal
initiation by reducing the time-to-explosion and the minimum observed explo-
sion temperature.

INTRODUCTION

During the 1950s, the United States identified a need for additional
nuclear defense materials. At the Hanford site, the operating contractor who
had responsibility for producing these materials determined that insufficient
storage capacity existed for the wastes that would be generated by increased
production. To accommodate the need for additional radioactive waste storage
capacity, the contractor used a "radiocesium scavenging" process. This proc-
ess removed soluble cesium from the aqueous wastes by precipitating an insol-
uble mixed alkali nickel ferrocyanide, which then allowed disposal of the
decontaminated aqueous wastes to a soil column. But using this radiocesium
scavenging process created tons of potentially reactive waste having a wide
range of compositions.

The potential reactivity and thermal explosivity of mixtures of alkali
transition metal ferrocyanides and pitrates was first recognized at Hanford as
Wirta and Koski (I) and later Hepworth, McClanahan, and Moore (2) investigated
processes to convert cesium zinc ferrocyanide to radiation stable cesium
chloride. Van Tuyl developed processes for Hanford (3) using metal ferro-
cyanides to recover radiocesium from Hanford wastes. Cesium zinc ferrocyanide

*Pacific Northwest Laboratory is operated by Battelle Memorial Institute for
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was considered the best for neutralized waste solutions. Later, when concerns
arose regarding continued safe storage of the wastes produced by the radio-
cesium scavenging process, Burger and Scheele (4), Scheele and Cady (5), and
Scheele et al. (6,7,8) found that mixtures of cesium or sodium nickel ferro-
cyanides and alkali nitrates and/or nitrites began reacting when heated above
230°C and typically exploded in small-scale explosion tests when heated above
300oC.

Most of tl_e ferrocyanide-bearing wastes which are currently stored in
the Hanford underground storage tanks were produced using two basic flowsheets
(6,7). The first is called the U-Plant Flowsheet and the second is called the
In-Farm Flowsheet. In both cases, the wastes treated contained high concen-
tratior_s of dissolved nitrates. Frequently, the radiocesium flowsheet was
preceded with a process tn scavenge radiostrontium by precipitating calcium or
strontium phosphate. Occasionally, radiocesium scavenging was preceded by
radiocobalt scavenging by precipitation of nickel sulfide.

In the U-Plant flowsheet process which produced about 70% of the
ferrocyanide-bearing wastes, sodium or potassium ferrocyanide was added to
acidic dissolved wastes, the wastes were neutralized with sodium hydroxide,
and nickel nitrate was added to precipitate an alkali nickel ferrocyanide
containing the radiocesium. The dissolved wastes contained a variety of
metals, including iron, which also precipitated when the waste was neutra-
lized. The resulting wastes should have been a mixture of sodium nickel
ferrocyanide, iron hydroxide, or hydrous oxides; in most cases, these wastes
would include calcium or strontium phosphate from radiostrontium scavenging
operations.

In the In-Farm Flowsheet process which produced about 20% of the
ferrocyanide-bearing wastes, high pH supernates from stored wastes were
transferred to a mixing tank, the pH adjusted, sodium or potassium ferro-
cyanide was added, and nickel was added to precipitate an alkali nickel
ferrocyanide containing the radiocesium. The resulting ferrocyanide-bearing
wastes should have been a mixture of relatively pure sodium nickel ferro-
cyanide containing small molar amounts cf cesium, interstitial solution con-
taining largely sodium nitrate and nitrite from radiolysis of the nitrate, and
small relative amounts of sodium sulfate, sodium chloride, and sodium
hydroxide.

In addition to coupling several different scavenging processes to remove
selected radionuclides from Hanford wastes, normal waste management operations
affected or could affect the composition of the ferrocyanide-bearing wastes.
These operations included adding other waste types to tanks containing ferro-
cyanide wastes which, if mixed, could add materials to the ferrocyanide por-
tion of the wastes. Also ferrocyanide wastes were transferred to other tanks
containing other waste types. Materials which could have become mixed with
the ferrocyanide wastes include sodium aluminate and bismuth phosphate.

The coupling of other radionuclide scavenging processes together with
the ferrocyanide process, the complex composition of some of the wastes
treated, and normal waste management operations have very likely resulted in
wastes containing a wide range of compositions. These materials could affect
the explosivity or reactivity of the ferrocyanide-bearing wastes (4,8), and
thus selectr_i materials have been investigated to determine what effect they
have on the explosivity of simulated ferrocyanide wastes. For this paper,
explosivity will be used to describe the tendency to explode and reactivity
the tendency to react.



Waste constituents can affect t l_e reactivity or hazard associated with
the ferrocyanide wastes by acting as a diluent, a catalyst, or an initiator.
A diluent could be excess oxidant or a nonparticipatory material, and because
of its ability to absorb heat could prevent very high temperatures, thus
reducing or eliminating the hazard. Halides and transition metal hydroxides
from fission products or tank corrosion are potential catalysts for some
reactions (4,8). A catalyst might reduce the initial reaction temperature or
allow the explosive reaction to occur at a lower temperature. Potential
initiators include reactions between reduced species, such as organics and
sulfides, with the ever present _itrates and nitrites. An initiator could
react with nitrate and nitrite at a lower temperature than the ferrocyanide
reaction, providing sufficient heat to cause the ferrocyanide reaction to
occur.

This paper presents results of studies performed by the Pacific North-
west Laboratory (PNL) on the effect of sodium nitrate and nitrite concentra-
tion, sodium nickel ferrocyanide concentration, sodium aluminate concentra-
tion, and nickel sulfide concentration on the explosivity of a mixture of
sodium nickel ferrocyanide and equimolar sodium nitrate and nitrite.

GENERALMETHODSAND MATERIALS

To investigate the effect of potential waste constituents on the reac-
tion between sodium nickel ferrocyanide and sodium nitrate and/or nitrite, we
used the PNL time-to-explosion (TTX) test, which is a modification of the test
developed by Henkin and McGill (9) to measure the effect of temperature on the
explosivity of materials. To supplement the information obtained using the
TTX test and to gain additional information on the effect of temperature, we
used differential scanning calorimetry (DSC) and scanning thermogravimetry
(STm).

In these studies, we used the TIX test to determine rapidly, within time
limits of 30 or 60 rain, the relative thermal explosive behavior of different
mixtures. The absolute thermal explosivity of a material depends on several
factors including confinement, sample size, and sample geometry.

In our TTX testing to determine the effect of selected materials, we
used 26 mg of thrice water washed sodium nickel ferrocyanide having a nominal
composition of Na_NiFe(CN)G*I_5 H20, based on elemental and STG analyses. In
the oxidant concentration -studies, we varied the amount of the oxidant equi-
molar sodium nitrate and nitrite. While in the sodium aluminate and nickel
sulfide studies, we used 90% of the stoichiometric amount of oxidant for the
most energetic reactions.

In the TTX test, the 60- to 375-mg sample was put in an open 5-mm-dia
glass tube and placed in a preheated stainless steel block which was main-
tained at a known temperature. The time required for an explosion or vigorous
reaction was measured in duplicate tests. The tested parameter was increment-
ally varied until no event was observed for both replicates. The exception
was when the capacity of our test apparatus was exceeded in the increasing
sodium aluminate concentration testing. Occasionally an event was observed
for one sample, but not for its duplicate; this was particularly true at the
lower temperatures. The sound level was measured using a sound meter located
1.5 m from the test.

The DSC measured enthalpy changes, and the STG measured weight changes
for 2- to 20-ing samples as the temperature increased at a known and controlled



rate. Both DSC and STG measured reaction onset temperatures and the number of
steps that occurred in a reaction.

RESULTS

In these experiments to determine the effects of other potential ferro-
cyanide waste constituents on the reactivity and explosivity of simulated
ferrocyanide wastes, we investigated the concentration effects oi; equimolar
sodium nitrate and nitrite, sodium nickel ferrocyanide, sodium aluminate, and
nickel sulfide. We expected that increasing amounts of the first three mate-
rials would reduce the explosivity of a mixture of sodium nickel ferrocyanide
and equimolar sodium nitrate and nitrite due to diluent effects. We also
expected that nickel sulfide would increase the explosivity or reduce the
minimum observed explosion temperature by acting as either a catalyst or
initiator due to its potential reactivity with nitrate and/or nitrite.

Each of the materials tested affected tile reactivity and explosivity of
the mixture of sodium nickel ferrocyanide and equimolar sodium nitrate and
nitrite. The effects were largely as expected with excess oxidant and sodium
aluminate dampening the explosivity depending on concentration, while adding
nickel sulfide both reduced the time to explosion and the minimum observed
explosion temperature. Somewhat surprisingly, the mixture of oxidant and
ferrocyanide was explosive or exhibited vigorous reactivity at low oxidant to
ferrocyanide ratios.

Diluent Studies

At least two mechanisms exist whereby a material could act as a diluent.
The first mechanism is by absorbing the heat produced by the reaction between
ferrocyanide and the nitrate and/or nitrite oxidant, and the second is by
reducing the collision rate between tile two reactants. In past reports (8),
we presented thermodynamic calculations indicating that it would require about
3 g of water, 25 g of sodium nitrate, and 60 g of sodium aluminate to prevent
the reaction temperature for a near-stoichiometric mixture of I g of sodium
nickel ferrocyanide and 1.6 g of sodium nitrate from reaching 200°C and thus,
we believe, resulting in a thermal runaway of the reaction. The differences
in the amount of diluent required are due to different heat capacities and
different physical behavior such as boiling or melting.

We performed two sets of studies to determine the diluent effects of
different potential ferrocyanide waste constituents. The first was to
investigate the effect of the oxidant (equimolar sodium nitrate and nitrite)
to ferrocyanide ratio, and the second was to determine the effect of a low
heat capacity material which does not participate in the reaction of concern.



Effect of the Oxidant to Ferrocyanide Ratio

The most explosive mixture of ferrocyanide and a nitrate and/or nitrite
should be a stoichiometric mixture; Eq. (1) and Fq. (2) present the most
energetic postulated reactions of nitrate and nitrite with sodium nickel
ferrocyanide, respectively. Without any excess material to absorb the heat
produced by the reaction, temperature will increase at the maximum rate pos-
sible, and the reaction(s) will occur at the fastest rate(s) possible. If the
ratio of oxidant to ferrocyanide differs either direction from stoichiometry,
the reaction rate should be lower.

Na2NiFe(CN)6+6NaNO3_4NazCO3+NiO+FeO+2CO2+6N2 (Eq. I)

Na2Ni Fe(CN) 6+IONaNO2_6Na2CO3+NiO+FeO+SNz (Eq. 2)

The results of this study are presented in Fig. I and 2. Fig. I and 2
present the dependency of the TTX and sound emitted at different temperatures
on the composition of the tested mixture, respectively. The composition of
the mixture is presented in terms of stoichiometry for the most energetic
postulated reactions for nitrate and nitrite; i.e., at a ratio of 2, two times
the stoichiometric amount of oxidant is present, and at a ratio of 0.5, one
half of the necessary amount of oxidant is present for complete oxidation.
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Fig. I. Effect of stoichiometric ratio of
oxidant to ferrocyanide on explosivity in
PNL TTX within 30 min.

A number of conclusions can be drawn from inspecting Fig. I and 2. From
Fig. I, it can seen that the range of compositions that produced explosive
reactions varied depending on temperature with the largest range at the high-
est temperature used. At 400°C, the mixtures that were explosive ranged from
a stoichiometric ratio of 0.1 to 2.5, and at 320°C, the explosive compositions
ranged from stoichiometric ratios of 0.5 to 1.0; mixtures having less or more
oxidant than presented did not explode. The explosivity of a mixture having a
significant deficiency of oxidant is somewhat surprising to us. Sodium nickel



ferrocyanide does not explode by itself in the PNL TTX test at temperatures up
to 400°C.
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Fig. 2. Effect of oxidant to ferrocyanide
ratio level in mixtures of sodium nickel
ferrocyanide and equimolar sodium nitrate
and nitrite on explosion sound level.

Fig. 2 suggests that, as expected, the most explosive mixture is the
stoichiometric, and it shows that the sound from the explosion for near-
stoichiometric mixes are nearly equivalent independent of temperature.
Second, the range of explosive mixtures is smaller at lower temperatures.
Third, a mixture of ferrocyanide and equimolar sodium nitrate and nitrite is
explosive even at a deficiency of oxidant. For example a mixture with an
oxidant to ferrocyanide stoichiometric ratio of 0.! is explosive at 400°C.
Fourth, since the sound is nearly equivalent for explosions of near-
stoichiometric mixes independent of temperature, temperature has little or no
effect on the rate or efficiency of the explosive reaction.

In making conclusions regarding the absolute behavior of the tested mix-
ture, it must be remembered that the results of the Henkin test are dependent
on a number of factors including geometry, confinement, and mass. The PNL TTX
test as used here allows comparison of different test conditions and provides
a relative measure of explosivity, lt would be expected that using more mate-
rial would affect the results.

Effect of Sodium Aluminate Concentration

In our second set of experiments to investigate the diluent effects of
other waste constituents, we investigated the effect of sodium aluminate con-
centration on the explosivity of a near-stoichiometric mixture of sodium
nickel ferrocyanide and equimolar sodium nitrate and nitrite using two experi-
mental approaches. In the first approach, we determined the TTX at 350 and
400°C for samples containing differing amounts of sodium aluminate. In the
second approach, we measured the TTX, using a 60-min test limit, of mixtures
containing 2 and 4 g of sodium aluminate per g of sodium nickel ferrocyanide
as a function of temperature.



Sodium aluminate was selected for study because it has a low heat capac-
ity, it undergoes no phase transitions until very high temperatures, and it
_hould not react with either ferrocyanide or nitrate or nitrite. Sodium
aluminate is representative of those materials that will not participate in
the reaction and should slow the reaction due to absorption of reaction heat.

l he results of the inert, low-heat-capacity diluent studies are pre--
sented in Fig. 3 and 4. Fig. 3 presents the results of the first experimental
approach and shows the dependency of the time to explosion on the concentra-
tion of sodium aluminate at 350 and 400°C, and Fig. 4, which presents the
results of the second set of experiments, compares the behavior of mixtures
with weight ratios of 2"I and 4"I sodium aluminate to sodium nickel ferro-
cyanide to the behavior of a mixture without aCded aluminate, identified in
the figure as the reference.
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Fig. 3. Effect of sodium aluminate con-
centration on the explosivity of a near-
stoichiometric mixture of sodium nickel
ferrocyanide and equimolar sodium nitrate
and nitrite.

As shown in Fig. 3, a near-stoichiometric mixture of sodium nickel
ferrocyanide and equimolar sodium nitrate and nitrite remains explosive up to
an added sodium aluminate to sodium nickel ferrocyanide wt ratio of ]2:1 at
both 350 and 400°C. At 350°C, only one of the two tests exploded at a wt
ratio of ]2:1, and at 400°C, only one of the duplicate tests exploded at wt
ratios of 8:1 and 12:1. At the other ratios, the duplicate mixtures exploded,
though it may be difficult to see both data points since the difference in TTX
was minimal. Unfortunately, we exceeded the capacity of our test apparatus
before we ceased to see explosions caused by adding aluminate.
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Fig. 4. Effect of added sodium aluminate
on the time-to-explosion of a mixture of
sodium nickel ferrocyanide and equimolar
sodium nitrate and nitrite.

Fig. 3 also shows that small amounts of added al uminate increases the
T_X. However, above a particular wt ratio, 2'I at 400°C and 4'I at 350°C
adding more aluminate does not cause a further increase in the TTX or at least
causes a less significant change than at lower ratios.

As shown in Fig. 4, adding 2 and 4 g sodium aluminate per g sodium
nickel ferrocyanide to a near-stoichiometric mixture of sodium nickel ferro-
cyanide and equimolar sodium nitrate and nitrite increased the TTX at dif-
ferent temperatures relative to the reference mixture and prevented explosions

below 340°C. As examples, at 380°C and 340°C, respectively, adding 2 g/gtd ° bAtincreased the TTX from 22 to 45 s and from 45 s to 125 s. An additional u
ling of the ratio of aluminate to ferrocyanide had a less dramatic effec .
380 and 340°C, doubling the wt ratio from 2'I to 4'I delayed the explosion by
10 s and 50 s, respectively. Adding aluminate at the 2 and 4 g/g levels
caused the minimum observed explosion temperature within 60 min to increase
from 280°C to 340°C; no explosion occurred with these two mixtures containing
aluminate at 320°C.

These studies to determine the diluent effects of other potential ferro-
cvanide waste constituents on the explosivity of ferrocyanide and nitrate and
n_trite mixtures showed that the higher heat capacity equimolar sodium nitrate
and nitrite was more effective in preventing an explosion than the lower heat
capacity sodium aluminate. These studies also showed that the liquid nitrate
and nitrite was a more effective diluent than the solid sodium aluminate.

In summary, these diluent studies show that other waste constituents can
effectively prevent an explosive reaction from occurring. How effective a
material is as a diluent depends on concentration. The amounts of material
found in these studies to be required to prevent explosion cannot be con-
sidered absolute because of geometry and mass dependencies of thermal explo-
sive behavior. To determine or estimate absolute amounts, testing and



calculations using the Frank-Kamenetskii equation (Frank-Kamenetskii 1969),
which is useful for predicting the behavior of large sample, could be
empI oyed.

Effect of Nickel Sulfide

Irl some cases prior to scavenging wastes for radiocesium, radiocobalt
was scavenged by co-precipitating it with nickel sulfide, lhe molar amount of
nickel sulfide precipitated was normally equivalent to the amount of alkali
nickel ferrocyanide used to scavenge the waste for radiocesium or about 8 g
NiS/g Na_NiFe(CN)6. Our DSC and STG analyses have shown that NiS is also sus-
ceptible to oxidation by nitrate and/or nitrite; thus, NiS could act as an
initiator for the explosive ferrocyanide reaction with nitrate or nitrite.

_he results of our study to investigate the effect of NiS on the explo-
sive reaction between sodium nickel ferrocyanide and equinlolar sodium nitrate
and nitrite are presented in Fig. 5 and 6. Fig. 5 presents the results out to
2500 s (no explosions were observed after this time out to 3600 s), and Fig. 6
shows explosive behavior during the first 150 s. Fig. 6 shows the differences
observed at high temperatures. Both Fig. 5 and 6 show the dependency of the
TIX on temperature at different amounts of NiS addition; the expected NiS
level in tile ferrocyanide waste based on flowsheet information would be
0.3 g/g assuming uniform distribution.
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Fig. 5. Effect of added Ni S on the
explosivity of a near-stiochiometric mix-
ture of Na2NiFe(CN)o and equimolar
NaNO3/NaNO2.

As shown in Fig. 5, adding NiS reduces the minimum observed explosion
temperature. The minimum observed explosion temperature was reduced from 290
to 280°C by adding 0.6 and I g of NiS per g Na,,NiFe(CN)_*I.5 H_O. No explo-
sion was observed during the 3600 s of the tes_ at 260°C for _ither of these
mi xes.

As shown in Fig. 6, increasing the amount of NiS mixed with the mixture
of ferrocyanide and equimolar sodium nitrate and nitrite reduces the ITX. For



example, adding I g of NiS per g of the ferrocyanide reduced the TTX at 340°C
from 40 to 22 s. Similar reductions are observed at other temperatures.
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Fig. 6. Effect of added Ni S on the
explosivity of a mixture of Na2NiFe(CN) G
and equimolar NaNO3/NaNO2.

Fig. 5 also has an additional implication beyond that of the effects of
added sodium aluminate. Inspection of Fig. 5 with respect to the 0"I mass
ratio mixture without added NiS shows that a long incubation time, 2300 s, is
required for the mixture to explode at 290°C. Because of the sample size and
some earlier testing, we are confident that the sample is at temperature
within 10 s. This long incubation time indicates that a precursor reaction(s)
occurs prior to the explosive reaction(s). The minimum temperature at which
an explosion will occur will depend on the kinetics of the rate controlling
reaction. Isothermal studies at lower temperatures using both calorimetric
and gravimetric methods are recommended to investigate the mechanism and to
measure kinetic parameters for the precursor reaction(s).

These experiments with NiS show that wastes containing NiS, sodium
nickel ferrocyanide, sodium nitrate, and sodium nitrite are more sensitive to
thermal initiation and react at a faster rate than those wastes without NiS
present, lt should be noted that these tests used a ferrocyanide and nitrate/
nitrite mixture that should be the most explosive and that any changes in the
composition of the waste relative to this mixture should be less explosive.
lt should also be noted that these tests were performed at temperatures where
the effects of water, which should be present in substantial quantities in the
stored ferrocyanide wastes (measured amounts in ferrocyanide wastes are above
40 wt%) would not be seen.

REFERENCES

I. R.W. WIRTA and 0.I. KOSKI, "Flowsheet No. I - Cesium Isolation and Packag-
ing", HW-5024], General Electric Company, Richland, Washington (May 1957).



#2. J.L. HEPWORTH,E.D. MCCLANAHAN,JR., and R.L. MOORE, "Cesium Packaging
Studies - Conversion of Zinc Ferrocyanide to a Cesium Chloride Product,"
HW-48832, Generai Electric Company, Richland, Washington (1957).

3. H.H. VAN TUYL, "Recovery of Cesium from PUREX Plant Wastes by Metal Ferro-
cyanides and Ferricyanides II. Full Level Laboratory Investigations",
HW-48830, General Electric Company, Richland, Washington (1957).

4. L.L. BURGERand R.D. SCHEELE, "The Reactivity of Cesium Nickel Ferrocyanide
Towards Nitrate and Nitrite Salts - A Status Report," PNL-7550, Pacific
Northwest I_aboratory, Richland, Washington (1991).

5. R.D. SCHEELEand H.H. CADY, "Preliminary Safe-Handling Experiments on a
Mixture of Cesium Nickel Ferrocyanide and equimolar Sodium
Nitrate/Nitrite", PNL-7928, Pacific Northwest Laboratory, Richland,
Washington (1992).

6. R.D. SCHEELE, L.L. BURGER, S.A. BRYAN, G.L. BORSHEIM, B.C. SIMPSON,
R.J. CASH, and H.H. CADY, "Ferrocyanide-Containing Waste Tanks:
Ferrocyanide Chemistry and Reactivity," Proceedings of the Symposium on
Environmental Remediation at Pasco, Washington, September 8-1I, 1991,
University of Arizona (1992).

7. R.D. SCHEELE, L.L. BURGER, J.M. TINGEY, R.T. HALLEN, and M.A. LILGA,
"Chemical Reactivity of Potential Ferrocyanide Precipitates in Hanford
Tanks with Nitrate and/or Nitrite," Proceedings of the Symposium on Waste
Management at Tucson, Arizona, March 1-5, 1992, Vol I, p 835, University of
Arizona (]992).

8. R.D. SCHEELE, S.A. BRYAN, J.W. JOHNSTON,J.M. TINGEY, L.L. BURGER, and
R.T. HALt.EN, "Hanford Ferrocyanide Waste Chemistry and Reactivity:
Preliminary Catalyst and Initiator Screening Studies", PNL-8089, Pacific
Northwest Laboratory, Richland, Washington (1992).

9. H. HENKIN and R. MCGILL, "Rates of Explosive Decomposition of Explosives -
Experimental and Theoretical Kinetic Study as a Function of Temperature,"
Ind. Eng. Chem. 44, 1391 (1952).



t




