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Summary

"_i_eHanford Ferrocyanide Task Team is addressing issues involving ferrocyanide precipitates in
single-shell waste storage tanks (SSTs), in particular the storage of waste in a safe manner. This Task
Team, composed of researchers from Westinghouse Hanford Company (WHC), Pacific Northwest
Laboratory (PNL), and outside consultants, was formed in response to the need for an updated ana-
lysis of safety questions about the Hanford ferrocyanide tanks.

" The Ferrocyanide Safety Project at PNL is part of the Waste 'Tank Safety Program led by WHC.
The overall purpose of the WHC program, sponsored by the U.S. Department of Energy's Tank

. Farm Project Office, is to 1) maintain the ferroeyanide tanks with minimal risk of an accident,
2) select one or more strategies to assure safe storage, 3) close out the unreviewed safetyquestion
(USQ), and 4) identify ultimate disposal options to be used when waste is removed from the tanks.

This annual report gives the resu!t_ of the work conducted by PNL in FY 1992 on Subtask 3.4,
Aging Studies, which is part of Task 3, Chemical Nature of Ferrocyanide in Wastes. Subtask 3.4
deals with the aging behavior and solubilization of ferrocyanide tank waste sludges in a basic aqueous
environment. Investigated were the effects of pH variation, ionic strength, salts present in SSTs, and
gamma radiation on solubilization of vendor-prepared Na_NiFe(CN)6.

Vendor-prepared Na_NiFe(CN)6 dissolves in aqueous base to give primarily insoluble Ni(OH)2
and soluble Na4Fe(CN)6. Precipitation of Ni(OH)2 apparently drives the ferrocyanide dissolution.
From the gamma pit experiments, the in_,_uble solids contained more than one iron cyanide species,
yet to be identified. The rate of dissolution of Na2NiFe(CN)6 in aqueous base increases with increas-
ing pH. At pH 14, 95% dissolution is observed after 0.5 h. Addition of 1 M Na + ions in the form
of Na2SO4 suppresses dissolution at pH 13, presumably because of a common ion effect. However,
1 M Na + in the form of SST simulant salts (sodium salts of phosphate, carbonate, nitrate, nitrite,
sulfate, and hydroxide) resulted in an enhancement of the rate of solubilization most likely arising
from buffering of the solution by phosphate. Even when the solution is not stirred, dissolution is
relatively rapid. Approximately 40% of the Na_NiFe(CN)6 dissolves in 24 h in an unstirred solution
containing SST salts.

Gamma radiation does not appear to greatly affect the dissolution reaction. Similar rates were
observed in unstirred irradiated and control solutions. A more complex mixture of iron cyanides in
the insoluble fraction of the gamma radiation experiments is obtained, suggesting the possibility that
an iron cyanide species re-precipitates from solution. Further work is needed to determine the
identity of this species.

Solubilization work will continue next fiscal year. In addition, cyanide and ferrocyanide
hydrolysis studies will be conducted.
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1.0 Introduction

The research performed for this project is part of an effort that started in the mid-1980s to

characterize the materials stored in the single-shell waste storage tanks (SSTs) at the U.S. Department
of Energy (DOE) Hanford Site (Burger 1984; Burger and Scheele 1988, 1991; Scheele et al. 1991).
The Environmental Impact Statement (EIS) for the SSTs, Disposal of Hanford Defense High-Level,

Transuranic and Tank Wastes (DOE 1987), projected a worst case exposure scenario for an
. explosion in a ferrocyanide tank to be a short-term radiation dose of 200 mrem to the public. The

worst case exposure scenario determined in a later study by the General Accounting Office (GAO)
(Peach 1990) was 1 to 2 orders of magnitude larger than the 1987 EIS. A special Hanford
Ferrocyanide Task Team was commissioned in September 1990 to addr,_,ss ali technical aspects
involving SSTs containing ferrocyanide wastes. In October 1990, Secretary of Energy James D.

Watkins announced a Supplemental EIS would be prepared that would contain an updated analysis of
the safety questions for the Hanford SSTs (DOE 1990).

The Hanford Ferrocyanide Task Team is composed of technical experts from Westinghouse
Hanford Company (WHC), Pacific Northwest Laboratory (PNL) c'), and out.side consultants. The
Ferrocyanide Task Team reports to the DOE Richland Field Office, Tank Farm Project Office,
through the Ferrocyanide Safety Program function within WHC. WHC has primary program
responsibility for work performed by PNL.

'The work described in this topical report was performed in FY 1992 as part of the Ferrocyanide
Tank Safety Project, Task 3 - Chemical Nature of Ferrocyanide in Wastes. Specifically, this report
discusses work conducted for Subtask 3.4 - Aging Studies, and deals with the aging behavior and
solubilization of ferrocyanide tank wastes. This report is divided into three activities:

1. Preliminary Experiments
2. Dissolution Studies

3. Gamma Pit Dissolution Studies.

The report also includes a background section, conclusions from the FY 1992 work, and a discussion
of future work.

(a) Operated for the U.S. Department of Energy by Battelle Memorial Institute under Contract
DE-AC06-76RLO 1830.
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2.0 Background

Radioactive waste resulting from the production of defense nuclear materials has been stored in
underground storage tanks at the Hanford Site since the early 1940s. During this time, new tech-

nologies were developed, and waste was transferred among tanks to separate different types of waste
and to reduce the need for additional tanks. For example, during the 1950s, additional storage
volume was required to accommodate the accumulation of high- and low-level radioactive waste with-
out constructing additional storage tanks. As a result, Hanford scientists developed a technology to
scavenge radiocesium from either dissolved wastes or waste liquids already stored in the SSTs. This
process involved the precipitation of cesium nickel ferrocyanide. An example of a typical flowsheet
is shown in Figure 2.1 (Burger and Scheele 1991). The decontaminated supernate was then pumpedt

to a crib. While providing more storage within the tanks, this process added large quantities of
ferrocyanide (about 145 metric tons) to the SSTs.

There were three flowsheets used to scavenge the radiocesium from aqueous wastes. The first
was used to treat first-cycle waste from the bismuth phosphate process (T-Plant Flowsheet). This
generated about 10% of the total ferrocyanide waste. The second, the so-called U-Plant Flowsheet,

treated "metal waste" dissolved in nitric acid after the uranium had been recovered using the tributyl
phosphate (TBP) process. The U-Plant Flowsheet produced about 70 % of the total ferrocyanide
wastes. The third process, the so-called In-Farm Flowsheet, treated the basic "metal waste" stored in

the Hanford tanks. This process produced the remaining 20% of the total ferrocyanide waste.

T-Plant and U-Plant Flowsheet-treated waste contained substantial metal concentrations that

precipitated when neutralized with sodium hydroxide. The ferrocyanide was thereby diluted,
assuming that the solids-settling behaviors of the metals a_d ferrocyanides were the same. It is
anticipated that the T-Plant and U-Plant Flowsheets would have a significantly lower concentration of
ferrocyanide than In-Farm Flowsheet waste.

Of the 177 waste storage tanks present on the Site, 149 are SSTs. Records at Hanford show

18 SSTs contain at least 200 kg (1000 g-mol) of ferrocyanide precipitates. The ferrocyanide content
of the individual tanks ranges from 200 kg up to possibly 16,600 kg (in Tank BY-104) calculated as
the Fe(CN)6* anion (Borsheim and Simpson 1991). Other wastes in these tanks probably include
significant quantities of sodium nitrate, sodium nitrite, silicates, aluminates, hydroxides, phosphates,
sulfates, carbonates, uranium, copper, and calcium in addition to the fission products present from the
processing of irradiated fuel.

Ferrocyanide by itself is a stable complex of ferrous ion and cyanide that is considered nontoxic
because it does not readily dissociate in aqueous solutions. However, in the laboratory, in the
presence of oxidizing materials such as nitrates and/or nitrites, ferrocyanide can be made to explode

by heating to temperatures above 280°C or by an electrical spark of sufficient energy (Burger and
Scheele 1991). The explosive nature of ferrocyanide in the presence of an oxidizer has been known

for decades, but the conditions under which the compound can undergo an uncontrolled exothermic
reaction have not been thoroughly studied. Explosion propagation properties for large quantities of
the material are unknown, and the effects of moisture content and other diluents (or possible catalysts
or initiators) that may be present in the tanks are currently being studied. Because the scavenging
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process involved the precipitation of ferrocyanide from solutions containing nitrates and nitrites, it is
likely that an intimate mixture of ferrocyanides and nitrates/nitrites exists in parts of some of the
SSTs,

The ultimate goal of the work described in this report is to determine the solubility characteris-
tics of simulated ferrocyanide tank wastes in order to obtain a better understanding of the long-term
behavior of these wastes and the potential reactivity of the various waste constituents. This work

provides baseline data that will be useful when actual SST samples are obtained and analyzed. These
results are necessary to answer fundamental questions on the behavior of ferrocyanide wastes in the
SST environments and will directly assist in determining: 1) how to maintain the ferrocyanide tanks
with minimal risk of an accident, 2) which one or more strategies will assure safe storage, 3) how to

close out the unreviewed safety question (USQ), and 4) which ultimate disposal options may be used
" when waste is removed from the tanks.
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3.0 Work Accomplished

The work conducted in FY 1992 for Subtask 3.4, Aging Studies, is discussed below.

3.1 Preliminary Experiments

, In the initial dissolution experiments, 1 g of the vendor-prepared material Na2NiFe(CN)_ •
Na2SO4¢a) • 4.5 H20 (WHC-2) was refluxed for 96 h in 0.1 M (Experiment 1) or 1.0 M NaOH

(Experiment 2). These experiments were performed in standard laboratory glassware. Table 3.1
. summarizes the conditions and results of the two experiments.

Table 3.1. Conditions and Results for Preliminary Experiments

.Experiment 1 Experiment 2

[NaOH] 0.1 M 1.0 M

Initial pH 12.9 13.8
Final pH 10.5 13.0

Na2NiFe(CN)6 • Na2SO4 • 4.5 H20 (g) 1.0005 1.0041
Moles Fe(CN)6* or Ni2. 1.85 x 10.3 1.86 x 10.3

Weight of recovered solids (g) 0.3316 0.5113

Solution [Fe] (mg/L) 2030 1600
Moles Fe in solution 1.82 x !0.3 1.43 x 10.3
Fraction total Fe in solution 98 % 77%

Solution [Ni] (mg/L) 39 3.3
Moles Ni in solution 3.32 x 10.5 2.81 x 10"6

Fraction total Ni in solution 1.8% 0.15%

[NH3] in gas (ppm) 30 375
Approx. moles NH3 produced 8.04 x 10s 2.34 x 10"6
Approx. %-yield NIt3 0.0007 0.02

Atomic absorption (AA) analysis of the reaction supernates showed that essentially ali of the iron
is in solution after 96 h at refux conditions. Very little of the nickel is found in the supernate solu-

" tions. Environmental scanning electron microscopy (ESEM) and energy dispersive spectroscopy
(EDS) of the soluble solids recovered from the supernate are consistent with the AA results, showing
the presence of iron but not nickel. Infrared spectroscopy (lR) and X-ray diffraction (XRD) indicated
that Na4Fe(CN)6 is the primary ferrocyanide compound in the soluble solids.

(a) Unwashed material prepared, by Atomergic Chemetals, Corp., Farmingdale, New York, using a
sulfate-based flowsheet.

3.1



The insoluble solids were characterizedby lR, ESEM, EDS, XRD, and M6ssbauer analyses.
ESEM showed the presence of nickel in the reaction precipitate. Ironwas also detected at very low
h-,vels. IR and XRD results showed that the nickel-containinginsoluble species is Ni(eH)2. In
addition, lR and EDS showed the presence of significant quantitiesof silica, which originatesfrom
etching of the Pyrex glassware used in these experiments. The greater weight of the insoluble solids
obtained in Experiment 2 (1.0 M NaOH) is due to a larger amount of silica etched from the glassware
in this sample. For this reason, Teflon labware was used in subsequent experiments. The M6ssbauer
sp_trum of the insoluble solids from the 1.0 M NaOI-Idissolution is weak, indicating a low iron
content. Two peaks are observed consistent with the presence of ferrocyanide anion and another
unidentified iron-containing species. °

The presence of NH3 was detected in both experiments. This is indicative of cyanide hydrolysis
reactions. A greater degree of hydrolysis occurs in the more basic solution. The extent of hydroly-
sis, however, is very low after 96 h with the largest yield on the order of 0.02% (0.02% of the
cyanide groups were conver*,edto NH3).

In summary, the results of these preliminary experiments indicate that Na2NiFe(CN)6reacts with
NaOH to form insoluble Ni(eH)2 and soluble Na4Fe(CN)6according to:

Na2NiFe(CN)6 + 2 NaOH > Na4Fe(CN)6 + Ni(eH)2

This reaction appeared to occur rapidly at room temperature in Experiment 2 (1.0 M NaOH). The
addition of 1.0 M NaOH to thf,_ferrocyanide material before heating resulted in an immediate color
change. The change was slower when 0.1 M NaOH was added.

3.2 Dissolution Studies

Table 3.2 summarizes the experiments performed in this work task. Th_ objectives of this task
_ _,e to determine the influence of pH, ionic strength, and the presence of SST simulant salts on the
rate and total dissolution of the vendor-prepared Na2NiFe(CN)6material. The primary difference
between these experiments and the preliminary exper[ aents is that these reactions were performed at
room temperature in Teflon labw:_re.

3.2.1 pH Variation Experruments

Experiments to study the effect of initial pH on ferrocyanide dissoluti,an were conducted in
Teflon labware. The reactions were performed at a starting pH of 12, 13, and 14 (0.01 M, 0.1 M,
and 1.0 M NaOH, respectively). Solutions were periodically sampled durir_gthe reaction and
analyzed for iron by AA. At the conclusion of the experiment, the final pH was measured and the
soluble and insoluble solids were analyzed by lR, ESEM, EDS XRD, and occasionally by M6ssbauer
spectroscopy. In some cases, the supernate was analyzed for free cyanide, ferrocyanide, and fer-
ricyanide by ion chromatography (IC). Table 3.3 summarizes the starting and final pH for these
experiments.



Table 3.2. Summaryof FerrocyanideSolubility Experiments ConductedUsing the Vendor-prepared
Material (WHC-2), Na2NiFe(CN)6, Na2SO4 • 4.5 H20

I. pH Variation: pH = 12, 13, 14

II. pH Variation at 1 M [Na+]: pH = 12, 13, 14

III. pH 13 at 1 M [Na+] with Added SST Simulant Salts
(Na salts of NOr, NO2, PO43-,SO_2, CO,2, and OH)

IV. Static SobabilityTest: pH 13, 1 M [Na+], 25°C

" V. Gamma Radiation: pH 13 at 1 M [Na+] with Added SST Simulant Salts

Table 3.3. Starting and Final Solution pH in Dissolution Experiments

Experiment St_wtingpH Final pH

pH Variation
0.01 M NaOH 12.0 11.6
0. ! M NaOH 12.9 12.4
1.0 M NaOH 14.0 13.4

Constant 1 M [Na+]
0.1 M NaOH 12.9 12.4

SST Simulant Salts
stirred 13.0 13.0
static 13.0 12.9

Gamma Pit
irradiated 13.0 12.9
control 13.0 12.9

The Teflon labware used in these experiments proved, for the most part, to be impervious to the
high pH solutions employed in the dissolution experiments. However, some degradationof the
Teflon labware did occur. The small amount of Teflon did not cause a problem in subsequent
analyses, because it could easily be removedby skimming the top of the reaction mixturebefore
filtering.

Figure 3.1 is a comparison of the EDS micrographs from the analysis of the soluble and insolu-
ble solids obtained from 1.0 M NaOH (pH 14) dissolution of the vendor-preparedNa2NiFe(CN)6. AsQ

observed in the preliminary e:q._.r_ments,nickel is found in the insoluble solids and iron is predomi-
nantly found in the soluble se_i_._.
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Figure 3.1. Comparison of EDS Micrographs of the Soluble and Insoluble Solids Obtained

from pH 13 Dissolution of the Vendor-prepared Na2NiFe(CN)6
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Figure 3.2 compares the XRD results for laboratory-prepared Ni(OH)z with the soluble and
insoluble solids obtained from 1.0 M NaOH dissolution of the vendor-prepared Na_NiFe(CN)6. These

data indicate that the insoluble material is probably Ni(OH)z and that the soluble solids are most likely
Na, Fe(CI'_)6.

These conclusions are also supported by IR data. Figure 3.3 illustrates the spectral differences
in the OH region between the soluble and insoluble solids (for 0.1 M and 1.0 M NaOH dissolutions)
versus the laboratory-prepared Ni(OH)2. The solids obtained from the supemates show broad
absorptions for water, while the insoluble solids have ml additional sharp band. This band
corresponds well with that observed for Ni(OH)2. Figure 3.4 shows the growth of this band in

samples taken over the course of the 0.1 M NaOH dissolution experiment. The band is not easily
resolved until after 24 h re_zticn time. Infrared spectra in the cyanide region are shown in Figure 3.5
and summarized in Table 3.4. Insoluble reaction products show a peak position consistent with the
vendor-prepared starting material, i.e., Na_NiFe(CN)6. Soluble produ,,zs display a peak position
consistent with Na_Fe(CN)6.

M6ssbauer spectra of the insoluble solids from the 0.1 M NaOH dissolution, Figure 3.6, indicate
the presence of a single iron-containing species. Similar results were obtained for the soluble material
and the starting vendor-prepared material. Spectra are consistent with that of ferrocyanide anion. In
contrast to the solids obtained from reflux in 0.1 M NaOH (described in Section 3.1), no other iron-
containing species are present at a detectable level in these samples.

o

0 20 30 40 50 60 70
2-theta

Figure 3.2. Comparison of XRD Results for Laboratory-prepared Ni(OH)2 with the Soluble
and Insoluble Solids Obtained from pH 14 Dissolution of the Vendor-prepared
Na2NiFe(CN)6
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Figure 3.3. Infrared Spectra in the Hydroxyl Region for Dissolution Reaction Products
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Figure 3.4. InfraredSpectra of ReactionProducts in the Hydroxy Region Over Time During
Dissolution of Vendor-preparedNa2NiFe(CN)6in 0.1 M NaOH
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Figure 3.5. InfraredSpectra of Reaction Products in the Region of Cyanide Absorbance
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Table 3.4. Infrared Absorbances (cm t) in the Cyanide Region for Samples in the Solid State<_)

Experiment Soluble Solids Insoluble Solids

pH 12 2025w, 2059s 2090
pH 13 2060 °) 2093
pH 14 2024w, 2060s 2089

Gamma Control 2023w, 2054s °) 2006m, 2025w, 2047s, 2064sh, 2094m
Gamma Irradiated 2025w, 2057s °) 2008s, 2025w, 2046sh, 2055s, 2094w

Static SST Salts 2025w, 2058s °) 2003w, 2054sh, 2093s

Na2NiFe(CN)6 (c) - 2092 '
K4Fe(CN)6 20470) -

Na3Fe(CN)5(H20 ) 2043 (d)

K3F e( CN)6 2125 td) -

(a) w = weak, m = medium, s = strong, sh = shoulder.
(b) In solution, these materials gave a single absorbance at 2036 cm1.
(c) Vendor-prepared material.
(d) Nakamoto (1970).

The dissolution of iron into the supernate was monitored by performing AA analysis on
supernate samples removed from the reaction mixture at various time intervals. Analyses of the
supernates by AA were straightforward for the pH 13 and pH 14 solutions. However, some trouble
was encountered with the formation of unfilterable fines on the first attempt using 0.01 M NaOH.
This problem was most likely caused by the low ionic strength of the pH 12 solution. To overcome
this problem, samples were taken from the reaction mixture and mixed with a 0.5 M Na2SO4 solution.

After the samples were mixed tbr about 30 s in the sample syringe, the fines were easily filtered.

The effect of pH on solubility is shown in Figure 3.7. Dissolution is 95% complete after 0.5 h
stirring in 1 M NaOH (pH 14) at room temperature. The reaction at pH 12 is base-limited, but the
base is rapidly consumed within 0.1 h. At pH 13, a slight excess of base iu present; the dissolution
proceeds rapidly at first then slows to reach about 85% completion in 144 h, as shown in Figure 3.8.
Presumably, the dissolution would continue to completion at longer reaction times at pH 13. IC data
on free cyanide in solution in the pH 14 experiment are shown in Figure 3.9. Very little dissociation
of free cyanide occurs; the maximum [CN] is about 6 ppm (2,31 x 104 M) compared with about

" 2000 ppm (3.58 x 10 .2 M) Fe. The increase in [CN] roughly parallels the [Fe] increase as shown in
Figure 3.10.
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'! 3.2.2 Constant Ionic Strength Solution Experiments

Experiments were performed in which the sodium ion concentration was maintained at 1.0 M by
addition of Na2SO4 to determine if the ionic strength of the solutions influenced the dissolution of

sodium nickel ferrocyanide. Trends in solubility as pH is varied at 1.0 M [Na+], shown in Figure
3.11, are similar to those observed in Figure 3.7 for solutions of different sodium ion concentrations.
For experiments conducted at the same initial pH, the extent of dissolution tends to be lower at higher
[Na+], as shown in Figure 3.12 for 0.01 M NaOH (pH 12) and in Figure 3.13 for 0.1 M NaOH (pH
13). This may be a common ion effect.

3.2.3 SST Simulant Salt Experiments

In experiments to probe the influence of anions that would be present in the SSTs, a sample of
the vendor-prepared material was dissolved in an aqueous solution of SST simulant salts to yield a
solution with 1.0 M Na + concentration and a pH of 12.8. The solution was adjusted to pH 13.0 by
addition of NaOH. The composition of the SST salt mixture is shown in Table 3.5.

2080 _ 1O0

1820 pH14 90

560_= "801
" I "70

1300; _............_ pH13 >

!_ -60 o

, .Ct)
o

1040 -50

.__
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260,j[ -10

_ .-1 pH12
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Figure 3.11. Dissolution of Vendor-prepared Na2NiFe(CN)6 in NaOH at 1 M [Na +]
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Figure 3.12. Effect of Sodium Ion Concentration on the Solubility of Vendor-prepared
Na2NiFe(CN)6 at pH 12

Table 3.5. Composition of Single-shell Tank Simulated Salts

SST Wt%

Component Anhydrous

NANO3 80.47

NANO2 4.37

Na2CO3 1.52

NaOH 3.12

Na_SO4 1.48

NhPO4 9.04
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Figure 3.13 shows the rate of dissolution for this reaction mixture compared with that of the
dissolution of the vendor-prepared Na2NiFe(CN)6 in pH 13 NaOH (0.1 M Na+) and a pH 13 NaOH
solution with Na_SO4 added to adjust the Na + concentration to 1.0 M (discussed in Section 3.2.2).
Ferrocyanide dissolved faster in the pH 13 SST simulant salt solution than in either of the other
pH 13 solutions; whereas additio_ of Na2SO4suppressed dissolution, addition of SST salts enhanced
dissolution. The rate enhancement was initially postulated to be the result of the precipitation of
nickel phosphate, which is much less soluble than nickel hydroxide. However, analysis by IR,
ESEM, EDS, and XRD could not substantiate the formation of nickel phosphate. (Nickel phosphate
made in the laboratory was amorphous and did not give an XRD pattern.) The hydroxyl stretching

• absorption of Ni(OH)2 appears in the IR spectrum and is thought to be the major nickel-containing
product. The rate enhancement is probably caused by phosphate buffering, although the hydroxide
ion concentration at the end of the reaction (13.0) is slightly greater than that of the buffer solution
(pH 12.8 before pH adjustmentto 13.0 with NaOH). The. pH of the final SST solution was essen-
tially unchanged; however, the pH of the comparable solution without SST salts dropped by 0.5 pH
units.

Because the contents of actual SSTs are not being mixed, an experiment investigating the
dissolution of the vendor-prepared Na2NiFe(CN)6 in the presence of SST simulant salts was conducted
under static conditions. The experiment was conducted in Teflon labware at pH 13 with simulant
salts added to give 1 M [Na+]. To minimize disturbance, the solution was sampled less frequently
(24-h intervals) than the stirred solutions. Prior to each sampling, a 5-s stirring was required to
ensure a homogeneous solution phase. Figure 3.14 illustrates the rate of dissolution in the static
experiment compared with dissolution in a stirred solution with the same initial composition. As
expected, the rate of dissolution is slower in the static solution. Nevertheless, appreciable dissolution
occurs. About 40 % is dissolved after 24 h with no stirring and 90 % dissolution is observed after 6
days. lC analysis for free cyanide ion shows 9.1 ppm after 72 h and 11.8 ppm after 144 h for
samples protected from sunlight. Upon exposure to sunlight fo_ 0.5 h, the 144-h sample contained
112 ppm free cyanide ion (9.5-fold increase), indicating the photosensitivity of these ferrocyanide
solutions (Table 3.6).

3.3 Gamma Pit Dissolution Studies

Experiments were conducted to investigate the effect of gamma radiation on the dissolution of

vendor-prepared Na2NiFe(CN)6. The Gamma Irradiation Facility (gamma pit) operated by PNL is
located in the 3730 Building in the 300 Area. The facility contains 37 stainless steel irradiation tubes

positioned in a 7-ft-diameter by 13.7-ft-deep stainless steel tank. Two arrays of _°Co with a col,_bined
inventory of 32 KCi are located near the bottom of the tank. For radiation shielding purposes, the

. tank is completely filled with water. A concrete wall, 3.5 ft in height, surrounds the top of the tank.
The irradiation tubes, which are sealed on the bottom, vary in length and diameter from 16 to 18 ft
and 1.8 to 6 in., respectively. The irradiation flux of the tubes range from 2 x l&IUh to

. 2 x 102 R/h. The uniform flux region varies from about 6 in. for the tubes closest to the sources to

greater than 12 in. for the tubes farthest away from the sources. Ali flux measurements of the tubes
are traceable to the National Institute of Standards and Technology.
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Figure 3.14. Comparison of DissolutionBehavior for Static and Stirred Solutionsfor Vendor-
prepared Na_NiFe(CN)6 in SST Simulant Salt Solution at pH 13
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Table 3.6. Concentrations of Free Cyanide Ion and Iron in Supernate Solutions
(144-h Sample'0 Containing SST Simulant Salts

_ACN]. ppm (°) _el. ppm
Experiment Dark Exposed

SST Static 11.8 112.0 1898
Gamma-lrradiated 11.2 49.3 1291
Gamma Control 2.97 52.6 1291

(a) Dark solutions were protected from sunlight and

analyzed. Exposed solutions were placed in sunlight
for 0.5 h and re-analyzed.

Materials, capsules, and test systems are lowered into the irradiation tubes to the desired flux
level manually or by using a half-ton crane. They are left in the tubes for a specific amount of time
to attain the required exposure. There is no activation associated with the gamma irradiation so the
materials can be transported to other facilities for examination after removal from the tubes.

Experimental conditions used in the gamma pit experiments were the same as those used in the
SST simulant salt experiments (pH 13 and 1.0 M Na + by SST simulant salt addition) described in
Section 3.2. Dissolution experiments were run at 25°C for 144 h without stirring. One reactor was
placed in the gamma pit in a field of 1.65 x l0 s R/h, while the other was placed outside of the pit as

a control. Data from the static Teflon labware experiment served as a secondary baseline for the
gamma pit experiments. Reaction vessels (stainless steel) and solutions were sparged with Ar/O2

(80%/20%) prior to sealing in order to simplify mass spectrometry (MS) analysis and provide an
atmosphere p,'-_,ed of nitrogen and COs, which could potentially be formed in these experiments.
The initial pressure was 1 atmosphere.

Gas samples were taken at the conclusion of the experiments and analyzed by MS. Table 3.7
summarizes the results of MS analysis of gases produced in the reaction vessels. As expected, there
was a greater amount of hydrogen produced in the gamma pit reaction vessel (1.30 x 10_ moles) than
in the control reaction vessel (2.57 x 10_ moles).

The rate of dissolution of the vendor-prepared Na2NiFe(CN)6 material in the gamma pit was not
monitored during the course of the reaction because of the logistics of obtaining samples from the
reaction vessels. AA analyses were performed on supernates retrieved from the vessels at the end of

• the reaction. The final iron concentration was the same for both the gamma-irradiated and the control

supernate solutions (1291 ppm), indicating that irradiation does not promote dissolution (Table 3.6).
However, this value is lower than the solutior iron concentration in the static SST simulant salt

. experiment (1898 ppm at 136 h). Infrared spectra of the insoluble solids (see below) suggest that the
lower solution iron concentration may arise from re-precipitation of an iron cyanide species.
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Table 3.7. Final Moles of Gas Present from the Gamma Pit Control and Irradiated Solutions

Final Moles of Gas

GgS Control Irr.adiated Irradiated/Control

CO2 7.33 x 10._ 8.06 X 10 .7 1.10
Art°) 2.83 x 10.3 2.91 x I0.3 1.03

02(.) 7.22 x 104 9.19 x lfr 4 1.27
N2 1.11 x 10_ 7.42 x 10.s 0.67
H2 2.57 x 10._ 1.30 x l04 50.58
CO 3.67 x l0_ 4.03 x l0 "6 1.10
He BDL rb) BDL -

CH( BDL BDL -
N20 BDL BDI, -
NO, BDL BDL -

(a) Initial t loles: Ar, 2.93 x 103; 02, 7.55 x l0 _.
(b) BDL = Below Detection Limits (<0.01 vol%).

IC was used to determine the amounts of free cyanide, ferrocyanide, and ferricyanide in the
gamma-irradiated and control supernate solutions. Ferrocyanide was the primary species identified in
the analyses. No ferricyanide was observed. A small unidentified shoulder, presumably arising from
an iron cyanide species, was noted in ali of the chromatograms. Free cyanide analysis by IC,
Table 3.6, showed that more cyanide was liberated in the gamma-irradiated sample (11.2 ppm free
cyanide) than in the control (2.97 ppm free cyanide).

The supernates were susceptible to a rapid photolysis reaction in which the light yellow solutions
exposed to sunlight turned deep yellow. Samples of the supernates exposed to sunlight showed the
iron cyanide content was unchanged. However, like the static SST experiment conducted in Teflon
labware, there was a sizable increase in the concentration of free cyanide in the solutions (Table 3.6).
The free cyanide concentration in the exposed gamma-irradiated supernate was 49.3 ppm (4.4-fold
increase), and the exposed control sample was 52.6 ppm (17.7-fold increase).

Infrared spectra, in the cyanide region, of solids obtained from the supernates were the same as
those of samples from other dissolution experiments (Table 3.4). The ESEM/EDS, as before, indi-
cated that nickel is not present in solution and that most of the iron is found in these soluble solids.
However, the SST salts in this fraction were too concentrated to allow for identification of a

ferrocyanide phase by XRD.

Figure 3.15 illustrates the cyanide infrared absorbance region of the insoluble solids for the two

gamma pit experiments and the static SST experiment (see also Table 3.4). The cyanide absorbances
are more complex for solids from the gamma pit experiments than those from the SST experiment.
Each of the gamma pit spectra have similar vibrational bands but with differing intensities, lt is
apparent that these materials contain more than one iron cyanide compound. Each contains undis-

solved Na2NiFe(CN)6. While this compound appears to be the major cyanide-containing component
of the SST stirred reaction insoluble solids and of the pH variation (non-SST) insoluble solids, it is a

3.18



Insoluble Solids - Gamma Pit Experiment- Control

=

Insoluble Solids - Gamma Pit Experiment- Irradiated

Insoluble Solids - Static SST Simulant Salt Experiment

220r'_'_0

cm-1

Figure 3.15. IR Spectra in the Cyanide Region of Insoluble Solids from Gamma Pit
and SST Experiments
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minor component of the gamma-irradiated and control materials. The major cyanide-containing
component of the insoluble solids in the control experiment is not the major component of the
irradiation experiment. The identity of these species is unknown at this time but one may be
Na3Fe(CN)s(H20), a cyanide substitution product. Another possibility is iron ferrocyanide if cyanide
leaches iron out of the stainless steel reactor.

Overall, the insoluble solids consist primarily of Ni(OH)_. This is clearly shown in XRD and IR
spectra. A small amount of nitrate is also identified, but a ferrocyanide phase is not detectable by
the XRD method. The iron concentration is very low as indicated by weak signals obtained by
M6ssbauer spectroscopy (Figure 3.16). However, the spectrum clearly shows that two iron species
are present; one is most likely ferrocyanide (peak at -0.19 mm/s), while the other is unidentifiable but
is not ferricyanide.

Ferricyanide is absent in both soluble and insoluble recovered solids. This absence was
unexpected because of the known reaction of ferrocyanide with hydroxyl radical, which is formed in
the gamma field, to produce ferricyanide (Maliyackel et al. 1990). This oxidation may be suppressed
by the presence of nitrite anion, which also reacts with hydroxyl radical.
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Figure 3.16. M6ssbauer Spectrum of the Insoluble Solids Obtained from the Gamma-irradiated
Solution
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4.0 Conclusions

Vendor-prepared Na2NiFe(CN)6 dissolves in aqueous base to give soluble and insoluble products.
Insoluble solids obtained from dissolution experiments consist primarily of Ni(OH)2 with small
amounts of undissolved starting material. Precipitation of Ni(OH)2 apparently drives the ferrocyanide
dissolution. From the gamma pit experiments, the insoluble solids contained more than one iron

cyanide species, yet to be identified. The primary cyanide-containing component of the soluble solids
is Na4Fe(CN)_.

The rate of dissolution of vendor-prepared Na2NiFe(CN)6 in aqueous base is rapid, increasing as
the pH increases from 12 to 14. At pH 14, 95% dissolution is observed after 0.5 h. Addition of 1 M
Na + ions in the form of Na2SO4 suppresses dissolution at pH 13, presumably because of a common
ion effect. However, 1 M Na + in the form of SST simulant salks (sodium salts of phosphate, car-
bonate, nitrate, nitrite, sulfate, and hydroxide) resulted in an enhancement of the rate of solubiliza-
tion. Because the pH of the SST salt solution does not change through the course of the reaction and
the major insoluble product is Ni(OH)2, the rate enhancement most likely arises from buffering of the
solution by phosphate. Even when the solution is not stirred, dissolution is relatively rapid.
Approximately 40% of the Na_NiFe(CN)6 dissolves in 24 h in an unstirred solution containing SST
salts.

Gamma radiation does not appear to greatly affect the dissolution reaction. Similar rates were
observed in unstirred irradiated and control solutions. However, the extent of reaction in these

experiments is lower than that in a static experiment conducted in Teflon labware. The more complex
mixture of iron cyanides in the insoluble fraction of the gamma pit dissolution studies suggests the
possibility that an iron cyanide species re-precipitates from solution. Futxher work is needed to
determine whether iron is leached from the reaction vessels and precipitates ferric ferrocyanide or

whether some other process is occurring. The effect of gamma radiation on cyanide or ferrocyanide
hydrolysis was not determined but is a subject to be investigated during FY 1993.
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5.0 Future Work

Solubilization experiments will be completed in FY 1993. The temperature dependence of the
dissolution of vendor-prepared Na2NiFe(CN)6 in aqueous base will be investigated. An experiment at
a higher sodium ion concentration (6 M Na + as the sulfate or nitrate) will be conducted. Results of
an experiment at an initial pH of 14 (out of the buffer region for phosphate) with 1 M Na + as SST
salts compared with the complementary experiment without SST salts will give further information

. about the role of anions in the dissolution. Similar results in these two experiments would indicate
that buffering is the likely cause of the rate enhancement observed at pH 13. Dissolution in the
presence of Na3PO4 (non-SST) at pH 13 will also give information about buffering. A gamma pit

• experiment on solutions not containing SST salts is planned in order to study dissolution in unbuffered
solutions. The effect of stainless steel on the course of the solubilization reactions will be probed. In
addition, flowsheet materials prepared in FY 1992 by WHC will be investigate.

Cyanide and ferrocyanide hydrolysis studies will be conducted. The effects of high ionic
strength and gamma radiation are of interest.
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