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ABSTRACT

Dilute caustic high-level radioactive waste slurries can induce pitting corrosion in carbon steel. Cyclic
potentiodynamic polarization tests were conducted in simulated and actual waste solutions to determine
minimum concentrations of sodium nitrite which inhibit pitting in ASTM A537 class 1 steel exposed to these
solutions. Susceptibility to pitting was assessed through microscopic inspection of specimens and inspection of
polarization scans. Long-term coupon immersion tests were conducted to verify the nitrite concentrations
established by the cyclic potentiodynamic polarization tests. The minimum effective nitrite concentration is
expressed as,a function of the waste nitrate concentration and temperature.
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INTRODUCTION

High-level radioactive wastes are stored in large underground carbon steel tanks at the U.S. Department
of Energy's Savannah River Site near Aiken, SC. The wastes result from the nitric acid dissolution of nuclear
fuel and target components performed in the course of nuclear materials production for national defense and
space programs. All waste is neutralized with sodium hydroxide prior to transfer to the tanks. Because of the
high pH, the waste consists of two phases: a liquid phase or supernatant liquid, comprised of water soluble
salts, and a solid phase or sludge, comprised of hydrous oxides of various metal ions. The sludge, which is
suspended in a salt solution, contains most of the radioactivity; radioactive cesium and strontium are water
soluble and thus reside in the supernatant liquid. The supernatant liquid and the liquid phase of the sludge

suspension contain high concentrations of nitrate. 1 The high free hydroxide concentration in the liquid
inhibits both nitrate stress corrosion cracking and general corrosion of the carbon steel.
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Tank storage is not considered a permanent disposal method for high-level waste. Permanent disposal
will be achieved by concentrating and incorporating the radioactive species into a borosilicate glass. The
borosilicate glass willbe solidified in stainless steel canisters, which will be transferred to a federal waste ..
repository. To concentrate the water soluble radionuclides, the supernatant liquid will be treated with
sodium tetraphenylborate to precipitate radio-cesium and monosodium titanate to adsorb radio-strontium.
This process will be carried out in a waste tank identical in construction to those, used for waste storage, but
which has been equipped for chemical processing.

Glass quality and minimization of glass volume require that the concentrations of soluble salts in the
supernatant liquid and in the sludge liquid be reduced. The soluble salt concentrations will be reduced by
washing the solids. Washing will also be carried out in waste tanks. Since washing necessarily lowers the
concentration of hydroxide, the solutions may no longer contain the level of inhibitor required to protect the
steel.

While the temperature of the washed solutions will be low enough to eliminate stress corrosion cracking
as a concern, localized corrosion in the form of pitting may occur in inadequately inhibited solutions. Previous

work demonstrated that the reduced hydroxide concentration in the washed precipitate solution rendered the

steel vulnerable to pitting corrosion.2 In particular, pitting occurred immediately above the liquid level on
laboratory coupons which were partially immersed in a non-radioactive simulant of washed precipitate
slurry.

It has been postulated that the aqueous film on the steel above the liquid level becomes rapidly deple'led
in hydroxide through the reaction of hydroxide with absorbed atmospheric carbon dioxide to form
bicarbonate and carbonate. The hydroxide concentration in the aqueous fihn is calculated to decline by a

factor of about 104 through the Combined effects of washing and reacting with CO 2 (that is, a reduction of pH
from 14 to 10).

The maximum alkali content in the borosilicate glass waste form prohibits the use hydroxide alone to
inhibit pitting corrosion during washing operations. Maintaining the integrity of the steel therefore requires
that another inhibitor be added to the waste streams to supplement or replace hydroxide. Five corrosion
inhibitors were identified that would protect carbon steel from pitting when exposed to washed precipitate
solutions. Of the five only sodmm nitrite was deemed compatible with the vitrification process and product.
Minimum nitrite concentrations were established for inhibiting pitting corrosion in carbon steel exposed to the
washed precipitate slurry.

Nitrate, sulfate, chloride, and fluoride were shown to be independently acting aggressive anions capable
of inducing pitting. The composition of the liquid phase of the slurry is such that nitrate is the controlling
anion; that is, the level of nitrite inhibitor is a function solely of the nitrate ion concentration and
temperature. Only at concentrations higher than those expected for washed precipitate do sulfate, chloride,
and fluoride become inhibitor controlling.

Washed precipi._ate slurries are complex solutions which contain inorganic and organic compounds.
Washed sludge slurries share many of the inorganic species, including the four corrosion-inducing anions, but
they do not contain organic coml:x)unds. This difference, coupled with the different washing method
(discussed below), provided the incentive to investigate the suitability of nitrite as a corrosion inhibitor for

_.his system and to determine the particular concentrations of nitrite required to inhibit pitting.

In the proposed scheme for sludge washing, sludge waste will be transferred from waste storage tanks to

dedicated processing tanks. Washing will consist of 1) addition of inhibited wash water to a sludge batch, 2)
thorough mixing of the tank contents, 3) settling of the solids, and 4) decanting of the supernate. These steps
will be repeated until the soluble salt concentration has been diluted by a factor of 70. On average, a total of
13 washing steps will be required to completely wash a sludge batch. One washed sludge batch will be stored
and transferred over a two-year period to the waste vitrification facility. Experience with washed
precipitate slurries indicates that, in the absence of added inhibitors, pitting may initiate during the
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washing phase as well as during the storage and transfer period. Therefore, the corrosivity of the entire
. range of compositions was investigated.

EXPERIMENTAL

Electrochemical and coupon immersion tests were performed to determine the concentrations of sodium
nitrite needed to inhibit pitting corrosion in steel exposed to a given wash step, The electrochemical test
technique was cyclic potentiodynamic polarization, which provided a relatively rapid determination of 1)
the susceptibility of the steel to pitting in a given waste composition and 2) the minimum level of sodium
nitrite needed to inhibit pitting. Long-term coupon tests provided verification of the minimum effective
nitrite levels revealed in the electrochemical tests. The tests were conducted at temperatures in the range of
23°C to 60°C; actual tank contents are expected to range from about 30°C to 50°C.

Tests were conducted with both actual waste and non-radioactive simulants of sludge slurries. The
compositions of the simulants for the electrochemical tests are given in Table 1. The table shows the
concentrations of soluble species in an calculated average unwashed sludge slu]vy and in the 13 dilutions
expected to be produced in washing to the desired endpc)int. Ali fourteen compositions were tested at a
temperature of 40°C. Simulants of the 4th, 7rh, 10th, and 13th wash steps were also tested at 23, 30, 50, and
60°C.

The concentrations of one wash step differ uniformly from the adjacent steps by a factor of 1.39. The
nitrate level in the simulants ranged from 1.44 M in the unwashed or initial condition (referred to as the 0rh
wash step) to 0.0205 M in the final (or 13th) wash. The nitrite concentration in the test solution was varied at
each wash step. The pH of the solutions used in the electrochemical tests was adjusted to steady-state levels
calculated according to the model of absorption of and reaction with atmospheric carbon dioxide. These
values are also shown in Table I.

The coupon immersion tests with simulated sludge slunies were of similar composition to those used for
electrochemical tests on equivalently washed (diluted) solutions, with the two exceptions. The nitrate ion
was supplied entirely through transition metal salts (copper, iron, mercury, and nickel) rather than through
the sodium nitrate used in electrochemical test solutions, where it was desirable to limit the amount of
precipitated transition metal hydroxides; and the pH was set at the anticipated value of the bulk solution,
rather than the steady-state value of the hydroxide-depleted aqueous film. Nitrite concentrations in the
coupon test solutions were set to bracket the minimum effective nitrite concentrations determined in the cyclic
potentiodynamic polarization tests.

The analysis of the actual sludge supernate is given in Table 2. The sludge supernate nitrate concentration
was 0.73 M, a level equivalent to the 2nd wash in the ideal scheme. Cyclic potentiodynamic polarization
tests were run in this solution, with the pH buffered to a value calculated from the hydroxide depletion
model. Coupon immersion tests were run in the as-received sludge supernate and in solutions made from
diluting the filtered sludge supernate with distilled water. A 5X dilution produced a solution equivalent to
the 7th wash simulant, and a 25X dilution produced a solution equivalent to the 12th wash simulant. Nitrite
was added to one sample of each dilution.

Specimens used in this study were fabricated from ASTM A537 Class 1 steel, the material of construction
of the waste tanks. Disc specimens 1.58 cm in diameter were used in the electrochemical tests, and coupons 7.6
cm long by 1.9 cm wide by 0.32 cm thick were used in the immersion tests. Ali specimens were polished to a 600
grit finish and were cleaned in acetone and distilled water immediately before use.

A Princeton Applied Research (PAR) Model 351 Corrosion Measurement System (I) (incorporating a

(1)EG&G Princeton Applied Research, Electrochemical Instruments Division, CN 5205, Princeton NJ 08543
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PAR Model 273 potentiostat) was used to run the cyclic potentiodynamic polarization tests with simulant
waste slurries. A PAR Model 173 potentiostat was used in the tests run with sludge supernate. Standard test • !

cells with graphite counter electrodes were used. 3 The disc specimens were mounted in a standard PAR

specimen holder, presenting a 1-cre2 exposed area to the solution. Polytetrafluoroethylene knife-edge gaskets

were used to seal the specimen in the holder 3 In the tests, specimens were placed in the electrolyte and
initially held at open circuit potential (Ecorr) for 1800 s, after which they were anodically polarized at a

rate of 0.166 mV/s from a potential of-50 mV versus Econ. to a vertex potential of about 900 inV. The potential

scan was then reversed to end the scan at Ecorr. Scans in simulant solutions were run in duplicate. The test

solutions were sparged with air which had been scrubbed of carbon dioxide in order t_ maintain the pH
constant during the scan. The pH changed typically by less than _+0.1over the course of the scan. Temperature

of the test solution was maintained within +1°C with a Thermowatch(2)-controlled heating mantle.

Coupon immersion tests were conducted in simulated sludge slurries with the compositions of the fourth,
seventh, tenth, and thirteenth wash steps and in actual sludge supernate at the same dilutions used in the
electrochemical tests (i.e., undiluted, 5X diluted, and 25X diluted). Four coupons were suspended with
polytetrafluoroethylene string in each 1 L polyethylene or polytetrafluoroethylene test bottle, which was
filled with 500 naL of sludge solution, so that the coupons were immersed half way into the solution. Air was
flowed into the bottles at a rate of about 1.6 mL/s to simulate the airflow maintained in the waste tanks.

The tests were run for about 120 days at temperatures of 30, 40, 50, and 60°C. Both air ovens and a water
bath were used to maintain the elevated temperatures. Temperature control was within -+2°C in the ovens and
+1°C in the water bath. Test solutions were replenished periodically with distilled water to compensate for
evapora tion loss.

Specimens which were exposed to sludge simulants were cleaned in Clarke's solution 5 at room temperature
for about 30 seconds after testing to remove corrosion products. Specimens exposed to actual sludge supernate
were cleaned for longer times in order to remove radioactive contamination as well as corrosion products so
that those specimens could be removed from the shielded cells for examination.

RESULTS

Cyclic potentiodynamic polarization scans were run at 40°C in simulants of ali wash steps and in the
actual sludge supernate. An additional sludge simulant, representing a 2X dilution of the 13th wash step, was
also tested. Duplicate scans were also ."un at temperatures of 23, 30, 50, and 60°C in simulants of the 4th, 7th,
10rh, and 13th wash steps to reveal the effect of temperature on pitting inhibition. Ali simulant scans were
run in duplicate. The sodium nitri_e concentration for a given wash step simulant was varied to reveal the
minimum concentration necessary to inhibit pitting at that step. Nitrite concentrations ranged from 0.0025 M
to 1.20 M. Three levels were usually run at each wash step to establish the minimum level, which was
defined as the lowest tested nitrite concentration at which the pair of duplicate specimens was free of pitting
corrosion.

The disc specimens were examined microscopically after the scans for the presence of pits. The test
solution was deemed corrosive if pits were visible at magnifications of 70X or less. The pits that were

observed were elliptical in profile 6 and had rough surfaces. There often was superficial crevice attack of the
specimens under the knife-edge gasket, but this attack usually did not interfere with the assessment of
pitting. Etch pits from sulfide inclusions exposed to Clarke's solution were often seen on the specimens, but
these appeared on both test solution-exposed and unexposed surfaces equally, and thus could be readily
distinguished from sludge-induced pitting.

(2)Instruments for Research and Industry, 108 Franklin Ave., Cheltenham PA 19102
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There was excellent correlation between the presence of large pits visible at maga_ifications of the order or
. 10X and the presence of "negative hysteresis" in the scan plots. Negative hysteresis is said to exist in scans
' whose plots showed a higher current density during the reverse potential scan than in the forward scan.

Conversely positive hysteresis occurs when the reverse scan current density was smaller than the forward scan
_current density. Examples of negative and positive hysteresis are given in Figures la and lb. The hysteresis
_canbe characterized by the difference between forward and reverse scan current densities at a potential just
;nodic to the active-passive transition seen on the forward scan. In very aggressive solutions the reverse scan
c_urrent density exceeded the forward scan density by one half to one order of magnitude. In well inhibited
:slolutions the forward scan current density exceeded the reverse by at least one order of magnitude. These
cbservations were used to suggest subsequent levels of nitrite which should be tested to converge on the
n _inimum level necessary to inhibit pitting.

The results of cyclic potentiodynamic polarization scans in sludge simulants at 40°C are shown in Figure 2.
Ni trate is the dominant aggressive anion in this system; its concentration, plotted on the ordinate in Figure 2,
is used to represent the wash step in test. The presence or absence of pitting in a wash step with a given nitrite
co_centration, which is plotted on the abscissa, is indicated by the appropriate symbol. "Not pitted" and
"Piitted" mean that both specimens in a pair of duplicate scans were in the indicated condition. "Occasionally
pit_ic._d"indicates that one specimen in a pair was not pitted and that one was pitted. The minimum nitrite
con_:entrations at which pitting was inhibited in duplicate scans are plotted against their respective nitrate
concentrations in Figure 3.

Coupon immersion tests were run to verify the minimum effective nitrite levels revealed with the cyclic
pote_tiodynamic polarization scans. Nitrite levels in the sludge simulants ranged from about 0.3 times to
about 3 times the mi_,imum levels to ensure that solutions would range from the highly aggressive to the
highly protective. Solutions containing insufficient nitrite produced substantial general corrosion on the
coupon above the liquid level (Figure 4a), while the surfaces of coupons exposed to a well-inhibited solution
were _irtually free of any corrosion (Figure 4b).

As with the electrocl_emical test specimens, the coupons were examined under low power optical
micros :opy for pitting. C_)rrosion features were identified as pits when the depths exceeded about 40 _tmand
when he features were isolated and not clearly associated with a patch of general corrosion. When
associa ed with general corrosion pits were so identified if the depths exceeded the adjacent generally
corrode t steel by about 80 I_m. The identification of a feature as a pit became subjective as these limits were
approac bed. Pitting in isolation is shown in Figure 5. An example of pitting associated with general corrosion
is show _ in Figure 6. Pitting was observed on coupon surfaces both above and below the liquid level. The
deepes! }pitswere seen above liquid level and were about 100 _m (.004 in.) deep.

Th_ r_esultsfrom coupon tests conducted in simulants and in actual sludge supernate at 40_C are plotted in
Figure 3 ,along with the minimum effective nitrite concentrations determined from the cyclic potentiodynamic
polariza i:ion tests. There is excellent agreement between the results of the two test methods, and excellent
agreemc_nt between the results obtained with simulants and with actual sludge supernate.

Min_,num effective nitrite concentrations to inhibit pitting were also determined at 23, 30, 50, and 60°C
using cyclic potentiodynamic polarization scans. Coupon immersion tests were run at 30, 50, and 60°C to verify
the inhib_,lor requirements determined with the scans. In general there was again good agreement between
the electr_ chemical and immersion tests. However the results at 50 and 60°C showed greater scatter than had
been seen iin the 40°C data. This in part due to the conservative interpretation of the results, whereby the
minimu_n cfffective nitrite level to inhibit pitting was taken as nitrite concentration which produced
inhibitior_ ;a both test methods. Figure 7 shows a plot of minimum nitrite concentrations for all the
temperatu_ es tested.

The pI-ir of the actual sludge solutions in which coupon tests were run was measured periodically
throughout lhe 4-month exposures. A plot of the pH for each solution (undiluted supernate, and the two
dilutions wi_h and without added nitrite) is shown in Figure 8. As expected, the pH of solutions decreased as
a result of theeabsorption and reaction of atmospheric carbon dioxide. Steady-state conditions were reached
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with the 25X diluted solutions as evidenced by the constant pH approximately one month into the test. The
5X diluted solutions were nearly at steady-state conditions by the end of the test. The concentrated solution

!

had just entered the region of rapid pH change as a result of depletion of >99% of the free OH" in solution.

DISCUSSION

The minimum effective nitrite concentration was related to temperature and nitrate concentration in a
multiple regression analysis. The fitting procedure of least squares with equal weights was applied to the
logarithms of the nitrate and nitrite concentrations. Logarithms of the concentrations were used in order to
provide equal weight to all concentration values. The temperature was not transformed and was expressed in
°C. The data for nitrate concentrations above 1.0 M was excluded since plans are to use hydroxide to inhibit at
nitrate concentrations greater than 1.0 M. The statistical analysis yielded this equation:

[NO2"] = 0.038 [NO3"10'9810 0"041T (1)

where [NO2"] and [NO3"] are the molar concentrations of the nitrite and nitrate ions, respectively, and T is

the temperature in °C. The standard error in the nitrate concentration exponent is+0.099, so that there is no
statistical significance in changing that exponent to 1. The standard error in the coefficient for temperature is
only 0.0043; therefore the value of 0.041 has not been adjusted. Solutions to Equation (1) are plotted at 23, 30,
40, 50, and 60°C in Figure 7.

Other forms of fitting equation were examined and found to yield poorer fits than did Equation (1) or to
yield insignificant improvement. Higher order terms in nitrate concentration and temperature and nitrate-

temperature cross-terms did no offer a significantly better fit. A polynomial expression relating [NO2-] to

[NO3"] and temperature did not produce as good a fit as Equation (1).

SUMMARY AND CONCLUSIONS

Pitting corrosion in carbon steel exposed to dilute high-level radioactive waste can be inhibited with
additions of sodium nitrite. Cyclic potentiodynamic polarization scans provided a rapid and reliable means
of assessing the corrosivity of waste solutions and establishing the minimum effective nitrite concentration to
inhibit pitting. The results of these scans were corroborated by coupon immersion tests. The minimum
effective nitrite level was empirically related to the nitrate ion concentration and temperature. Partially
immersed coupons showed pitting attack above the liquid level after exposure to solutions with insufficient
nitrite.
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Table 1
Molar Concentrations of Constituents

o_ Simulated Sludge Solutions at Indicated Wash Step
0

Salt 13th 12th 1lth 10th 9rh 8th 7th

Sodium Carbonate 4.55E-03 7,25E-03 1.12E-02 1.73E-02 2.63E-02 3.93E-02 5.82E-02
Sodium Bicarbonate 2.17E-02 2.78E-02 3.53E-02 4.46E-02 5.64E-02 7.07E-02 8.88E-02
Sodium Oxalate 7.26E-05 1.01E-04 1.40E-04 1.94E-04 2.68E-04 3.72E-04, 5.16E-04
Sodium Chromate 2.98E-05 4.13E-05 5.73E-05 7.94E-05 1.10E-04 1.53E-04 2.12E-04

Sodium Molybdate 3.87E-06 5.37E-06 7.44E-06 1.03E-05 1.43E-05 1.98E-05 2.75E-05
Sodium metasilicate 2.95E-05 4,09E-05 5.67E-05 7.86E-05 1.09E-04 1.51E-04 2.10E-04
Sodium Phosphate 8.35E-05 1,16E-04 1.61E-04 2.23E-04 3.09E-04 4.28E-04 5.93E-04
Sodium Chloride* 3.10E-04 4.30E-04 5.96E-04 8.26E-04 1.15E-03 1.59E-03 2.20E-03
Sodium Fluoride 1.55E-04 2.15E-04 2.98E-04 4.13E-04 5.73E-04 7.94E-04 1.10E-03
Sodium Sulfate 1.36E-03 1.89E-03 2.61E-03 3.63E-03 5.03E-03 6.97E-03 9.66E-03
Sodium Nitrate* 2.05E-02 2.84E-02 3.94E-02 5.46E-02 7.58E-02 1.05E-01 1.46E-01

Steady State pH 9.51 9.59 9.66 9.73 9.79 9.85 9.91

Salt 6th 5th 4rh 3rd 2nd 1st 0th

Sodium Carbonate 8.65E-02 1.27E-01 1.87E-01 2.72E-01 3.98E-01 5.75E-01 8.31E-01
Sodium Bicarbonate 1.11E-01 1,39E-01 1.73E-01 2.16E-01 2.68E-01 3.32E-01 4.09E-01
Sodium Oxalate 7.15E-04 9.92E-04 1.38E-03 1.91E-03 2.64E-03 3.67E-03 5.08E-03
Sodium Chromate 2.94E-04 4.07E-04 5.64E-04 7.83E-04 1.09E-03 1.50E-03 2.09E-03

Sodium Molybdate 3.81E-05 5.29E-05 7.33E-05 1.02E-04 1.41E-04 1.95E-04 2.71E-04
Sodium metasilicate 2.91E-04 4.03E-04 5.59E-04 7.75E-04 1.07E-03 1.49E-03 2.07E-03
Sodium Phosphate 8.23E-04 1.14E-03 1.58E-03 2.19E-03 3.04E-03 4.22E-03 5.85E-03
Sodium Chloride* 3.05E-03 4.23E-03 5.87E-03 8.14E-03 1.13E-02 1.57E-02 2.17E-02
Sodium Fluoride 1.53E-03 2.12E-03 2.94E-03 4.07E-03 5.64E-03 7.83E-03 1.09E-02
Sodium Sulfate 1.34E-02 1.86E-02 2.58E-02 3.57E-02 4.95E-02 6.87E-02 9.52E-02
Sodium Nitrate* 2.02E-01 2.80E-01 3.88E-01 5.38E-01 7.46E-01 1.03E+00 1.44E+00

Steady State pH 9.96 10.01 10.06 10.12 10.17 10.22 10.28

Salts Added at Constant Concentration at Every Step

Sodium Metaaluminate 4.50E-04
Cobalt (II) Nitrate 3.00E-05
Nickel (II) Nitrate 1.50E-03
Iron (III) Nitrate 2.48E-04

Mercury (II) Nitrate 2.50E-04
Copper til) Nitrate 4.30E-05
Chromium (III) Chloride 3.75E-05

Manganese Dioxide** 5.75E-03

* Entry represents the total anionic concentration. The weight of this salt used to make the
simulant is reduced to account for the contributions from the transition metals.

** Insoluble. One gram added per 2-1iter batch of simulant.
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Table 2

, , Composition of Actual Supernate Test Solution

Molar Concentration

Nitrate 0.76
Nitrite 0.63
Sulfate 0.071
Fluoride 0.025
Chloride <0.0056

Free Hydroxide 0.50
Total Hydroxide 0.69
Aluminate 0.10
Total Carbonate 0.039

Adjusted pH 10.11

i
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(a)

(b)

Figure 1. Typical cyclic potentiodynamic polarization scans. (a) Negative hysteresis in a scan recorded
in a wash sludge simulant with 0.03 M nitrite. (b) Positive hysteresis in a scan recorded in a 9th wash
simulant with 0.075 M nitrite.
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Figure 2. Cyclic potentiodynamic polarization _an resu,lts from sludge simulants at 40°C.
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Figure 3. Minimum nitrite concentrations to inhibit pitting in washed sludge slurries at 40°C, with results
of coupon immersion tests in simulants ('Coupon' in the legend) and in actual sludge supernate ('42H' in the
legend).
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(a)

(b)

Figure 4. Typical appearances of ASTM A537 Class 1 coupons exposed for four months tc) a waste simulant
(a) without sufficient inhibitor and (b) with a high level of inhibitor.
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Figure 5. Isolated pits above the liquid level "n an AS'IM A537 Class I a3upon at 13X magnification.

Figure 6. Pits associated with general corrosion above the liquid level on an ASTM A537 Class 1 coupon at
23 X magnification.

98/13



o

t=

Figure 7. Minimum nitrite concentrations to inhibit pitting at indicated temperatures. The straight lines
are solutions to Equation (1).
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Figure 8. pH change during coupon immersion tests in actual sludge supernate.

98/14






