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Abstract

Chromium ions can make their way into the primary coolant of nuclear power reactors from the
corrosion of stainless-steel reactor components, decreasing the material’s corrosion resistance and resulting
in increased transport of further corrosion products. Despite these potential effects, the radiation-induced
redox speciation of chromium ions in aqueous solution is not well understood, especially at the elevated
temperatures experienced by reactor coolants. In the present work, we report new experimental results
demonstrating that in aerated aqueous solution, the radiolytic oxidation of Cr(III) to Cr(VI) occurs at pH 4,
while the reduction of Cr(VI) to Cr(IIl) occurs at pH 2. The oxidation of Cr(IlI) is primarily attributed to
the reaction of the hydroxyl radical ("OH) with the Cr(OH)?* species, while the reduction of Cr(VI) is
attributed to reactions involving the hydrated electron (e,q) and hydrogen atom (H). Additionally, the
steady-state equilibrium yield of Cr(VI) from the gamma irradiation of pH 4 Cr(Ill) solutions decreased
with increasing temperature (over a range of 37—195 °C). This observation indicates that the activation
energy of the Cr(VI) reduction reactions is higher than that for the Cr(IIl) oxidation reactions, such that it

becomes relatively more favorable at higher temperatures. Overall, these data are important for the
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development of complementary multiscale models for the prediction of metal ion speciation in high

temperature radiation environments.

1. Introduction

Aqueous systems at elevated temperatures containing dissolved metal ions from the corrosion of
stainless steels and other alloys are exposed to ionizing radiation fields throughout the nuclear fuel cycle.
Understanding the aqueous radiation chemical behavior of metal ions released from key alloying materials,
such as chromium (Cr) from stainless steels, is critical to model and monitor the performance of several
industry processes, including: the corrosion of nuclear reactor materials, the extent of extraction in used
nuclear fuel reprocessing systems, and the partitioning of materials for vitrification in nuclear waste storage.
In addition, having this foundational understanding of chromium ion speciation under irradiation will help
to shape the treatment of chromium-containing wastewaters to prevent excessive transport of toxic Cr(VI)

through the environment.

Chromium is a well-known heavy metal that is a ubiquitous contaminant in wastewaters due to both
natural and anthropogenic sources.! Chromium has a variety of available oxidation states; however, the
three most stable forms are Cr(0), Cr(Ill), and Cr(VI).? Chromium metal, Cr(0), is valued for its high
corrosion resistance and hardness, and therefore it is commonly used in industrial applications where it is
incorporated into iron-based alloys such as stainless steels. During process applications, chromium can
leach out of the stainless steels and make its way into wastewaters in the environmentally stable Cr(IIl) and
Cr(VI) oxidation states.> Cr(IIT) is generally considered to be a micronutrient,® but Cr(VI) is highly toxic

and carcinogenic,* resulting in strict regulations for its concentration limits in drinking water.®

At low concentrations, trivalent chromium ions, Cr(IlI), are present in aqueous solution as a variety of

pH dependent hydrolysis species with relatively low solubility:’

Cr¥* + H,0 = Cr(OH)** + H* pK, = 3.57 at 25 °C, 1)
Cr(OH)* + H,0 = Cr(OH),* + H* pK, = 6.27 at 25 °C, )
Cr(OH)," + H,0 = Cr(OH), + H* pK; = 6.35 at 25 °C, 3)
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Cr(OH):® + H,0 = Cr(OH), + H* pKy = 11.46 at 25 °C. @)

Hexavalent chromium ions, Cr(VI), are much more soluble, and therefore more mobile in environmental

systems.? Aqueous Cr(VI) ions are present in dilute aqueous solutions in the form of chromic acid: °-1?

H,CrO4 = HCrO4 + H* pKi, =-1.0-1.6 at 25 °C, Q)

HCrO4 = CrO4> + HY, pK, = 6.472 at 25 °C. (6)

Polynuclear chromium species, such as the dimeric dichromate ion (Cr,0;%), also form with either
oxidation state at higher concentrations or temperatures.” !4 The equilibrium constants (K) for the
polynuclear species and for Cr(III) species at high temperatures are not as well-known as compared to other
transition metal hydrolysis and polymerization reactions.!>!¢ This knowledge gap is exacerbated by
radiation fields, which can promote dynamic changes in the redox distribution of metal ions in aqueous
solution. Radiation-induced changes in the distribution of chromium ion oxidation states ultimately affect
its chemical properties, including solubility, complexation, and reactivity.

When ionizing radiation is absorbed by water, it undergoes excitation, ionization, and a series of

subsequent radical reactions to liberate the primary products of water radiolysis:

H,O w» 2.73 e, +2.79 "OH + 0.60 H* + 0.45 H, + 0.7 H,0, + 2.73 H,¢", @)
where the coefficients for each species represents its room temperature escape yield (G value,
molecules/100 eV) from a pure water radiation track.!” The hydrated electron (e,q, E° = -2.9 V) and
hydrogen atoms (H*, E° = -2.3 V) are powerful reducing agents, while the hydroxyl radical ("OH, E° =2.7
V) is a strong oxidant, all of which are capable of driving redox distribution changes in dissolved metal
ions.'® Hydrogen peroxide (H,0,), a molecular radiolysis product, is also capable of both reduction and
oxidation depending on solution conditions and the metal ion redox potentials.!*-?° Recently, the reaction
rates between several primary water radiolysis products and aqueous chromium ion species have been

determined,*-! as summarized in Table 1. These experimental studies investigated many of these reactions

to elevated temperatures, allowing for their activation energies (E,) and pre-exponential factors (4) to be
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determined, also summarized in Table 1. Beyond these investigations, there are no reported studies of

aqueous chromium ions irradiated at elevated temperatures.

Table 1. Reaction rates and Arrhenius parameters for reactions between aqueous chromium ion species and primary
water radiolysis products at elevated temperatures from previous studies.

Reaction k, Activation Energy Preexponential Factor Reference
(25°C, M1 (kJ mol ) M-1sh
HCrO4 + €5 (3.28 +£0.58) x 101° 12.87+0.56 (5.913 +£0.104) x 102 30
CrO> + ey (1.47 £0.10) x 101 13.19+0.12 (3.001 +£0.130) x 1012 30
HCrO, + H (1.19+£0.17) x 10'0 12.98 £ 0.29 (2.236 £0.173) x 1012 30
Cr(V) +"OH (4.80£0.52) x 10° 7.03+0.22 (8.170 £ 0.536) x 1010 30
Cr(II) + e,q (4.86 £0.05) x 10'0 -a -a 31
Cr¥*+'OH 0 b b 31
Cr(OH)*" + *OH (7.240.3) x 108 -b -b 31

@ High temperature measurements made, but behavior is not simple linear Arrhenius.

b Measurements only made to 50 °C.

With the above in mind, we report the steady-state gamma radiation-induced chemical behavior of
chromium ions in aqueous solution by examining changes in the redox distribution of chromium ions over
a wide range of temperatures (37—195 °C) with up to 12 kGy of absorbed gamma dose. These data are
essential for benchmarking multiscale computational models for the prediction of the behavior of these

metal ion systems from ambient to hydrothermal conditions in radiation environments.

2. Experimental
2.1. Solution Preparation

Chromium(III) nitrate nonahydrate (Cr(NO3); 9H,0, 99%), iron(I1) sulfate (FeSO,4, > 99%), potassium
dichromate (K,Cr,0-, > 99.5% Reagent Plus), perchloric acid (HCIO4, 99.999% trace metals basis), sodium
chloride (NaCl, 99.999% trace metals basis), sodium hydroxide (NaOH, 50% in H,0), sulfuric acid (H,SOy,,
99.999%), ethylenediaminetetraacetic acid (EDTA) tetrasodium salt dihydrate (99.0-102.0% titration),
ammonium acetate (NH,;OOCH;, BioUltra, > 99%), and glacial acetic acid (CH;COOH, > 99% Reagent

Plus) were purchased from Millipore Sigma (Burlington, MA, USA), and used without further purification.
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All aqueous solutions were prepared in ambient air using ultra-pure water (18.2 MQ cm) and NaOH or
HCIO, for pH adjustment.
2.2. Analytical Methods

UV-Visible spectrophotometry, as measured by an Agilent Technologies, Inc. (Santa Clara, CA, USA)
Cary 60 UV-Vis spectrophotometer equipped with a fiber optic coupler, was used to quantify the
concentrations of Fe(IlI), Cr(IIl), and Cr(VI) species in a given solution. Absorption spectra were recorded
from 200—800 nm with a scan rate of 300 nm min~'. Direct absorbances of Fe(IIT) (Ayq= 304 nm, & = 2200
M1 em )17, Cr(VI) (Apax = 355 nm, € = 1445 £ 5 M~! em ™), and Cr(IIl) (A = 408 nm, € = 15.5 £ 0.5
M1 cm™!) were used for quantification, in addition to the Cr(III)-EDTA complex (Aye = 544 nm, £ = 191
£1M!em)3 3
2.3. Steady-State Gamma Irradiations

Aqueous chromium solutions were irradiated in either closed 8 mL screw-cap glass vials and analyzed
post-irradiation in triplicate, or in a high temperature titanium vessel equipped with integrated in situ optical
absorption monitoring via sapphire windows with coupled fiber optics, as described in detail elsewhere.??
High temperature cell samples were intentionally pressurized to 2250 psi to avoid solution vaporization and
studied at temperatures from 37-195 °C, with an uncertainty of + 4 °C at the ambient irradiator temperature,
and + 1 °C at elevated temperatures. Closed glass vial samples were irradiated under ambient irradiator
temperature conditions (37 + 1 °C), as determined using a calibrated National Instruments (Austin, Texas,
USA) USB-TCO1 Single Channel Temperature Input Device equipped with a K-type thermocouple. All
gamma irradiations were performed using the Idaho National Laboratory (INL) Center for Radiation
Chemistry Research (CR2) Foss Therapy Services (Pacoima, CA, USA) Model 812 Cobalt-60 irradiator.
Dose rates of 26-222 Gy min~! were determined for each sample type using Fricke solution (1 mM FeSO,,
1 mM NaCl, 0.4 M H,SO,) subsequently corrected for the natural decay of cobalt-60 (t,, = 5.27 years: E,;
=1.17 MeV and E,; =1.33 MeV) throughout the duration of this study.!” No dose rate effect on the Cr redox

behavior was observed over this range.
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3. Results and Discussion
3.1. Ambient Temperature Irradiations

Figure 1 shows the experimental oxidation state distribution of 0.6 mM Cr(IlI) or Cr(VI) from the
gamma irradiation of aqueous solutions at 37 °C with room temperature pH values of 2 and 4. According
to the equilibria presented by Eq. 1-6, at pH 2 Cr(III) is present primarily as the Cr3* ion, whereas a mixture
of Cr(OH)** and Cr3* species are expected at pH 4. Further, Cr(VI) should be present primarily as the
bichromate species (HCrO,4") at both solution pH values. From the results shown in Figure 1, it is clear that
regardless of the starting oxidation state of chromium, Cr(Ill) is favored at pH 2, while Cr(V]) is favored at
pH 4. In similar ambient temperature irradiations of pH 6, 8.5, and 10.6 aqueous solutions, Alrehaily et al.
reported no change in the oxidation state distribution of Cr(VI) irradiated under aerated conditions.
However, they did observe the conversion of Cr(VI) to Cr(III) followed by colloidal precipitation under de-

aerated conditions.>* These observations are consistent with our findings, which are in aerated solutions.
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Figure 1. Oxidation state distribution of chromium ions from the ambient temperature (37 °C) gamma irradiation of
aerated aqueous solutions of 0.6 mM Cr(III) at (a) pH 2 and (b) pH 4, and 0.6 mM Cr(VI) at (¢) pH 2 and (d) pH 4.

When Cr(VI) species (HCrO,~ and CrO,*) are present, they are reduced readily by the e, and H* atoms
at a rate of ~10'° M~! s7! (Table 1) to ultimately yield the corresponding Cr(III) species.>® As stated in the
introduction, the primary reducing water radiolysis product is the e,,~. Under aerated acidic conditions in
the absence of other solutes, the e,,™ is primarily consumed via the following reactions, whose kinetics have

been measured in pure water up to 350 °C:3

Caq +H"= H* Kg =3.6 X 109, kgf: 2.3 x 1019 M1 Sil, kgb = kgf/Kg, (8)
€y T 0, — Oy k=23 x10""M" s, E,=11.6 kJ mol, &)
e + H,0, — "OH + OH- Jero= 1.4 x 1010 M1 1, E,=157kImol!,  (10)
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where K; is the equilibrium constant and £; is the rate coefficient of reaction i, all at 25 °C. The dominant
pathway for the e, reactions depends on the pH of the solution. At pH 2, the concentration of H" is
sufficiently high to scavenge the majority of the available e,y via Eq. 8 to yield H' atoms, whereas at pH 4
a combination of all three reactions (Eq. 8—10) is expected. The H® atom also reacts with O, at a rate of 1.3
x 1010 M~ s7! at 25 °C.* These fundamental reactions provide a mechanistic explanation as to why more
Cr(V]) species are reduced in solutions that have been de-aerated, as there is less O, and H,O, present to
compete with Cr(VI) species for the reducing products of water radiolysis.

The primary oxidizing species in irradiated, acidic, aerated aqueous solutions is the *OH radical.
At pH 2, there was no net oxidation of Cr(III) to Cr(VI) species during gamma irradiation (Figure 1a). This
is likely due to the slow rate of reaction between the Cr* ion and the “OH radical (Table 1), thereby
allowing other species to scavenge the available yield of *OH radicals.*! At pH 4 on the other hand,
Cr(OH)?* becomes the dominant Cr(IIT) species and exhibits greater reactivity towards the *OH radical
(Table 1),%! thereby facilitating the oxidation of Cr(III) to Cr(VI) species until a steady-state equilibrium is
achieved, as shown in Figure 1b.

Beyond these transient radical species, H,O, is another important water radiolysis product that can
behave as either a reductant or an oxidant towards dissolved chromium ion species. Alrehaily et al. reported
no detectable H,O, in their irradiated solutions, indicating that it was consumed during the experiment by
reaction with the various available chromium ion species.’* Despite these observations, H,O, chemistry is
one of the main obstacles in the development of a comprehensive multiscale model for these chromium
systems because of inconsistencies reported in the complicated kinetics and mechanisms for different
chromium oxidation states reacting with H,0,.1°?° These H,0, reactions are currently being explored in
more detail by follow-on studies.

3.2. High Temperature Irradiations
In addition to the above ambient temperature irradiations, a series of high temperature irradiation
experiments were performed to study the speciation of Cr(III) ions in real time up to 195 °C. This

temperature range was chosen to avoid chromium precipitation, polymerization, and ion pairing.”> % 11-14

8

Page 8 of 14



Page 9 of 14

Physical Chemistry Chemical Physics

Figure 2(a) shows the growth of the Cr(VI) optical absorbance peak at 375 nm with increasing absorbed
gamma dose from the irradiation of'a 0.5 mM Cr(III) ion solution at pH 4 and 37 + 4 °C. Figure 2(b) shows
the corresponding concentrations of Cr(VI) species detected, alongside the calculated concentration of
remaining Cr(IIl) ions, as determined by mass balance. The average speciation data at particular absorbed
gamma doses of the same solution formulation in closed 8 mL glass vials is also shown Figure 2(b) as solid
circular symbols. The agreement between the two different experimental setups is excellent, with Cr(III)

again being observed to be radiolytically converted to Cr(VI) in the form of the HCrO4~ species at pH 4.
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Figure 2. (a) Radiation-induced growth of the bichromate absorbance peak from the gamma irradiation of 0.5 mM
Cr(IIT) ions in aqueous solution at pH 4 and 37 °C. (b) Concentration of aqueous chromium ion species as a function
of absorbed gamma dose from experiments performed in the high temperature cell (01) and in closed 8 mL glass vials

(o).

This experiment was repeated at 61, 101, 145, and 195 °C, where the uncertainty on the
temperatures was = 1 °C. A series of complementary benchtop heating studies were also performed to
establish that the thermal conversion of Cr(III) to Cr(VI) ions does not occur appreciably over the timescale
of our irradiation experiments. The yield of Cr(VI) ions determined here from optical absorbance
measurements as a function of the absorbed gamma dose at each temperature is shown in Figure 3. The
concentrations given in Figure 3 have been corrected to account for the expansion of the aqueous solution

with temperature. This was achieved by multiplying by the ratio of the density of water at the experimental
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temperature and room temperature. Overall, this correction removed the artificial decrease in Cr(VI) ion

concentration resulting purely from the expansion of the aqueous solution with temperature.
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Figure 3. Radiation-induced growth of Cr(VI) ions from the gamma irradiation of 0.5 mM Cr(III) ion in aqueous
solution at pH 4 as a function of temperature.

It is clear from the data in Figure 3 that the steady-state yield of Cr(VI) decreases with increasing
temperature, going from ~0.35 mM at 37 °C to 0.04 mM at 195 °C. This observation can be understood
from the reactions previously discussed for ambient temperature conditions and their associated Arrhenius
parameters (Table 1). The activation energy of a chemical reaction defines the extent to which its rate
changes with temperature. As described above, Cr(Ill) ions are primarily converted to Cr(VI) ions via their
reaction with the *OH radical, while Cr(VI) is converted back to Cr(III) via its reaction with the e,;~ and H*
atom. Under these conditions, the net rate for Cr(VI) reduction must be increasing more rapidly with
increasing temperature than the rate of Cr(IIl) oxidation, resulting in the progressively lower steady-state
Cr(VI) yield. Therefore, either the activation energy for the Cr(OH)?" hydrolysis product reaction with the
*OH is lower than the activation energies of the corresponding Cr(VI) reduction reactions (£, = 13 kJ mol~

I, Table 1) , or the rates of H,O,-driven chromium reactions change significantly with temperature to favor

10
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reduction. Either way, additional reaction kinetics studies are necessary to unravel the observed radiation-

induced behavior.
3. Conclusions

This study reports the radiation-induced oxidation state speciation of chromium ions in acidic aqueous
solutions as a function of temperature (37-195 °C). To our knowledge, this is the first high temperature
steady-state irradiation of an aqueous metal ion solution to be reported, and the first irradiation of this kind
coupled with in situ UV-Vis spectroscopy measurements at any temperature. Our results demonstrate that
Cr(III) ions are favored in pH 2 solutions and Cr(VI) ions are favored in pH 4 solutions. The oxidation of
Cr(III) ions is believed to occur via the reaction of the Cr(OH)?>* hydrolysis product with the *OH radical,
while Cr(VI) ions are reduced by reaction with the e,;~ and H* atom. Furthermore, we found that as the
solution temperature was increased up to 195 °C, the steady-state yield of Cr(VI) from Cr(Ill) in pH 4
solutions decreased due to changes in the Arrhenius behavior of the respective reduction and oxidation
reactions. It is likely that the activation energy of the Cr(OH)?>" + "OH is < 13 kJ mol™!. Thus, radiation-
induced changes in chromium ion speciation are more significant at lower temperatures under the given
conditions, which is fortuitous for nuclear reactor technologies.

Overall, these observations demonstrate the importance of the development of a predictive multiscale
computer model for these chemical systems. Using the high temperature reaction rates measured in the
literature as inputs, and the steady-state gamma irradiation behavior from this work as a benchmark test, a
kinetic model for the reactions of chromium ions with water radiolysis products can be built. Currently, the
reactions of H,O, with the different chromium oxidation states have been identified as a key component
missing from the known reaction set. Follow-on studies of these H,O, kinetics, in addition to the
measurement of the disproportionation reactions of the unstable intermediate oxidation states (Cr(IV) and

Cr(V)) to high temperature, are required to complete model development for aqueous chromium systems.

11
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