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 2.14

The Mn content for the Mn oxide precipitated by reaction of Cr(O)(OH) – H2O with sodium 
permanganate (Section 2.3) was dissolved according to PNL-ALO-129 and analyzed by ICP-OES 
according to RPG-CMC-211.  No QC issues were associated with this data. 
 
Reported metals content for the solids from oxidative leaching of the radioactive simulant was dissolved 
according to PNL-ALO-114 and PNL-ALO-115 and analyzed by ICP-OES according to RPG-CMC-211.  
No QC issues were associated with this data. 
 
Radionuclides were obtained for solids and prepared solutions.  Solids were prepared according to  
PNL-ALO-114.  Uranium (by KPA) and plutonium were measured according to RPG-CMC-455, Rev 0, 
RPG-CMC-4014, Rev 1, RPG-CMC-496, Rev 0, and RPG-CMC-422, Rev 1.  No QC issues were 
associated with this data. 
 
Additional M&TE that were used included clocks, programmable heater/stirrers, tachometers, 
thermocouple-meters, and balances.  The clocks, tachometers, and programmable heater-stirrers were 
standard laboratory equipment for use as indicators only.  The thermocouple-meter combination was 
calibrated by the PNNL Instrument Calibration Facility.  The thermometers were calibrated January 20, 
2006.  Balances are calibrated annually by a certified contractor, QC Services, Portland, Oregon.  A 
balance performance check was conducted each day the balance was used.   
 
Internal Data Verification and Validation 
 
PNNL addressed internal verification and validation activities by conducting an independent technical 
review of the final data report in accordance with PNNL’s procedure QA-RPP-WTP-604.  This review 
verified that the reported results were traceable, that inferences and conclusions were soundly based, and 
the reported work satisfied the Test Plan objectives.  This review procedure is part of PNNL’s RPP-WTP 
Quality Assurance Manual. 
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3.0 Results and Discussion 

3.1 Tested Chromium Compounds 
Three compounds were prepared for testing: chromium hydroxide hydrate (Cr(OH)3–xH2O), chromium 
oxide (Cr2O3), and chromium oxyhydroxide hydrate, (Cr(O)(OH) – xH2O).  Two different batches of 
hydrated chromium(III) hydroxide were prepared by adding a Cr3+ solution to aqueous NH4OH at room 
temperature.  Because of the different techniques used to dry these two batches, different hydration 
numbers were obtained.  For the first batch, which was simply air-dried under ambient conditions, the 
hydrous chromium(III) hydroxide contained approximately 5.1 waters of hydration.  On the other hand, 
the second batch was dried under more rigorous conditions (in a vacuum oven at ~50°C over Drierite), 
which resulted in a material with fewer waters of hydration.  After the material in the second batch had 
been ground in a jitterbug mill for 30 min, the number of water molecules per Cr atom was found to be 
2.2.  The infrared spectra for these chromium(III) hydroxide solids agree well with reported literature 
values (Table 2.1 and Figure 2.3).  XRD analysis indicates that the Cr(OH)3·2.2H2O was amorphous. 
 
Chromium(III) oxide was obtained from commercial suppliers, and XRD analysis confirmed this material 
to be crystalline Eskolaite (Cr2O3).  Particle-size analysis of the commercial Cr2O3 product indicated that 
it consisted of relatively fine particles.  According to the particle volume distribution, 90 percent of the 
Cr2O3 particles were less than 6.15 µm in diameter. 
 
Chromium(III) oxyhydroxide hydrate was prepared by heating a soluble, alkaline Cr(III) solution to near 
boiling, which results in the product precipitation.  TGA studies provided the hydration number for the 
above empirical formula.  However, previous microscopic studies report a O:Cr ratio of two, which 
results in a tentative identification as Cr(O)(OH) (Lumetta et al. 1997), or for these materials, 
Cr(O)(OH)–xH2O.   
 
Pourbaix (Pourbaix 1966) reports the speciation diagrams for three oxo chromium(III) solids: hydrated 
Cr(III) hydroxide, anhydrous chromium(III) hydroxide, and chromium(III) oxide.  Their chemical 
potentials are given as follows: Cr(OH)3-xH2O = -240.9 kcal; Cr2O3 = -250.2 kcal; and  
Cr(OH)3 = -260.5 kcal.  This would indicate that the extent of oxidative dissolution might be  
Cr(OH)3-xH2O ∼ Cr2O3 > Cr(OH)3.  However, these potentials likely refer to crystalline compounds, and, 
as noted above, only Cr2O3 is present as a crystalline phase in the chromium materials used in this report. 

3.2 Characterization of the Manganese Solids Generated During Oxidative 
Alkaline Leaching of Cr(OH)3 

A sample of anhydrous chromium(III) oxide was reacted with 1.05 equivalents of permanganate at an 
initial free hydroxide concentration of either 0.1 or 3 M.  The permanganate was added at room 
temperature in portions, each portion containing about 6 percent of the total added Mn, over the course of 
2.5 hours and then stirred until a total contact time of about 6 hours had been reached.  The final Eh of the 
solution was 655 mV for the 0.1 M NaOH contact and 487 mV for the 3 M NaOH contact. 
 
Elemental analysis for Mn and Cr was performed by a KOH fusion of the solids followed by analysis by 
ICP-OES.  The results are shown in Table 3.1. 
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Table 3.1. Elemental Analysis for Solids Generated by Permanganate Contact with Cr(OH)3 in 
Either (0.1 M) or 3 M NaOH 

Element 0.1 M NaOH (μg/g) 3 M NaOH (μg/g) 
Mn 75900 209000 
Cr 359000 208000 

% Cr converted 35% 68% 
 
Clearly only partial conversion of the available chromium occurred, with the lower hydroxide reaction 
having an especially low conversion.  The generated Mn solids were examined by XRD but were found to 
be amorphous. 
 
The solids obtained were evaluated for their average oxidation state (expressed as a O:Mn ratio), together 
with several known compounds by a wet chemical titration previously used for determining the Mn 
oxidation state in minerals (Murray 1984): MnO, Mn3O4, Mn2O3, and MnO2.  The results are summarized 
in Table 3.2.   
 

Table 3.2.  Oxidation State Determination of Mn Solids According to the Method of Murray 

O:Mn MnO Mn3O4 Mn2O3 MnO2 
Sample 

0.1M OH- 
Sample 
3M OH- 

1st try 1.00 1.38 1.53 1.98 1.88 2.03 
2nd try 1.00 1.36 1.52 1.97 1.89 1.92 
3rd try - 1.37 1.48 2.05 1.89 1.95 

Average 1.00 1.37 1.51 2.00 1.89 1.97 
SD 0 0.01 0.03 0.04 0.01 0.06 

Expected 1.00 1.33 1.50 2.00 NA NA 
NA = not applicable. 

 
This method indicates that the solids are predominantly Mn(IV) (as Mn(V) is unstable and Mn(VI) and 
Mn(VII) are soluble materials under the experimental conditions) along with some lower oxidation state 
Mn solids being present.  Assuming the lower oxidation solids to be Mn(III), this indicates that in 0.1 M 
hydroxide, 78 percent of the solids exist as Mn(IV) and 22 percent as Mn(III); in 3 M hydroxide, 94 
percent of the solids exist as Mn(IV) and 6 percent as Mn(III). 
 
In addition, photoelectron spectroscopy was used to identify the oxidation states of Mn present in the 
solids following contact of permanganate with chromium oxyhydroxide hydrate in alkaline solution.  A 
full description of the analysis is planned for publication as a separate WTP letter report.  However, a 
summary of its conclusions is provided below: 
 

• The surface of the sample precipitated from 0.1 M NaOH is mostly MnO2.  Carbon (C) and 
sodium (Na) also appear at the surface. The concentration of chromium (Cr) at the surface of the 
sample is less than the detection limit of 0.2 percent. 

 
• The surface of the sample precipitated from 3 M NaOH is mostly MnO2.  Carbon and Na are also 

present on this sample; there is more Na and less C, relative to the manganese, than at the surface 
of 0.1 M NaOH sample.  The concentration of Cr at the surface of the sample is less than the 
detection limit of 0.3 percent. 
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• Chromium (Cr) peaks are clearly present in the spectrum of the 0.1 M NaOH sample after 
grinding.  This indicates that the Mn oxide precipitate resulting from the permanganate reduction 
coats the Cr oxyhydroxide particles to at least the analysis depth of the technique, approximately 
5 nanometers.  

 
 
In general, the observations are compatible, namely that the majority of the reduced manganese exists in 
the +4 oxidation state.  However, of particular interest is the lack of surface Cr observed unless ground, 
even at very low overall Cr conversions, indicating the possibility of surface passivation of the chromium 
particles. 
 

3.3 Oxidative Alkaline Leaching of Cr Compounds at 0.1 M Initial Hydroxide 

3.3.1 Use of Redox Potential to Monitor Oxidative Alkaline Leaching of Cr(III) Solids 
with Permanganate 

The purpose of these experiments was primarily to evaluate the use of Eh to monitor the extent of 
permanganate reactions with Cr(III) solids in alkaline solution. As a starting point in this evaluation, the 
redox potential changes that were determined as permanganate were simply added to 0.1 M NaOH.  The 
results of such a titration are illustrated in Figure 3.1 and Figure 3.2. 
 

 
Figure 3.1. Solution Potential Changes as a Function of Added 0.904 M Sodium Permanganate to 

40 mL of 0.1 M NaOH at Room Temperature.  There is an approximately 10-minute 
wait between each permanganate addition. 
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Figure 3.2. Solution Potential Changes as a Function of Added 0.904 M Sodium Permanganate to 

40 mL 0.1 M NaOH at 80°C. There is an approximately 2-minute wait between each 
permanganate addition. 

 
These results show that a change in solution potential can be very sensitive to the amount of 
permanganate present in alkaline solution, but at [MnO4

-] concentrations greater than ~0.01 M, the redox 
potential is essentially constant.  This limits the use of this technique for monitoring the reaction progress 
because even a reaction that may have gone substantially to completion still may have enough excess 
permanganate to read at a solution potential similar to that present with a large excess of permanganate. 
 
The next experiment performed evaluates using solution potential to monitor the progress of oxidation of 
a soluble source of Cr(III).  The results are shown in Figure 3.3. 
 

 
Figure 3.3. Solution Titration of 1 mmol Cr(NO3)3 in 0.1 M NaOH with 0.97 M NaMnO4 at 22°C.  

Note that approximately 1.0 mL of added permanganate is equivalent to a 1:1 [Cr:Mn] 
stoichiometry. There is an approximately 5-minute wait between each permanganate 
addition. 



 

 3.5

 
With respect to the use of solution potential as an indicator of excess permanganate, this plot is 
encouraging as it shows that, in solution, the oxidation of Cr(III) by permanganate is sufficiently rapid, 
and the redox change sufficiently large, to be used in a titration for the presence of excess permanganate.  
In addition, the high solution potential is also marked by the development of a purple color in solution 
characteristic of permanganate.  This implies that visible spectroscopy might also be used as an indicator 
of excess permanganate. 
 
Figure 3.4 through Figure 3.7 illustrate the results of permanganate titration of chromium(III) oxide solids 
under various conditions as monitored by both solution potential and visible spectroscopy. 
 

 
Figure 3.4. Plot of Solution Potential for 0.5 mmole of Cr2O3 with 0.9 M NaMnO4 in 0.1 M NaOH 

at 80°C.  Undetermined Stirring Speed.  Note that 1.1 mL of added permanganate 
would give a [Cr]:[Mn] of 1.0. 

 
In general, the replicate experiments show similar features: a slow decrease in potential as permanganate 
is added until excess permanganate is added based on a 1:1 [Cr]:[Mn] stoichiometry, at which time the 
solution potential remains stable to even exhibiting a slight increase over time.  In keeping with visual 
observations, permanganate (as indicated by multiple sharp absorbances between 480 and 560) does not 
appear to be present until excess permanganate is added.   
 
In short, both results indicate that, if long enough time is provided for, permanganate will react 
extensively to form chromate from chromium(III) oxide at 80°C.  One discrepancy with this interpretation 
might appear to be the unusually low absorbance at the chromate absorbance at 372 nm in Figure 3.5.  
However, that was traced to the use of an unknown pathlength cell, but less than 1.0 cm, used for those 
measurements.  So in conclusion, permanganate will convert Cr(III) oxide in a near quantitative fashion 
(based on the results shown in Figure 3.7—103 percent of the expected 372-nm intensity in the presence 
of 8 percent excess permanganate) in 0.1 M NaOH at 80°C.  However, the rate of reaction is relatively 
slow (on the order of one to two hours) for significant redox changes to be observed by solution potential.  
In addition, visible spectroscopy appears to be suitable for determining excess permanganate in these 
systems. 
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Figure 3.5. Plot of Visible Spectra for 0.5 mmole of Cr2O3 with 0.9 M NaMnO4 in 0.1 M NaOH at 

80°C—Undetermined Stirring Speed 

Note that complete conversion of Cr(III) to chromate should yield an absorbance at 372 nm of 
0.95 if a 1.0-cm pathlength cell is used (see discussion below).  Note that the absorbance jump is 
due to a light source change at 450 nm.  Legend: mL 0.9 M NaMnO4 added = 0.4 (red), 0.6 
(blue), 0.8 (green), 1.0 (black), 1.2 (orange); mole Mn/mole Cr = 0.36 (red), 0.54 (blue), 0.72 
(green), 0.90 (black), 1.08 (orange). 

 

 
Figure 3.6. Repeat of the Conditions of Figure 3.4.  Plot of Solution Potential for 0.5 mmole of 

Cr2O3 with 0.9 M NaMnO4 in 0.1 M NaOH at 80°C.  Undetermined Stirring Speed.  
Note that 1.1 mL of added permanganate would give a [Cr]:[Mn] of 1.0. 
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Figure 3.7. Repeat of the Conditions of Figure 3.5.  Plot of Visible Spectra for 0.5 mmole of Cr2O3 

with 0.9 M NaMnO4 in 0.1 M NaOH at 80°C.  Undetermined Stirring Speed. 

Note that complete conversion of Cr(III) to chromate should yield an absorbance at 372 nm of 
0.96.  Note the absorbance jump due to a light source change at 450 nm.  Legend: mL 0.9 M 
NaMnO4 added = 0.2 (red), 0.4 (blue), 0.6 (green), 0.8 (black), 1.0 (orange), 1.2 (brown); mole 
Mn/mole Cr = 0.18 (red), 0.36 (blue), 0.54 (green), 0.72 (black), 0.90 (orange), 1.08 (brown). 

 
As part of the initial scoping studies in this work, Cr(OH)3·5.1H2O (particle-size distribution not known) 
was also investigated by treatment with permanganate at room temperature.  The solution potential results 
are shown in Figure 3.8 and the visible spectroscopic results in Figure 3.9.   
 

 
Figure 3.8. Plot of Solution Potential for 0.503 mmole of Cr(OH)3—5.1H2O with 0.9 M NaMnO4 in 

0.1 M NaOH at 80°C.  Undetermined Stirring Speed.  Note that 0.55 mL of added 
permanganate would give a [Cr]:[Mn] of 1.0. 
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Figure 3.9. Plot of Visible Spectra for the Reaction of 0.503 mmole of Cr(OH)3—5.1H2O with 

0.9 M NaMnO4 in 0.1 M NaOH at ca. 23°C.  Undetermined Stirring Speed. 

Note that 0.56 mL of added permanganate would give a [Cr]:[Mn] of 1.0.  Legend: mL 0.9 M 
NaMnO4 added = 0.4 (red), 0.6 (blue), 0.8 (green); mole Mn/mole Cr = 0.72 (red), 1.08 (blue), 
1.44 (green). 

 
The graph shown in Figure 3.8 is similar to that shown for chromium oxide in that an initial spike is 
observed upon adding additional permanganate, followed by a slow decrease in the solution potential.  
The initial high value for the material before it is spiked with permanganate is believed to be due to traces 
of manganese on the electrode as this measurement was made immediately following a previous titration, 
and the end of the day cleaning/storage typically done on the electrode was not performed in this instance.  
If excess permanganate/manganate is present as indicated by the visible spectrum, the solution potential 
tends to more rapidly stabilize and even to then drift towards increasing potentials.   
 
The visible spectra show only the features of chromate until greater than a 1:1 [Cr]:[Mn] ratio is present.  
Then additional features show up at the low-energy region of the spectrum.  These have been identified as 
belonging to permanganate, [MnO4

-], and manganate, [MnO4
2-].  Spectra of these species are shown 

below in Figure 3.10 and Figure 3.11 for purposes of comparison.   
 
The ratio of the manganate peaks and the extinction coefficients for permanganate agree well with 
literature values (Gmelin 1975).  From this information, we can see that manganate has a significant 
absorbance at the chromate maximum at 372 nm.  We can use the manganate peak at 607, where 
permanganate has a low absorbance, to correct the 372 absorbance and get a corrected absorbance for the 
chromate contribution in the presence of manganate.  Correction for permanganate was not performed 
because of the difficulty in selecting a window where the permanganate only contributed to the visible 
spectrum.  Performing this correction on the spectrum shown in Figure 3.9 gives a value that is 98 percent 
of the expected value for complete dissolution of hydrated chromium(III) hydroxide as chromate. 
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Figure 3.10.  Visible Spectrum of Permanganate.  0.45 mM NaMnO4 in 0.033 M NaOH. 

 

 
Figure 3.11. Visible Spectrum of Manganate, Diluted 1:10 in 0.1 M NaOH 

 
In summary, although ORP appears to be useful in determining the amount of permanganate needed to 
convert soluble Cr(III) to Cr(VI) in alkaline solution at room temperature, the reaction rates often are very 
slow to reach complete conversion of permanganate in the presence of Cr(III) solids.  ORP only shows 
marked changes illustrative of consumption of permanganate after the reaction with Cr solids is complete, 
a process that can take hours for every added portion of added permanganate.  These slow reaction rates 
led to abandoning this approach and replacing with another approach, one that performs multiple 
experiments with a given Cr(III)-containing material and then uses visible spectroscopy to evaluate the 
amount of generated chromate as a function of that initial [MnO4

-] / [Cr(III)] ratio.   
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3.3.2 Examination of the Dissolution of Cr(III) Solids by Visible Spectroscopy with 
Destruction of Excess Oxidant  

The interferences by manganate (and to a lesser extent permanganate) on the spectrophotometric 
determination of chromate ion led to an investigation of methods to eliminate these interferences by 
selectively reducing permanganate and manganate without reducing chromate ion.  Two reductants were 
investigated: hydrogen peroxide and hydroxylamine.  It is known that in alkaline solution, hydrogen 
peroxide can be oxidized by permanganate (Peretrukhin et al. 1998), and hydroxylamine was chosen as a 
potentially more easily handled reductant.  
 
Figure 3.12 and Figure 3.13 show the results of titrating an alkaline permanganate solution with hydrogen 
peroxide.  Hydrogen peroxide appears to readily destroy all excess permanganate; however, a large 
stoichiometric excess is required. 
 
Figure 3.14 and Figure 3.15 present the results of titrating an alkaline permanganate solution with 
hydroxylamine nitrate.  
 
 

 
Figure 3.12. Titration of 17.7 mM Permanganate in 51 mL 0.1 M NaOH with Hydrogen Peroxide 

as Monitored by Solution Potential.  Note that each 0.1 mL of 30 percent hydrogen 
peroxide is approximately 1 mole equivalent. 
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Figure 3.13. Titration of 17.7 mM Permanganate With Hydrogen Peroxide in 51 mL 0.1 M NaOH 

as Monitored by UV-vis Spectroscopy 

Note that each 0.1 mL of 30 percent hydrogen peroxide is approximately 1 mole equivalent.  
Legend: mL 30 percent H2O2 added = 0.4 (red), 0.6 (blue), 0.8 (green), 1.0 (black), 1.2 (pink), 1.4 
(light blue), 1.6 (brown).  Note: The reaction stoichiometry for reduction of MnO4

- to Mn2+ is 5 
moles H2O2 per 2 moles of MnO4

-. 
 

 
Figure 3.14. Redox Titration of Sodium Permanganate in 0.1 M NaOH with Hydroxylammonium 

Nitrate.  There is an approximately 5-minute wait between each hydroxylammonium 
nitrate addition. 

 




