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Abstract

The degradation of Alamine 336, a critical extractant in uranium solvent extraction (SX)
processes, is a significant challenge at the Rossing Uranium Limited (RUL) processing plant. This
study investigates the impact of ion concentrations—specifically chloride, nitrate, ferrous, and
manganese ions—on the degradation of Alamine 336 in the SX circuit. Through a 2 fractional
factorial design, the study evaluates the interactions of these ions, aiming to identify key
contributors to solvent degradation. The findings reveal that nitrate and chloride ions are
significant predictors of Alamine 336 degradation, with higher concentrations leading to increased
solvent breakdown. Manganese and ferrous ions also play a role, with manganese exhibiting an
oxidizing effect that exacerbates degradation. The study further identifies nitrosamine formation
as a primary degradation product, supporting previous research. By employing regression
analysis, the study develops a model to predict Alamine concentration based on ion
concentrations, offering a valuable tool for optimizing uranium extraction efficiency and
mitigating solvent degradation. These results underscore the importance of maintaining controlled
ion concentrations, particularly keeping redox potential below 500 mV, to preserve solvent
integrity and enhance the overall sustainability of uranium extraction operations.
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1. Introduction

Uranium is a critical element for nuclear energy, and its extraction is an essential process for global
energy production. At Rossing Uranium Limited (RUL), the recovery of uranium from acidic
leach solutions relies on solvent extraction (SX), which selectively transfers uranium ions from
the aqueous phase into the organic phase. The extractant Alamine 336 (N,N-dioctyl-1-octanamide)
is widely used in the RUL SX circuit due to its efficiency, scalability, and stability (Kumar et al.,
2011; Wehbie et al., 2021). However, under certain conditions, such as high acidity, elevated
temperatures, and high ion concentrations, Alamine 336 can undergo degradation, leading to phase
separation problems and the formation of unwanted by-products, such as crud (Chagnes and Cote,
2018; Forner et al., 2018; Vazquez-Campos et al., 2017). This degradation significantly impacts
the efficiency of the extraction process and increases operational costs associated with solvent
replacement and maintenance (Soldenhoff and Ring, 2007).
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Solvent degradation at RUL is influenced by several factors, particularly the presence of various
ions in the leach solution. While some ions, such as ferrous, are essential for redox control in the
extraction process, others, like chloride, nitrate, and manganese, contribute to solvent degradation
during later stages of the process. Ferrous ions maintain the ferric/ferrous ratio needed for redox
control, while nitrates, originating from explosives used in mining, further exacerbate solvent
degradation (Munyungano et al., 2008). Understanding the specific role of chloride, nitrate,
ferrous, and manganese ions in this degradation process is essential to improving uranium
extraction efficiency and reducing the costs associated with solvent degradation at RUL. Despite
the importance of this issue, there is a lack of scientific reports on forced degradation studies of
Alamine 336 in high ion concentration environments (Chagnes and Cote, 2018).

The degradation of Alamine 336 involves complex chemical reactions with various species in the
leach solution, leading to the formation of by-products that alter the solvent’s chemical
composition. Radioactive species, such as uranium decay products, can also trigger chemical
reactions that degrade the solvent (Guo et al.,, 2023). Additionally, high temperatures and
pressures, which are typical in industrial operations, can accelerate these reactions, further
contributing to solvent breakdown (Khanramaki et al., 2018; Zhu et al., 2016). Metal ions are key
contributors to this degradation through several mechanisms, including complex formation,
hydrolysis reactions, radical formation, and precipitation reactions. Metal ions can form
complexes with Alamine 336, destabilizing it and leading to its breakdown (Sprakel and Schuur,
2023). Some ions catalyze hydrolysis reactions that produce acidic conditions, while others
generate free radicals that react with Alamine 336, leading to its decomposition (Liu et al., 2014;
Chagnes et al., 2011).

Nitrate ions have been identified as a significant contributor to Alamine 336 degradation by
forming nitrosamines, which are toxic by-products that result from the reaction of nitrous acid
with tertiary amines like Alamine 336 (Chen et al., 2018; Munyungano, 2007). Chloride ions also
play a detrimental role by binding to the active sites of Alamine 336, reducing its ability to load
uranium (Sole et al., 2011; Avelar et al., 2017). While chloride and nitrate ions have been widely
studied for their impact on solvent degradation, the role of manganese in this process is less
understood. Manganese is introduced into the SX circuit to help oxidize ferrous ions and facilitate
uranium dissolution. However, manganese, particularly in the form of Mn?*, may undergo redox
reactions with the organic solvent, potentially accelerating Alamine 336 degradation (Van Lien et
al., 2020). The concentration of manganese in RUL's raffinate and concentrated eluate is typically
around 164—173 mg/L, and its impact on solvent stability warrants further investigation.

Despite the existing research on solvent degradation, many of the findings have yet to be fully
implemented in the RUL SX process. A knowledge-based approach, such as factorial design,
offers a promising solution for simultaneously examining the interactions between various ions
while controlling experimental conditions. This approach can help identify the optimal parameters
for minimizing Alamine 336 degradation, ultimately improving uranium extraction efficiency and
reducing operational costs. By gaining a deeper understanding of the complex interactions
between chloride, nitrate, ferrous, and manganese ions, this study aims to provide valuable
insights that will help address the challenges of solvent degradation at RUL and optimize the
overall extraction process.

2. Materials and Methods
2.1 Experimental Design

In this study, a 25P fractional factorial design, like the one used by Chang et al., (2011); Gomes et
al., (2015) and Sergis and Ouellet-Plamondon (2022), was employed to examine the impact of
various ion concentration levels on the degradation of alamine 336. The selection of a fractional
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factorial design for this research was motivated by the need to optimize limited resources while
ensuring time and cost efficiency. Specifically, a quantitative 2P factorial design was used, where
k indicates the number of factors (4 in this case) and p reflects the degree of fractionation (2). This
approach reduces the number of experiments from the full set of 16 to 8, facilitating the
simultaneous investigation of the effects and interactions of various factors on alamine
degradation.

The factors explored include low (2 g/L) and high (20 g/L) nitrate, low (1 g/L) and high (10 g/L)
chloride, manganese at low (0.5 g/L) and high (5 g/L) concentrations, and ferrous ion at low (1
g/L) and high (5 g/L) levels. The experimental design aimed to quantify both the level and
magnitude of interactions among these factors. The fractional factorial design table (Table 1) with
the experimental plan provides the summary of the determination of the factors, the resolution,
the number of runs, the number of replicates, the number of center points and the number of levels
at which the experiments were carried out (Sergis and Ouellet-Plamondon, 2022).

Table 1. The fractional factorial design table with experimental plan

Runs
Factors 32

The red labelled runs are the screening runs, while the green runs are full factorial designs, and
the yellow are (IV) designs (fractional factorial). The three and four factor interactions are
assumed to be zero. The selected IV design (circled), gives estimates of the average and the four
main effects.

2.2 Analytical Techniques:

This section outlines the various techniques employed to assess the degradation of alamine 336,
including titrimetric determinations, RDE-OES, ICP-OES, FTIR, and GC-MS analyses. A
detailed examination of each method is provided.

2.2.1 Titrando Redox Potential Measurements

For redox potential measurements, the Metrohm 907 Titrando (P/N: 2.906.0010) with 815
Robotic sample processor XL (P/N: 2.815.0010) system was employed. Using Tiamo 2.5
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software (like that by Allahdin ef al., 2017). Once the analysis was completed, the report was
displayed in the software and printed for record-keeping and data analysis.

2.2.2 Titrando Alamine Measurements

This analysis method utilizes the Metrohm 888 Titrando units with 801 stirrer and 803 titrations
stand for amine determinations. A 20 ml aliquot of the sample from the degradation test was
transferred into a 250 ml beaker. Methanol was added to bring the total volume to 150 ml. The
Alamine analysis method as well as the alamine standard method was selected on the Titrino.
The analysis was conducted by titrating the sample with 0.5 N perchloric acid. The titer volume
(ml) was recorded, and a report was printed for alamine percentage calculation. After completing
the titration, the electrode was rinsed with methanol.

Prior to determining alamine the factor was determined by using equation 1.
f=c/t (Eq. 1)
where ¢ = concentration (%) and t = titer in milliliters (ml).

Four alamine standards 5%, 7.5%, 9% and 10% alamine were analysed in triplicate and the
average value for the factor for the individual standards was determined. The average factors for
each of the standards were added together and divided by the number of factors used to obtain
the average factor (Xf). The average factor is calculated as indicated in equation 2.

xf=(f1+f2+f3+f4)/N (Eq. 2)
Where:
Xf'= Average factor, (f1+f2+f3+f4) = Sum of factors and N = number of standards used.
Alamine (%) =X x titer (ml) (Eq. 3)
2.2.3 RDE-OES Analysis

Before analyzing samples, the RDE-OES was calibrated using a 0 ppm blank, a 100 ppm
standard, and a 900 ppm standard, each measured five times to create a calibration line for Fe,
Al Cr, Cu, Tn, Pb, Ag, and Ni, Ca, Ba, Zn, P, Mg, B, Mb, Si, Na and K (van de Voort, 2022).

The RDE-OES employs an electric discharge method as the excitation source for the
spectrometer (Miro et al.,, 2017). The arc generated between two carbon electrodes ionizes the
sample, emitting characteristic energies at specific wavelengths. A capacitor discharges across
this gap, creating a high-temperature electric arc that vaporizes part of the sample, forming
plasma. The emitted light contains emissions from all elements present in the sample. The
intensity of the light measured is then converted into concentration values for the unknown
sample. About Sml sample was used for the analysis. The analysis took 30 to 40 seconds to be
completed.

2.2.4 Oil Analysis with RDE Spectrometers

For analyzing organic solvents, a significant electric potential is established between two
electrodes. Common electrode types include fixed tungsten or silver, as well as disk and rod
graphite electrodes. The emissions produced are separated into individual wavelengths and
measured using a specialized optical system. The rotating disk RDE technique is widely used
for multi-elemental oil analysis, providing lab-quality results. RDE spectrometers can analyze
up to 31 elements simultaneously in under a minute without solvents or gases. Their ease of use
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and repeatability (3 to 6 percent RSD) make them ideal for condition monitoring in field
workshops or less-than-ideal lab settings (Dhiman et al., 2019).

2.2.5 FTIR Handheld Infrared Analyzer

The FTIR handheld infrared oil analyzer is designed to assess the chemical and physical
condition of oils, fuels, and lubricants. It measures components such as soot, Total Acid Number
(TAN), Total Base Number (TBN), water, oxidation, sulfation, and nitration (van de Voort,
2022). With a library of around 850 different fluid spectra from around the globe, it has
applications in various industries, including biodiesel and synthetic fuels.

This oxidation, sulphation and nitration values were obtained using the FluidScan 1100 Fourier
Transform Infrared Spectrometer (P/N: FL367). Before sample analysis, a check fluid was
analyzed to validate calibration and ensure the cleanliness of the lens. After successful
calibration, a drop of the oil sample is placed on the reading window, and the appropriate
program and oil type are selected. The analysis is then conducted, and takes about twenty
seconds to complete. The analyzer can simultaneously assess up to 31 components and displays
the results on-screen.

2.2.6 GC-MS Analysis of Forced Degradation Samples

Forced degradation samples were analyzed using a Shimadzu Gas Chromatography Mass
Spectrometer system (P/N: GCMS-QP2020) in electron impact (EI) full scan mode, scanning a
range of 50 to 600 m/z. Each sample was prepared by dissolving 10 pL in 1 mL of acetonitrile,
followed by injecting 1 pL onto an SH-Rxi-5ms column (30 m, 0.25 mm ID, 0.25 pm). This
method is similar to that used in prior studies at RUL (Munyungano et al., 2008). To ensure
quality control, acetonitrile blanks were injected between samples to identify and eliminate any
potential carryover. Autotuning and leak checks were performed before analysis. Data
processing was conducted using LabSolutions software, with library searches performed using
the NIST Library, and matched data presented in the subsequent section.

3. Results
3.1 Degradation Profiles of Alamine 336:

Nitrate and chloride as key predictors for the effect on alamine degradation.

The linear response surface reveals that nitrate and chloride are statistically significant
predictors for alamine degradation, as shown in Figure 1. The values for manganese (Mn?")
and ferrous ion (Fe?*) were fixed at 2.75 g/L and 3 g/L, respectively. Notably, lower alamine
concentrations are found in the lower right corner of the response surface, where nitrate levels
are high, and chloride levels are moderate. This indicates that as nitrate concentrations rise,
alamine degradation increases. Additionally, a higher concentration of chloride ions correlates
with increased alamine concentration. These findings appear to contradict previous research,
which indicated that chloride ions bind to the active sites of tertiary amines (Lunt et al., 2007),
and concentrations exceeding 3 g/L are associated with detrimental effects on alamine loading
(Forner et al., 2018).
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Figure 1. Surface plot for the effect of nitrates and chlorides on % alamine

Nitrate and Mn2" predictors for the effect on alamine degradation

Figure 2 clearly shows that the lowest alamine concentration occurs in the lower right corner,
where nitrate levels are high, and manganese levels are low. This reduction in alamine
concentration may be linked to the oxidation of the organic solvent by nitrates (Hung et al.,
2020). Additionally, the oxidizing effects of manganese dioxide (Munyungano ef al., 2008; Van
Lien et al., 2020) in conjunction with nitrates are known to adversely affect alamine in the
solvent extraction circuit.

% Alamine

‘ 7 A 10" Mn2+ (/)
5 10 55— 05
Nitrate (g/1)

Figure 2. Surface plot for the effect of nitrates and manganese on % alamine

Nitrate and ferrous predictors for the effect on alamine degradation

Figure 3 indicates that the lowest alamine concentration is found in the lower left corner of the
graph, where nitrate levels are high and ferrous levels are low. This suggests that an increase in
nitrate concentration in the SX circuit corresponds to a decrease in alamine concentration due to
oxidation of the amine. Nitrates have been associated with the oxidative degradation of alamine
336 (Munyungano, 2007; Soldenhoff and Ring, 2007; Chagnes and Courtaud, 2009b; Sole et al.,
2011; Chagnes and Cote, 2018; Hung et al., 2020; Wehbie et al., 2021). Conversely, higher
ferrous levels appear to support alamine stability, aligning with existing literature (Soldenhoff
and Ring, 2007). These findings are upheld by prior studies suggesting that introducing ferrous
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wire into the SX circuit enhances the ferrous-to-ferric ratio, thereby lowering the redox potential
and reducing alamine degradation (Munyungano et al., 2008).

% Alamine 656

z: 10

Nitrate (g/L)

Figure 3. Surface plot for the effect of nitrates and ferrous on % alamine

Chloride and Mn?* predictors for the effect on alamine degradation

From Figure 4, it may be deduced that the interaction between chloride and manganese ions has
a moderate mutual effect on the chemical degradation of alamine. It can be inferred that the
combined oxidising effects of chloride and manganese on alamine degradation is negligible.
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Figure 4. Surface plot for the effect of manganese and chlorides on % alamine

Effects of chloride and ferrous predictors for alamine degradation

In Figure 5, the lower values for alamine are at the bottom left corner which corresponds to low
values for chloride and ferrous. This seems to indicate that higher values of chloride and ferrous
in the concentrated eluate favour alamine health. Especially in the light of elevated hold values
for nitrate (11 g/L) and the predictor values for chloride (10 g/L). The overall loss of alamine
is almost negligible. This phenomenon supports the findings by Soldenhoff and Ring (2007).
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Figure 5. Surface plot for the effect of ferrous and chlorides on % alamine

The effects of manganese and ferrous as predictors for alamine degradation

Figure 6 illustrates the impact of manganese and ferrous on alamine degradation. The surface
plots indicate that the lowest alamine concentration is found in the lower right corner, associated
with high manganese levels and low ferrous levels. This suggests that increased manganese
concentration reduces alamine levels, while low ferrous content in the concentrated eluate also
contributes to this decrease. These observations are consistent with findings in the literature
(Soldenhoff and Ring, 2007). However, despite the elevated levels of nitrate (11 g/L) and
chloride (5.5 g/L), the overall loss of alamine remains minimal.
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Figure 6. Surface plot for the effect of manganese and ferrous on % alamine

3.2 FTIR Spectroscopy analysis

The samples collected from the degradation process were analyzed using FTIR for oils. A 50
ml sample was filtered through Grade 1 Whatman filter paper to eliminate any particulate
matter or contaminants. The sample was then homogenized. FTIR instrument introduces about
Iml sample directly via a peristaltic or syringe pump for analysis. The spectra are collected and
processed, resulting in absorbance spectra for selected components. These systems are
engineered to adhere to the ASTM FTIR protocols, setups, and operating procedures for
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specific components according to designated wavelength regions and baselines outlined (van
de Voort, 2022).

From the analysis, two samples (210055 and 21021), which did not undergo alamine losses,
exhibited low levels of nitration, sulphation, and oxidation. Conversely, emulsions from the
third phases extracted from samples 201025, 201025, and 201055 showed elevated values for
nitration, sulphation, and oxidation. Additionally, the stripped solvent from the RUL processing
plant, dated March 13, 2023, also displayed higher levels of oxidation, sulphation, and
nitration.
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Figure 7. FTIR spectroscopic showing nitration, sulphation and oxidation data for
selected samples.

3.3 GC-MS Data Summary

The GC-MS instrument detected several components in four out of the eight sample runs, as
shown in Table 2 Among these were new components not previously found in the plant solvent
containing pure alamine 336. These identified components includes a nitrosamine, N-Nitroso-
di-n-octylamine, which supports findings from multiple authors (Soldenhoff and Ring, 2007;
Munyungano et al., 2008; Chagnes and Cote, 2018; Chen et al., 2018). Additionally, N-
Nitroso-di-n-octylamine, Hexanamide (N-ethyl-N-decyl), and 1-Octanamine-N-nitro-N-octyl
were recognized as breakdown products of alamine 336. Aziridine, a component not present in
the NIST Library database, was also identified in pure alamine 336 and is known to be used in
the production of organic compounds (Chen et al., 2018).

Further, the results confirm that oxidation of alamine led to the formation of additional
compounds namely  Hexanamide  (N-ethyl-N-decyl),  Butyldidecylamine,  and
Cyclopentylmethylamine. The formation of nitrosamines observed aligns with findings from
Munyungano et al. (2008), Chagnes and Cote (2018), and Chen et al. (2018).

Table 2: GC-MS data summary of the degradation samples obtained from the experiments.

Ret. Time NIST % Chemical
Compound name time match Formula Class
1-Decanamine, N,N-didecyl 16.53 88 Cs3oHgsN Amine
1-Octanamine, n-octyl 7.866 92 Ci6H3sN Amine

20




Gaeseb et al. ISTIN 2026 19:12-28

Alamine 336 (1-Octanamine, N,N-

dioctyl) 13.764 75 CasHsIN Amine
Butyldioctylamine 9.271 77 Ca0HaoN Amine
Diheptylpentylamine 10.877 61 CioHaiIN Amine
Formamide, N,N-dioctyl 8.121 66 C17H35sNO Amide
Isonipecotic acid, N-

isobutoxycarbonyl-,undecyl ester 15.191 71 C22H41NOg4 Ester
Octanamide, N-heptyl-N-octyl 12.295 66 Ca3H47NO Amide
Triisooctylamine 11.479 83 CasHsiIN Amine
Tris(2-ethylhexyl)amine 12.241 89 Ca4Hs1IN Amine
1-Decanamine (N,N-didecyl) 16.528 85 CsoHesN Amine
1-Heptanamine, N,N-diheptyl 10.701 65 Ca1HasN Amine
1-Octanamine (n-octyl) 7.867 95 Ci6H3sN Amine
1-Octanamine, (N-nitro-N-octyl) 12.236 73 Ci16H34N20> | Nitroamine
2-Cyclohexyl-N1,N1,N4,N4-

tetraisobutyl- 3-methyl-succinamide 14.261 62 C27Hs52N20, Amide
2-Methyldocosane 12.15 74 Ca3Hag Alkane
4-Methoxy-6(1-pyrolidinylmethyl),

(1,1,5-Triazin-2-amine) 7.511 77 CoH15Ns0O Amine
Aziridine, 2-(1,1-dimethylethyl)-1-

hexyl-3-methyl-, trans) 9.005 75 Ci3H27N -
Butyldidecylamine 12.458 73 CasHsiIN Amine
Butyldioctylamine 9.27 81 CooHasN Amine
Cyclopentylmethylamine, N,N-

dinonyl 13.034 72 Co4HaoN Amine
Dibutyl phthalate 9.575 93 Ci16H2204 Phthalate
Diheptylpentylamine 10.875 67 CioHaN Amine
Diisooctyl phthalate 14.325 84 C24H3504 Phthalate
di-n-Decylamine 11.09 78 CoHasN Amine
Ethylamine, N,N diheptyl-2-(2-

thiophenyl) 10.705 66 CooH37NS Amine
Hexanamide, N-ethyl-N-decyl 11.571 64 CisH37NO Amide
Isonipecotic acid (N-

isobutoxycarbonyl undecyl ester) 15.188 71 C22H41NO4 Ester
N-Ethyl-4-propyl-4-nonanamine 9.425 78 CisHs1IN Amine
N-Ethyl-6-propyl-6-tridecanamine 9.67 71 CisH3oN Amine
N-Nitroso-di-n-octylamine 10.452 90 Ci16H34N20 | Nitrosamine
Octahydrochrom-4,5-dione, 4',8'-

epoxy 15.651 63 Ci18H2804 -
Octanamide, N-heptyl-N-octyl 12.29 67 Ca3H47NO Amide
Phenanthrene 7.658 88 CiaHio PAH
Propyl N- (heptafluorobutyryl)

pyroglutamate 12.764 71 C12H12F7NOy4 -
Pyrene 11.115 74 Ci6Hio PAH
Tris(2-ethylhexylamine) 12.442 90 Ca4Hs1IN Amine
Isonipecotic acid, N-

isobutoxycarbonyl-,heptylester 10.701 76 CisH33NO4 Ester

21




Gaeseb et al. ISTIN 2026 19:12-28

Octahydrochrom-4,5-dione, 4',8'-
epoxy-

15.651

63

C13H2504

Triisooctylamine

11.478

88

CosHs1IN

Amine

3.4 Factorial regression for the test statistic for alamine

The factorial regression for the test statistic for alamine is shown in the Table 3.

Table 3. ANOVA table for the factorial regression for the test statistic for alamine

Adj MS F-Value P-Value

Source DF  AdjSS
Model 7 26.0333
Linear 4 4.6933
Nitrate (g/L) 1 4.0996
Chloride (g/L) 1 0.2481
Mn?* (g/L) 1 0.3456
Fe?* (g/L) 1 0.0000
2-Way Interactions 3 1.0783
Nitrate (g/L)*Chloride (g/L) 1 1.0086
Nitrate (g/L)*Mn*" (g/L) 1 0.0417
Nitrate (g/L)*Fe?" (g/L) 1 0.0280
Error 16 0.1083
Total 23 26.1416

3.71905
1.17332
4.09960
0.24807
0.34560
0.00002
0.35943
1.00860
0.04167
0.02802
0.00677

549.61  0.000
173.40  0.000
605.85  0.000
36.66  0.000
51.07  0.000
0.00 0.961
53.12 0.000
149.05 0.000
6.16 0.025
4.14 0.059

From Table 3 we can infer that the model is orthogonal such that the effect of some factors
balances out across the effects of the other factors. Regression equation in uncoded units for

alamine 336 is given by equation 4.

% Alamine=8.4313 — 0.15319 Nitrate (g/L) — 0.03309 Chloride (g/L) — 0.2279 Mn?* (g/L) —

0.0213 Fe?* (g/L) + 0.005062 Nitrate (g/L)*Chloride (g/L) + 0.00617 Nitrate (g/L)*Mn?**

(g/L) + 0.001898 Nitrate (g/L)*Fe*" (g/L)
(Eq. 4)

3.5 Interaction Effects:

The analysis of the interaction effects was conducted to determine how the simultaneous
presence of multiple ions affects the degradation of alamine 336. Standardized effect charts as
shown in Figure 8 illustrate the influence of the four factors and their interactions on alamine
336 which is the response variable. The interaction plot in Figure 8 was created using the
backward selection method in Minitab, applying a significance level of a = 0.10 for variable
removal. The standardized effects reflect the changes in alamine concentration due to
individual factors while keeping others constant. These effects are determined by dividing the

measured effect by the standard deviation of alamine concentration.
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Figure 8. Normal plot for the standardized effects for alamine (o =0.10)

The main effects of nitrate, chloride, and manganese on alamine concentration are statistically
significant at the a = 0.10 level. Notably, chloride has the highest positive contribution (76%) to
the variation in alamine concentration, indicating that increasing chloride levels raises alamine
concentration. This finding appears to contradict previous research by Avelar et al. (2017), which
suggested that higher chloride concentrations reduce alamine 336's uranium extraction
efficiency.

Conversely, both nitrate and manganese show negative standardized effects, meaning that as
their concentrations increase, the alamine concentration decreases. The impact of ferrous ions
on alamine degradation is insignificant, aligning with earlier studies by Soldenhoff and Ring
(2007). This is expected since nitrate (-0.282 mV/K) and manganese (-1.61 mV/K) have more
negative electrode potentials, allowing them to more readily release electrons and act as
oxidizing agents.

The interaction effects between nitrate and manganese, nitrate and chloride, and nitrate and
ferrous show a positive correlation with alamine concentration; as their levels rise, so does
alamine concentration. Thus, manganese (22%) has the most significant effect on alamine
degradation, while nitrate (10%) also contributes significantly. While previous studies have
supported the role of nitrates in alamine degradation (Munyungano et al., 2008; Sole et al.,
2011), this study highlights that manganese in concentrated eluate is a major contributor to
alamine degradation. This finding is particularly significant given the limited literature on
manganese's role in solvent degradation. It is possible that manganese acts as a catalyst in certain
reactions, facilitates solvent loss, participates in redox reactions (Van Lien ef al., 2020), or forms
complexes with alamine 336, potentially leading to solvent breakdown.

3.6 Multiple response predictors for alamine degradation at 95% confidence interval

The desirability function model predicts operating conditions x for the output variable, d that
provide the "most desirable" response values. If d= 0 the conditions are completely undesirable
and when d = 1 the conditions are the most desirable. The vertical bars can be moved to change
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the factor settings and thereby change the individual desirability (d) of the responses and the
composite desirability. From the model shown in Figure 9, nitrates have the most significant
effect on alamine desirability while ferrous (Fe?*) has little or limited effect on alamine
degradation.

Optimal Nitrate Chloride Manganes Ferrous
. y igh 20.0 10.0 20 5.0
D:08534 ., 12.0] {1.0) {0.50] {5.0)
Low 20 10 0.50 1.0
Composite h T
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D: 0.8534
Redox H—= — e — = = — — — — — I — " e
Maximum \"\».,__ __""“—A____
y = 579.0 ™~ T
d = 0.76991 )
Alamine -
Maximum
y = 82150
d = 0.94599

Figure 9. Multiple response predictors for alamine at 95% confidence interval

4. Discussion
The results of this study provide valuable insights into the degradation profiles of Alamine 336
in the solvent extraction process at Rossing Uranium Limited (RUL), highlighting the significant
influence of various ions, such as nitrate, chloride, manganese, and ferrous ions, on the solvent's
stability. Several factors and their interactions were identified as critical determinants of Alamine
degradation, with nitrate and chloride ions emerging as key predictors.

Nitrate and chloride ions have been found to significantly affect Alamine 336 degradation. The
linear response surface (Figure 1) illustrates that increasing nitrate concentrations correlate with
higher levels of Alamine degradation. Notably, when nitrate levels rise, a decrease in Alamine
concentration occurs, aligning with previous studies that have associated nitrates with the
oxidative degradation of Alamine 336 (Munyungano, 2007; Soldenhoff and Ring, 2007;
Chagnes and Cote, 2018). This is consistent with the idea that nitrate, acting as an oxidizing
agent, can destabilize the organic solvent. Interestingly, the data also suggest that higher chloride
concentrations correlate with increased Alamine concentrations, which seems to contradict prior
research indicating that chloride ions bind to the active sites of tertiary amines (Lunt et al., 2007).
However, these findings can be understood in the context of the complex interactions between
ions, as chloride's role in the extraction process may be more nuanced than previously suggested.
Further research is needed to resolve these conflicting results, particularly regarding the role of
chloride in Alamine degradation.

The combination of nitrate and manganese also significantly affects Alamine 336 degradation.
Figure 2 shows that low Alamine concentrations are observed in the lower right corner of the
response surface, where nitrate levels are high, and manganese levels are low. This reduction in
Alamine concentration may be due to the combined oxidative effects of nitrates and manganese
(Munyungano et al., 2008; Van Lien et al., 2020). Manganese, particularly in the form of
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manganese dioxide, has been shown to catalyze oxidation reactions that degrade Alamine 336,
and the synergistic effect of nitrate and manganese is likely a key contributor to the observed
degradation.

Ferrous ions, which play an essential role in maintaining the ferric/ferrous ratio for redox control,
were found to have a stabilizing effect on Alamine 336. Figure 3 shows that higher ferrous
concentrations are associated with higher Alamine concentrations, indicating that the presence
of ferrous ions helps to maintain solvent integrity by reducing the redox potential. This finding
supports the existing literature, which suggests that maintaining a balanced ferrous-to-ferric ratio
in the SX circuit can mitigate Alamine degradation (Soldenhoff and Ring, 2007; Munyungano
et al., 2008). The results reinforce the importance of managing ferrous ion levels to enhance the
stability of Alamine 336 and reduce the costs associated with solvent degradation.

The interaction between chloride and manganese ions has a moderate effect on Alamine
degradation, as indicated in Figure 4. This interaction appears to have a relatively negligible
impact on the degradation of Alamine 336, suggesting that while both ions can contribute to
solvent breakdown, their combined effect is less significant compared to nitrate or ferrous ions.
This finding contrasts with other studies that have highlighted the combined oxidizing effects of
chloride and manganese (Soldenhoff and Ring, 2007), but the data here indicate that the impact
of this interaction is more complex and warrants further investigation.

The combined effect of chloride and ferrous ions (Figure 5) shows that higher concentrations of
both ions tend to stabilize Alamine 336, leading to minimal degradation. The presence of high
chloride and ferrous concentrations in the concentrated eluate appears to favor solvent stability,
with the overall loss of Alamine being almost negligible. This result supports previous findings
by Soldenhoff and Ring (2007), who observed that chloride and ferrous ions in the correct
proportions can help maintain solvent integrity in the SX circuit.

Finally, the interaction between manganese and ferrous ions (Figure 6) highlights that increased
manganese concentrations lead to a reduction in Alamine concentration, while low ferrous levels
exacerbate this effect. These findings are consistent with earlier studies (Soldenhoff and Ring,
2007) and suggest that manganese acts as a key contributor to Alamine degradation in the SX
circuit. Despite elevated levels of nitrate and chloride, which typically contribute to degradation,
the overall loss of Alamine remains minimal when manganese and ferrous ions are managed
appropriately.

The FTIR and GC-MS analysis further corroborate the observed degradation trends. FTIR
analysis of the degradation process revealed that samples without significant Alamine losses
showed low levels of nitration, sulphation, and oxidation, while emulsions from samples with
significant degradation exhibited elevated levels of these chemical reactions (Figure 7). This
supports the hypothesis that nitration, sulphation, and oxidation are key chemical processes
involved in Alamine degradation. The GC-MS data identified several new degradation products,
including N-Nitroso-di-n-octylamine, which has been previously reported as a breakdown
product of Alamine 336 (Soldenhoff and Ring, 2007; Munyungano et al., 2008; Chagnes and
Cote, 2018). The identification of these degradation products further validates the findings from
the surface plots and suggests that oxidative processes, catalyzed by ions such as nitrate and
manganese, play a significant role in Alamine breakdown.

Factorial regression analysis (Table 3) provided a clear statistical model for predicting Alamine
degradation based on ion concentrations. The results indicated that nitrate, chloride, and
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manganese had significant effects on Alamine degradation, with nitrate having the most
substantial influence. The regression equation derived from the analysis (Equation 4) offers a
predictive tool for optimizing solvent extraction conditions, highlighting the importance of
controlling ion concentrations to minimize Alamine degradation. Additionally, the interaction
effects between nitrate and manganese, nitrate and chloride, and nitrate and ferrous ions were
found to contribute significantly to Alamine degradation, emphasizing the complexity of the
degradation process and the need for precise control of multiple factors in the SX circuit.

In conclusion, this study demonstrates that nitrate, chloride, manganese, and ferrous ions play
critical roles in the degradation of Alamine 336 during the uranium extraction process at RUL.
Nitrate and manganese, in particular, emerge as key contributors to oxidative degradation, while
ferrous ions help stabilize the solvent. The factorial regression model provides a useful tool for
predicting Alamine degradation based on ion concentrations, and the findings highlight the
importance of managing these ions in the SX circuit to enhance solvent stability and improve
extraction efficiency.

5. Conclusion

In conclusion, this study has highlighted the significant role of oxidants, such as nitrates,
chlorides, and manganese ions, in the degradation of Alamine 336 during the solvent extraction
process at Rossing Uranium Limited (RUL). Nitrates were identified as the primary driver of
Alamine breakdown through acidic hydrolysis and oxidation, with manganese acting as a
secondary oxidant, mitigating the impact of ferrous ions while also contributing to solvent
degradation. Chlorides, while thought to inhibit solvent efficiency in previous studies, were
found to have a more complex role in the RUL system, with their presence correlating with
higher Alamine concentrations in some cases. The formation of emulsions and the occurrence
of solvent degradation in samples with high redox potentials further reinforced the connection
between high redox values and the breakdown of the organic solvent. Overall, the findings
suggest that careful management of ion concentrations, particularly nitrates and manganese, is
essential to maintaining the stability of Alamine 336 and enhancing uranium extraction
efficiency.

For future research, pilot plant trials should be conducted to evaluate the feasibility of using
chlorides to control solvent degradation and assess the economic implications of chloride use,
balancing potential cost savings from reduced degradation with any additional costs.
Additionally, methods to reduce nitrate, ferrous, and manganese concentrations in the
processing circuit should be explored, including the implementation of membrane filtration
systems for effective nitrate removal. A quantitative monitoring system, such as GC-MS,
should be established to closely track the formation of solvent degradation products like
nitrosamines and nitroamines. This would allow for real-time detection and management of
degradation issues, contributing to more efficient solvent management and improved overall
performance of the solvent extraction process at RUL.
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