Version of Record: https://www.sciencedirect.com/science/article/pii/S0892687521005811
Manuscript_7a3283a496a50cc286b65f57bc43b476

o =

Nelie RN (@)} W L W

10

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

32
33

Parametric study and speciation analysis of rare earth precipitation using
oxalic acid in a chloride solution system
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Department of Mining Engineering, University of Kentucky, Lexington, Kentucky 40506

ABSTRACT

Oxalic acid precipitation is a common step in the purification of rare earth elements (REE)
from a concentrated pregnant leach solution (PLS). However, the presence of contaminants such
as Al, Fe, and Ca in given amounts decreases the REE precipitation efficiency and product purity
while also increasing the amount of oxalic acid needed to maximize recovery. As such, a
statistically designed test program was performed to identify the optimal conditions necessary for
a relatively low REE content PLS containing elevated concentrations of contaminant ions. The
performance objective was maximization of REE precipitation efficiency while minimizing the
oxalic acid dosage. A central composite design was utilized to quantify performance impacts and
identify the ultimate set of parameter values for oxalic acid dosage, Fe(Ill) contamination
concentration, solution pH, and reaction temperature. The resultant model suggested that oxalic
acid dosage and reaction pH are the most significant factors for the REE precipitation efficiency,
followed by the interaction of oxalic dosage and Fe concentration. Test results indicate that
increasing the oxalic acid concentration from 0g/L to 80g/L improved the REE precipitation
efficiency from approximately 4.2% to 95.0%. Furthermore, raising the solution pH from 0.5 to
2.5 considerably enhanced the precipitation efficiency from 0.0% to 98.9%. A solution
temperature elevation decreased REE recovery, which indicated an exothermic reaction between
REEs and oxalate anions. Finally, a high level of Fe contamination adversely impacted REE
precipitation efficiency. To further the understanding of the REE-oxalate system, a fundamental
solution chemistry study was performed using the equilibrium constants of the reactions. The study
resulted in the development of oxalate speciation diagrams and provided an analysis of the REE
precipitation characteristics at various oxalate anion concentrations and Fe contamination levels
using MINTEQ software. The dominant iron species I n the solution system were found to be Fe-
(C204)3*", Fe-(C204)*", and Fe-(C;0,)*, which consume the majority of the oxalate anions. The
simulated model was found to be in agreement with the experimental findings and helped to
explain the adverse impact of increased iron concentrations on REE precipitation efficiency.
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1. Introduction

Rare earth elements (REE) are a group of 17 elements, including scandium (Sc), yttrium
(Y), and 15 lanthanides from lanthanum (La, 57) to lutetium (Lu, 71) [1] that play a significant
role in the development of civilization and human life [2]. There are approximately 200 rare earth
minerals. However, only a limited number of minerals, e.g., bastnaesite, monazite, xenotime, and
REE-bearing clay, have been exploited for the economic extraction of rare earth elements [3].
These elements are critical for the production of high-tech products, devices, and technologies
with extensive applications in the medical, defense, aerospace, and automobile industries [4].
Driven primarily by the anticipated exponential increase in electric vehicle and
windwindmillduction, the demand for REE minerals will grow and eventually exceed supply,
which has recently fueled exploration activities and the development of mine and processing
complexes to recover rare earth-containing minerals [5]. Alternatively, many major REE-
consuming countries, including the United States, are evaluating non-conventional resources,
including coal-based sources, mine waste, and acid mine drainage for the extraction of rare earth
elements to meet demand ([6]-[8]).

Chi et al. described the use of either solvent extraction [9] and/or precipitation [2] for the
recovery of the dissolved REEs from a pregnant leach solution. The upgrading of REEs by
precipitation is possible due to the higher solubility of the cationic impurities, e.g., aluminum, iron,
and zinc, as compared to rare earth carbonates and oxalates [10]. Strauss regarded oxalic acid
(H2C204) and sodium/ammonium carbonate (NaCO3/(NH4)2CO3) as the primary precipitating
agents for the recovery of REEs. It was found that soda ash requires higher pH values for effective
precipitation and does not offer optimum selectivity at higher concentrations of impurities
including zinc, aluminum, and iron in the solution [11].

Alternatively, oxalic acid provides higher selectivity at lower pH values in the presence of
high levels of impurities ([12], [11]). The selectivity of REEs towards oxalic acid is reported to be
due to the strong affinity of REE3* to the oxalate anions and extremely low solubility of rare earth
oxalates ([13], [14]). The oxalate anion (C204>) is the conjugate base of oxalic acid, and its
structure is shown in Figure 1.
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Figure 1. Structure of oxalate anions

Kim et al. also regarded REE crystallization using oxalic precipitation as the most
significant REE preparation technology ([15], [16]). As such, it is frequently utilized in the
industry due to its simplicity and high efficacy [17]. Oxalic acid precipitation is described by the
following reaction mechanism:

2RE3* + 3H,C,0, + 10H,0 & RE,(C,0,)5.10H,0() + 6H* (1)
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Eq. (1) shows the production of six H+ ions for every three oxalate molecules added. According
to Le Chatelier’s Principle, the reaction also explains the reason for a decline in precipitation
efficiency with a decrease in the solution pH value.

Chi et al. found that non-metallic cations such as Al**, Fe**, Mg?*, and Ca?* present in the
pregnant leach solution either form complexes or precipitate with oxalic acid resulting in the
consumption of additional acid. This results in the need for a greater quantity of oxalic acid to
precipitate the REEs while also reducing precipitation efficiency [18]. Moreover, Woyski et al.
reported that excessive concentrations of iron also tend to impede the precipitation of REEs [19].

Kim et al. considered the acidity of the solution, oxalic acid concentration, and temperature
as the crucial experimental parameters required to optimize oxalic acid efficiency [15]. M.L Straus
reported that the pH of the solution is inversely proportional to oxalate solubility [11]. Chi et al.
found that REE recovery increases with an increase in pH[18]. However, the purity of the
precipitates decreases owing to the precipitation of impurities such as AI(OH); and Fe(OH)3. The
increased recovery with pH is in accordance with Le Chatelier's principle, which states that
increasing the pH shifts the equilibrium to the left [14]. Xia et al. reported in their patent that oxalic
acid precipitation at elevated temperatures of 75-100°C produces strong and fully formed crystals
that are easier to filter [20]. However, REE recovery seems to decrease with an increase in
temperature. Contrarily, M.L Strauss found the effect of temperature on REE recovery to be
inconclusive [11].

In this study, a parametric investigation was performed to analyze the impact of oxalic acid
dosage, precipitation pH, temperature, and the ferric ion concentration on RE-oxalate precipitation
efficiency. The tests were conducted over a wide temperature range while adjusting and
maintaining the solution pH at different levels by the addition of pH modifiers. The findings are
believed to be applicable to pregnant leach solutions containing contaminant ions at concentrations
equal to or greater than the total REE content.

2. Materials and Methods:

2.1 Materials:

The REE feedstock solution used in this study was generated from West Kentucky No. 13
coal seam coarse refuse material discarded from a coal preparation plant. The coarse refuse
material was processed through physical beneficiation and hydrometallurgical circuit in a pilot-
scale plant affiliated with the University of Kentucky located in Webster County, Kentucky. The
material was air-dried and processed through an X-Ray sorter where the REE content in the solid
was upgraded by isolating the lower density fractions. Next, the upgraded solid material was
crushed and ground through a jaw crusher and hammer mill, respectively, to produce a top size of
I mm particle. The hammer mill product was roasted in a continuously operated tube furnace with
an inner tube temperature of 600 °C and a residence time of 20 minutes. The roasted material was
then leached using 0.05 M sulfuric acid at 75°C with a solid concentration of 100 g/L.. The pH
value of the pregnant leachate solution (PLS) was 3.19+0.11 and contained about 9.5 ppm of total
REEs (TREEs), 93 ppm of Al, and 800 ppm of Fe. The PLS was further upgraded using multiple
stages of precipitation and redissolution. About 45% of the aluminum was removed by elevating
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the pH to 4.3 using 2M NaOH. Subsequently, the REEs were precipitated at pH 7.0 using 2M
NaOH. The precipitated REE sludge, which contained Al and Fe, was then re-leached using an
HCI solution having a pH of 2.5 to selectively dissolve REEs in a concentrated solution. The re-
leached PLS contained 34.6+ 1.52 ppm of TREE with a distribution shown in Figure 2. The
solution concentration of the primary contaminant ions was 60.8+ 2.35 ppm, Al, 129.1+ 10.54 ppm
Ca, and 149.3+ 7.19 ppm Fe. This solution served as the feedstock for the oxalic acid precipitation
experiments conducted in this study.
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Figure 2. Rare-earth element distribution in the feedstock solution sums up to 100%

2.2 Methods:

2.2.1- Experimental Procedure

A 1% (w/v) Fe stock solution was prepared using iron(Ill) chloride hexahydrate
(FeCl3-6H20, analytical grade >99% pure) purchased from Fisher Scientific. Each test started
with adding the designated amount of 1% Fe** solution into 100 ml of REE pregnant feedstock
solution in a 250 ml round-bottom flask manufactured by Pyrex. The solution was agitated on a
magnetic stirring plate with a mixing speed of 400 rpm (estimate from the dial) and pre-heated to
the required temperature in a temperature-controlled water bath. The oxalic acid solution prepared
at various concentrations was added to the solution at a dosage of 4 ml per 100 ml after the desired
temperature was achieved. The pH of the solution was modified as per the test requirement using
4M NaOH or trace metal grade HCI and monitored with a Thermo Scientific Orion-Versastar pro
meter after each adjustment. The reaction time started after the pH of the system stabilized at the
desired setpoint. Subsequently, the samples were collected at time periods of 5, 10, 20, 30, and 60
minutes. The collected samples were filtered directly after collection to stop the reaction using a
33-mm syringe filter by Fisherbrand having a 0.45um pore size. A 1-ml sample was collected from
the filtrate and diluted in 9 ml of 5% (v/v) trace metal grade HNOs. The chemical reagents utilized
in this study were ACS grade or higher. The glassware was cleaned and rinsed properly with
deionized water after each test and before re-use in subsequent tests.
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2.2.2- Operating Parameters:

The process parameters evaluated in this study were oxalic acid concentration, pH,
temperature, and Fe (III) contamination in the solution. The oxalic acid solutions for the tests were
prepared at concentrations of 40, 80, 120, and 160 g/L, which were selected on the basis of the
stoichiometric ratios of the REE and contaminant ion concentrations in the feed leach solution.
The oxalic acid solution was prepared in deionized (DI) water and dissolved completely with an
ultrasonic bath. Each test used a fixed 4ml of the oxalic acid solution per 100 ml PLS throughout
the experimental plan. The range of solution pH values was 0.5 to 2.5 based on the oxalate species
distribution and its effectiveness above and below the stated range. The lowest temperature
covered in this study was 12.5°C, which was maintained by constantly adding cold water into the
water bath, whereas the highest temperature was 62.5 °C. A 1% Fe solution was prepared for the
test plan and then added in the range of 0-400 ppm (representing 0-4 ml Fe(IIl)) according to each
test requirement. The stock solution used in this study had an initial 150 ppm concentration of Fe
present in the solution. The Fe contamination was based on the extra Fe added. Therefore, the total
Fe content was the sum of the initial concentration (150 ppm) and the concentration added. Each
test was run for a total of one hour, with samples extracted after 5, 10, 20, 30, and 60 minutes from
test initiation.

2.2.3- Parametric Test Design

A central composite design (CCD) was established using the Design-Expert software with
oxalic acid dosage, pH, temperature, and iron content of the solution as the four factors selected to
study. Five levels of variables were considered for each factor with an alpha value of 1.5, which
shows the distance of each axial point from the center in CCD. The test parameters and their
respective parameter levels used for the experiment design obtained from a Design Expert software
package are shown in Table 1.

Table 1. Operational parameters and their corresponding levels studied using a central composite design
to assess their impact on the efficacy of the oxalic acid precipitation process.

Coded variable level

Factors name unit
lower low center  high higher
A Oxalic Acid Solution Concentration g/L 0 40 80 120 160
B Temperature °C 12.5 25 37.5 50 62.5
C Fe Stock Solution Addition ppm 0 100 200 300 400
D pH - 0.5 1 1.5 2 2.5

2.2.4- Analysis (ICP)

The feed and filtrate samples collected from each test were analyzed using a Spectro Arcos
IT Inductively Coupled Plasma-Optical Emission Spectrophotometer (ICP-OES). The ICP-OES
unit was operated in a 5% (v/v) nitric acid matrix. Calibration was performed using a multi-element
certified reference standard of the following concentrations: 0 pg/mL, 0.05 pg/mL, 0.5 pg/mL, 1
pug/mL, 5 pg/mL, and 10 pg/mL. The calibration standard was the VHG SM68 Standard 1
purchased from the LGC Standards. Quality control was performed by two independently-sourced
check standards at a frequency of not less than every 20 samples. The recovery of these check
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standards was within +/- 10% RSD. Due to the low concentration of REEs in solution, the lower
limit of quantification of the ICP was examined by analyzing a series of sample with known
concentration and the lower quantifiable limit is 0.001 ppm for Sc, Y, Nd, Eu, Yb, and Lu, 0.005
ppm for Sm and Dy, 0.05 ppm for Er, Pr, Tb, Ho, and Tm, 0.1 ppm for La, and 0.25 ppm for Ce
and Gd. The REE precipitation efficiency values were calculated using the following expression:

CrxVe—C1*V
% PE = L«
*vr

100 (Eq. D)

where PE is the precipitation efficiency, and Crand C, the total REE content in the feed and the
filtered liquid sample after precipitation, respectively. V¢ and Viare the volumes of the feed and
liquid samples, respectively. The volume of the filtered liquid included the total volume of
chemical reagents added in each test.

3. Results and Discussion:

3.1 Experimental Results

The central composite design required 30 experiments to optimize REE precipitation
efficiency. The individual test conditions and the corresponding response variable values are
shown in Table 2. The experimental plan also included five duplicate tests to establish the
repeatability of the study. The repeat tests in Table 2 are Run 6, 7, 11, 25, 26, and 29. The results
indicated that the replicated tests have a 95% confidence interval of 0.575 for REE precipitation
efficiency, which indicates excellent repeatability. The standard deviation of the REE precipitation
efficiency of the five repeat tests was less than 1%. The highest REE precipitation efficiency of
99.88% was achieved at 120 g/L oxalic acid concentration, 25°C with 100 ppm Fe (III)
contamination at pH of 2. However, the lowest precipitation efficiency value was 0% in tests 4
and &, as shown in Table 2.

Table 2. The set of parametric values and corresponding REE precipitation efficiency value for each of
the tests performed as part of the central composite design.

o N e renauon RO
Ly (0 (ppm) oo
1 40 50 100 1 0.83
2 80 12.5 200 1.5 99.1
3 40 50 100 2 69.0
4 80 37.5 200 0.5 0.00
5 40 25 100 1 50.0
6 80 37.5 200 1.5 94.5
7 80 37.5 200 1.5 94.5
8 40 50 300 2 0.00
9 0 37.5 200 1.5 4.3
10 120 25 300 1 91.6
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11 80 37.5 200 1.5 94.0

12 120 25 100 1 95.0
13 40 25 300 2 0.63
14 80 37.5 0 1.5 94.3
15 120 25 100 2 99.9
16 40 50 300 1 54
17 120 50 100 1 68.8
18 80 37.5 400 1.5 79.1
19 120 50 300 2 96.6
20 40 25 300 1 0.82
21 120 50 300 1 68.2
22 120 25 300 2 97.4
23 80 62.5 200 1.5 79.7
24 120 50 100 2 97.5
25 80 37.5 200 1.5 95.4
26 80 37.5 200 1.5 95.3
27 160 37.5 200 1.5 94.6
28 40 25 100 2 95.5
29 80 37.5 200 1.5 95.1
30 80 37.5 200 2.5 98.9

3.2 Effect of major variables
3.2.1- Effect of Oxalic Acid Concentration:

The oxalic acid dosage has a direct effect on the REE precipitation efficiency. This
association can be attributed to the fact that the higher oxalic acid concentration results in elevated
oxalate anion content in the solution. The major reactions that consume oxalate ions in solution
are the formation of RE-oxalate precipitates and the formation of iron and aluminum oxalate
complexes, as shown in Table 3. The equilibrium constants of these reactions were either adapted
from literature or calculated from the solubility product constant from literature. It is evident from
Table 3 that the precipitation of RE oxalates are the dominant reactions in the solution as the
equilibrium constant K for the RE-oxalate formations is significantly higher than that of the Fe
and Al oxalate complexes formation. However, the concentration of Fe* and Al3 are orders of
magnitude higher than the REEs in the solution. As a result, the amount of oxalate ions occupied
by Fe** and Al* in the solution is still substantial. Other than Fe3" and Al**, a small quantity of
oxalate ions is occupied by Fe?" and Ca?" to form calcium oxalate and ferrous oxalate. An optimal
dosage of oxalic acid exists where the oxalate ions satisfy the needs for RE-oxalate precipitation
and form soluble iron and aluminum oxalate complexes, yet minimum amount of calcium and
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ferrous oxalate. Decreasing the oxalic acid dosage is detrimental to the RE-oxalate precipitation
efficiency, whereas increasing the oxalic acid dosage promotes the formation of impurities.

The test data allows a direct comparison of oxalic acid concentration effects at values of 0,
80, and 160 g/L. while maintaining the values of the other process parameters at constant values.
As shown in Figure 3, it was observed that there is a significant variation in the recovery of rare
earth elements when the dosed reagent concentration is increased from 0-80 g/L. Interestingly, it
was observed that a minor concentration of REEs precipitated even without the addition of oxalic
acid. According to Han (2019), RE** ions tend to form complexes with anions such as CI-, NOs",
and SO4* at lower pH levels and subsequently precipitate ([20],[21]). Increasing the oxalic acid
concentration from 80-160 g/L. did not improve REE precipitation efficiency. This trend is in
agreement with the findings reported by other researchers ([22],[26],[28]). Consequently, the
addition of surplus oxalic acid, i.e., 160 g/L, increased the Fe-contamination of rare earth
precipitates by as much as 5% as compared to lower dosages of the reagent discussed above. A
possible reason behind this might be that the excessive oxalate ion in solution promoted the
reduction of Fe (III) to Fe (II), then formed ferrous oxalate as a precipitate. The reaction details
and fundamentals are discussed later in the paper.

Table 3. The equilibrium constants of RE-oxalate precipitation and other metal oxalate complexes
formation reactions (adapted from [24]-[27]).

Reaction LgK Reaction LgK
2Ce3" + 3C2042 2 Ce2(C204)s3 (5) 30.18 AB* +3C2042 2 Al(C204)5% 17.09
2Y3" 4+ 3C2042" 2 Y2(C204)s (5 28.27 ALY + 2C2042 2 Al(C204)2~ 13.41
2Nd3* + 3C2042" 2 Nd2(C204)s (5) 31.11 AL + C2047 2 Al(C204)* 7.73
2La3" + 3C2042" 2 Lax(C204)s3 (5 28.22 Fe3* + 3C2042" 2 Fe(C204)5%" 19.83
2Sm3* + 3C20427 2 Sm2(C204)s (5) 31.35 Fe3" + 2C2042" 2 Fe(C204)2" 15.45
2Eu3" + 3C2042" 2 Eua(C204)s (5 31.38 Fe3" + C2042 2 Fe(C204)* 9.15
2Gd3" + 3C204%" 2 Gd2(C204)s (s) 31.37 Fe?" + 2C2042" 2 Fe(C204)2% 5.9
2Dy3" + 3C2042" 2 Dy2(C204)s (s) 30.70 Fe?" + C204%" 2 FeC20a4(ag) 3.97
2Er3* + 3C2042" 2 Er2(C204)s3 (5 30.05 Ca?" + G0+ 2 CaC:04(aq) 3.19
Ca?" + C2047 2 CaCz0x4 (5 8.65 Fe?" + C204%2" 2 FeC204 () 6.69
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Figure 3 Comparison of REE precipitation efficiency at various concentrations of oxalic acid and fixed
pH=1.5, temp=37.5°C, and 200 ppm Fe addition

3.2.2- Effect of pH

This investigation revealed a positive correlation between solution pH and REE
precipitation efficiency. Highly acidic conditions did not produce any rare earth precipitates, likely
due to the concentration of H*ions which suppresses the reaction between the REEs and the oxalate
according to Eq. (1). As shown in Figure 5, the reduction in H* concentration resulting in a rise in
the solution pH to 1.5 dramatically improved REE precipitation efficiency to 94.8%, and a further
increase to pH 2.5 elevated the efficiency to 98.9%. It is also worth mentioning that higher pH
levels reduce the oxalic acid dosage required for REE-precipitation due to the increased oxalate
anions concentration present in the less acidic solution. This observation agrees with the findings
reported by Zhang et. al. which showing that an elevated pH value promoted the dissociation of
oxalic acid molecules which improved RE precipitation efficiency at lower oxalate dosages [24].
The solution chemistry is discussed in detail later in this publication.

The investigation also revealed a decrease in the REE precipitate purity with an increase
in pH. The Fe and Al recovery increased by as much as 8% and 5%, respectively, while raising
the pH from 1.5 to 2.5, reaffirming previously reported findings ([18], [28], [29]). Based on these
results, a pH value within the range of 1.0 — 2.0 maximizes REE recovery and product purity.
Considering that lower solution pH values generally require higher oxalic acid dosages as well as
the cost of acid to modify the pH, a pH between 1.5-2.0 is likely more economically desirable.
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addition, and 37.5°C temperature

3.2.3- Effect of iron contamination:

Several researchers have reported the Fe reduction properties of oxalate anions [30]-[32].
The oxalate anions have two oxygen atoms with unshared pairs of electrons, making the ion a
strong complexing agent. In the presence of ferric and aluminum ions, the oxalate ions tend to
form chelate complexes with these impurities, thereby resulting in a soluble complex ([33],[34]).
Ferric oxalates [Fe2(C204)3] have high stability in oxalic acid solution. However, ferrous oxalates
(FeC204.6H20) are highly insoluble ([35], [36]). Therefore, it can be concluded that Fe-
contamination of RE-oxalates in an oxalate system is possible by the reduction of Fe(III) to Fe(II).
The reduction of oxalate and, consequently, Fe is possible through reactions below:

C,03 o 2C0, + 2e~ (2)
2Fe3+ +2e” > 2Fez+ (3)
Fe?* +3C,0,%" © Fe C304.2H,0(s) + 2C;0,*~ @)

As ferric ion is one of the dominant contaminant ions obtained from the upstream process
in REE-bearing leachate solution in this investigation, the additional Fe(IlI) contamination dosed
was changed from 0 to 400 ppm in the stock solution to examine the influence of Fe on the REE
precipitation efficiency. It is shown in Figure 5 that the addition of iron up to 200 ppm does not
significantly impact the REE precipitation efficiency. A further increase in the Fe-contamination
to 400 ppm significantly drops the REE precipitation efficiency from 94.8% to 79.1%. The
findings of this study agree with Woyski et al., who also reported that excessive concentrations of
iron also tend to impede the precipitation of REEs [19]. As per Christodoulou et al. [30], the
formation of ferric oxalates as chelate complexes consumes oxalate anions, thereby decreasing the
oxalate anion content available for RE-oxalate formation, which, in turn, reduces the REE
precipitation efficiency. According to Venkatesan et al. ([37],[38]), this problem can be addressed
by increasing the oxalic acid dosage in the system.



274

275
276

277
278
279
280
281
282
283
284
285
286
287

100%
90% A
80% -
70% A

60% - —o—0 ppm
50% - ——200 ppm

30% -

itation Efficiency

E Precip

E

)
S
R

10% A

O% {: 1 1 T
0

20 40 60
Time (min)

Figure 5 Impact of different Fe(IIl) contamination levels on the REE precipitation efficiency at 80g/L
oxalic acid concentration, pH 1.5 and 37.5°C

3.2.4- Effect of temperature:

The dependence of REE precipitation efficiency on temperature was ascertained by
performing experiments at 12.5, 37.5, and 62.5 °C. It was determined that there is an inverse
association between the temperature and precipitation of rare earth elements, as shown in Figure
6, which is indicative of an exothermic reaction. The REE precipitation efficiency increases with
a decrease in temperature with a maximum recovery of 99.1% obtained at 12.5 °C. The solubility
of rare earth elements and oxalic acid has been reported to increase with an increase in temperature,
owing to the dissociation of oxalic acid ([39],[40]). Furthermore, according to Le Chlatelier’s
principle, increasing the reaction temperature shifts the reaction in the reverse direction.
Consequently, the REE precipitation efficiency decreases from 99.1% to 94.8% at 37.5 °C, and
ultimately to its lowest point of 79.7% at 62.5 °C.
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Figure 6 Effect of temperature on the REE precipitation efficiency with 80g/L oxalic acid concentration at
a dosage of 160 ml/L PLS, pH 1.5, and additional 200ppm iron contamination

3.3 Quadratic Regression Model

The results of the central composite factorial experimental design performed for the estimation
of rare earth precipitation efficiency are given in Table 2. The reduced quadratic regression model
expression for the response was obtained from Design-Expert software, and the semi-empirical
model after the elimination of insignificant coefficients can be expressed as follows:

ArcSin(Sqrt(REE precipitation efficiency)) =125+ 0.3728 x A— 0.1068 * B — 0.1461 *
C+ 0.2214 * D + 0.161 * AC — 0.1529 = A2 — 0.1628 * D? (Eq. 2)

where A is the oxalic acid solution concentration (g/L), B is the temperature (°C), C is the iron
contamination (x100 ppm), and D is the solution pH. The significance of the model, individual
parameters, and their interactions was tested against the null hypothesis that the coefficient for the
variable is null. The parameters with a p-value < 0.05 were deemed significant. The forward
elimination method was used to remove all insignificant parameters, and the model efficacy was
determined through a higher adjusted R? value of the best fit model. Furthermore, the investigation
of residual errors for the selected model revealed an independent distribution of errors with
constant variance and zero mean.

The acquired quadratic regression model and its significance are shown in Table 4. The p-
value <0.05 indicates that the overall model is highly significant for predicting REE precipitation
efficiency. The R? and adjusted R? values of 84.89% and 80.08%, respectively, also suggests a
good fit for the model. Additionally, as demonstrated in Table 5, all the parameters used in this
investigation were found to impact the REE recovery substantially. Figure 8 shows the impact of
individual parameters on REE precipitation efficiency as predicted by the model.

Oxalic acid dosage and solution pH clearly have the greatest effect on REE precipitation,
which is directly tied to the impact on the chemical reaction between the oxalate anions and the
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REEs (Eq. 1). The oxalic acid dosage and pH showed strong positive correlations, whereas solution
temperature and Fe content had a negative impact on REE precipitation efficiency. The
investigation also revealed an interaction between the oxalic acid dosage and the iron content of
the solution, which was previously described to be a result of iron reduction and complexation
with the oxalate anion. This interaction effect estimated at 37.5°C and pH 1.5 is shown in Figure
8 as a 3-D response surface. This 3-D response graph reiterates the points made earlier in the paper
that higher oxalic acid concentrations are required for high Fe(IIl) contaminated feed solutions to
achieve optimum REE precipitation efficiency. It is evident that, at concentrations above 100g/L,
the response surface becomes smoother at all Fe contaminations. This implies that there are enough
oxalate anions available in the solution to react with both REEs and Fe(IIl) cations. Furthermore,
it can be concluded that oxalic acid dosage can be minimized by reducing the iron content in the
pregnant leach solution feeding the process.

Table 4 The analysis of variance (ANOVA) table for the suggested REE precipitation efficiency model

Sum of Mean

Source df F-value p-value
Squares Square
Model 6.99 7.00 0.9987 17.66 <0.0001
Residual 1.24 22.00 0.056
Total 8.24 29.00

Table 5 The ANOVA for the parameters of the suggested REE precipitation efficiency model

Source Sum of df Mean Square F-value p-value
Squares

A-Oxalic Dosage 3.34 1 3.34 58.98  <0.0001
B-Temperature 0.2735 1 0.2735 4.84 0.0387
C-Fe Addition 0.5126 1 0.5126 9.06 0.0064
D-pH 1.18 1 1.18 20.80 0.0002
AC 0.4147 1 0.4147 7.33 0.0129

A? 0.6649 1 0.6649 11.76 0.0024

D? 0.7538 1 0.7538 13.33 0.0014
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Figure 2 Impact of A: Oxalic acid dosage, B: Temperature, C: Fe Addition, and D: pH on REE
precipitation efficiency (the dash lines represent the confidence interval).
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Figure 8 Response surface showing the interactive effects of oxalic acid dosage and Fe addition on REE
precipitation efficiency (Factor B: Temperature =37.5°C, Factor D: pH =1.5)

3.4 Model Validation:

The semi-empirical quadratic regression model was validated under the conditions which
minimized the required oxalic acid dosage over a pH range of 1-2 range and various Fe
contamination levels at a constant solution temperature of 25°C. The Fe content was selected based
on a typical solution composition generated from REEs cake redissolution prior to REE oxalate
precipitation. The pH range of 1-2 was selected based on the better purity of the rare earth
precipitates formed between these two acidity levels. The validation test results, along with their
conditions, are shown in Table 6. The predicted value for REE precipitation efficiency with Fe
addition of 100 and 200 ppm were 83.9 and 76.4%, showing a good agreement with the actual test
data, i.e., 82.4% and 79.8%, respectively.

Table 6. Comparison of predicted and actual oxalic acid precipitation efficiency data generated for a
solution having a pH of 1.84 and temperature of 25°C.

Oxalic T " Fe Additi REE Precipitation
Number Dosage em(lz)eé:;\ ure ¢ ( nll)lon pH Efficiency (%)
(g/L) pp Predicted  Actual
1 35.71 25.00 100 1.84 83.9 82.4
2 49.64 25.00 200 1.84 76.4 79.8

3.5 Production of rare earth oxalate
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The feedstock solution was processed in a pilot plant facility to generate a high grade mixed
rare earth oxalate product. The circuit was comprised of three 55-liter cone bottom mixing tanks
in sequence. The first tank was equipped with a pH probe and transmitter that controls a peristaltic
pump to automatically adjust pH by dosing a 4M NaOH solution. The feedstock solution and
oxalic acid solution was fed into the first tank at a controlled flowrate. The total residence time
was 20 minutes with the third tank serving as feed tank to a pressure filter. The filtration rate was
held at a constant value to maintain the level of the third oxalic precipitation tank. The filter cake
was dried in the oven at 75 °C for 24 hours. The dried solid was analyzed using X-ray diffraction
(XRD) to confirm the composition of the oxalate product as shown in Figure 9. Since the XRD
peaks of some of the REE oxalates share the same position, the intensity of the peaks was mostly
contributed by several REE oxalates overlapping. The mixed rare earth oxalate sample was then
roasted in a muffle furnace at 750 °C for 2 hours to convert rare earth oxalate to rare earth oxide
(REO). The REO was then fully digested using trace metal grade nitric and hydrochloric acid and
the liquid was subjected to elemental analysis using ICP-OES and ICP-MS unit. The elemental
composition was then converted to the form of rare earth oxide with the corresponding
stochiometric ratio of rare earth element to oxygen. The grade of 92.6% REO product is shown in
Table 7 along with the element-by-element content.
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Figure 9. XRD analysis of REE oxalate precipitate produced from the feedstock solution generated from
mine refuse material in a pilot scale operation.
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Table 7. The grade of rare earth oxides produced from rare earth oxalate precipitation.

RE Oxides Sc203 Y20s La20s CeO: PrsOu Nd:0s  Sm20s; Eu0s  Gd20s
Weight (%) 0.04 3.98 17.04 4199 4.85 17.16  3.07 0.54 2.15

RE Oxides Tb4O7 Dy203 Ho:05 ErOs Tm20s; Yb:0s Lu:0s Total
Weight (%) 0.21 0.88 0.14  0.32 0.04 0.19 0.03 92.63
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3.6 Solution chemistry study
3.6.1 Oxalate water system
The reaction required for the REE precipitation begins by the dissociation of oxalic acid in
the solution, which can be expressed by the following reactions [41];

H,C,0, & H* + HC,0; (5)
HC,0; & H" + C,0;~ 6)
In the first step, the oxalic acid converts to hydrogen oxalate anion, which further
dissociates in the second step to produce the oxalate anions required for RE oxalate formation. As
per equations (5) and (6), the oxalate anion formation reaction releases two hydrogen ions, thereby
decreasing the solution pH.

The oxalic acid coexists with hydrogen oxalate and oxalate anions in equilibrium at any
given pH [34]. However, the dominant species present in the solution changes as a function of pH.
According to Figure 10, H2C204 is a major species at pH<1. As the pH rises above 1, hydrogen
oxalate becomes the significant species in the system. Furthermore, the model output indicated
that pH also influences the activity of oxalate anions, which are the primary precipitants for rare
earth precipitation, corroborating the findings of and Chi et. al. [18] and 1. Bureau [23]. It is worth
mentioning that most of the REE reactions with oxalate anions are typically performed around pH
2. This is done to minimize the precipitation of contaminant metal ions as metal-oxalates. For pH
values, less than 2, the solution speciation shown in Figure 10 reveals oxalate anions have minimal
concentration and activity. Consequently, the oxalic acid dosage required for successful
precipitation increases significantly.

1000 —— 5 e ? ——H-Oxalate. ——H2-Oxalate

80.0

=N

5

=
T

% Distribution
N
(=]
=
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0.0 L 1 " —_— i N 1 L ]

Figure 10. Species distribution of oxalic acid in water as a function of pH (oxalate concentration =0.1M,
25°C).

3.6.2 RE-Oxalate precipitation
To further understand the rare earth precipitation behavior in the oxalate system, studies
were performed to examine the speciation distribution in solution at equilibrium. Visual MINTEQ
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3.1 software was utilized to conduct the equilibrium calculations. Since rare earth elements possess
similar chemical properties, lanthanum (La) was selected to perform the calculations for the La-
Oxalate precipitation system. The equilibrium reactions and the corresponding constants for La-
oxalate precipitation at 25 °C are expressed as:

2La%" + 3C204% 2 Laz(C204)s (s, log Ks=28.22¢
La3" + C2042 2 La(C204)" , log K=5.994
La3" + 2C204% 2 La(C204)2, log K=9.554
(“values obtained from Visual MINTEQ software).

The absolute concentration of rare earth elements significantly contributes to the
precipitation efficiency of RE-oxalate in solution at equilibrium. With 0.01M oxalate
concentration in the system, the stoichiometric concentration of La needed for the formation of
La,>(C,04); was calculated to be 1000 ppm (~7.2x1073M). Results in Figure 11 show that in a La-
oxalate system with 1000 ppm of La3" and 0.01M of C204%, the precipitation of La2(C20a)s starts
to occur around pH 0.2 and the degree of reaction reaches >90% at pH >1.5. When the
concentration of La was reduced to 100 ppm, the excessive amount of oxalate ions prompted the
reaction to where >99% of La precipitated as pH 1.5. However, reducing the La concentration to
10 ppm, the precipitation curve shifted to a higher pH range due to the promoted formation of
La(C204)" under the excessive concentration of C204%. With one ppm of La, the peak precipitation
of 86% occurs at pH 2.8 and starts to show a downward trend with a pH increase due to the elevated
concentration of La(C204)2.

Consequently, in the mixed rare earth leachate solution generated from mine waste
material, some of the rare earth elements with low concentration resulted in low precipitation
efficiency even with an excessive amount of oxalate. Comparing the four scenarios presented in
Figure 11, scenario c) is the optimal scenario where the precipitation completes at a lower pH,
thereby improving selectivity. However, scenarios a and b are more representative of a rare earth
leachate obtained from the treatment of typical mine waste and recycled materials where the REE
content is low relative to the leachable contaminant ions. The results indicate that increasing the
concentration of REEs in the oxalate precipitation feed solution would improve the oxalate
precipitation efficiency as well as selectivity due to the lower reaction pH.



a) 100.0 — b) 100.0 ——
80.0 80.0
s x s =
~ \ ~ ‘. """ La3*
3 600 . — z 60.0 : T (T
3 — - — La«(C20a)2 'g ) - La-C,04*
& o400 | ANt t:;fzc?84>3<s> & 400 Lax-(C204)5(s)
< <
| — ]
20.0 20.0 \
0.0 Lo o O — I
05 1 L5 2 25 3 05 1 15 2 25 3
430 pH pH
¢)100.0 d) 100.0 =
80.0 80.0 '.‘
§ ----- La%* § 60.0 A e
8 60.0 — = La-(C:0a) s — = GO
8 e [a-CaQOat 8 """"""""" La-C204"
& 40.0 Las-(C2005(5) & 40.0 Lar(C:04(5)
< <
— — )
20.0 20.0
0.0 1 1 0‘0 L 1 L L
0 . 1.5 2 25 3 0 05 1 1.5 2 25 3
431 pH pH
432 Figure 11. La species distribution in solution at equilibrium and La oxalate precipitation efficiency at a) 1
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434 Visual MINTEQ software. (The La(C204):*~ and LaOH?" species are calculated to be less than 0.1% in
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436  3.6.3 Fe-Oxalate speciation
437 The concentration of Fe in both its ferric or ferrous forms directly influences the REE
438  precipitation efficiency. The iron present in the solution can react with oxalate anions to form
439  various species depending upon the pH of the system. Visual MINTEQ 3.1 software was used to
440  simulate the speciation behavior of Fe at equilibrium. The developed speciation distribution shown
441  in Figure 12 indicates that Fe-(C204)33~, Fe-(C204)?", and Fe-(C>04)* are dominant species in the
442 solution having a pH value between 0 and 3. The dominant species seems to change drastically
443  with a relatively small change in the solution pH. Furthermore, there is only a minimal
444  concentration of FeCl**, FeOH?*, Fe?*, and Fe** present in the same pH range. This phenomenon
445  suggests that the ferric ion occupies the majority of the oxalate species in the solution generated

446  from the mine waste material.
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Figure 12. Fe species distribution in the precipitation system at equilibrium with 0.035M C204%-, 0.1M
CI, 150 ppm Fe3*, 60 ppm Al3*, 130 ppm Ca?", and 35 ppm La3* at 25 °C simulated using Visual
MINTEQ software. (Species less than 0.01% were included in the calculation but not plotted)

It has been established in previous studies that iron oxalate precipitates in the ferrous form
[30]—-[32]. As oxalic acid is a mild reducing agent, an excessive addition of oxalic acid can reduce
iron from ferric to ferrous thereby causing precipitation as ferrous oxalates by undergoing reactions
(2)-(4) [42]. Therefore, it can be inferred that an excessive concentration of oxalic acid at lower
concentrations of Fe(III) will reduce more iron to its ferrous form thereby decreasing the purity of
rare earth precipitates. At high Fe(IIl) concentrations, a small portion will be reduced which will
result in the precipitation of ferrous oxalate in a solid form while the remaining ferric iron will
form various oxalate complexes and remain in solution.

In addition, the higher concentration of Fe(IIl) is also not desirable as it drastically reduces
the REE precipitation efficiency. To thoroughly study its effect, various iron concentrations were
analyzed using MINTEQ by varying the Fe** concentration between 150-950 ppm. The impact of
the increase in Fe concentration with other species present in the system at typical concentrations
is shown in Table 8. A significant increment in the concentration of iron-oxalate species in the
solution was observed with an increase in Fe** concentration from 150-950 ppm. Furthermore, the
free oxalate anion content drops from 0.149% to 0% when the Fe** concentration increases from
150 to 950 ppm. It can be deduced that the additional iron in the system decreases the oxalate
anions available for the reaction with REEs. As an example, Figure 13 predicts that lanthanum
precipitation will significantly decline with a rise in iron concentration beyond 550 ppm. This
finding is due to the lack of oxalate anions which is also shown in Table 8 by a content decrease
from 0.039% at 550 ppm Fe to 0% at 950 ppm Fe. The maximum lanthanum precipitation of
approximately 97% is predicted when the iron contamination is minimum, i.e., 150 ppm, which is
the base concentration in the original PLS. It is noted that the impact of Fe concentrations between
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150 ppm and 550 ppm on REE precipitation is insignificant, which indicates adequate availability
of oxalate anions. Correspondingly, the oxalate ions occupied by the RE ions as a precipitate is
approximately 1% of the total oxalate species when the ferric ion concentration is less than 550
ppm in solution. The oxalate ions consumed by REEs reduced significantly to 0.741% as ferric ion
concentration increased to 950 ppm which indicated the depletion of free oxalate ions due to ferric
ion complexation.

The findings from this simulation reaffirm the empirical findings from this study. The
experimental data also showed a decrease in the REE precipitation efficiency when the Fe(III)
contamination was increased from 100-400 ppm. The precipitation efficacy decreased from 94.8%
to 79.1% as a result of increasing the contamination from 100-400 ppm (corresponding to 1-4 ml).
It can be deduced that the decrease in efficacy is owing to the preferential reaction of oxalate
anions with Fe*3 cations instead of REEs present in the solution. It should be noted here that,
despite a preferential reaction taking place between the Fe*? and oxalate anions, the ferric oxalate
anions do not precipitate, which results in a higher oxalic acid precipitation selectivity as compared
to other precipitating agents. Therefore, a high oxalic acid dosage is required in order to achieve
higher rare earth precipitation efficiency at higher iron contamination levels. The findings agree
well with those reported by Zhang et. al. (2020) which showed that an increase in Fe’*
concentration by 1x10* mol/L required the addition of 1.68x10* mol/L of the oxalate ion
concentration to provide sufficient free oxalate ions for REE precipitation [24].

Interestingly, an increase in ferric iron contamination also influences the precipitation of
other impurities, which results in higher purity for the rare earth product. This behavior was
observed while modeling the formation of calcium-oxalate monohydrate, which is the primary
precipitant, over a range of iron concentrations. The results in Figure 14 indicate a substantial
decrease in calcium precipitation from approximately 92% to 32% at pH 1.5 when iron
contamination increases from 150 ppm to 950 ppm. This adverse impact on calcium precipitation
is because of the reduced availability of oxalate anions at higher iron concentrations.
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Table 8. The percentage distribution of oxalate species in the system with various amounts of Fe(II).

% of total concentration

Oxalate Species 150 ppm 350 ppm 550 ppm 750 ppm 950 ppm
Fe3* Fe3" Fe3" Fe3* Fe3"
C:04% 0.135 0.077 0.036 0.016 0.000
Fe-C204" 0.053 0.314 1.533 5.462 14.012
H>-C204 16.586 9.370 4.383 2.015 0.962
H-C.04 38.306 21.770 10.191 4.680 2.230
La-C204" 0.006 0.009 0.013 0.018 0.027
AlH-C.042* 0.015 0.029 0.060 0.101 0.133
Al-(C204)3% 6.589 4.240 1.913 0.671 0.201
Al-(C204)2~ 7.421 8.137 7.805 6.004 3.795
Al-C.04* 0.429 0.832 1.705 2.854 3.781
Fe-(C204)3%" 17.100 33.523 35.938 26.822 15.489
Fe-(C20a)2" 3.842 12.836 29.251 47.898 58.630
% Dissolved Oxalate 90.484 91.138 92.828 96.542 99.259
Dissolved Oxalate (M) 0.032 0.032 0.032 0.034 0.035
Laz(C204)5(s) 1.065 1.057 1.029 0.952 0.741
Ca-C204-H20(s) 8.451 7.805 6.143 2.506 0.000
% Precipitated Oxalate 9.516 8.862 7.172 3.458 0.741
Precipitated Oxalate (M) 0.003 0.003 0.003 0.001 0.000
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Figure 13. Effect of Fe concentration on La oxalate precipitation pH and efficiency. (0.035M C204%",
0.1IM CI, 60 ppm Al3*, 130 ppm Ca?", and 35 ppm La3" at 25 °C calculated using Visual MINTEQ

software).
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Figure 14. Effect of Fe concentration on Ca oxalate precipitation pH and efficiency. (0.035M C:2042",
0.IM CI, 150 ppm Fe?*', 60 ppm Al3*, 130 ppm Ca?*, and 35 ppm La3" at 25 °C simulated using Visual
MINTEQ software.)

4. Conclusion:

This investigation was focused on the impact of oxalic acid dosage, iron contamination,
pH, and temperature on the REE precipitation efficiency from a leachate generated from the mine
waste material that contained relatively low concentrations of REEs and high concentrations of
contaminants, i.e., Fe and Ca. A central composite design (CCD) was utilized to design the
experimental program and analyze the data using Design-Expert software. The reaction kinetics
data collected in this study indicated that the solution reaches an equilibrium state within five
minutes following the start of the reaction. A quadratic model was developed using the
experimental data and validated within the parameter range. The model was found to provide a
good prediction of the parameter value effects as indicated by an adjusted R? value of 80%.

The results of the parametric study showed that all of the factors evaluated in this study
have a significant impact on the REE precipitation efficiency. The oxalic acid concentration has a
positive association with the REE precipitation efficiency, whereas the Fe contamination has a
negative impact. Additionally, increasing the pH of the reaction promoted the REE precipitation
efficiency. Increasing the temperature of the solution provided a negative effect on the REE
precipitation efficiency, which indicated that the REE oxalate precipitation is an exothermic
reaction.

The response surface quantified the interaction effect between oxalic acid dosage and Fe
contamination on REE precipitation efficiency. With low Fe contamination in solution, the oxalic
acid concentration required to achieve 95% REE precipitation is less than 80g/L at a dosage of 40
ml/L. A further increase in the oxalic acid concentration to 160g/L. did not impact the REE
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precipitation efficiency. When the Fe(Ill) concentration in solution was elevated, the REE
precipitation efficiency reduced dramatically due to the complexation between the oxalate anions
and Fe(Ill). The speciation study showed that, with low rare earth concentrations in solution, the
RE oxalate precipitation is incomplete even in the presence of excess oxalate ions. In addition, the
Fe concentration has a significant impact on oxalate species distribution in solution at equilibrium.
Consequently, the precipitation pH of the rare earth oxalate shifted to a higher pH range.
Interestingly, the presence of Fe in the solution reduced the precipitation of other contaminant
ions, i.e., calcium oxalate, due to the occupation of the oxalate ions. With increasing Fe
concentration in solution, the precipitation efficiency of calcium oxalate is reduced more than the
rare earth oxalate.

This paper presented a model that effectively predicts the oxalic acid dosage needed at different
pH to achieve a desirable REE precipitation efficiency from a solution with various Fe
concentrations. It can be concluded from this investigation that reducing the concentration of
contaminants like Fe in the solution is essential to achieve high REE precipitation efficiency and
a reduction in oxalic acid consumption.
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