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ABSTRACT

Quick, reliable methods to measure the rare earth elements (REES) in process streams are needed
to support real-time parameterization and monitoring for a burgeoning number of REE extraction
schemes. Such methods would ideally be fast, reproducible, and field-deployable. This study
evaluates the feasibility of using a chromogenic indicator, arsenazo(l11) (hereafter abbreviated as
Arsz(111)) to detect the concentration of REEs in complex citrate leaching solutions using a
spectrophotometer. Arsz(I11) forms a chromogenic complex with the lanthanide elements that
produces a blue/purple color detectable in the visible light range. Matrices of solutions
containing varied concentrations of calcium, iron, and lanthanum were scanned in the presence
of an Arsz(I11) indicator to generate a modeled relationship that could be used to back calculate
REE concentrations. While relatively quick (scan times on the order of seconds), the results
indicated that the calcium and iron concentrations of typical mining solutions overwhelm the
signal of the REEsS, to the extent that sensitivity of the method is no less than 50 uM REEs.
These results demonstrate the difficulties of accurately measuring trace metals in complex
solutions, although the method may still hold utility for processes with significantly lower
calcium and iron concentrations or REE concentrations much greater than 50 M.
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1. INTRODUCTION

With intensified interest in rare earth element (REE) extractions from various sources, there is a
concomitant need to increase supporting peripheral activities such as the capability to rapidly and
reliably assess the REE content of process streams. Such capabilities are important to adjust and
inform real-time parameterization of a given process. For example, determining the duration of a
reaction process can be set by specifying a cutoff value for REE concentrations, which could then
be monitored in near real-time, thereby helping to balance operational costs.

Of the technical options available, spectrophotometric detection of the REEs in the visible light
range offers a relatively cost-effective and rapid way to quickly scan process liquids for REE
content. In the spectrophotometric method, a chromogenic reagent is added to a liquid sample
which is then scanned through a spectrophotometer equipped with a simple white light source. The
acquisition of the full absorbance spectra is typically a rapid operation (on the order of seconds)
with most commercially available spectrometers. Such methods could even be field-deployable
with enough foresight for sample preparation and the use of compact, portable spectrophotometric
platforms. However, widespread adoption of a visible light spectrophotometric method is not
commonplace in industry or academia due to some inherent technical challenges in the method,
including the need for selective sensing materials in complex environments that are typically low
pH and contain high concentrations of potentially interfering metals. In this study, we attempt to
address some of these challenges to present a workable method for rapid REE detection within a
constrained operational envelope.

One of the known technical challenges is the non-specificity of the chromogenic reagent selected
for REE complexation and detection. To the authors’ knowledge the only chromogenic reagent
that has been utilized in isolated cases for REE determination is the arsenazo(l11) compound
(hereafter abbreviated as Arsz(111)). Arsz(l11) is a synthetic dye containing arsenic acid
functionalization that was originally synthesized as a chromogenic indicator for the actinide series
(e.g., Savvin, 1961, 1969). Arsz(l11) has seen applications for quantifying the levels of lanthanum
(La) in biomedical media (e.g., Hogendoorn et al., 2018), REEs from phosphate mining wastes
(e.g., Aly and Mohamed, 1999), actinides in waste streams (e.g. Pippin et al., 1984), and Ca in
different media (e.g., Ohnishi et al., 1962; Ohnishi, 1979; Bauer, 1981). However, Arsz(l11) is a
non-selective complexant and will form complexes with most transition, alkali, and alkaline earth
metals. This non-specificity in binding to metals leads to difficulties in isolating the REE-Arsz(I11)
complex signal in complex solutions where an abundance of other metals are present. The
complexation of Arsz(I11) with metal species is also highly sensitive to variations in pH (e.g.,
Rohwer et al., 1995; Rohwer and Hosten, 1997). In some cases, the pH value can be manipulated
to increase the signal of a desired analyte while decreasing the interference from other matrix ions.
For example, in biological media, mediating the pH between 2.8—3.0 maximized the signal of an
Arsz(111)-La complex over an Arsz(l11)-calcium(Ca) complex, where La concentrations were 0.1
to 10 uM and Ca concentrations up to 200 uM (Hogendoorn et al., 2018). Liquids such as those
used in the leaching of underclays, however, present a much stiffer challenge, both from an
increased loading of additional metals, and the orders of magnitude greater concentrations of
interfering cations (e.g., Montross et al., 2020; Yang et al., 2022). Representative compositions of
citrate leaching solutions from Montross et al. (2020) and Yang et al. (2022) were used as the
basis for the development of spectrophotometric methods. In this experimental procedure, we
attempt to elucidate the signals of Arsz(l11)-metal complexes in complex citrate leaching solutions
in the hopes of obtaining a clear signal of Arsz(lI11)-lanthanide (Ln) complexation. We employ a
series of two- and three-phase testing matrices to reconstruct a model of REE quantification.
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2. METHODS

Synthetic solutions were prepared in 0.1 M (molar) citrate matrices to match leaching solutions
used in the citrate leaching of underclays (e.g., Montross et al., 2020; Yang et al., 2020). The pH
was carefully adjusted using 1 M sodium hydroxide (NaOH) or 1 M hydrochloric acid (HCI) to a
value of 2.8+0.05. The major cations found mobilized in the citrate leaching of underclays were
dominantly Ca and Fe (presumed to be ferrous iron through the dissolution of Fe-sulfide
minerals).

Solutions containing known concentrations of Ca, ferrous iron (Fe), La, and combinations
thereof, were prepared from metal salts (Beantown Chemical). Ca concentrations were prepared
from a range of 200 to 50,000 uM, Fe concentrations from 20 to 50,000 uM, and La
concentrations from 2 to 100 uM, approximating concentrations observed in citrate leaching
solutions after reaction with underclays (e.g., Montross et al., 2020; Yang et al., 2020).
Individual calibration curves were run for each element before a series of binary matrices were
run for Ca-Fe, Fe-La, and Ca-La, in the same concentration ranges.

Measurement of the absorbance spectra were conducted on 3 milliliters (mL) of each sample
prepared in optical cuvettes with 1 centimeter (cm) path lengths. Arsenazo(l11) solution was
added to the cuvettes to a final concentration of 100 uM Arsz(I11). The samples were scanned on
a Vis-NIR spectrometer equipped with a tungsten halogen white light source (Ocean Insight
Flame VIS-NIR) from 350 to 750 nanometers (nm).

Model fits were applied to the calibration curves of individual metal systems to find the best
curvilinear fit. All model relationships were fit and parameterized using a least-squares method.
These relationships formed the starting point to build model relationships in each of the binary
systems (Ca-Fe, Fe-La, Ca-La). Following the binarization of the systems, the three-component
system was modeled and fit based on the binary models. Finally, the three-component model was
applied to experimental citrate leaching solutions and the degree of fit evaluated based on
measured data through ICP-MS analyses (Yang et al., 2022).
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3. RESULTS AND DISCUSSION

3.1 CALIBRATION CURVES

25 - La 100 pM 2.5 1 Fe 20,000 uM
Ca 100 pM Ca 20,000 pM
Fe 100pM
2.0 A Arsz(IIT) blank 2.0 1
[¥] [¥]
< 1.5 A < 1.5 A
= =
= =
[=] [=]
w w
2 1.0 1 2 1.0 1
0.5 A1 0.5 A1
0.0 T T T 1 0.0 T T T 1
350 450 550 650 750 350 450 550 650 750
Wavelength, nm Wavelength, nm

Figure 1: Full spectra absorbance scans of 100 uM Arsz(I11) solutions with individual
concentrations of A. 100 uM of La, Ca, or Fe, and B. 20,000 uM of Fe or Ca.

The absorbance peak for the La-Arsz(l11) complex was determined at 660 nm (Figure 1), where
La produced the most pronounced change in absorbance relative to Fe or Ca. The calibration
curves for each element were subsequently determined at this wavelength (660 nm). Iron,
however, did not have an absorbance peak in this wavelength region, but still displayed an
increased response with increasing concentration (Figure 1B). The response of the absorbance
peak at 660 nm with elemental concentration was determined to be non-linear for all elements
tested. Calibration curves were fit to an exponential function (Eq. 1, Figure 2 via the least-
squares method and individual calibration curve parameters reported in Table 1)

Abs660 = a — (a — b)exp (—c[X]) Eq. 1

where Abs660 is the absorbance value at 660 nm, a, b, and c are empirically derived constants,
and [X] is the metal concentration (uM). This relationship is seen to hold generally true for the
binary and ternary systems, with some added dependencies as discussed below.
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Table 1: Individual Calibration Curve Parameters for Ca, Fe, La

Ca 1.32 0.14 0 0.95
Fe 2.50 0.96 8.0E-05 0.99
La 2.28 0.09 1.7E-02 0.99
3.00 { A Ca 3.00 1 B ]_:‘e
2.50 - 2.50 . e®
- - .-
E 2.00 - E 2.00 e
o =] i
=1 =1 ®
8 150 8 150 !
: il £
S e 2
[=] [=]
2 1.00 “.‘ Z 10 g
< f <
0
0.50 "' 0.50
0.00 + T T ] 0.00 T T )
0 20.000 40,000 60.000 0 20.000 40,000 60.000
Concentration, uM Concentration, uM
3.00 1 C La
2.50 4
= o ®
= 200 I
g~ ' ® Measured
s
o B - Modeled fit
8 1.50 A .
2 [
=
2 100
< .
0.50 4
[
0.00 ’ T T T )
0 50 100 150 200 250

Concentration, uM

Figure 2: Calibration curves for absorbance at 660 nm wavelength for A. Ca, B. Fe, and C.
La.
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3.2 FE SUPPRESSION OF CA, LA ABSORBANCE PEAKS AT 660 NM
WAVELENGTH

The combination of Fe and Ca in solution has the effect of suppressing the Ca-Arsz(l11)
absorbance peak at 660 nm (Figure 3A). This suppression effectively “flattens” the response of
the absorbance signal to variations in Ca concentration. With progressive increases in Fe
concentration, the slope of the Ca response curve gradually approaches a value of zero (Figure
3B). Over the range of Ca concentrations (200-50,000 uM) investigated, in the presence of Fe,
the response curve is best fit to a linear relationship (Table 2).

>

25 - Ca 10.000 uM
~ — = Ca 10,000 uM Fe 10.000 uM

Absorbance

350 450 550 650 750
Wavelength, nm
1.20 -
1.00 R increasing Fe
= 0.80 1
S " —
§ 0.60 —
< 0.40 - \
0.20 A '
0.00 . . . . .
0 10,000 20,000 30,000 40,000  50.000
Ca, uM

Figure 3: A. Full spectra scans of 10,000 uM Ca solutions with and without 10,000 uM Fe. B.
Absorbance values at 660 nm wavelength as a function of increasing Ca and Fe
concentrations.

Table 2: Modeled Parameters for Fitting the Binary Ca-Fe System as a Function of Abs660
and [Ca]

Abs600care=mca Fe[Ca]+bCa Fe

Mcare=slopei[Fe]+int1 bcare=slopez[Fe]+int2

slope: -2.61E-10 slope: 5.45E-06

int1 1.33E-05 inta 3.50E-01
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A consequence of the suppression of the absorbance signal at 660 nm is a concomitant increase
in the model uncertainty with increasing Fe concentrations. The magnitude of the model
uncertainty incorporates the relatively smaller contributions of the measurement uncertainty from
the spectrophotometer (2-sigma < 0.06) and the uncertainty of the model regression to the
measured data. Figure 4 illustrates the scale of the model uncertainty. Two representative cases
are shown for the Ca concentrations ranging from 0 to 50,000 uM: one in the presence of 10,000
uM Fe and one in the presence of 40,000 uM Fe. At a given Ca concentration, the model
uncertainty can be seen to be significantly larger in the 40,000 uM Fe case than in the 10,000
uM Fe case. For example, at a nominal concentration of 50,000 uM Ca, the model prediction
using the 10,000 uM Fe case comes within 8% of the actual value with a total uncertainty of
+7% (2-sigma) (blue symbology in Figure 4).

80.000 A
———10.000 uM Fe modeled
@ 10.000 uM Fe measured
1
70,000 1 ——40.,000 uM Fe modeled ;
@ 40.000 uM Fe measured r:
]
60.000 4 !
50.000 A
=
~. 40,000
[4=]
@]
30.000 4
20.000 4
10,000 A
O T 1
0.00 0.20 0.40 0.60 0.80 1.00 1.20

Abs660

Figure 4: Modeled results for Ca concentrations from measured Abs660 values with the
inclusion of 10,000 uM Fe (blue symbology) and 40,000 uM Fe (green symbology). Modeled
results shown as solid lines with dashed lines indicating the uncertainty. Measured values
are plotted as solid symbols.

Similarly, the suppression effect of Fe can be defined in the binary Fe-La system. With
increasing Fe concentrations, the absorbance spectra response to the La-Arsz(l11) complex
gradually approaches a slope of zero (Figure 5). Practically, this results in increasing La
concentrations having little to no effect on the measured Abs660 signal in the presence of
abundant Fe. Nevertheless, the model fit to the data was found to best approximate Eq. 1 as
discussed in Section 3.1 (Table 3).
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Figure 5: Effect of increasing Fe concentrations on the regressed curves for La at Abs660. A.
Absorbance values at Abs660 as a function of increasing La and Fe concentrations. B.
Discrete Fe concentrations at 20, 6,000, and 50,000 uM shown for the Abs660 response to

increasing La concentrations.

Table 3: Modeled Parameters for Fitting the Binary Fe-La System as a Function of Abs660

and [La]

Areta=eXp(-AreLa,1[Fe])+AreLa2 Breta=BreLa,1-(BreLa,1-BreLa,2)€Xp(-BreLa,3[Fe])
Arela,1 7.36E-04 BreLa,1 5.82E-01
Arela,2 1.23E+00 BreLa,2 1.58E-01

Creta=Creta,1€XP(-CreLa2[Fe]) BreLa,3 1.17E-04
Crela,1 1.69E-02
Crela,2 4.14E-05

As in the binary system of Ca-Fe as well as in the binary Fe-La system, the model uncertainty
increases with increasing concentrations of Fe. For the highest La signal measured at 100 uM,
the model uncertainty increases from ~7% (2-sigma) at 20 uM concentrations of Fe to ~37% at
the concentrations of 50,000 uM Fe (Figure 6).
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Figure 6: Modeled results for La concentrations from measured Abs660 values in the
presence of 20 uM Fe (oranger symbology), 6,000 uM Fe (yellow symbology), and 50,000 uM
Fe (green symbology). Modeled results shown as solid lines with dashed lines indicating the
uncertainty. Measured values are plotted as solid symbols.

3.3 DECONVOLUTING CA FROM LA ABSORBANCE SIGNAL AT 660 NM
WAVELENGTH

With the binary systems of Ca-Fe and Fe-La, the presence of Fe suppressed the absorbance
signal at 660 nm for both the Ca- and La- Arsz(l11) complexes. A similar effect is observed in the
binary Ca-La system, with the added caveat that both the Ca- and La- Arsz(l11) complexes
express absorbance peaks at 660 nm wavelength (Figure 7). Nevertheless, suppression of the
absorbance signal is observed with increasing concentrations of Ca. Eq. 1 is again parameterized
to fit to the data (Table 4).
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Figure 7: Effect of increasing calcium concentrations on the regressed calibration curves for
La. A. Abs660 values as a function of increasing La and Fe concentrations. B. Discrete Fe
concentrations at 200, 4,000, and 10,000 uM shown for the Abs660 response to increasing La
concentrations.

Table 4: Modeled Parameters for Fitting the Binary Ca/L.a System as a Function of Abs660

and [La]
Abs600cata=Acata-(AcaLa-Bcara)exp(-Ccata[La])
Acala Bcala=Bcala,1-(Bcata,1-Bcala,2)exp(-Bcata,3[Fe])
Acala 2.08E+00 Bcala,1 1.18E+00
Ccata=Ccala,1€Xp(-Ccata,2[Fe]) Bcala,2 1.14E-03
Ccala1 2.05E-02 Bcala,3 3.20E-04
Ceala,2 1.00E-04

Compared to the binary Ca-Fe and Fe-La systems, the relative uncertainty of the model is lower
for CalLa, typically ranging from 8-12% (2-sigma) for a 100 uM concentration of La. The
accuracy, however, of the model is shown to deviate significantly from the measured data, with
the model overestimating the La concentration by as much as 40% (Figure 8).
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Figure 8: Modeled results for La concentrations from measured Abs660 values in the
presence of 200 UM Ca (yellow symbology), 4,000 uM Ca (orange symbology), and 10,000
UM Ca (blue symbology). Modeled results shown as solid lines with dashed lines indicating

the uncertainty. Measured values are plotted as solid symbols.

3.4 BUILDING A THREE-COMPONENT MODEL

With the parameterization of the three binary component systems (Ca-Fe, Fe-La, Ca-La), a three-
component model can now be built and tested. In fitting a model to standardized solutions
containing varying concentrations each of Ca, Fe, and La, a singular model framework was not
suitable for the entire range of concentrations. Instead, the best fit to the measured data was
found to be a conditional model where the binary Fe-La model is applied in conditions where
[Fe] > 0 and the binary Ca/La model applied where [Fe] = 0 (Eq. 2).

, [Fe] >0

_ AFeLa - (AFeLa - BFeLa)eXp (_CFeLa [La])
Abs660 = { ), [Fe] = 0 (Eq.2)

Acara — (Acara — Bcara)exp (—Cearallal

This conditional switching of models was found to provide a reasonable degree of agreement
between measured and modeled absorbance values at 660 nm wavelength (Figure 9).
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Figure 9: Three-component model comparison of modeled Abs660 values to measured
values.

3.5 MODEL TESTS ON EXPERIMENTAL SOLUTIONS

In reality, most experimental solutions involved in the leaching of geologic materials will contain
dissolved iron in some amount—thus, the Fe-La model will be the most appropriate model to
apply. Leachate solutions from experimental extractions using citric acid on coal seam
underclays were scanned using the Arsz(I1l) method, and the Fe-La model applied. In this case,
an important distinction in the method is that Fe, Ca, and La (as well as a suite of other
geochemical data) were measured via inductively coupled plasma mass spectrometry (ICP-MS)
from previous work (Yang et al., 2022). The Fe-La model could then easily be applied using the
known values for Fe and comparing the results for the modeled La versus the measured total
lanthanide concentration (Ln, representing the sum of the lanthanide element concentrations)
(Figure 10).
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Figure 10: Modeled La concentrations plotted against measured Ln concentrations in the
experimental citrate leachates. Ln concentrations denote the sum of the 14 naturally
occurring lanthanide elements. Analytical error in the measured Ln values are between 2-
5% and are smaller than the marker shown.

The modeled La concentrations can be seen to fall short of the measured Ln concentration in the
experimental solutions with wide lower and upper uncertainty limits, although a linear trend can
generally describe the relationship (Figure 10). A mismatch between the modeled La and
measured Ln signals were expected, however, as the La-Arsz(111) complex is not the only signal
of Ln-Arsz(111) complexation in these experimental solutions. Indeed, the La-Arsz(I11) complex
was assumed to be an appropriate choice of a proxy measurement to approximate the total
lanthanide concentration in solution.

Using the linear regression parameters between modeled La and measured Ln (Figure 10), an
estimated modeled value of Ln can be derived (Figure 11). The values returned from this
combination of modeling are in reasonable agreement with the measured results, but the
uncertainties surrounding the modeled values are large. The propagated uncertainties in the
modeled values can range as high as 33% (2-sigma) of the indicated value. Practically, these
results indicate that the model can detect large deviations in Ln concentrations greater than ~50
MM, but would have difficultly distinguishing any variation smaller than 50 uM.
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Figure 11: Modeled Ln concentrations after applying a linear correction plotted against
measured Ln concentrations. Analytical error in the measured Ln values are between 2-5%
and are smaller than the marker shown.
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4. CONCLUSIONS

A spectrophotometric method for REE determination in complex mining solutions using
arsenazo(l11) shows some limited utility to estimate concentrations in a semi-quantitative
manner. Interferences from Fe and Ca, two common metals encountered in complex mining
solutions, in solution mask the signal of the Ln-Arsz(111) to the degree where the sensitivity of
the method is limited to > 50 uM Ln (~7 mg/L). Practically, this sensitivity means that this
spectrophotometric method is only suitable for rather large excursions in dissolved Ln
concentrations. For example, in the experimental solutions tested using this spectrophotometric
method, the sample-to-sample variability in measured Ln concentration never deviated by more
than 40 puM, leading to the high uncertainty presented in Figure 11. Ultimately this
spectrophotometric method may prove useful, but only in monitoring processes with sufficiently
large swings in Ln concentrations or with greatly reduced concentrations of Ca and Fe.

Other limitations of this spectrophotometric method should also be acknowledged to objectively
evaluate the applications of the method. The testing regimen presented within this study is
predicated on the pre-existing knowledge of the concentration of Fe and Ca present in solution.
In reality, of course, these values would be unknown for freshly generated samples of mining
solutions. These concentrations would have to be first determined before the model can be
applied. Fortunately, spectrophotometric methods exist for the determination of both Fe and Ca
in solution (e.g., Harvey et al., 1955; Bauer, 1981), but additional runtime and uncertainty will be
added. Dissolved Fe in solution can be read at 510 nm using a 1,10-phenanthroline indicator with
a working range from 0.1 to 300 mg/L (Harvey et al., 1955). Dissolved Ca can be measured
using the Arsz(I11) reagent at a relatively high dilution level. Once Fe and Ca concentrations are
determined, REE concentration may then be scanned at a lower dilution level.

Bearing in mind these unexpected barriers to implementation, the semi-quantitative estimation of
dissolved REEs in complex solutions may be determined using a relatively simplistic
spectrophotometric method. This method is constrained to cases with large concentrations and
variations in signal of the REEs of >50 uM and/or when no significant Ca or Fe are present in
solution. While relatively rapid, the method still requires sample preparation time and multiple
readings to determine Fe and Ca concentrations first. Any deployment considerations to the field
need to be carefully planned to ensure availability of reagents, equipment, and pH readings.
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