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5 ABSTRACT: Rare earth elements (REEs) are essential to most
6 renewable energy technologies. Unfortunately, as we transition to
7 sustainable energy production, the demand for REEs rapidly grows
8 well beyond the current rates of production. As a result, novel
9 means of efficient, scalable, and easily adaptable methods for

10 processing primary and recycled feedstocks are needed. Develop-
11 ment and integration of sensors for highly selective in-line
12 monitoring can support more efficient design and testing of such
13 novel separation processes as well as more cost-effective deploy-
14 ment of those separation flowsheets. Work here will explore the
15 application of fluorescence spectroscopy, a highly sensitive and
16 selective technique, to quantify multiple lanthanides in complex
17 mixtures, including known interferents or quenching agents.
18 Results include identification of the optimal excitation wavelength and the limit of detection of various rare earth elements, as
19 well as the performance of data-science-based quantification approaches in streams where “unknowns” are present. Overall, the data
20 science tools in conjunction with optical sensor data were able to quantify analytes in the presence of other lanthanides anticipated
21 to be in the actual industrial stream. Here, we include the characterization of lanthanides in a microfluidic device similar to those
22 used in new process development. This study demonstrates the capability of utilizing fluorescence spectroscopy to quantify analytes
23 in a complicated solution matrix, suggesting this as a successful approach for in-line monitoring to optimize the separation efficiency
24 in an industrial stream.
25 KEYWORDS: online monitoring, fluorescence spectroscopy, lanthanides, chemometric analysis, rare earth elements

26 The increase in global demand for rare earth elements (REEs)
27 is due to their use in magnets needed for transportation, power
28 generation, electric cars, and every-day electronics such as
29 smartphones and speakers.1−5 In particular, dysprosium (Dy),
30 praseodymium (Pr), neodymium (Nd), samarium (Sm),
31 yttrium (Y), and europium (Eu) are essential for production
32 of the magnets.2 Specifically, Nd and Dy are used for the
33 fabrication of “permanent magnets” used in wind turbines and
34 electric vehicles.6,7 While the demand for REEs has grown
35 exponentially, the production remains limited, with a few
36 countries generating most of the global supply. To minimize
37 any supply chain risks, there is a strong push to develop
38 domestic REE production in the United States through a
39 combination of primary (mines and natural brines) and
40 secondary (recycled electronics) sources. Efforts to minimize
41 the environmental impact of traditional mining approaches
42 have led to exploration of alternative recovery methods.8,9

43 However, considering the long-permitting and construction
44 timelines for traditional mines, the recovery of REEs from
45 nontraditional feed streams, such as recycling or industrial

46waste streams, which often have high concentrations of REEs,
47is gaining attention.4,10−12

48Most feedstocks contain multiple REEs, and the extraction
49and purification of individual elements is challenging given that
50REEs exhibit very similar chemistries, due to similar ionic radii
51and oxidation states from the burial of f-orbital electrons within
52the electron orbitals.3,13,14 The ability to obtain real-time
53chemical information for separation processes would allow
54rapid adaptability of novel separation methods to diverse
55feedstocks�accelerating domestic production of REEs. Most
56in-line sensors used in industrial-scale separations today are
57limited to the measurement of pH, temperature, salinity, etc.,
58which do not offer any chemical information regarding the
59REEs. In-line monitoring with chemical information can
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60 provide near real-time insight into solution conditions, which
61 can be used to improve the separation process design and
62 optimization.15−17 Such insights into the in situ process
63 chemistry would be immensely helpful for both more efficient
64 REE separation process development and more cost-effective
65 process deployment.
66 Optical spectroscopy-based sensors can provide in-depth
67 information about chemical composition, oxidation state, and
68 speciation.18−20 Optical spectroscopy sensors are commonly
69 used for in-line monitoring and provide nondestructive
70 methods to quantify analytes under continuous operation.21−24

71 Fluorescence spectroscopy offers particularly compelling
72 benefits for the analysis of REEs because it is a sensitive and
73 selective technique. Many REEs have unique fluorescence
74 fingerprints produced selectively by exciting with specific
75 wavelengths and can be characterized with relatively low limits
76 of detection.25 There is also excellent literature precedence for
77 applying fluorescence spectroscopy to REE characterization
78 where the fundamental analysis of luminescence properties of
79 REEs is covered elsewhere.25,26

80 While extensive research and literature exists on the use of
81 fluorescence-based quantification of REEs, their adoption and
82 utilization in highly complex solutions as in-line sensors for
83 accurate quantification are limited.27,28 The first step toward
84 the development of such sensors is advancing methods to
85 accurately quantify REEs when interfering species are present
86 (impacting sensor signal through various means), when single
87 excitation wavelengths excite multiple REEs simultaneously
88 (resulting in band overlap), or when challenging fluorescence
89 backgrounds are present from the reaction vessels or process
90 matrices. Utilizing chemical data science approaches can help
91 overcome these challenges and expand the applicability and
92 utility of fluorescence-based sensors. Chemometric analysis is
93 an example of one potential tool, which is a mathematical and
94 statistical approach to finding the relationship between the
95 spectral changes and analyte properties.29−31 Utility of these
96 approaches is explored here, along with identification of a wide
97 range of potential spectral complexities that must be
98 characterized to support application of fluorescence sensors
99 to REE separations. The authors have developed a laminar
100 coflow method to selectively precipitate Dy from a mixed Nd
101 and Dy aqueous solution in a microfluidic device based on a
102 flow-induced nonequilibrium condition, and it has been
103 covered in another manuscript.1 This work focuses on utilizing
104 fluorescence spectroscopy to characterize solutions containing
105 several lanthanides in an aqueous solution including Eu, Dy,
106 Pr, Tb, and Nd in both a cuvette and a microfluidic device to
107 prepare for efforts to apply sensors to REE separation
108 processes. The characterization of solid lanthanides will be
109 covered in future work. While our interest in the recycling of
110 these specific lanthanides is related to their utility as critical
111 materials for advanced technology needs, this sensor system
112 can be applied to essentially all lanthanides based on their
113 fluorescence properties.32−36

114 ■ EXPERIMENTAL SECTION
115 Chemicals. Neodymium (NdCl3·6 H2O, 99.9%), dysprosium
116 (DyCl3·6 H2O, 99.9%), yttrium (YCl3·6 H2O, 99.9%), europium
117 (EuCl3·6 H2O, 99.9%), praseodymium (PrCl3·H2O, 99.9%), and
118 terbium (TbCl3·6 H2O, 99.9%) hydrated chloride salts were sourced
119 from Sigma-Aldrich. Cobalt (Co(NO3)2·6 H2O, 99%) and nickel
120 (Ni(NO3)2·6 H2O, 98%) hydrated nitrate salts were sourced from
121 Thermo Fisher Scientific. Scandium nitrate (99.9%) was sourced from

122Research Chemicals. All solutions were prepared by dissolving an
123appropriate amount of chemical in ≥ 18.2 M Ω·cm deionized water.
124Equipment. A Fluoromax Plus C fluorimeter equipped with a 150
125W xenon lamp and an R928P photon counting photomultiplier tube
126was utilized for the fluorescence measurements. A 1 × 1 cm cuvette
127holder stage was utilized to maintain a consistent light path
128throughout the experiments. The instrument was assessed daily to
129measure any drift in the wavelength or signal intensity using a
130reference provided by the quinine sulfate fluorescence intensity
131reference. FluorEssence software was used to control the instrument
132integration time, slit widths, execution wavelengths, and emission
133wavelengths. The integration time is 0.5 s. Triplicate scans were
134collected for each sample, and these spectra were averaged to 1
135spectrum per sample for analysis. The data was imported into Origin
136for data extraction. The data was subsequently analyzed, and plots
137were generated using MATLAB (version R2023b, Mathworks, Natick,
138MA).
139Chemometric Analysis. All chemometric models were generated
140using the eigenvector Research PLS Toolbox (version 9.3.1,
141eigenvector Research, Inc., Manson, WA). The training set contained
142different concentrations of Eu, Dy, and Tb, as shown in Table S1. The
143preprocessing methods employed on the training set included the first
144derivative and mean centering. The first derivative can emphasize the
145area of spectral changes, and mean centering can avoid the bias
146created by samples with higher analyte concentration.30,37 Mean
147centering was also applied to the concentration matrix. Three partial
148least-squares (PLS) models were built for each analyte excitation
149wavelength (350 nm for Dy, 368 nm for Tb, and 393 nm for Eu). The
150PLS analysis relates and captures the main variances between
151spectroscopic and concentration data into new abstract latent variable
152(LV) factors.17 There were two validation sets where the first set
153contained only the analytes present in the training set, and the second
154set included Nd, which the model had not encountered before. This
155was used to test the ability of the model to quantify analytes in the
156presence of unanticipated interferents.
157The model performance can be evaluated based on statistics
158associated with the model results including the regression coefficient
159(R2), which relates to the fit of prediction, the root-mean-square error
160of calibration (RMSEC), the root-mean-square error of cross
161validation (RMSECV), and the root-mean-square error of prediction
162(RMSEP). RMSEC evaluates the model performance by using the
163entire training set. RMSECV evaluates the model performance by
164selectively removing a group of data and using the remaining samples
165to build a model to predict analyte concentration of those excluded
166samples. This cross-validation method provides a good estimate of the
167model performance on the unknown data set. The cross-validation
168method applied in this manuscript was the venetian blind method
169with 5 splits and a blind thickness of 1. RMSEP is a more challenging
170model evaluation approach since the model is applied to the data set
171that has not been used for model development.16,30,37

172Measurements in a Microfluidic Device. Fluorescence
173measurements were also performed in a microfluidic device designed
174and used in previous work for REE separations.1 The device consisted
175of a cut parafilm membrane sandwiched between two microscope
176 f1glass slides, as shown in Figure 1. The glass material was used to
177minimize the fluorescence interference from plastic materials such as
178polycarbonate in this design. Three holes were drilled onto the top
179plate as the inlets and outlet, where barb fittings were glued using an
180epoxy glue. A Y-shaped pattern was cut on the parafilm membrane as
181the fluidic channel using a cutter (Silhouette Portrait 3). The straight
182part of the Y channel measured 0.5 × 3 × 35 mm3. The three layers
183were aligned, fastened with binder clips, and heated on a hot plate at
184125 °C for 2 min. After cooling, the melted parafilm resolidified and
185sealed the two glass slides securely. The MFD was then placed in a
186fluorometer for measurement. During the measurement, two syringes
187containing mixed rare earth chloride solutions were simultaneously
188injected into the microfluidic device at a constant flow rate of 1 mL/
189min using a programmable syringe pump (NE-4000, New Era Pump
190Systems Inc.).
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191 ■ RESULTS AND DISCUSSION
192 Rare Earth Element Characterization. Fluorescence
193 spectroscopy is a highly sensitive and selective optical
194 technique that can perform both quantitative and qualitative
195 analysis of REEs including Dy, Eu, and Pr. The variation of
196 excitation wavelength can result in different emission

f2 197 intensities and even profiles of analytes, as shown in Figure
f2 198 2. Therefore, it is important to find the optimum excitation

199 wavelength that maximizes the analytical signal while
200 minimizing potential background signals. For an initial
201 exploration, optimum excitation wavelength, corresponding
202 emission peak, and limit of detection (LOD) of each analyte
203 were determined in pure component systems and is covered in

t1 204 Table 1. These data lay the benchmark of the optimal
205 performance and provide the necessary insight for selecting
206 target excitation wavelengths after knowledge is gained on
207 background interferences. Note that when optimizing spectral

208collection parameters for different reaction vessels or process
209streams, it may be necessary to choose an excitation
210wavelength that is shifted slightly from the optimal excitation
211wavelength. This can allow for balance between optimizing the
212target signal and minimizing background signals. While this
213was not required in the work discussed here, modifications for
214future applications may need to be explored.
215The sensitivity of sensor measurement can be estimated by
216determining the lower limit of detection (LOD), as calculated
217using the equation shown below.38 Calibration plots used to
218 f3provide values for calculations can be seen in Figures 3 and S1

LOD
3s
m

=

219where s is the standard deviation of a blank, and m is the slope
220of the calibration curve. The calculated limits of detection are
221not necessarily optimized here (via instrument settings), but
222even this initial pass shows a limit of detection that could
223support analysis in a range of potential streams for harvesting
224REEs, including some industrial streams, which is around
225hundreds of ppm.39−41 Optimization or reduction of LODs
226can potentially be achieved but will be the focus of future work.

Figure 1. Experimental setup of the coflow experiment. (A) Setup of
the MFD inside the spectrofluorometer. (B) MFD under the
fluorescence measurement of an Eu solution.

Figure 2. Fluorescence spectra of (A) Eu, (B) Dy, and (C) Pr scanned at various excitation wavelengths. The colored line was the emission spectra
collected at optimum excitation wavelength, as shown in Table 1

Table 1. Limit of Detection (LOD) of Different Single-
Component Samples of REEs Measured in the 1 cm
Cuvette, Utilizing the Excitation Wavelength Identified to
Output the Highest Intensity Emission

analyte
excitation

wavelength (nm)
emission

wavelength (nm)
measured LOD in 1

cm cuvette

Dy 350 479 0.192 mM [72.4 ppm]
350 574 0.227 mM [85.6 ppm]

Eu 393 592 0.00334 mM
[1.2 ppm]

Pr 255 357 0.00174 mM
[0.4 ppm]
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227 Interference Effect. A major challenge of developing and
228 monitoring novel separation schemes of REEs from nontradi-
229 tional feeds is the presence of large amounts of interferents.
230 Key examples, especially from some industrial streams, include
231 Co, Ni, Sc, and Y. Co and Ni can be found in the NdFeB
232 permanent magnet,42 and they are also considered critical
233 materials.43 Sc and Y can be found in acid mine drainage.44

234 These interferents can impact process chemistry and perform-
235 ance but also impact the optical monitoring of the REEs in the
236 process line. Therefore, understanding the interference effects
237 on REE spectral signatures is essential. This work studied the
238 effect of some common interferents (Co, Ni, Sc, and Y) on
239 solutions of 10 mM of Eu, Dy, and Pr, respectively, as shown in

f4 240 Figure 4.
241 All interferents affect the spectral signature of Eu, Dy, and
242 Pr, and each interferent has a different effect on the analyte
243 emission peaks, as shown in Figure 4. Both quenching and
244 sensitizing effects on analyte emission intensity were observed
245 among these interferents. For example, the presence of Co, Ni,
246 and Sc reduced the emission intensity of Pr. The presence of
247 interferents can pose a variety of challenges to the accurate
248 quantification of analytes. This work will begin to explore two
249 example cases of this: band overlap from coexcited analytical
250 targets and quenching effects from interferents. Ultimately,
251 data science tools will need to be expanded to account for the
252 presence of interferences expected in different process feed

253streams, which will be the focus of the future work. The next
254section demonstrates how chemometric models can account
255for overlapping bands and quenching effects and accurately
256quantify analytes in complex solution matrix. Generally, the
257combination of data science tools with the fluorescence
258approach can enable more broadly applicable sensor design
259and operation.
260Analyte Quantification in Complicated Solution Matrix. It
261is essential to quantify multiple analytes simultaneously in an
262industrial stream to optimize the separation efficiency and keep
263researchers and operators informed of the process conditions.
264As demonstrated above, advanced means of data analysis are
265required to support accurate quantification of REEs. Here, the
266use of chemometric modeling is discussed in regard to the
267quantification of Dy, Tb, and Eu in a mixed aqueous
268lanthanide sample prepared in the laboratory, with results
269 f5shown in Figure 5. The wavelengths used to excite Dy, Tb, and
270Eu are 350, 368, and 393 nm, respectively, and all samples
271were scanned at these three excitation wavelengths. Note that
272in an industrial setting, this can be done one of two ways: (1)
273using a multiplexor to switch between excitation sources and
274(2) using a combined excitation source. For each method,
275trade-offs exist in response time vs complexity of data analysis,
276and an in-depth exploration of this will be the focus of future
277work. Here, the effects of switching between light sources are
278explored, particularly looking to observe impacts on accuracy

Figure 3. Emission spectra at different concentrations for (A) Eu, (C) Dy, and (E) Pr along with the corresponding calibration curves for the (B)
Eu emission peak at 592 nm, (D) Dy emission peak at 479 nm, and (F) Pr emission peak at 357 nm. The calibration curve of Dy emission peak at
574 nm is shown in Figure S1.
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279 in the cases where interferents are present. This includes REE
280 mixtures where a single excitation source wavelength will elicit
281 emissions from more than one REE present, resulting in band
282 overlap as well as the quenching effects observed inside
283 mixtures. Figure 5 provides examples of the complex spectra
284 produced from the optical interrogation of a series of
285 multicomponent mixtures. These spectra were from a
286 consistent sample set when varying the excitation wavelength
287 from 350 nm (ideal excitation for Dy) in Figure 5A to 368 nm
288 (ideal excitation for Tb) in Figure 5B and to 393 nm (ideal
289 excitation for Eu) for Figure 5C. Figure 5C provides a strong
290 example for the selectivity of fluorescence spectroscopy, where,
291 from a qualitative standpoint, the clean Eu fingerprint appears
292 visible even in mixed samples. However, it is key to contrast
293 this with Figure 5A, which provides a powerful example of the
294 potential complexity of spectra. In this case, the excitation
295 wavelength for Dy was used, but it will catch the tail end of the
296 excitation profile for Tb. This leads to the ingrowth of Tb
297 bands overlapping Dy bands around 480 nm, which directly
298 interfere with Dy bands, so Dy and Tb were included in the
299 training set to explore how the band overlap affects the
300 accuracy of analyte quantification.
301 To explore how spectral complexity could impact the
302 accuracy of quantification, three PLS models were developed
303 to quantify Dy, Eu, and Tb concentrations based on their

t2f6 304 excitation wavelength. The model results are shown in Figure 6

305and Table 2. As noted in the experimental section and Table
306S1, Nd was included in three validation samples to test the
307model robustness in the face of unanticipated conditions.
308Despite the complexity of the spectra observed in Figure 5A,
309the concentration of Dy was accurately measured even in the
310presence of Tb. In addition, the presence of Nd did not appear
311to affect the Dy model performance. Furthermore, RMSEC
312and RMSECV values are similar, indicating an overall robust
313model. This demonstrated chemometric analysis partnered
314with the fluorescence-based sensor can accurately quantify
315analytes in the presence of other directly interfering analytes.
316The performances of the Tb and Eu models are more
317complex, which is interesting given the apparent relative
318simplicity of the spectral plots. The model-measured
319concentrations of Tb and Eu were similar to the known
320concentrations for the training set samples and the validation
321samples without Nd, as shown in Figure 6B,C. Results for the
322Nd-containing samples (red line in Figure 5) were slightly
323lower than the known concentration, which ultimately
324increased the prediction error (RMSEP). The lower measured
325concentration in those Nd-containing samples might be due to
326the quenching of Nd on Eu and Tb fluorescence via
327nonradiative energy transfer, which results in Eu and Tb
328having higher RMSEPs than Dy.45,46 Future work will be done
329to include Nd-containing samples in the training set so the
330model can study the effect of Nd quenching on Tb and Eu

Figure 4. Interference effects on the emission peaks of Eu, Dy, and Pr. Eu spectra with various concentrations of interferents shown for (A) Co, (B)
Ni, (C) Sc, and (D) Y. Dy spectra with various concentrations of interferents are shown for (E) Co, (F) Ni, (G) Sc, and (H) Y. Pr spectra with
various concentrations of interferents shown for (I) Co, (J) Ni, (K) Sc, and (L) Y.
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331 spectra. In addition, the lanthanide quenching discussion and
332 its effect on lanthanide quantification will be further examined
333 in future work. Overall, the models performed well on most
334 spectral complexities, producing accurate quantification tools.
335 Further work is needed to explore robust means of
336 quantification in the presence of quenching agents.
337 Monitoring Rare Earth Elements in a Microfluidic Device.
338 Development of novel separation schemes, especially those
339 using costly separation targets, can be more economically and
340 efficiently completed at the microscale. To support work at this
341 small scale, the application of these techniques in microfluidic
342 devices (MFDs) was explored for organic solvent extrac-
343 tion47,48 and precipitation-based separation in aqueous
344 solutions.1 Ideal REE separation processes allow high
345 selectivity even when REEs are in low concentrations, operate
346 continuously for large-volume mineral recovery, and rely on
347 sustainable chemicals and solvents. To simulate such relevant
348 mineral extraction conditions at the small scale, an MFD was
349 used that allows flow-based selective REE precipitation in
350 aqueous media. The MFD was adapted to fit inside a
351 spectrofluorometer to allow the interface to be measured, as
352 shown in Figure 1. While this is not a setup that would be used

353for in-line analysis of commercial processes, it provides a
354valuable benchmark for these applications. Development and
355utilization of more flexible and robust systems for in-line
356measurement will be the focus of future work.
357Multicomponent samples were premixed at various Eu and
358Dy concentrations and were injected into an MFD, which was
359excited at ideal wavelengths for both Eu and Dy (see Table 1or
360 f72 for values) where resulting spectra are shown in Figure 7.
361Here, concentrations of REE introduced to the MFD were
362higher than those measured in a cuvette to compensate for the
363fact that the fluorimeter excitation and collection optics were
364not readily optimizable to account for MFD geometry. The
365high fluorescence baseline is due to the fluorescence of the
366MFD material and provides a useful example of additional
367interfering signals that must be accounted for in effective
368quantification approaches. No Dy emission peak was observed
369when the multicomponent samples were excited at the Eu
370excitation wavelength (393 nm), but the presence of Dy
371enhanced the Eu fluorescence intensity when the Dy
372concentration was greater than 1 M, as shown in Figures 7
373and S2. Similar observations were obtained when the
374multicomponent samples were excited at the Dy excitation
375wavelength (350 nm), and the presence of Eu enhanced the
376Dy fluorescence intensity when Eu concentration was greater
377than 1 M. Overall, this demonstrated the fluorescence sensor
378can be applied to multiple experimental configurations and
379provides the needed proof of principle that this approach is
380applicable to in-line monitoring of REE separation at the
381microfluidic scale. It also reinforces the range of potential
382complexities that can be anticipated from optical sensor

Figure 5. Emission spectrum of a series of single and multicomponent samples excited at (A) 350 nm, (B) 368 nm, and (C) 393 nm. The
composition of each sample was Dy: 8 mM Dy; Dy + Eu: 9 mM Dy and 2 mM Eu; Dy + Eu + Tb: 3 mM Dy, 10 mM Eu, and 10 mM Tb; Dy + Eu
+ Tb + Nd: 5 mM Dy, 6 mM Eu, 3 mM Tb, and 10 mM Nd; Dy + Tb: 9 mM Dy and 2 mM Tb; Eu: 8 mM Eu; Eu + Tb: 9 mM Eu and 2 mM Tb;
and Tb: 8 mM Tb.

Table 2. Statistics of Three PLS Models

model
excitation wavelength

(nm) analyte RMSEC RMSECV RMSEP

1 (2LV) 350 Dy 0.06 0.08 0.2
2 (3LV) 368 Tb 0.06 0.08 1
3 (2LV) 393 Eu 0.04 0.05 0.6
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Figure 6. Comparison between known (A) Dy, (B) Tb, and (C) Eu concentrations and model-measured concentrations.

Figure 7. On-chip fluorescence sensor spectra collected for multicomponent samples excited at (A) 350 nm and (B) 393 nm. The comparison
between pure and multicomponent spectra at (C) 350 nm and (D) 393 nm.
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383 interrogation of these REE-containing systems and reinforces
384 the need for advanced data analysis approaches. The future
385 work will focus on developing real-time analyte quantification
386 in MFDs.

387 ■ CONCLUSIONS
388 The market demand for REE materials is increasing rapidly,
389 and concerns exist about harvesting enough material to meet
390 demands from traditional mining operations. Harvesting REEs
391 from nontraditional sources could be a game-changing option,
392 but new separation processes need to be developed. The best
393 route for timely process development and cost-effective
394 deployment relies on the effective use of sensors for in-line
395 monitoring. Optical based sensors provide a robust and unique
396 option for in-depth chemical composition analysis, but signals
397 can be highly complex. This work explored the optical
398 fingerprint and potential signal interferences for selected
399 REEs including Dy, Pr, Eu, and Tb via fluorescence
400 spectroscopy. This includes identification of optimal excitation
401 wavelengths, signal impacts of transition metal interferents,
402 band overlap, nonselectivity of excitation wavelengths,
403 quenching effects, and fluorescence background from reaction
404 vessels (i.e., a microfluidic device). Overall, work indicates that
405 fluorescence spectroscopy can be a highly selective sensor for
406 REE characterization and quantification in complex solutions
407 but that advanced data analysis approaches must be included in
408 the sensor package to overcome optical complexities. Here,
409 chemometric modeling, a form of chemical data science, was
410 used to quantify multiple REEs in multicomponent samples
411 with high levels of accuracy. This lays the foundation for the
412 further advancement of fluorescence-based sensors partnered
413 with data science to provide the in-line and real-time
414 characterization of novel REE separation processes.
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