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Combined spectroscopic analysis through absorption and laser-induced breakdown spectroscopy (LIBS)
was used to monitor Nd and Pr concentrations in a flowing aqueous system. A unique, online sampling
approach was employed that allowed for an approximately closed analysis loop of liquids from
a reservoir. Absorption spectroscopy was performed with an optical flow cell, and LIBS was performed
on an aerosol stream. Multivariate calibrations based on combined absorption and LIBS signals were built
for Nd and Pr and then used to monitor concentrations in mixed solutions in a series of spiking tests. In
these tests, the concentrations of Nd and Pr in solution were intermittently changed while spectroscopic
signals were monitored in real-time. The combined spectroscopic signals and multivariate models were
successful in monitoring changing concentrations of lanthanide species with high accuracy and minimal

latency. Root-mean squared error of predictions were 0.015 mol L™ and 0.019 mol L™* for Nd and Pr
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Accepted 2nd September 2025 respectively, and these lanthanides were able to be monitored to an accuracy of < 0.2 wt%. This work

demonstrates both the capabilities of a sampling system for online analysis of liquids and the capabilities

DOI: 10.1039/d5ra04116c of multimodal spectroscopic characterization for real-time, continuous tracking of species in potentially
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1 Introduction

Monitoring analytes in hazardous, difficult-to-access liquid
flows is essential across various application spaces, including
process control in industrial settings®* and materials accoun-
tancy in the nuclear industry.>* Indeed, the latter has strict
regulatory requirements and international agreements that
require adequate tracking of special nuclear materials in exist-
ing liquid reprocessing technologies®>® and pose a critical
process-monitoring challenge for new Generation IV reactor
concepts (e.g., molten salt reactors)” or pyrochemical fuel
reprocessing schemes.® Monitoring hazardous fluid flows
presents significant challenges due to the harsh operating
conditions of many industrial and nuclear applications that
include high temperatures, corrosive environments, ionizing
radiation, and chemical hazards. The need for process moni-
toring and real-time feedback is critical as changing composi-
tions of fluid flows, such as the buildup of reaction products,
corrosion products, and fission/decay products in nuclear
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applications, can alter the chemistry of the liquid flows—
resulting in safety and environmental hazards.® Sensors fall into
two broad categories: (1) offline sensors, wherein fluid samples
are collected and analyzed externally and (2) online/inline
sensors, which directly probe fluid flows in real time. The
distinction between online and inline is whether liquid is
removed via a bypass for characterization (online) or not
(inline).*®

Offline quantitative analysis approaches such as inductively
coupled plasma mass- or optical-emission spectrometry (ICP-
MS/OES) and X-ray fluorescence (XRF) provide precise analyte
concentration measurements (parts-per million or better) but
involve relatively expensive and potentially hazardous physical
sample collection, transfer, and preparation.®'* Additionally,
offline techniques often involve considerable delays between
sample collection and analysis, limiting their suitability for
process monitoring requiring rapid feedback (e.g., materials
accountancy in nuclear reactors).

Online/inline analysis approaches involving optical spec-
troscopy are attractive due to the ability for remote analysis via
fiber optic delivery/collection systems.**> Common remote
analysis techniques amenable to fiber optic systems include
Raman spectroscopy,”™* absorption spectroscopy,'*'” and laser
induced breakdown spectroscopy (LIBS).*®* All of these spec-
troscopic techniques have varying advantages for different
systems and can provide complementary information. For
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example, Raman spectroscopy is powerful in the identification
of molecular compounds but is not well-suited for analysis of
metallic species or identification of oxidation states. Tech-
niques such as LIBS however, provide elemental and even
isotopic analysis, including of metallic species.*®*" Further-
more, techniques like absorption spectroscopy can be used to
readily determine species' oxidation states.*> Combining spec-
troscopic characterization techniques can potentially build
powerful monitoring capabilities.

Monitoring hazardous liquid flows with multiple spectro-
scopic characterization techniques has been used successfully
across several examples. Schwantes et al monitored Nd**
concentrations in a nuclear fuel reprocessing liquid flow using
absorption and Raman spectroscopy.® Lines et al have
demonstrated the ability to monitor nitrate and phosphate
analytes in flowing aqueous systems from hazardous radiolog-
ical waste also using absorption and Raman spectroscopy.>
Koresaar et al. used LIBS and reflection/absorption spectros-
copy to monitor mineral content in slurry samples.*® This latter
example shows that absorption spectroscopy and LIBS provide
complements in combined elemental and oxidation state
identification, though few other examples exist of these
combined techniques in literature.

Electronic absorption spectroscopy probes analyte concen-
tration and oxidation state, and, especially with the introduc-
tion of optical fiber-coupled light delivery and collection, allows
for remote monitoring.** Indeed, absorption spectroscopy has
been suggested and implemented for real-time materials
monitoring in hazardous liquid flows since at least the 1950s
where techniques were developed for online monitoring of
uranium in aqueous processing streams,* and extensive work
exists on monitoring hazardous liquid streams containing
radiological hazards (e.g., various oxidation states of uranium
and plutonium) using absorption spectroscopy.*>*2¢28

LIBS provides elemental identification and offers useful
features including sample pretreatment-free measurements,
near real-time analysis, broad elemental coverage, and a typi-
cally low-parts-per million detection limit.>**® Additionally, LIBS
can be performed on a variety of material matrices including
solids, liquids, gases, and aerosols. LIBS makes use of
a focused, pulsed laser source (typically nanosecond pulses) to
generate high temperature plasma through dielectric break-
down on the material of interest. During the cooling process of
the plasma, excited electrons transition to energetic ground
states, generating discrete emission lines unique to a given
element.*® LIBS historically has limits of detection (LOD) an
order of magnitude higher than those found from other
analytical techniques like XRF.** However, LODs and predictive
capabilities of LIBS have improved dramatically with the
development of chemometric techniques that can deliver
quantification results similar to ICP-MS analysis.*

LIBS is a semi-destructive technique where the local area of
dielectric breakdown can be ablated, and this material ablation
leads to crater formation in solids and splashing of material in
liquid samples that increases shot-to-shot variations in plasma
emission signal.®*** LIBS analysis of flowing aerosols can
circumvent this issue and allow LIBS to be performed away from

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the process fluid of interest (e.g., LIBS delivery and collection
optics can be remote to a hazardous stream). LIBS of aerosol
streams has been used for detection of alkali and transition
metals® and lanthanide species'®*® with LODs of lanthanide
species such as Gd and Ce down to approximately 200 ppm.

In the present work, we make use of combined online
absorption and LIBS spectroscopic characterization to monitor
two lanthanides (Nd and Pr) in an acidic aqueous process fluid.
Though the process fluid in this work was an aqueous stream,
the lanthanides chosen as analytes were selected because they
represent two fission products present in molten salt reproc-
essing applications. Future work will focus on scaling insights
from this current study to high-temperature molten salt appli-
cations, with the goal of developing an online sampling/
monitoring mechanism for molten salt-based nuclear fuel
reprocessing applications. Indeed, work on compositional
analysis of LiCl-KCl eutectic salts in the Mark-IV electrorefiner
(ER) at Idaho National Laboratory (INL) during reprocessing of
sodium-bonded drive fuel from the Experimental Breeder
Reactor II has shown that the lanthanide fission products Nd
and Pr can be present in weight percents as high as 3 and 1 wt%
respectively.’”

While the analytes chosen for this work are intended to
inform future work on molten salt systems, we do emphasize
that a key aspect of this work was development of a mechanism
to sample an arbitrary process fluid for online analysis.*® This
online sampling scheme can be applied to many different types
of process fluids where the sampling mechanism allows for real-
time spectroscopic measurements under near closed-loop
conditions with minimal material loss. In this mechanism,
absorption was measured in a flowing liquid cell (i.e., a flow cell)
and simultaneous LIBS was collected in an aerosol system. We
demonstrate that the combination of the two techniques,
alongside coupled multivariate modeling, provides the ability
for real-time monitoring of aqueous fluid flows with changing
composition. This work represents the first combined absorp-
tion and LIBS monitoring approach for lanthanide species in
a flowing aqueous system and serves to demonstrate the capa-
bilities of a unique mechanism for online sampling of a process
fluid. Furthermore, this work demonstrates capabilities of
combined spectroscopic approaches for real-time tracking of
analytes that are relevant not only to liquid nuclear fuel
reprocessing and molten salt reactor applications but to
broader industrial hazardous liquid applications.

2 Methods

2.1 Materials and solution preparation

NdCl; (anhydrous, 99.99% trace metals basis) and PrCls
(anhydrous, 99.99% trace metals basis) were procured from
Sigma-Aldrich and used without additional purification. A
digital balance with an accuracy of 10~* g was used to mass the
salt. Aqueous solutions were prepared by dissolving NdCl; and/
or PrCl; into 2% (v/v) nitric acid (HNO;) in deionized (DI) water.
The solutions were allowed to stir at room temperature for
30 min. Solution concentrations were measured with induc-
tively coupled plasma mass spectrometry (ICP-MS) with an
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Agilent 7900 instrument. Solutions were freshly prepared for
each test to avoid possible contamination during storage.

2.2 Experimental setup for spectroscopic monitoring

Simultaneous absorption spectroscopy and LIBS were per-
formed using a custom-built liquid recirculating system shown
in Fig. 1.>® A venturi pump (“venturi 1” in Fig. 1) supplied with
argon gas created a vacuum that drew liquid from the process
fluid reservoir through an optical flow cell where absorption
spectroscopy was measured. After fluid passed through the
optical flow cell, the liquid was mixed with argon gas from the
venturi pump and partially aerosolized before being trans-
ported into a Collison nebulizer reservoir. The Collison nebu-
lizer produced small liquid particles that were then transported
via argon gas to an optical cell for LIBS data collection and
finally to a coalescing filter for aerosol collection. Liquid in the
Collison nebulizer reservoir was transported back to the
primary process fluid reservoir via a second argon-supplied
venturi pump (“venturi 2” in Fig. 1) such that the liquid level
in the process fluid reservoir remained approximately constant.
The argon pressure of the nebulizer was set at 40 pounds per
square inch gauge (psig), and the argon pressure of the first
venturi pump (“venturi 1”) was set at 75 psig. The flow rate
through this venturi pump was controlled with a needle valve at
~ 4.5 L h™'. The argon pressure through the second venturi
pump that returned fluid from the nebulizer to the process
liquid reservoir (“venturi 2”) was set at 25 psig.

LIBS data collection was performed in a custom-built optical
cell where aerosol was directed into the cell via an aerosol
nozzle (Fig. 1).*® The optical windows/components of the cell
were maintained clean and free of aerosol deposition by using
an argon sheath gas flow (gas flow rate was set at = 22.6
L min ") that surrounded the flowing aerosol as used by Park
et al. and Tjarnhage et al. in LIBS measurements of aerosol
streams.?**
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2.3 Absorption spectroscopy

Absorption spectra were measured using a Cary 60 spectro-
photometer, equipped with a xenon lamp covering a wavelength
(A) range of A = 190-1100 nm. Absorption measurements were
performed in transmission mode using a 5 mm pathlength flow
cell (Avantes in-line stainless steel flow cell with SMA-905
connectors, A = 200-2500 nm range). Absorption was reported
as decadic absorbance (Abs;,) based on transmission (7)
measurements where Abs;, = —log;o(7). Light was delivered to
samples and collected via fiber optics (Fiberguide Industries
Inc, core diameter 400 pm, NA = 0.22). Fiber optics were
interfaced with the spectrophotometer through a fiber optic
coupler from Harrick Scientific. The wavelength scale of the
spectrophotometer over the range of 280-880 nm was verified
and calibrated using a NIST certified reference material con-
sisting of an aqueous solution of didymium perchlorate that
was permanently sealed by heat fusion in a high-quality UV
quartz cell (Starna Scientific). The flow cell was cleaned with DI
water and 2% (v/v) HNO; solution before each sample run.
Spectra were analyzed using Spectragryph software (version
1.2.11).** Spikes caused by grating/source changeovers of less
than 7 nm in width were first removed from the spectra, then
a Savitzky-Golay smoothing algorithm was applied using an
interval of 8 nm and a fifth order polynomial function. An
adaptive baseline was applied to each spectrum, with the
coarseness of the baseline adjusted to optimize the fit while
ensuring that no peaks were artificially diminished in intensity.

2.4 Laser-induced breakdown spectroscopy

Plasma for LIBS data collection was created using the output of
a Q-Smart 450 Nd:YAG laser (Quantel USA) operating at
a wavelength output of A = 1064 nm, a shot energy of 40 m]J per
shot, and a shot frequency of 4 Hz. The laser output was focused
on the aerosol stream using a 75 mm focal length lens. Plasma
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Fig. 1 Schematic overview of the liquid recirculating system used for spectroscopic characterization of aqueous process fluids in this work.*®
Fluid flows are shown with arrows. Zoomed-in regions shows aerosol flow directed by a nozzle into the optical cell.
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emission was collected with an echelle spectrometer (Catalina
Scientific EMU 120/65) equipped with an electron-multiplying
charge-coupling device (EMCCD). Each spectrum was
acquired using a gate delay of 3 us and a gate width of 1 ms.
Each spectrum was collected over a wavelength range of A =
350-950 nm and represents the average of 10 repetitions of 100
individual laser shots per repetition. All LIBS spectra were
normalized by the intensity of the hydrogen emission line at A =
656.30 nm.

2.5 Sampling procedure

In this study, two types of measurements were obtained:
constant-concentration circulation tests and circulation tests
with intermittent sample spiking (i.e., “spiking” tests).

2.5.1 Constant-concentration tests. Tests were performed
using constant analyte concentrations to obtain spectroscopic
calibration curves. The concentrations of solutions for calibra-
tion are given in Table 1, with values found by ICP-MS analysis.
In these tests, =30 mL of each sample were prepared and
circulated through the recirculating system with simultaneous
absorption and LIBS measurements being performed.
Following each test, a small aliquot of the solution was analyzed
via ICP-MS to measure the solution composition.

2.5.2 Spiking tests. For the intermittent sample spiking
tests, the initial process fluid was 2% (v/v) HNOj; in water, and
the fluid was spiked nine times by introducing samples with

Table 1 Calibration sample compositions and labels

Sample ID NdCl; [mol L] PrCl; [mol L™
1 0.053 0

2 0.104 0

3 0.175 0

4 0.204 0

5 0 0.169
6 0 0.348
7 0 0.442
8 0 0.479
9 0.103 0.416
10 0.049 0.519
11 0.197 0.196
12 0.146 0.293
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different concentrations of aqueous NdCl; and PrCl; into the
process fluid reservoir. Spike additions are shown in Table 2.
Absorption and LIBS emission were continuously monitored for
100 minutes during the spiking tests. Absorption spectra were
collected approximately every 1.2 minutes while LIBS spectra
were collected every 0.5 minutes. The supplemental methods
(see Section S1) describe the time-synchronization procedure
used to link absorption data with LIBS data for regression
analysis. Absorption spectra were used to monitor solution
homogeneity in the system, and when at least three absorption
spectra were collected with negligible changes (less than 1%
change in peak absorbance), 5 mL of solution was sampled for
ICP-MS analysis to verify the composition offline. See Fig. S1 for
the resulting steady-state absorption spectra. The resulting
steady-state solution concentrations are shown in Table 2 along
with the relevant spike addition.

2.6 Calibration regression analysis

All regression was performed using open-source packages from
the Python Scikit-Learn library.*” Regression was performed
using the calibration samples in Table 1 as the training data set,
and the spiking samples shown in Table 2 as a set of indepen-
dent, external validation samples. Univariate and multivariate
regression in the form of multiple linear regression was used to
predict Pr and Nd concentrations based on LIBS and absor-
bance spectroscopy data. For multivariate regression of
absorption spectroscopy data, the peak absorbance of four
absorption peaks, 443 nm and 467 nm for Pr**, and 741 nm and
865 nm for Nd**, were selected because they were the strongest
absorbing peaks for each species that exhibited no spectral
overlap. The Nd** absorbance peak at A = 795 nm was not used
for further analysis as this peak sat close to the region of
spectrophotometer grating changeover and was prone to
potential spikes in data resulting from the grating changeover.
For multivariate regression of LIBS data, the intensities of six
emission peaks in total (three each for Pr and Nd) were used for
calibration: for Pr, emission peaks at A =410.06 nm, 511.08 nm,
and 522.02 nm were used, and for Nd, emission peaks at 1 =
406.10 nm, 513.06 nm, and 531.97 nm were used. These peaks
were selected as features with signal-to-background ratios
(SBRs) with SBR > 2 and R” values of univariate calibration fits to

Table 2 Spiking test additions and resulting validation sample concentrations

Sample ID Added sample Volume [mL] Steady state concentration® [mol L™'] Nd/Pr
Baseline 2% v/v HNO; 30 —/—

Spike 1 0.6 mol L™ " NdCl, 5 0.132/—
Spike 2 1.6 mol L™* PrCl, 10 0.113/0.612
Spike 3 0.6 mol L™" NdCl, 10 0.288/0.483
Spike 4 2% v/v HNO; 10 0.225/0.376
Spike 5 0.6 mol L™ " NdCl, 10 0.353/0.306
Spike 6 1.6 mol L™ * PrCl, 5 0.342/0.544
Spike 7 2% v/v HNO; 5 0.324/0.509
Spike 8 1.6 mol L™ PrCl, 15 0.243/0.909
Spike 9 2% v/v HNO; 40 0.126/0.469

“ This concentration was found from offline ICP-MS analysis from samples collected after the process fluid composition homogenized.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the samples in Table 1 greater than 0.9. This criteria was
satisfied by more than three LIBS emission peaks, so the three
chosen were the emission peaks with the highest R> values of
univariate calibration fits. Increasing the number of LIBS
emission peaks included in the multivariate model beyond
three per species did not lead to model improvements in this
work.

Additionally, multivariate regression was performed on
combined LIBS and absorption spectroscopy data (“combined
model” in this work). For the combined multivariate regression,
six LIBS emission peaks were used at A =410.06 nm, 511.08 nm,
and 522.02 nm, 406.10 nm, 513.06 nm, and 531.97 nm, and four
absorption peaks were used at A = 443 nm, 467 nm, 741 nm and
865 nm. The dimension of the absorbance data was reduced by
taking the sum of the peak absorbance for the 443 nm and
467 nm peaks to yield a single absorbance value representative
of Pr’* concentration, and similarly the sum of the 741 nm and
865 nm peak absorbances was used to yield a single absorbance
value representative of Nd>* concentration. This procedure of
adding peak absorbance prior to any additional preprocessing
steps prevented (1) overfitting of data in multilinear regression
and (2) provided better predictive capabilities in this work,
though this procedure did not generally improve predictions
when applied to LIBS emission peaks.

Prior to performing multivariate regression analysis, absor-
bance and LIBS emission peaks (after normalization by the H
emission line) were further preprocessed using Min-Max
scaling in the Scikit-Learn library,” such that all feature inten-
sities fell between values of 0-1 arbitrary units.

3 Results and discussion
3.1 Spectroscopic data at constant concentrations

3.1.1 Absorbance spectroscopy. Univariate calibration
curves for Pr’* and Nd*" in aqueous solution were first devel-
oped based on absorption spectroscopy and LIBS results using
the twelve calibration samples shown in Table 1. Absorption
spectroscopy was used to monitor the electronic absorption
spectra of Pr** and Nd** in aqueous solution based on the Beer-
Lambert Law (Abs;, o« ¢, where ¢ is the analyte concentration).
In this work, absorbance of a given transition is defined as the
Abs;, value at the wavelength of maximum absorbance (Amax)
for a given electronic transition band.

The electronic absorption spectrum of Nd*" (*I,, ground
state) is shown in Fig. 2a and the spectrum of Pr** (*H, ground
state) is shown in Fig. 2b, with absorption peaks labeled by
excited state term symbols.**** A mixed sample comprising
a mixture of 0.146 mol L™ Nd** and 0.293 mol L™ Pr** (sample
12, Table 1) is shown in Fig. 2¢, demonstrating that the elec-
tronic absorption peaks of Pr** and Nd** do not overlap, except
for the region between A = 575-600 nm. Univariate calibration
curves based on the peak absorbance of various absorbance
bands for both Nd** and Pr®* are shown in Fig. 3. The R* values
of linear regression fits are provided in Table 3, along with
limits of detection (LOD) as determined by eqn (1).

35040 | RSC Adv, 2025, 15, 35036-35046

View Article Online

Paper
a) Energy [eV]
1od 25 2 15
—_ Sample 4 *Fep
> 3+
5 10] 0.204 mol/L Nd - ) ]
o, 712 Fre 2H,,
& 0.5 “Grp Sy “Far ]
4
g G9/2
0.0 e . Y T T
b) 20 : . :
- Sample 7
> 1.5 0.442 mol/L Pr*"]
8 .
S, 1.0 ]
o
2]
o 0.5 D, B
2 2
0.0 J\ T T
c) — . . .
— 1.5 P> Sample 12 ]
S 3 0.146 mol/L Nd**
€1 o A
5 .04 i3, 4ng.293 mol/L Pi Fspn b
"o L4 2G
g 051 Ggé 7/2D
< H 712 2
0.0 ; T i T
400 500 600 700 800 900

Wavelength [nm]

Fig. 2 Electronic absorption spectra for (a) sample ID 4 (Table 1) with
0.204 mol L™t Nd**, (b) sample ID 7 (Table 1) with 0.442 mol L~* Pr*¥,
and (c) sample ID 12 (Table 1) with mixed 0.146 mol L™* Nd** and
0.293 mol L™ Pr**. The excited state term symbols represent transi-

tions from the *lg/» ground state of Nd** and the *H, ground state of
Pr3*.22"‘3
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Fig. 3 Univariate calibration curves of absorption spectroscopy for (a)
Nd** and (b) Pr* based on the samples shown in Table 1. Data points
represent the average of 3-6 individual absorption measurements
(unnormalized), and error bars represent the standard deviation of the
measurements. Error bars are below the symbol point size in panel (b).

LoD = 2 (1)
m

where m is the slope of the linear regression fit and ¢ is the

standard deviation of the measured signal from blank samples
(samples with either no Nd** or Pr**, see Table 1).The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 R? and LOD for univariate absorption spectroscopy calibrations
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Nd3+ Pr3+
Band Apax [nm] 795 575 741 521 510 443 467 481 589
R 0.980 0.982 0.973 0.980 0.956 0.987 0.995 0.998 0.990
LOD [mol L™} 0.008 0.008 0.006 0.006 0.017 0.009 0.022 0.033 0.042

absorbance across multiple bands exhibit linear behavior (R* >
0.95) with respect to analyte concentration (Fig. 3). The LOD
varies among the absorption bands used for univariate cali-
bration, though LOD is generally lower for all Nd*" univariate
calibration curves than Pr** (Table 3). The univariate calibration
curve for the Aya = 443 nm band yields the lowest LOD for Pr**
with a limit of 0.009 mol L™*, while the calibration curves for the
Amax = 521 nm and 741 nm yield the lowest LOD for Nd** with
limits of 0.006 mol L.

3.1.2 LIBS. Simultaneous to absorption spectroscopy data
collection on the liquid stream, LIBS was collected on the
aerosol stream (see Fig. 1). A representative sample of LIBS data
is shown in Fig. 4 for sample 12 (Table 1) comprising a mixture
of Nd** and Pr**. Additional LIBS emission peaks of this sample
are shown in Fig. S2 of the supplemental. Lines from argon (Ar),
praseodymium (Pr), neodymium (Nd), hydrogen (H), and
oxygen (O) were identified and verified using the NIST atomic
spectra database,* with representative lines highlighted in
Fig. 4. Argon emission lines were strongest, as argon served as
the carrying gas for the aerosol. Five emission wavelengths
(Aemiss) were selected for both Nd and Pr for univariate cali-
bration, shown in Fig. 5.

The peak intensities of LIBS spectra were normalized by the
intensity of the Aemiss = 656.30 nm H emission line, as described
in the Methods section. Corresponding R* values of linear
regression fits and LODs are shown in Table 4. While emission
intensity was linear with analyte concentration (R* > 0.90), the
R? values for univariate calibration of LIBS emission data are
lower than those reported in Table 3 for univariate calibrations
of absorption data. Consequently, the LOD values are higher by

80 r . . . : :
> - ]
o 24 g Ar
% 501 Nd ;
™ 14 4
© 404 ]
= 0 . r T
2 304 525 526 527 H o |
S 204 Wavelength [nm] l 5 9
£ 104 e
0 4 N N JI |
400 450 500 550 600 650 700 750

Wavelength [nm]

Fig. 4 LIBS spectrum for sample ID 12 (Table 1) with mixed
0.146 mol L™* Nd** and 0.293 mol L~* Pr**. Representative peaks for
H, Ar, O, Nd, and Pr are labeled. The inset highlights the Nd emission
peak at 524.96 nm and the Pr emission peak at 525.98 nm. Other
minor emission peaks from Nd and Pr are seen in the inset. More
emission peaks are shown in Fig. S1.
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a factor of =2x in LIBS calibration data compared to absorp-
tion calibration data, with the lowest LOD value of
0.020 mol L " for Pr and 0.012 mol L' for Nd. The generally
worse performance of univariate LIBS calibrations compared to
absorbance calibrations is thought to be a feature of either
inherent shot-to-shot variation in LIBS of aerosolized liquid
droplets,® or is a feature of slight variations in nebulizer and/or
sheath-gas flow (Fig. 1) that results in variations of the aerosol
stream across samples. There is also the possibility that evap-
oration of water in the aerosol stream due to the dry argon-gas
flow results in variations in the H emission line that was used
for sample normalization.

3.2 Validation of univariate calibrations and multivariate
calibrations

To assess the sensitivity of spectroscopic characterization in the
recirculating system design depicted in Fig. 1, a series of
“spiking” tests were performed as described in the Methods
section, wherein additions of either Pr**, Nd**, or blank (2% v/v
HNO3;) solution to the process vessel were made while real-time
absorption and LIBS spectroscopic characterization was per-
formed. The additions and corresponding sample labels are
shown in Table 2. The entire process fluid was allowed to
homogenize (see Methods section) prior to conducting the next
spike. This testing allowed the spiking tests to yield a set of
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Fig. 5 Univariate calibration curves as measured by LIBS emission (a)
Nd and (b) Pr based on the samples shown in Table 1. Data points
represent the average of 10 individual LIBS measurements normalized
by the 2 = 656.30 nm H emission line, and error bars represent the
standard deviation of the measurements.
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Table 4 R? and LOD for univariate LIBS spectroscopy calibrations

Nd Pr
Band Aemiss [nm] 406.1 519.27 524.97 531.97 513.06 396.5 410.06 440.89 511.08 522.02
R* 0.920 0.903 0.928 0.944 0.930 0.951 0.977 0.970 0.974 0.971
LOD [mol Lfl] 0.017 0.015 0.012 0.023 0.015 0.021 0.024 0.025 0.025 0.020

validation samples for the calibration curves based on either
absorption spectroscopy (Fig. 3) or LIBS (Fig. 5). These valida-
tion samples, including spike label and resulting solution
concentrations of analytes measured by ICP-MS analysis, are
shown in Table 2. We emphasize that this set of validation
samples was not used in the training data set, and acts as an
independent, external validation to the model predictions.

Fig. 6a and b show the performance of representative
univariate calibrations for either absorption spectroscopy or
LIBS in predicting analyte concentration of the validation spike
test samples. Model performance was evaluated using two
metrics: the root-mean squared error of prediction (RMSEP)
and the root-mean squared error of cross validation (RMSECV),
both defined by eqn (2).

. NN 172
> (Ppred’ — Pvatiaicp-ms' )
(2)

RMSE(P)(CV) = < 5

where y;red represents the model prediction of the it sample of
the validation test set (Table 2) as based on either LIBS or

1.01a) univariate 2" 1b) univariate LIBS ]
absorbance
-
o
E 05 4 1] ]
S S om Nd3+
b= — Linear fit, Nd**
= ® pré*
g —Linegr fit, Pre* /
S 10 . o . -
9 | c) multivariate d) multivariate LIBS
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Fig. 6 Performance of univariate and multivariate calibration curves
based on the training calibration sample set (Table 1) on predicting
spike-testing validation sample compositions (Table 2). The perfor-
mance of the (a) univariate absorption spectroscopy calibrations using
the absorption band centered at 2 = 467 nm for Pr®* and the band
centered at A = 741 nm for Nd®>* and (b) LIBS univariate calibrations
using the 410.06 nm emission line for Pr and the 531.97 nm emission
line for Nd. The performance of the (c) absorption spectroscopy
multivariate calibrations and (d) LIBS multivariate calibrations.
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absorption spectroscopic signals from that sample for RMSEP
or yé,red presents the model prediction as based on the cross-
validation of the training test set (Table 1) for RMSECV calcu-
lations, yéaﬁd,ICp,Ms represents the known concentration of the
i™ sample of the validation set for RMSEP or the training set for
RMSECV as found by ICP-MS analysis, and N represents the
number of samples in the validation set (N =9 for RMSEP and N
= 12 for RMSECV in this work). RMSEP measures errors in
model predictions of concentrations on an independent vali-
dation sample set, which, in this case, were the spiking test
samples (Table 2). Cross-validation for RMSECV was deter-
mined using a leave-one out cross-validation (LOOCV), where
each sample from the training set (Table 1) was excluded from
the model training set one sample at a time and then analyzed
against the model predictions based on all other training
samples.

For the univariate calibrations of Nd**, the absorption band
centered at A = 741 nm and the LIBS emission line at A = 531.97
exhibited the lowest RMSEP, and these are the representative
samples shown in Fig. 6a and b. For Pr**, the absorption band at
A = 467 nm and the LIBS emission line at A = 410.06 nm di-
splayed the lowest RMSEP for their respective measurements
and are shown in Fig. 6a and b. The prediction R> values and
RMSEP/RMSECYV values for the univariate calibrations of both
Nd and Pr, as shown in Fig. 6a and b, are listed in Table 5.

Predictive capabilities, as indicated by lower RMSEP/
RMSECV values, were enhanced marginally using multivariate
regression. The prediction R*> and RMSEP/RMSECV values for
the multivariate calibrations shown in Fig. 6¢ and d are given in
Table 5. For all prediction models, Table 5 shows that the
RMSEP and RMSECYV values are similar (within =1.5x%), except
for the univariate prediction of Pr concentration based on
absorption spectroscopy, which shows an RMSEP value more
than twice the RMSECV value. This result is possibly related to
the validation concentration range maximum being larger than
the training concentration range, though this does not appear
to generally affect other model predictions. The results in Table
5 suggest that the models of this work, when trained with the
training data set of Table 1 and then applied to the external
validation sample set of Table 2, provide reasonable predictive
capabilities. Additionally, similarities in RMSEP/RMSECV
generally suggest that the models developed are (1) not espe-
cially sensitive to changes in the calibration data set and (2) not
overfit with an excessive number of multivariate parameters.

Multivariate calibrations generally also led to predictions
that lay closer to the parity line (dashed line) shown in Fig. 6
than the univariate calibrations. This manifests as RMSEP/
RMSECV values for both Nd and Pr predictions being lower
using multivariate predictions. The only exception was the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Prediction statistics for univariate and multivariate calibrations
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Nd Pr
Model label R RMSECV/RMSEP [mol L] R RMSECV/RMSEP [mol L]
Absorption Univariate” 0.996 0.013/0.021 0.997 0.021/0.055
Multivariate 0.994 0.016/0.023 0.996 0.015/0.021
LIBS Univariate® 0.987 0.031/0.031 0.977 0.042/0.034
Multivariate 0.978 0.025/0.020 0.986 0.031/0.028
Combined Multivariate 0.995 0.011/0.015 0.997 0.013/0.019

“ R? of linear regression fits to the parity plots (solids lines shown in Fig. 6 and 7). ® Univariate predictions based on absorption spectroscopy are
shown for the bands centered at 2 = 741 nm for Nd*" and at A = 467 nm for Pr*". ¢ Univariate predictions based on LIBS are shown for the emission

lines centered at A = 531.97 nm for Nd and A = 410.06 nm for Pr.

multivariate prediction of Nd concentration based on absorp-
tion spectroscopy. RMSEP/RMSECV values were also generally
lower in predictions (both univariate and multivariate) based on
absorption data than values based on predictions from LIBS
data. This discrepancy possibly arises from shot-to-shot varia-
tion in LIBS data that persists despite the normalization
procedure applied in this work.

A key advantage of multivariate predictions though is the
ability to integrate the measurements from both absorption
spectroscopy and LIBS into a single, unified model, referred to
as the “combined” model in this work (see Methods section). To
achieve this, peak absorbance from four absorption bands was
summed into two values representative of Pr and Nd concen-
trations, and the LIBS emission intensity from six emission
bands (three emission bands each for Nd and Pr) as used in the
multivariate LIBS data, were combined into a single multiple
linear regression model. The results of this combined model in
predicting spike testing validation sample compositions are
shown in Fig. 7, with the resulting R” of linear regression fits to
the predicted data and RMSEP/RMSECV values provided in
Table 5. For Nd, the RMSEP value is 0.015 mol L™ and the
RMSEP value is 0.019 mol L' for Pr. These RMSEP values
indicate the combined model performs well in predicting vali-
dation set concentrations outside of the initial training range of
concentrations (see vertical lines in Fig. 7). Though the
predictive capabilities of the combined model are only
marginally better than those of multivariate absorbance data,
predictive capabilities are nonetheless improved for both Nd**
and Pr’* species in this work, and we argue that this work adds
to the growing body of literature on using combined spectro-
scopic techniques for process monitoring.*

3.3 Real-time monitoring of spike tests using combined
spectroscopy approaches

Model predictions of analyte concentration are valuable in their
ability to monitor processes in a real-time fashion. Using
absorption and LIBS spectroscopic signals collected during
fluid spike-testing, the combined multivariate regression model
of this work was used to predict Nd and Pr concentrations in the
process fluid in real-time. The monitoring capabilities of sepa-
rate multivariate models based on absorption spectroscopy
(Fig. 6¢) or LIBS (Fig. 6d) individually are shown in Fig. $4, and it

© 2025 The Author(s). Published by the Royal Society of Chemistry

is shown that the analyte composition predictions of either data
set alone are comparable, justifying the use of the combined
model (see Fig. S5 for additional comparison of the placement
of absorption and LIBS signal collection). The combined model
predictions for both Nd and Pr concentrations as functions of
time are shown by solid lines in Fig. 8. The time points of spike
fluid addition and resulting concentrations measured by ICP-
MS measurements are highlighted. Qualitatively, the model
predictions align with the expected changes in analyte
concentration during the nine spikes performed. For instance,
the addition of spike 2 (10 mL of 1.6 mol L " PrCl;) leads to
a rapid increase in the model predictions of Pr concentration
within less than 3 minutes. Similarly, the dilution of the process
fluid by 40 mL of 2% HNO; at spike 9 results in a rapid decrease
in model predictions of both Pr and Nd concentrations as would
be expected from process fluid dilution. A single point with

-
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Fig. 7 Performance of multivariate calibration curves based on the
training calibration sample set (Table 1) on predicting spike-testing
validation sample composition (Table 2) using a combined multiple
linear regression model with both absorption spectroscopy and LIBS
emission data. Solid lines show linear regression fits to the predicted
data, and the dashed line shows a line of slope 1. Vertical, dashed lines
identify the maximum concentration used in the training data set
(Table 1).
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Fig. 8 Performance of combined multivariate calibrations (sample training set from Table 1) on predicting analyte concentration during real-
time monitoring of spectroscopic signals during spike testing. The predicted Nd and Pr concentrations (blue and green lines) are based on the
experimental spectroscopic signals from absorption spectroscopy and LIBS coupled with the combined multivariate model. Time of spike
additions and quantity/analyte added are shown with vertical, dashed lines. The pink squares and black dots show points where samples were
taken for ICP-MS and the resulting Nd and Pr concentrations, respectively. A single point of anomalously low predicted Pr value is highlighted

with an asterisk (*). Fig. S3 shows details on expected issue at this point.

anomalously low predicted Pr values is highlighted in Fig. 8,
and it is suspected that mild variations in fluid flow through the
recirculating system (e.g., bubble uptake through absorption
flow cell in Fig. 1) could result in sudden spectroscopic signal
deviations. Likely, the absorption flowcell is particularly
susceptible to these signal deviations. Fig. S3 shows the raw
absorbance data collected around the time of the anomalous
point in Fig. 8 and a sudden deviation in signal can be seen. A
highly simplified model of fluid flows in the sampling mecha-
nism of Fig. 1 (see discussion around Fig. S5) provides some
intuition on why absorbance measurements may be more
susceptible to sudden flow disturbances than LIBS. Briefly, the
aerosol nebulizer acts to average fluid compositions over a short
time period; whereas the absorption flow cell, positioned close
to the fluid uptake of the process fluid reservoir, responds
rapidly to sudden changes in that fluid uptake. Despite this
single anomalous predicted point, the model's predictive
capabilities are quantitatively robust, as highlighted by the
similarity of model predictions to concentrations determined
by ICP-MS (black circles and pink squares for Pr and Nd,
respectively in Fig. 8) and also indicated by low RMSEP values in
the spike testing validation data (shown in Table 5).

The combined model effectively tracks the expected changes
in analyte concentration with spike addition. Using RMSECYV as
an approximation of uncertainty in model predictions,*® the
uncertainty in materials tracking accountancy during the spike-
testing period can be estimated. Nd concentrations ranged from
0.113 mol L ™" to 0.353 mol L ™" (1.63 to 5.09 wt%), and Pr
concentrations ranged from 0.306 mol L™ to 0.909 mol L™*
(4.31 to 12.81 wt%). The resulting RMSECV values from the
combined multivariate predictions yield relative errors of
0.159 wt% for Nd and 0.183 wt% for Pr. Though this work was

35044 | RSC Adv, 2025, 15, 35036-35046

performed on an aqueous process stream, this current study is
meant to inform future work on process monitoring in molten
salt nuclear applications where lanthanide fission products are
important components.’” Using compositional analysis from
Mark IV ER salts at INL* that found Nd presence in eutectic
LiCI-KCl from = 1-3 wt% and Pr from = 0.3-1 wt% shows that
the relative monitoring errors found in this work for Nd
(0.159 wt%) could potentially be sufficient for Nd monitoring in
pyroprocessing applications. However, monitoring Pr concen-
trations in this application would likely require lower
relative wt% errors due to the generally smaller presence of Pr,
and future work will need to consider this requirement when
scaling the sampling scheme and spectroscopic analysis of this
work to molten salt applications.

4 Conclusions

Spectroscopic monitoring offers the potential for remote, real-
time analysis of hazardous liquid compositions in industrial
processes and nuclear aqueous reprocessing applications. This
work demonstrates a unique, online sampling system that
allows near-simultaneous absorption and LIBS spectroscopic
measurements on lanthanide species in aqueous fluid flows.
Critically, this sampling system could be easily integrated into
a wide variety of potential process fluids. Nd** and Pr** were
used as surrogate species for potential fission products in
aqueous reprocessing streams. The combination of absorption
and LIBS allows for complementary analysis by monitoring
features such as analyte oxidation state and elemental compo-
sition. Combined spectroscopic signals were used to build
multivariate models for prediction of mixed Nd or Pr concen-
trations in aqueous solutions. These models showed good

© 2025 The Author(s). Published by the Royal Society of Chemistry
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predictive capabilities with an RMSEP value for Nd concentra-
tion prediction of 0.015 mol L™ " and a value for Pr concentra-
tion prediction of 0.019 mol L. The predictive capabilities of
the models were sufficient to provide real-time analyte moni-
toring in a series of spike tests where analyte concentrations in
an aqueous process fluid were intermittently changed. Changes
in solution composition predictions based on the multivariate
models and combined spectroscopic signals displayed little
time delay from the addition of analyte spikes. This demon-
strates that the sampling technique and combined spectro-
scopic monitoring of this work are potentially feasible for real-
time monitoring of hazardous liquid flows with changing
compositions.
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