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Rare earth elements (REEs) are useful geological indicators of marine geochemistry. However, extremely
low concentrations (sub-ng L™Y) and high-salt matrices result in inefficient measurements. A fully
automatic separation system (ELSPE-2 Precon) is used in the online determination of ultra-trace REEs in
seawater using inductively coupled plasma mass spectrometry. This system mainly comprises three
sections: (i) an auto-sampler (eas-2A) with 120 positions; (ii) a poly(styrene-divinylbenzene) resin column
(Prin-Cen Col007) with iminodiacetic and ethylenediaminetriacetic acid functional groups to eliminate
the high-salt matrix (e.g., Na, Ca, K, Mg, Al Ba, Fe, Sr, P, and S) and preserve the target REEs; and (iii)
a Trp002 cleanup column for the reduction of the reagent and procedural blank values. The detection
limits (30) were in the range 0.002 (Dy)-0.097 ng L™ (La), and the long-term reproducibility (8 h) was
between 80% and 120% for all REEs in a 3.5% NaCl matrix solution. The accuracy of this method was
verified using a seawater reference material (NASS-6), and the measured REE concentrations were
consistent with those previously reported. The proposed online system was used to investigate coastal

water samples with varying salinities from the Pearl River Estuary (Guangdong, China). Variations in the
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environment may be used to trace the pollution of urban,
agricultural, and industrial wastewater in coastal waters.”*?

1. Introduction

(cc)

Rare earth elements (REEs) exhibit highly similar geochemical
characteristics, but their ionic radii decrease with increasing
atomic number, resulting in systematically varying properties.
These properties, in addition to the anomalies of Ce and Eu, are
useful geological indicators in the field of marine geochemistry.
They are widely used to study geochemical processes along the
water column, solid-liquid interfacial interactions, water mix-
ing, and natural or anthropogenic additives in estuaries.'™*
Meanwhile, REEs are widely used in numerous high-tech
devices and modern industries (e.g,, magnets, electronics,
optics, lasers, rechargeable batteries, medicine, ceramics, and
glassmaking).”® Therefore, the REE characteristics in the
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However, accurately measuring REE concentrations in coastal
water or seawater remains a challenge due to their extremely
low concentrations (sub-ng L") and the presence of high-salt
matrices.

Owing to its high sensitivity, inductively coupled plasma
mass spectrometry (ICP-MS) is widely used to determine trace
elements in various matrices.***® However, this technique is not
easily applicable to a high-salt matrix (i.e., 3.5% NaCl) because
of polyatomic mass spectral interferences, instrumental drift,
signal suppression, and clogging of the sample introduction
system.”*** Therefore, various offline separation and/or pre-
concentration procedures (e.g., chelating resins,** solvent
extraction,*>° or co-precipitation’*) are applied before
measuring the REE concentrations using ICP-MS. However,
developing a standard operating procedure for laboratory usage
is often challenging due to the concomitant challenges with
offline procedures, such as the required complicated, time-
consuming techniques and large sample volumes, and an
increased possibility of sample contamination.

An alternative online procedure based on flow injection**-*
that uses ion exchange®*® or chelating resins*>** was coupled
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with ICP-MS to measure the REE concentrations in natural
water samples. This technique is commonly used owing to its
automatization potential, low required sample volume, and
enhanced accuracy compared with those of the traditional
method.”*** Recently, two commercially available automated
devices, the CETAC DSX-100 ** and seaFAST™ systems,*® were
developed for use in the online analyses of trace elements in
seawater samples. The CETAC DSX-100 incorporates a closed
chemical cycle that preconcentrates analytes and removes
matrix components using a suspended particulate reagent (SPR)
comprising polymeric beads within a cartridge that exhibits
chelating iminodiacetic functional groups.*® Unfortunately, the
lifetime of this SPR cartridge is limited because the resin is
destroyed during analysis. In contrast, the seaFAST™ system
separates REEs and matrices (e.g., alkali and alkaline earth
cations and anions) using a cartridge of polymeric beads with
iminodiacetic and ethylenediaminetriacetic acid functional
group resins (particle size: 75 um). The seaFAST™ coupled with
ICP-MS was used to determine the elemental concentrations
(including REEs) in undiluted seawater samples.**** However,
its practicality is limited by its speed (~4 samples per h),
bulkiness (1.5 x 1 x 0.6 m), and high cost (>US$100 000).
Herein, we developed a novel commercially available auto-
mated system (ELSPE-2 Precon) (detailed information could be
found from https://www.princensci.com/en) coupled with ICP-
MS for use in measuring REE concentrations in coastal water
and seawater. The system was designed with a higher
throughput (>14 samples per h) and lower sample consumption
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(<1 mL) at a lower cost than those of the currently used systems,
CETAC DSX-100 and seaFAST™. The excellent performance of
the ELSPE-2 Precon was obtained by efficiently removing the
high-salt matrices and reducing the procedural blank value. The
long-term reproducibility and accuracy were verified by
respectively analyzing a 10 ng L™ mixed REE standard solution
in a 3.5% NaCl matrix and a seawater reference material, NASS-
6. Furthermore, the proposed system was used to analyze river
water and seawater samples collected from the Pearl River
Estuary (Guangdong, China).

2. Experimental

2.1. ELSPE-2 Precon system and measurement procedures

As shown in Fig. 1, the ELSPE-2 Precon system comprises an
eas-2A autosampler (Prin-Cen, Guangzhou, China) with 120
positions, a Col007 separation column (Prin-Cen), Trp002 trace
metal cleanup column (Prin-Cen, Guangzhou, China), one
syringe pump (2.5 mL), three inert 6-port valves (Prin-Cen,
Guangzhou, China), and three ion chromatography pumps
(Prin-Cen, Guangzhou, China). All tubes and valves are fabri-
cated using corrosion-resistant polyetheretherketone (PEEK)
materials, and the pressure resistance of the system is up to
35 MPa. The dimensions of the entire system are only 0.5 x 0.5
x 0.4 m. The Col007 separation column uses poly(styrene-
divinylbenzene) (PS-DVB) resin (5 um, 200 mg) (Prin-Cen,
Guangzhou, China) with iminodiacetic (IDA) and ethyl-
enediaminetriacetic (ED3A) acid functional groups. High

Six-port valves position

Inject position

Il
=

auto-sampler

L

Separation
column

—

Fig.1 Schematic configuration of the ELSPE-2 Precon system. 1 and 3: deionized water; 2: 5% HNOs; 4: ammonium acetate buffer; 5: waste; |
and II: PTEE pipes with inner diameters of =0.25 mm:; IlI: polytetrafluoroethylene pipe with a 0.5 mm inner diameter; A: ammonium acetate
pump; B: HNO3z pump; C: water pump; D: syringe pump; V1, V2, and V3: six-port valves.
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Fig. 2 Typical chromatograms of the REEs in a mixed REE standard
solution (5 ng L™, as obtained using the ELSPE-2 Precon automated
separation system and online ICP-MS.

specific surface areas of the resins and adequate efficiency of
the separation column are developed to ensure a sharp chro-
matographic peak (Fig. 2). The eluent is injected online into the
introduction system (a glass concentric nebulizer and cyclonic
spray chamber) of a NexION™ 350D ICP-M spectrometer (Per-
kinElmer, Waltham, MA, USA). The separation (ELSPE-2 Pre-
con) and detection (ICP-MS) systems are simultaneously
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controlled using customized software (EasySpec, Guangzhou,
China). The operating parameters of ELSPE-2 Precon and ICP-
MS are shown in Table 1.

The detailed analytical procedures of the ELSPE-2 Precon
system are shown in Table 2. Only 4 min 10 s is required to
analyze each sample, the target REE chromatogram peaks last
for 15-20 s (Fig. 2), and the sample injection volume is opti-
mized (Fig. S1T). Based on the signal intensity (cps), signal-to-
background ratio (SBR), and relative standard deviation (RSD),
a sample injection volume of 900 uL is necessary in this study.

2.2. Reagents, standards, and samples

All experiments were conducted in a class-1000 ultra-clean
laboratory (State Key Laboratory of Biogeology and Environ-
mental Geology, China University of Geosciences, Wuhan,
China). High-purity HNO; and 2 mol L' ammonium acetate
(pH = 5.8-6) was obtained from Sinopharm Chemical Reagent
(Shanghai, China) and Prin-Cen, respectively. HNO; was further
distilled twice using a custom-built PFA sub-boiling distillation
system, and deionized (DI) water (18.2 MQ cm) was obtained
using a Milli-Q purification system (MilliporeSigma, Burling-
ton, MA, USA). The REE standard solutions were diluted from
a 10 pg mL~" multi-REE mixed standard solution (SPEX Certi-
Prep, Metuchen, NJ, USA) using 5% HNOs;. All reagents, stan-
dard solutions, and samples were stored in Teflon-fluorinated
ethylene propylene (FEP) bottles. All bottles and tubes were
soaked for one day in 10% HNO; and rinsed three times with DI
water. The seawater reference material NASS-6 was purchased

Table 1 Operating conditions of the ICP-MS automated separation system

Automated separation ELSPE-2 Precon system Parameters

Mode of analysis Online

Column resin PS-DVB resin

Buffer 2 moL L™ ammonium acetate, pH 5.8-6
Eluent 5% HNO;

Sample acidity 1% HNO;

Initial volume of the sample 900 pL

Sample throughput

4 min 10 s per sample

NexION™ 350D ICP-MS Parameters
ICP RF power 1300 W
Nebulizer gas flow 0.64 L min !
Auxiliary gas flow 1.4 L min™!
Plasma gas flow 15 L min "
Sensitivity of 1 ug L™ *°*In >45 000 cps
Background on mass 220 0.67 cps
Oxide formation CeO'/Ce 1.6%
Sweep 20

Reading 480
Replicates 1

Dwell time 26 ms
Internal standard 1035Rh

Isotopes monitored

Control software

© 2022 The Author(s). Published by the Royal Society of Chemistry

139La, 140Ce, 141Pr, 143Nd, 147Sm, 153Eu, 157Gd, 159Tb,
163Dy, 165H0, 156EI‘, 159Tm, 172Yb, and 175Lu
EasySpec
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from the National Research Council of Canada (NRC, Ottawa,
Canada) for the evaluation of the method. Eighteen coastal
samples (river water and seawater) were collected from the Pearl
River Estuary from the 9™ to the 11 of July 2021, with ~50 mL
of each sample collected and the sampling sites shown in
Fig. S2.7 After filtration using 0.45 um filters, the pH values and
conductivities of the samples were measured (Table S1t), and
each sample was acidified in situ to form a 1% distilled HNO;
solution and stored in an FEP bottle.

3. Results and discussion
3.1. Removal of the high-salt matrix

The most challenging issue in accurately measuring sub-ng L™"
REESs in seawater is the presence of the high-salt matrix, which
leads to significant signal suppression, polyatomic mass spec-
tral interferences (i.e., the Eu signal is interfered with by that of
BaO0), instrumental drift, and clogging of the sample introduc-
tion system.**?** Thus, the main objective of the proposed
automated separation system, ELSPE-2 Precon, is to eliminate
the high-salt matrix (i.e., alkali and alkaline earth metals and
anions) within the seawater. In this study, three different layers
of seawater (i.e., S5 surface, S1 intermediate, and S1 bottom
seawater) were used to evaluate the removal rates of several
major matrix elements and ions (i.e., Ba, Na, Mg, Ca, K, Sr, Fe,
PO,*>", and SO,>7). At pH = 5-6, the poly(styrene-
divinylbenzene) (PS-DVB) resins with iminodiacetate (IDA)
and ethylenediaminetriacetate (ED3A) functional groups can
absorb ~100% REE elements rather than alkali and alkaline
earth elements and anion. Therefore, the resin would use to
remove the major matrix elements and ions of seawater.>®** As
shown in Table 3, the removal rates of all ions are >99.1%, and
even 99.9% of Na (the most abundant element in seawater) is
effectively removed. Notably, the interference of BaO with Eu is
ignored because of the low Ba concentrations in seawater
samples (<200 pg L™'), high removal efficiency of the system
(>99.3%), and low oxidation yield during ICP-MS (1.6%).
Therefore, the removal efficiencies of the high-salt matrix and
Ba within seawater using the proposed automated separation
system enables accurate determination of sub-ng L' REE
concentrations in seawater.

3.2. Reduction of the procedural blank

Another challenge in accurately analyzing sub-ng L™' REEs in
seawater is to reduce the blank value of the entire process (or
procedural blank value) as much as possible, which may result
in a high SBR and low detection limit (DL). In this study, the
procedural blank values are the signal intensities of REEs in
a 5% HNO; blank sample and mainly include reagent and
manifold blanks. Because the signal of the distilled HNO; blank
is very low, the source of the main reagent blank is ammonium
acetate (as a buffer). In the ELSPE-2 Precon system, a special
purification module equipped with a trace metal cleanup
Trp002 column (Fig. 1) is designed to minimize the REE back-
ground of ammonium acetate. The performance before and
after the purification were shown in Table 4, the ratio of the

© 2022 The Author(s). Published by the Royal Society of Chemistry

Table 3 Removal rates of the high-salt matrices in three seawater samples using the ELSPE-2 Precon system, %

S1 Bottom seawater

S1 Intermediate seawater

S5 Surface seawater

After

Before

After

Removal Before
rate %

After

Before

Removal rate %  separation mg L'  separation mg L'  Removal rate, %

separation mg L™"

separation mg L™"

separation mg L~

separation mg L~

Matrix

99.4
99.5
99.5
99.9
99.8
100

0.45
2.00
0.01
0.06
3.12
1.93

2.40
85.2
1420

80.0
9626

426

99.5
99.6
99.1
99.4
99.8
100

0.38
1.62
0.02
0.16
2.41
0.95

2.28
25.7

1416

70.0
9510

438

99.7

99.4

99.1

99.5
100

100

0.90
1.43
0.01
0.03
1.50
0.33

1.57

140
164
66
516
3285

Na

o0
=

Ba“
Ca
Fe
K

RSC Adv, 2022, 12,
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99.7
99.1
100

0.02
0.13
0.09

7.81
14.2
909

99.8
99.3
100

0.02
0.10
0.00

7.75
12.9
888

99.7
99
100

0.01
0.06
0.03

2.84
23.5

329
@ Concentration units are ug L™

Sr
PO~
0,%

24003-24013 | 24007
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1.2
1.8
6.6
8.9
3.2

87
60
18
23
38

142.2

2897 + 385
1081 + 212
3166 + 244

736 + 309
3372 £ 295

20£6
73 £ 30
7+9
13 +9
17 £ 18

117

2677 £ 297
1025 + 572
2807 + 186

406 + 328
2806 + 132

23 £6
121 £ 55

13.8
478.4

72.8

38 £19
57 £ 58
45 + 48

Tm
Yb

54.3
200

61.6

Lu

(sensitivity of 1 ng L™ standard reagent blank)/reagent blank signal intensity.

“ SBR =
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blank value for each target after purification to those of without
purification (100 x reagent blank with purification/reagent
blank without purification, %) ranged from 22% to 92%. The
calculated SBR of La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,
Yb and Lu increased 3.7-, 1.9-, 1.6-, 1.1-, 1.2-, 3.2-, 1.3-, 4.8-, 3.7-,
1.2-, 1.8-, 6.6-, 8.9- and 3.2-fold (SBRyith purification/SBRuwithout
purification; il Table 4), respectively, indicating the improved DL
of this method. The manifold blank was reduced as follows: (i)
a syringe pump was used instead of the conventional peristaltic
pump to minimize the possibility of contamination. (ii) Clean
tubes and valves fabricated using corrosion-resistant PEEK
materials were used. (iii) All preparation steps for reagents and
samples were performed in the clean laboratory (class 1000). (iv)
The Trp002 and Col007 columns were cleaned for >0.5 h with
5% HNO; before sample analysis to ensure that the signal
intensities of the most abundant elements in the procedural
blank (e.g., La and Ce) were 1200 cps.

3.3. Detection limit, accuracy, and long-term reproducibility

Calibration curves were constructed using mixed REE standard
solutions (0.5-20 ng L"), and linear correlation coefficients (R
> 0.999) were calculated for all REEs (Table 5). Low DLs are
obtained (0.002-0.097 ng L™ '), with the DL defined as three
times the standard deviation of the procedural blank value
divided by the sensitivity (i.e., the slope of the calibration curve).
The proposed procedural blank values, SBRs, and DLs are
superior to those reported by Hathorne et al.*° and Zhu et al.,*
using the seaFAST S1 and S2 systems, respectively.

The accuracy of the proposed method was evaluated using
the seawater reference material NASS-6. Because no certified
values of the REEs were obtained from the producer (NRC), the
accuracies of the NASS-6 values obtained during this study are
compared with those previously reported.****> As shown in
Table 6, the measured values are consistent with the reference
values, which confirms the reliability of the proposed method
based on the ELSPE-2 Precon automated separation system. The
short-term precision (2SD, n = 3) of NASS-6 analysis is in the
range 0.02 (Tm)-1.75 ng L™ " (La). The long-term reproducibility
was also verified using a 10 ng L' mixed REE standard solution
in a 3.5% NaCl matrix for 8 h. As shown in Fig. 3, the long-term
reproducibility of this mixed solution is 80-120% (normalized
results of measured values to added concentration) for all REEs.

3.4. Applications to seawater collected from the Pearl River
Estuary

The proposed system was applied to measure the REE concen-
trations of 18 coastal water samples (5 river water and 13
seawater samples) to trace their sources to determine whether
they originated from geochemical processes, anthropogenic
pollution, or a combination. To interpret the geochemical
behaviors of REEs in coastal waters, the results of REE assess-
ment, based on the distribution patterns after normalization to
the Post-Archean Australian Shale (PAAS) values® and the Gdy/
Gdy* values (the calculation method is previously reported?),
are shown in Tables S2 and S3.7

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Normalized results of measured concentration: added
concentration (10 ng L™ mixed REE standard solution with a 3.5% NaCl
matrix) over 8 h.

As shown in Fig. 4, typical light rare earth element (LREE)-
depleted (LREEN/MREEy = 0.03-0.54) and high rare earth
element (HREE)-enriched (HREEx/MREEy = 1.29-11.9) distri-
butions are observed within the river water (Fig. 4A) and
seawater samples (Fig. 4B). The most negative bias of LREEs
occurs at Point A of the river water, which indicates that this

View Article Online
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area is most affected by seawater mixing, and the higher
conductivity of this sample compared to those of the other river
water samples supports this explanation (Table S17f). During
land-sea mixing, the notable change in water salinity leads to
the migration of more LREEs from the water body to the soluble
organic colloids®** and inorganic complex flocculation.®® This
contributes to an increasing LREE loss in samples removed
closer to the sea.

Based on the results, the correlations between the > REE
and pH values and salinities of the seawater samples are not
apparent. This is inconsistent with previous studies®* that
report that the physical and chemical indicators of water (such
as salinity and pH) may affect the REE concentration in coastal
seawater, which may be due to the general consistency in the
salinities and pH values of most seawater bodies (2.91-3.30%
salinity and pH values of 7.88-8.26, Table S1 and Fig. S37).
Moreover, several studies reveal that the precipitation of sus-
pended solids leads to REE fractionation between the different
water layers.®®”® However, the REE distribution patterns of
seawater in different layers (i.e., S1, S2, and S4) display no
significant variations (Fig. 5A, B, and D) in this study, which
may be related to the shallow seawater depth or strong hydro-
dynamic force of the coastal area. However, the LREEs of the S3
bottom seawater are exceptions owing to a richer composition
compared to those of the surface and intermediate seawater
(Fig. 5C). Considering the significant salinity variations in the
vertical direction of the water column (Table S17), the observed

)
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Fig. 4 REE patterns (PAAS normalized values) in river water (A) and surface seawater (B) samples.
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Fig. 5 REE patterns (PAAS normalized values) in different layers (depths) at four sampling points: (A) S1, (B) S2, (C) S3, and (D) S4.

pattern may be affected by the mixing of potentially LREE-
enriched and low-salinity water with bottom seawater.

A positive Gd anomaly (Gdn/Gdn* = 1.08-6.44) is observed in
surface water (Table S3t), which is consistent with an earlier
study using samples collected from the same area between
December 2016 and August 2017.”" Several researchers state
that the extensive use of gadopentetic acid contrast agents in
magnetic resonance imaging is the main cause of Gd emission
into the environment.®*®' In the Pearl River Delta region,
effluents from hospitals and the pharmaceutical industry may
be one of the main pollution sources, leading to serious Gd
pollution of river water and causing the Gd anomaly. Several
seawater samples also exhibit positive Gd anomalies, which
may be caused by mixing with river water. Therefore, the
observed Gd anomaly is useful in tracking anthropogenic
pollution in seawater, and stricter pollution control measures
should be implemented in the Pearl River Estuary.

4. Conclusions

Compared with those of the CETAC DSX-100 ** and SeaFAST™
systems,* the proposed ELSPE-2 Precon system (Table S4t)
exhibited a higher throughput (>14 samples per h), lower

© 2022 The Author(s). Published by the Royal Society of Chemistry

sample consumption (~1 mL) and cost (<US$50 000), and
smaller dimensions (0.5 x 0.5 x 0.4 m). The comparatively
superior analytical performance demonstrated by the system
(based on procedural blanks, DLs, accuracy, and long-term
reproducibility) confirmed its suitability for use in routine
laboratory analyses. The ELSPE-2 Precon system was success-
fully applied to investigate the REE concentrations in coastal
water samples collected from the Pearl River Estuary. The
results showed that the mixing of coastal waters (river water or
seawater) is a natural phenomenon—i.e., the mixing of bottom
seawater and anthropogenic pollution from hospitals or phar-
maceutical industries.
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