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Abstract

The determination of trace rare-earth elements (REEs) can be used for the assessment of
environmental pollution, and is of great significance to the study of toxicity and toxicology in
animals and plants. N, N, N’, N'-tetraoctyl diglycolamide (TODGA) is an environmental
friendly extractant that is highly selective to REEs. In this study, an analytical method was
developed for the simultaneous determination of 16 trace REEs in simulated water samples
by inductively coupled plasma optical emission spectroscopy (ICP-OES). With this method,
TODGA was used as the extractant to perform the liquid-liquid extraction (LLE) sample pre-
treatment procedure. All 16 REEs were extracted from a 3 M nitric acid medium into an
organic phase by a 0.025 M TODGA petroleum ether solution. A 0.03 M ethylenediaminetet-
raacetic acid disodium salt (EDTA) solution was used for back-extraction to strip the REEs
from the organic phase into the aqueous phase. The aqueous phase was concentrated
using a vacuum rotary evaporator and the concentration of the 16 REEs was detected by
ICP-OES. Under the optimum experimental conditions, the limits of detection (3, n = 7) for
the REEs ranged from 0.0405 ng mL™" (Nd) to 0.5038 ng mL™" (Ho). The relative standard
deviations (c =100 ngmL™, n = 7) were from 0.5% (Eu) to 4.0% (Tm) with a linear range of
4-1000 ng mL™" (R® > 0.999). The recoveries of 16 REEs ranged from 95% to 106%. The
LLE-ICP-OES method established in this study has the advantages of simple operation, low
detection limits, fast analysis speed and the ability to simultaneously determine 16 REEs,
thereby acting as a viable alternative for the simultaneous detection of trace amounts of
REEs in water samples.

Introduction

Rare-earth elements (REEs), according to the International Union of Pure and Applied Chem-
istry, are defined as including the lanthanides with atomic numbers ranging from 57 (La) to 71
(Lu), and two additional elements, Sc (21) and Y (39) [1]. As a result of their special electronic
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structural characteristics, REEs have found usage in a variety of electronics, superconductor,
microelement fertilizer, ceramic and gasoline-cracking catalyst applications [2-4]. However,
with the vast amounts of REEs being used, significant quantities are leaking into the environ-
ment, which can then enter the human body via the food chain. It has been reported that lan-
thanides may impair the stability of DNA and then cause DNA damage, have an effect on the
crystallization of urinary stones, induce changes in bone tissue and even cause genetic toxicity
in bone marrow cells [5-7]. Therefore, the simultaneous determination of REEs in environ-
mental water samples does not only provide support to the assessment of environmental pollu-
tion, but also helps to control the toxicity.

Several analytical methodologies have been applied to the determination of REEs in practi-
cal samples, such as neutron activation analysis (NAA) [8-10], X-ray fluorescence (XRF) spec-
trometry [11-13], inductively coupled plasma mass spectrometry (ICP-MS) [14-17] and
inductively coupled plasma optical emission spectrometry (ICP-OES) [18-22]. However, NAA
not only requires a nuclear reactor, but also a complicated disposal process, so it is not suitable
for common sample detection. The poor sensitivity of XRF also restricts its application in REE
determination.

Therefore, ICP-MS and ICP-OES are the most favorable choices for the simultaneous deter-
mination of REEs in practical samples. However, ICP-MS can be hampered by isobaric inter-
ferences, such as those from barium oxides on Nd, Sm and Eu measurements, and from lighter
REE oxides (e.g., CeO and NdO) on heavier REEs (e.g., Gd, Tb and Dy). In addition, its high
cost limits its extensive application [23-25]. ICP-OES is used for the determination of REEs
because of its inherent capability for rapid simultaneous multi-element detection over a wide
range of concentrations [25]. Zereen et al. [17] proposed a 4-(2-thiazolylazo) resorcinol-
immobilized Chromosorb 106 for the preconcentration of trace REEs in seawater and estua-
rine water samples, before detection by ICP-MS. At pH 5.0, the detection limit of the method
varied between 0.06 pg mL™" (Pr) and 0.031 pg mL™" (Ce) for the preconcentration of 5.0 mL
blank solutions, and the recoveries for the spiked samples ranged between 93 and 105%. Li
et al. [26] used co-precipitation with Fe(OH); to remove the matrix effects from high-salt
groundwater and then obtained an accurate determination of sub-ng L' levels of REEs by
ICP-MS. The limits of detection (LODs) of the method ranged from 0.05 pg mL™ for Lu to 0.6
pg mL™" for Nd, with REE recoveries lying in the range of 90 to 125%. Gabriel et al. [25] syn-
thesized calcium alginate beads for Ce, La and Nd preconcentration from groundwater prior
to ICP-OES determination and compared the results with a reference method based on
ICP-MS. The results showed that the limits of quantification (LOQs) of the method ranged
from 6.3 ng mL™" (La) to 15 ng mL™" (Ce), with the recoveries for the spiked samples ranging
from 93 to 105%. Seyed et al. [27] used ion-pair microparticles for the preconcentration of 14
REEs and eluted with 2 M HNOj3, which was directly introduced to ICP-OES for determina-
tion. Consequently, LODs were obtained in the range of 0.02-1.00 ng mL™". Spiked concentra-
tions of 10, 20 or 50 ng mL™! were recovered at 90-110%.

As the concentration of REEs in practical samples is typically lower than the detection limit
of the instrument, it is difficult or even impossible to directly determine the effects of compli-
cated matrices and the low concentrations of target analytes. Therefore, it is necessary to
reduce the detection limit by increasing the preconcentration factor. In practical sample detec-
tion, different methods of separation and preconcentration prior to determination by the
apparatus have been reported, including ion-exchange resins [28], solid phase extraction
[16,18,20-22,29] and cloud point extraction [24,30]. However, these techniques still present
some limitations and inconveniences for the analysis, as they are time consuming and tedious.
Meanwhile, the concentration of the coexisting ions will significantly increase with increasing
preconcentration factor, so that the matrix effects will influence the detection of REEs.

PLOS ONE | https://doi.org/10.1371/journal.pone.0185302 September 25, 2017 2/16


https://doi.org/10.1371/journal.pone.0185302

@° PLOS | ONE

Determination of trace rare-earth elements with ICP-OES

This study presents a new method to further reduce the detection limit. Firstly, the sample
was concentrated and dehydrated to obtain a concentrated solution in which the REEs and
coexisting ions were enriched simultaneously. In order to remove the coexisting ions, N, N,
N, N'-tetraoctyl diglycolamide (TODGA, petroleum ether as solvent) was used to extract the
REEs from the concentrated solution, since TODGA has a strong selective extraction capacity
for REEs under certain conditions. Via back-extraction of the organic phase, the REEs entered
the aqueous phase. In this case, the interference of coexisting ions was removed, so that the
detection limit of the REEs was greatly reduced. Furthermore, this method has the advantages
of rapidity, simplicity and sensitivity. Based on this idea, we synthesized a new type of highly
efficient and environmentally friendly extractant, TODGA [31], and established a liquid-liquid
extraction method that can preconcentrate 16 REEs from high-content matrix elements effec-
tively and determine them by ICP-OES simultaneously. Compared with the obtained results
by the method based on ICP-MS determinations, satisfactory results were obtained, indicating
that this new method could be an alternative for the simultaneous determination of REEs.

Materials and methods

Apparatus

An ICP-OES system (715-ES, Varian Medical Systems, USA) was used for the REE determina-
tion. The optimum operating conditions for ICP-OES are summarized in Table 1. Various
parameters, such as RF power, plasma gas flow, auxiliary gas flow and nebulizer pressure, were

optimized. The analytes were injected through a peristaltic pump. The reference method for
16 REEs in tap water samples was directed analyzed by ICP-MS (NexION 300Q, PE, USA).

Reagents and standard solutions

TODGA was synthesized in our laboratory by dissolving 15 g of diglycolic in 60 mL of thionyl
chloride with a water bath heated 60°C. After 2 h, the excess thionyl chloride was removed
under reduced pressure. The product was collected and a 100 mL mixed solution of

Table 1. Operating parameters for REE determination using ICP-OES and ICP-MS.

Instrument settings ICP-OES ICP-MS
Rf power 1000 W 1100 W
Plasma gas (Ar) flow rate 15 L min™’ 15 L min™’
Auxiliary gas (Ar) flow rate 1.5L min™ 1.2 L min™
Nebulizer gas flow rate 0.6 L min™" 0.8 L min™
Nebulizer Concentric Concentric
Dwell time - 50 ms
Pump speed 15 rpm -
Nebulizer pressure 200KPa -
Repetition views 2 3
Analytical wavelength (nm) Ce 418.659, Dy 353.170, -

Er 337.275, Eu 381.967,
Gd 335.047, Ho 345.600
La 408.672, Lu 261.542,
Nd 401.225, Pr 417.939,
Sm 359.259, Tb 350.917,
Tm 313.126, Yb 328.937,
Y 324.228, Sc 361.383

https://doi.org/10.1371/journal.pone.0185302.t001
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triethylamine, to which di-n-octylamine was added dropwise with a dropping funnel and then
reacted for 2 h. The final reaction solution was washed with acid, base and water, respectively,
and then dried to obtain the product. TODGA was characterized by elemental analysis, NMR:
(300 MHz, CDCLs, Me,Si, 8): 4.27 (s, 4H), 3.26 (t, 4H), 3.14 (t, 4H), 1.49 (m, 8H), 1.24 (br,
40H) and 0.88 (t, 12H).

The individual stock standard solutions (1 mg mL™!) of 16 REEs (except Pm) were prepared
by dissolving appropriate amounts of their SpecPure® oxides (Aladdin Industrial Corpora-
tion, Shanghai, China), and diluting to a certain volume with high-purity deionized water.
Standard and test solutions were prepared by diluting the stock solution with 5% (v/v) HNOs.
A solution of 0.025 M TODGA was prepared by dissolving 1.45 g of TODGA in 100 mL of
petroleum ether. Petroleum ether (A.R., Sinopharm Chemical Reagent Co., Ltd, China) was
used as a disperser solvent. The stock solutions of interfering elements (K*, Na*, Ca**, Mg*",
Fe’*, Zn**, Pb**, Cd**, Co**, Cu®* and Mn**) were prepared by dissolving appropriate
amounts of their inorganic salts (KNO3, NaCl, CaCl,, MgSO,4, Fe(NO3);, ZnCl,, Pb(NO3),, Cd
(NO3),, CoCl,-6H,0, Cu(NOs3), and MnSO,4-H,0) (A.R., Sinopharm Chemical Reagent Co.,
Ltd, China) in 5% (w/v) HCI, which were then dissolved using high-purity deionized water to
the required volume. All stock standard solutions were stored in volumetric flasks in a refriger-
ator and maintained at 4°C. All chemicals used were Specpure or at least of analytical grade.

Analytical method

A tap water sample was collected from the University of Science and Technology Beijing
(USTB) and filtered with a 0.45 pum microporous filter membrane to remove insoluble solids.
The filtered water sample (200 mL) was concentrated to 20 mL by a vacuum rotary evaporator.
A 20 mL was then solution completely transferred to the 250 mL separating funnel and the
nitric acid concentration of the sample solution was adjusted to 3 M. A 20 mL solution of
0.025 M TODGA was added and the resulting mixture was shaken for 2 min at ambient tem-
perature. Then, after the layers separated completely, the aqueous layer was collected and the
aqueous phase was extracted twice under the same organic phase conditions. The three times
organic phase obtained by extraction was combined and 60 mL of a 0.03 M EDTA solution
was added and then shaken for 3 min. After the layers separated, the aqueous layer was col-
lected and the organic phase was back-extracted twice under the same conditions. Three times
back-extraction solutions containing REEs were combined and concentrated to 5 mL under
reduced pressure and then analyzed using ICP-OES.

The blank solution was prepared using high-purity deionized water without the addition of
the target REEs, and complied with the same procedure discussed above.

Before the standard and sample solution introduction to ICP-OES, high-purity deionized
water was used for washing to remove the memory of the instrument. A schematic of the
LLE-ICP-OES strategy for separation, preconcentration and determination is summarized in
Fig 1.

Batch extraction studies

The concentrations of metal ions in the aqueous phase were measured by ICP-OES (Varian

Medical Systems, USA). The concentrations of metal ions in the organic phase were obtained

by subtracting the aqueous solution concentration of the analyte from the initial concentration

of the analyte. After all extraction processes, the samples were allowed to separate into layers.
The extraction ratio (E%) is evaluated by:

E% = (C, — C;)/C, x 100 (1)

PLOS ONE | https://doi.org/10.1371/journal.pone.0185302 September 25, 2017 4/16


https://doi.org/10.1371/journal.pone.0185302

@° PLOS | ONE

Determination of trace rare-earth elements with ICP-OES

LLE - ﬁ'}“_/“:f: ,C;:’:rggai'a.,
® 99 Extraction
09s?
9 ®

Concentration

Intensity ( a.u. )

=,
Z 300

z \ Determination
S 400 \

%
3
3
2

®:cC ®:N ® o ® : REEs 9 : Coexisting ions

Fig 1. Schematic representation of preconcentration and detection of REEs from a complicated matrix using LLE-ICP-OES.
https://doi.org/10.1371/journal.pone.0185302.9001

where Cy and Cg, are the concentrations of the REEs in the aqueous phase before and after
equilibration, respectively.

Back extraction (R%) is evaluated by:
R% = G,/(C, — C;) x 100 (2)

where Cg, is the back-extraction concentration of the REEs in the aqueous phase.

Results and discussion
Effect of HNO3 concentration

The nitric acid concentration affects the formation of metal chelates and plays an essential role
in the extraction of REEs on TODGA. The variation of the extraction ratio (E%) of Ln(III)
with the change of the nitric acid concentration is shown in Fig 2. It could be seen that the E%
increases gradually with increasing nitric acid concentration and reaches a maximum value at
3 M, where the extraction rate is 98.7-99.9%. Moreover, an increase in the HNOj; concentra-
tion corresponds to a reduction in the water activity, therefore, the energy required for dehy-
dration of Ln(III) ions decreases so that the TODGA molecules easily form complexes at
higher HNOj; concentrations [32]. When the concentration of nitric acid increases again, the
increasing trend of E% was no longer obvious. Hence, in the following work, 3 M nitric acid
was selected in the aqueous phase to ensure complete REE extraction.

PLOS ONE | https://doi.org/10.1371/journal.pone.0185302 September 25, 2017 5/16


https://doi.org/10.1371/journal.pone.0185302.g001
https://doi.org/10.1371/journal.pone.0185302

@° PLOS | ONE

Determination of trace rare-earth elements with ICP-OES

102 ,

100

98 -

96 -

Extraction %

94 -

92 -

90

—— La
—@— Ce 7
—h— Pr
—v¥—Nd
—4— Sm

- - - —p—Eu
i ' ——Gd .
100 4 I % - —&—Tb
' —&— Dy -
—e— Ho
1 ——Er .
—l—Tm
—&— Yb -
—h— U
-—v—Y )

—4— Sc

3
CHNO,

Fig 2. Extraction percentage of REEs as a function of nitric acid concentration in aqueous solution. Concentration of each REE: 200 ng mL™";
TODGA: 0.025 M; extraction time: 2 min each time; extraction frequency: three times.

https://doi.org/10.1371/journal.pone.0185302.9002

Effect of TODGA concentration

The concentration of TODGA was one of the most important factors affecting the extraction
efficiency of REEs. The increase of TODGA concentration is beneficial to extraction of REEs,
so it is necessary to find the optimum extraction concentration of TODGA. The variation of
the E% of Ln(III) as a function of the TODGA concentration was investigated and the results
are shown in Fig 3. It can be found that the extraction percentage of the REEs increased with
increasing TODGA concentration. When the concentration of TODGA reached 0.025 M, the
extraction ratio of the REEs achieved a maximum and thereafter remained constant. Hence, as
Fig 3 shows, 0.025 M TODGA was used for further experiments.

Effect of extraction time

The extraction time could affect the extraction percentage of REEs. Minimizing the extraction
time to achieve the best extraction efficiency is of great importance for the fast detection of the
method. To achieve the optimized extraction time, the influence of time, varying from 1 to 5
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https://doi.org/10.1371/journal.pone.0185302.g003

min, on the extraction percentage of the REEs was investigated. The variation of the E% of Ln
(IIT) as a function of the extraction time is shown in S1 Fig. S1 Fig shows that the analyte ion
association complex was completed when the extraction time was ~1 min, with the extraction
rates of the 16 REEs reaching 93.3-97.8%. This indicates that for the optimized nitric acid and
TODGA concentrations, LLE has quick extraction kinetics for REEs. When the extraction
time was 2 min, the 16 REEs were basically extracted completely. To achieve the quick and
complete extraction of REEs, 2 min was selected as the optimum extraction time.

Effect of extraction frequency

In order to achieve better extraction efficiency, it was necessary to extract the solution several
times. However, an excessive extraction frequency not only consumes the extractant but also
time. Therefore, to achieve the optimized extraction frequency, the extraction rates of the
REEs under different extraction frequencies were investigated. The results are shown in S2 Fig.
As the experimental results show, the extraction efficiencies of some REEs were less than 90%
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for a single batch contact extraction, with the extraction efficiencies of the REEs increasing
with increasing extraction frequencies. The REEs were completely extracted when the extrac-
tion frequency was about three times. Hence, as S2 Fig shows, three times was selected for fur-
ther experiments.

Effects of coexisting ions

The presence of a highly dissolved matrix in the practical samples not only has a significant
matrix effect for target analyte determination, but also affects the extraction efficiency of REEs.
Therefore, the common coexisting ions in the actual water samples were added to explore
their influence on the extraction of REEs by TODGA, which is used to investigate the anti-
interference ability of this method for the detection of trace REEs in the actual sample. Hence,
the recovery of REEs in water samples with different concentrations of coexisting ions was
studied. For this purpose, coexisting ions, such as K, Na*, Ca®*, Mg**, Fe’*, Zn*", Pb*", Cd*",
Co**, Cu*", Mn**, SO,*, Cl' and NOj’, were added to the water samples to explore the effect
on the extraction of REEs. The results are shown in Fig 4. When the concentration of each

1004 . :

90

30

70

Extraction %

60 -

50 1

*‘."i B\ 74 - 721

1 i

+1()3 4

—e—10"] -

—a—107

40 | | |

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Sc

Element

Fig 4. Extraction percentage of REEs as a function of coexisting ion concentration in the aqueous phase. Concentration of each REE: 200 ngmL™";
concentration of HNO3: 3 M; extraction time: 2min each time; extraction frequency: three times; (10" = Ccoexisting ion/Cree, N = 3, 4, 5).

https://doi.org/10.1371/journal.pone.0185302.9004
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coexisting ion was 2 mg mL ™, i.e., Ceoexisting ion/ CREE = 10%, the extraction rate of the REEs was
higher in the range of 91.1-99.2%. Whereas, when the concentration of each coexisting ion
was 20 mg mL? ie., Ceoexisting ion/ CREE = 10°, the extraction rate of most REEs decreases obvi-
ously, which was within the range of 63.1-98.4%. According to the results, the developed
method has excellent selectivity and tolerance for the preconcentration and extraction of REEs
in different complex matrices.

Effect of EDTA concentration on back-extraction

The back-extraction of REEs from the organic to aqueous phase was an essential step, since the
organic phase of LLE cannot be directly injected into the ICP-OES for detection. Meanwhile,
as the strong extraction of REEs by TODGA, it is difficult to realize the complete back-extrac-
tion of all REEs simultaneously. Therefore, selection of the back-extraction solution has an
important effect on the stripping of the REEs from TODGA. Several kinds of back-extraction
conditions were tested, such as nitric acid, hydrochloric acid and their mixtures at different
concentrations. The results show that the back-extraction efficiency was below 80%. Mean-
while, no breakthrough was observed for some heavy REEs, such as Tm and Lu. As a com-
monly used complexing agent, EDTA has been used to form complexes with multiple ions.
Under our experimental conditions, it was found that all the REEs in the organic phase could
be simultaneously back-extracted using EDTA.

Fig 5 shows the recovery of REEs with EDTA concentration in the range of 0.010-0.075 M
for back extraction of REEs from the organic phase. As could be seen, the recovery of REEs
increases with the increase of EDTA concentration, each REE were reached the maximum,
respectively. When the concentration of EDTA achieved 0.03 M, whereas, the recovery of
REEs decreases as the EDTA concentration continues to increase. This is because after the
back-extraction, the EDTA solution needs to be further concentrated at a constant volume,
and then detected by ICP-OES. However, a high concentration of EDTA in the solution will
precipitate a large amount of solid during the concentration process, which will lead to the loss
of REEs and affect their subsequent detection, resulting in lower REE recoveries. It was found
that when the concentration of EDTA reached 0.03 M, the REEs in the organic phase had been
back extracted completely and there was no solid precipitation after concentrating the back-
extraction solution. If the concentration of the EDTA solution continued to increase, there
would be a large amount of solid precipitation. This will influence the constant volume of
back-extraction solution and the detection of REEs. Accordingly, in order to obtain the opti-
mum recovery rate of REEs, an EDTA concentration of 0.03 M was selected for further
experiments.

Effect of back-extraction time

In order to obtain the optimum back-extraction time during sample processing, the influence
of the back-extraction time in the range of 1 to 10 min was evaluated. The variation of the
recovery ratio (R%) of 16 REEs as a function of the back-extraction time is shown in S3 Fig.
The data presented in S3 Fig show that the back-extraction efficiency distinctly increases with
increasing back-extraction time. When the back-extraction time was 1 min, the recoveries of
the 16 REEs are in the range of 75.4-89.5%. By continuing to increase the back-extraction time
to 2 min, the R% of the REEs are between 90.3 and 96.3%, and when it reaches 3 min, all the 16
REEs were substantially simultaneously stripped into the aqueous phase. There was no signifi-
cant effect on the stripping when the time continued to increase to 10 min. This tendency indi-
cates that EDTA has fast decomplexation for REEs from TODGA. Thus, in this work, 3 min
was chosen for the back-extraction time.
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Effect of back-extraction frequency

Similar to the extraction times, multiple stripping can achieve a better stripping effect for the
REEs. Therefore, the effect of back-extraction times was also studied in the range of one to five
times. The experimental results presented in S4 Fig show that the recovery of REEs increases
with the increase of back-extraction times. As the back-extraction data shows, the recoveries of
16 REEs for single batch contact with the EDTA solution is in the range of 82.1-95.8%. The
result shows that the single batch back-extraction cannot fully strip out 16 REEs under the
optimum conditions. Therefore, in order to increase the recovery rate of the REEs, it is neces-
sary to continue to increase the back-extraction frequency. When the back-extraction times
were up to three times, EDTA basically striped the REEs into the aqueous phase. Therefore,
back-extraction for three times was selected as the optimum.
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Table 2. Analytical characteristics of LLE-ICP-OES method for the determination of the target ions.

Element | Standards added (ng mI™") | Linear equation

La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Y
Sc

8LODs: Limits of detection.

0,20,200
0,20,200
0,20,200
0,20,200
0,20,200
0,20,200
0,20,200
0,20,200
0,20,200
0,20,200
0,20,200
0,20,200
0,20,200
0,20,200
0,20,200
0,20,200

y =7.292x+98.603
y =1.297x+56.947
y =1.116x+156.652
y = 0.687x+23.334
y =0.776x+17.881
y =3.791x+10.445
y =1.365x+8.101

y =1.276x+25.798
y =1.867x+16.979
y=1.121x+16.218
y =1.442x+13.705
y = 3.502x+34.648
y=1.861x+18.328
y =7.302x+2.87

y = 3.158x+15.992
y = 6.694x+24.293

b: obtained for a concentration of 100 ng mL™".

°LOQs: Limits of quantification

https://doi.org/10.1371/journal.pone.0185302.t002

Linear range |Coefficient (R?) LODs®

(ng ml™")
4-1000
4-1000
4-1000
4-1000
4-1000
4-1000
4-1000
4-1000
4-1000
4-1000
4-1000
4-1000
4-1000
4-1000
4-1000
4-1000

0.9992
0.9994
0.9998
0.9995
0.9997
0.9999
0.9997
0.9999
0.9999
0.9997
0.9996
0.9999
0.9999
0.9999
0.9998
0.9996

Analytical performance

ngml'(n=7) (n=7)

0.1378
0.3494
0.2526
0.0405
0.2275
0.0514
0.4064
0.2409
0.1816
0.5038
0.0775
0.2913
0.0738
0.0998
0.2187
0.0483

RSD"® (%) |LOQs®

1.8
3.6
2.0
3.9
2.6
0.5
3.1
1.8
2.1
3.8
2.4
4.0
1.6
2.1
3.2
1.9

Recovery

ngml' (n=7) |(%)

0.4134
1.0482
0.7578
0.1215
0.6825
0.1542
1.2192
0.7227
0.5448
1.5114
0.2325
0.8739
0.2214
0.2994
0.6561
0.1449

97.2
106.8
98.2
106
97.4
102.4
100.9
95.9
99.4
102.9
99.1
97.3
100.9
103.9
100.1
103.5

Under the optimum experimental conditions, the analytical performance of the method was

evaluated to determine its precision and accuracy. The precision of the method was evaluated
by the relative standard deviation (RSD) for seven replicate determinations of the 16 REEs at
100 ng mL™". As presented in Table 2, the RSD (n = 7) of 16 REEs at the100 ng mL " level ran-
ged from 0.5 (Eu) to 4.0% (Tm).
The calibration curves of each REE, as an important analytical parameter, were obtained by
the calibration solution to ICP-OES. As shown in Table 2, the linear dynamic range of this
method was from 4 to 1000 ng mL™" with a correlation coefficient (r*) higher than 0.999,
which means there was a good linear relationship between the signal intensities of the REEs

and their concentrations.

Under the optimum experimental conditions, the LODs of the developed method was
obtained based on three times the standard deviations (30) for seven replicates determination
of the blanks. The experimental results are shown in Table 2. The data presented in Table 2
show that the LODs of the 16 REEs ranged from 0.0405 ng mL" (Nd) to 0.5038 ng mL" (Ho).
The limits of quantification (LOQs) of the method was based on three times the LODs. Table 2
presents the data of 16 REEs, showing that the LOQs of the method ranged from 0.1215 ng
mL™ (Nd) to 1.5114 ng mL™" (Ho).

In order to validate the accuracy of a method, certified reference materials are frequently

used. Unfortunately, due to the non-availability of certified reference materials of practical

waters and low concentrations of REEs in practical samples, in this study, the standard addi-
tion method was selected. A series of tap water samples spiked with various concentrations of
REEs (0, 20 and 200 ng mL™") were prepared, and then, the extraction and back-extraction of
the samples were carried out under the optimum conditions. The accuracy of this proposed
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Table 3. Comparison of the proposed LLE-ICP-OES procedure with other analytical methods.

Preconcentration Detection
method

Amberlite XAD-4 ICP-OES

Graphene oxide-TiO, ICP-OES

composite

Calcium alginate beads ICP-OES

lon-pair ICP-OES

micropatrticles

Micelle-mediated extraction
Liquid-liquid ICP-OES
extraction

https://doi.org/10.1371/journal.pone.0185302.t003

Element REEs LODs Samples Reference
ng ml™’

Pr, Sm, Eu, Gd, Tb, Dy, Ho, Tm, Yb, Lu 10 |0.01-0.42 Tap water sea water [18]

La, Ce, Eu, Dy, Yb 5 0.13-0.41 Lake water, river [22]

water,

La, Ce, Nd, 3 - Groundwater [25]

La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, 14 | 0.02-1 Well water [27]

Tm, Yb, Lu

La, Nd, Sm, Gd, Ho, Er, Yb 7 0.04-0.92 Waters [33]

La, Ce, Pr,Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, 16 | 0.0405— Tap water this study

Tm, Yb, Lu, Y, Sc 0.5038

methodology was determined by investigating the standard addition recoveries and the results
are summarized in Table 2. The sample recovery rates were 95.9% (Tb) to 106.8% (Ce), which
means that each REE could be quantitatively recovered with stable efficiency in the explored
concentration range of REEs. Table 3 presents a comparison of the analytical performance
data of this method with the published literature. As can be seen, the LODs of this study
(0.0405-0.5038 ng mL™") for the 16 REEs (except Pm) were lower than Ref. [25] of 0.02-1 ng
mL ™" and Ref. [30] of 0.04-0.92 ng mL"'. Meanwhile, comparable with the reported in Refs.
[18] 0f 0.01-0.42 ng mL " and Ref. [22] of 0.13-0.41 ng mL. Whereas, the REEs determined
by this method were more than that of Refs. [18,22,24,25,30]. Therefore, compared with the
reported methods, the LLE-ICP-OES method established in this study has the advantages of
simple operation, low LODs, selectivity (Fig 4), fast analysis speed and simultaneous determi-
nation of 16 REEs, thereby providing an alternative method for the simultaneous detection of
trace amounts of REEs in water samples with complex matrices.

Determination of REEs in simulated water samples

Two simulated water samples were prepared by spiking them with two concentrations of REEs
(20 and 200 ng mL™") in filtered tap water. Under the optimum experimental conditions, the
accuracy of this proposed LLE-ICP-OES methodology was determined by the recovery of the
REEs and then compared with the ICP-MS reference method. The results are summarized in
Table 4. As can be seen, the recoveries of the REEs spiked in the tap water samples were found
to be 95-106%, which indicated the reliability of the LLE-ICP-OES method for the determina-
tion of REEs in practical water samples with complex matrices, providing an alternative
method for the detection of actual environmental samples.

Conclusions

An analytical method based on environmentally-friendly and efficient TODGA as an extrac-
tant with ICP-OES was used to simultaneously detect 16 REEs in simulated water samples.
The extraction and back-extraction behavior of the REEs on TODGA was systematically inves-
tigated. The LLE-ICP-OES method established in this work has the advantages of simple oper-
ation, fast analysis speed, fast extraction and stripping kinetics for REEs. Compared with other
methods, this methodology has the ability to simultaneously determine 16 REEs and possesses
low detection limits, a wide range of linearity, good anti-interference ability, which provides a
good choice for the preconcentration, and separation detection of REEs in actual water sam-
ples with complex matrices.
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Table 4. Comparison of the recovery of tap water samples spiked with different concentrations of REEs using the proposed LLE-ICP-OES method
and the ICP-MS reference method.

REEs Tap water sample
Added (ng mI™") ICP-MS (mean +sd, n=3) LLE-ICP-OES (mean £ sd, n = 3) Recovery (%)
La 20 20.4+3.5 19.4+21 97.2%
200 213.1+£1.2 190 + 1 95.4%
Ce 20 22.7+3.8 21.1+0.6 106.8%
200 207.2 1 198.8+0.5 99.5%
Pr 20 20.2+4.2 19.5+1.2 98.2%
200 205.1+0.7 198.5+0.3 99.3%
Nd 20 21.1+3.2 21.2+0.8 106%
200 201.7+0.8 202.5+0.6 101.4%
Sm 20 19.7+3.0 19.1+£0.7 97.4%
200 195.1+0.7 199.7+1.5 99.8%
Eu 20 20.8+3.4 20.1+1.5 102.4%
200 210.3+1.1 200.7+1.6 100.5%
Gd 20 21+3.6 20.1+2.3 100.9%
200 205.3+1 210.4+1.3 105.7%
Tb 20 21.3+4.4 19.1+£0.4 95.9%
200 212.2+1.1 196.1+0.6 98.1%
Dy 20 19.3+3.9 19.7+0.6 99.4%
200 203.5+1.2 200.8+0.7 100.5%
Ho 20 23.1+3.8 20.5+ 3.1 102.9%
200 211.2+1.5 201.2+1.9 100.8%
Er 20 21.5+3.8 19.9+1 99.1%
200 202.3+1.4 195.3+2.6 97%
Tm 20 20.314.0 19.5+0.7 97.3%
200 201.3+1.7 197.31+1.6 98.5%
Yb 20 20.7+3.5 20.2+0.5 100.9%
200 206.4+1.3 200.4 £0.07 100.2%
Lu 20 21.4+3.3 20.3+1.2 103.9%
200 210.5+1.5 194.1+2 96.8%
Y 20 20.8+3.7 20%0.5 100.1%
200 198.4+1.5 202.4+0.2 101.3%
Sc 20 21.2+1.9 20.7+1.4 103.5%
200 204.3+2.3 198.8+0.5 99.4%

https://doi.org/10.1371/journal.pone.0185302.t1004

Supporting information

S1 Fig. Extraction percentage of REEs as a function of extraction time in the organic
phase. Concentration of each REE: 200 ng mL'; concentration of HNO3: 3 M; TODGA: 0.025
M; extraction frequency: three times.

(TIF)

S2 Fig. Extraction percentage of REEs as a function of extraction frequency in the organic
phase. Concentration of each REE: 200 ng mL; concentration of HNOs: 3 M; TODGA: 0.025
M; extraction time: 2 min each time.

(TIF)

S3 Fig. Recovery of REEs as a function of back-extraction time in the aqueous phase. Con-
centration of each REE: 200 ng mL}; concentration of HNOj;: 3 M; extraction time: 2 min
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each time; back extraction: 0.03 M EDTA three times.
(TIF)

S4 Fig. Recovery of REEs as a function of back-extraction frequency in the aqueous phase.
Concentration of each REE: 200 ng mL'l; concentration of HNOj;: 3 M; extraction time: 2 min
each time; back extraction: 0.03 M EDTA with a stripping time of 3 min.

(TIF)
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