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Fig. 2 Rare earth elements enrichment process
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Fig. 7 Recovery rate of REEs by InertSep ME-2 resin under different pH conditions

Marine Sciences / Vol. 49, No. 2 / 2025 117



oIy 545K [E XPERIMENT AND TECHNOLOGY

2.2.4 HEGPEHEEER

E [ AH AR G AR v, R R R A R )
PR 0 & SRR o 1o 8 0 B A A A, AR AT R
il T RE SRR R, DAPRSE R A BR300 £
e It AT Y A S A ], {EL R A T RE S B TR
S IRHEEAAS R, FRARIICER AR, BRI i 2
AR, (HA TR & R ], AR R LIfE
FIRFSE M, BMERE A 30 mL/min, {# /] InertSep
ME-2 B & IR T K i [ L R 25 m, &
TR T InertSep ME-2 #4 5K F i B AC Bk . SRk T
H LN TR IR 1E J SE i 2R & 1, X2 A B g A
L IURE ) % AR P AR ESEAE 3~11 mL/min
T R N PR R R, X A5 R R A9 REEs [alli
R LI R B R (K 8), 7E 3~6 mL/min AYHJEREH R
TWIEI, InertSep ME-2 #f i Y M AR HFAE 98% LA
1o #HEST Nobias PA1 # g & 4E REEs i 5 mL/min
RO PERE T | InertSep ME-2 #J 5 BN 7£ 10 mL/min F)
HRR, ISR RFE 90% L b, 8 T H k&
(AL R TE
23 FHEWEH. BBR. BEERERHME

¥ Milli-Q KIRILE pH<2 J&, BEIE ke,
XF 8 NS FIRE AT PATINGE, 15 B AR 2 1
B AN 2 BTN o FERTE/K AR pom i R 2K BLA

100

96

%1%

94t

92

1 1 1 L ]

2 4 6 8 10 12
PEFEHER/(mL-min™")

P8 Rl R A S i - T R RT3 5 )
Fig. 8 Influence of the sample injection rate on the recovery
rate of REEs
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Tab. 2 Blank mean, detection limit, molality of rare earth elements (REEs) in the surface water of the ocean, and relative

standard deviation of the sample

FbtE  EFER &?E%@fﬁiﬁrﬁvﬁ *ﬁtﬂ[ﬁﬁ_ kﬁ%é%7#1$ﬁﬁﬁé¢ﬁ_?ﬁf§i ﬁﬁ%fﬁﬁ
/(pmol-kg™) /(pmol-kg™) FrifE w22/ (pmol kg ™) PR 22/ %
La 139 0.34 + 0.20 0.014 9.88 +0.48 3.44
Ce 140 0.17 + 0.044 0.054 7.47+0.27 2.28
Pr 141 0.005 5 + 0.000 9 0.000 86 1.51+0.006 9 0.36
Nd 146 0.056 + 0.021 0.003 2 7.06 +0.071 0.79
Sm 147 0.003 5+ 0.001 3 0.000 82 1.25+0.003 6 0.28
Eu 153 0.003 5 +0.001 9 0.000 47 0.37 +0.003 0 0.95
Gd 157 0.007 4 +0.001 3 0.004 3 1.88+0.007 7 0.39
Tb 159 0.003 7 +0.002 7 0.000 31 0.30 + 0.003 5 1.24
Dy 163 0.003 1 +0.001 5 0.000 73 2.19+0.003 1 0.14
Ho 165 0.004 1+ 0.003 1 0.000 29 0.58 +0.004 1 0.71
Er 166 0.005 9 +0.002 9 0.000 41 1.85+0.005 9 0.32
Tm 169 0.001 9 = 0.001 2 0.000 25 0.24 +0.001 8 0.81
Yb 172 0.005 3 +0.003 6 0.000 31 1.43 +0.005 1 0.37
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T 2 R AR S5 vk R R,
InertSep ME-2 B fi§ %} NASS-7 hriflig K f 1) REEs i
T ESE, M ICP-MS Kl g ek i, MAHAR
Mgk REEs W TEAR MM ST Bl N . 25 2R sk
3TN, XIBREEEKIERT 4 UCFAT /08T, RSD AR
(<5%)o ¥ SCHRIRGE Y NASS-7 F1HY REEs ¥ 144471

BOF MBI bR AR 22, 45 3 W /s AR O kil . ) v
JE 5 SCHRP AR 2287 1 fbriEim 220N, B S
SCHRBIME R ZE /N T 5% KIS FRIER K REEs
WP FRUEAL S 5 SRR B 45 S0 e, AnEl 9 BT A
R —5, %M InertSep ME-2 Wi AEMEN & 4E 1R /K
H1(1) REEs,

®3 KFHENE NASS-T B TR REERIRE KSR EX LL (B8 4L: pmol-kg™)
Tab.3 Comparison between the molality of NASS-7 REEs measured by this method and reported in the literature

jiz; (qug{j:ji;%ﬁ%) Ebeling %£1*  Liao %5*51  Schmidt Z£40] Kraemer 547! j;i({ggg X 221
La 71.05 £0.57 70.53 59.52 80.63 69.90 70.15 £ 8.62 0.90
Ce 2494 £ 0.24 25.04 24.61 28.69 23.90 25.56 £2.14 —0.62
Pr 9.32+0.06 9.93 8.56 10.78 9.79 9.77 £0.92 —0.45
Nd 43.70 £ 0.07 43.83 37.21 4521 41.75 42.01 +£3.50 1.69
Sm 7.66 = 0.09 7.63 6.98 7.64 7.34 7.40 +£0.31 0.26
Eu 1.67 +£0.02 1.66 1.80 1.56 1.73 1.69+0.10 —0.02
Gd 10.06 £ 0.01 10.00 8.64 9.79 9.86 9.57 +£0.63 0.48
Tb 1.38 £0.01 1.45 1.30 1.28 1.49 1.38+£0.10 0.00
Dy 10.96 £ 0.01 10.87 9.43 11.88 10.65 10.71 £1.01 0.25
Ho 2.79 £ 0.03 2.84 2.45 2.53 2.84 2.67+0.20 0.12
Er 8.43 £0.01 9.36 7.70 8.13 8.93 8.53+0.75 -0.09
Tm 1.28 £0.00 1.35 1.15 1.25+0.14 0.03
Yb 7.89 £0.01 8.85 9.72 7.51 8.49 8.64+0.91 =0.75

AN 2ZEAE =A% - —SCHR T $4{E
o R, SRR T 9 ARV HER) REES PRIV,

[—o— EbelingZ, 2022
—o— Liao%, 2023
—2— SchmidtZ, 20221
0.6 |—v— Kraemer%§, 20241""

[ AR

(REEs/PAAS)x10°
o
=
T

=]
[\
T

.
0 1 1 1 1 1 1 1 1 1 1 1 1 1 ]

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

K19 NASS-7 tr#fiifE /K REEs [ PAAS FrififL £k
Fig. 9 PAAS standardization curve of REEs in the NASS-7
standard seawater

24 FiEWEAM
2.4.1 WL IUERHEMRLZ IR
A T 3357, REEs W 5 ICP-MS FIREINNE S 22 [8] A%

WREIEFM 0.01~10 pg/L, ARIEWEES FHUESRE,
gl pbriErh e, SCEBARINER 4 Fi7R 1E 0.01~10 pg/L
JEHEIN, £ REEs 1Y R?¥70 1, W REEs 5554
RIS R, REMSTERE A 1 REEs AU .
2.4.2 W E A R B BE K A H i Bz

il InertSep ME-2 G WINRIETT & AT /K A&
) K™, Na*, Mg*., Ca" % ma/muiNinsy
REEs JE M ZE4r, Lk B (00 4 8 Al 1= 48 25
Ko FE ICP-MS HHRER GG ZE . N TR AR I
HEST T IEXS Z2 R0 SRR A SRR AR s Y, FEEREE
7 0~35 FEREE R, X 1 mol/L REEs AR K ke
HEFT T 4341, REEs (Y M1 53k B[R] 1 ¢ & ANk 10 f
Ro GEREM, TE 0~35 RUEREEVEIEIN, AT AN
OYBETEERT E R REEs M BICRTE 97%~103%, #
W AR T 9 S ST 19 5 03 T A () 6 B B T Kk A rh
REEs 95081, 76 ARSI CURBIERER, s
HIELROK AR R G, B 0~35, DL LR R
BH, ARSI ST B 7 i e i IR A K RIS H -
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x4 BITFREMZEEMEHFRERBXMERE(-S)

Tab.4 Linear equation and correlation coefficient of the REE standard curve (n=8)

i +u LM HRIERL (R ANV (pg L)
La y=123x10%+11.23 1.000 0.01~10
Ce y=1.40 x 105 + 73.93 1.000 0.01~10
Pr y=1.69 x 105 + 3.73 1.000 0.01~10
Nd y=3.24 x 10% +2.49 1.000 0.01~10
Sm y=2.82x10% +0.42 1.000 0.01~10
Eu y=1.09 x 105%x +2.94 1.000 0.01~10
Gd y=3.84 x 10*% + 14.60 1.000 0.01~10
Tb y=2.30x10% + 3.76 1.000 0.01~10
Dy y=5.82 x 10% + 1.66 1.000 0.01~10
Ho y=2.44x10%% +2.10 1.000 0.01~10
Er y=28.28 x 10*% +12.92 1.000 0.01~10
Tm y=2.58 x 105% + 3.35 1.000 0.01~10
Yb y=5.89 x 10% + 1.65 1.000 0.01~10
or- e HE BV IE (0 A S FER, 720 ~ 1 000 m 401

—=— [.a

102} ——Ce
—a— Pr

1001 —v— Nd
—e— Sm

S ogl ¥ —<« Eu
M —— Gd
Fad —e— Tb
= 96 - —+— Dy
—e— Ho

94+ e Er
—— Tm

921 ——Yb
90 %Lu

=5 0 5 10 15 20 25 30 35 40
s

P10 AN [) 6 B2 X A I8 3R RIS A 52 i)
Fig. 10 Influence of different salinities on the recovery rate
of REEs

3 MR TR A EAK

53 SV A5 37 (9 73 A7 775 il Nobias PAL
TR i XoF P8 b oS- 9 B Y 40E fef A 1) 5 4 35 37 ) REEs
FESRPEATINGE, FEMETH 10 pg L™ LudEFT ks w1
K, FICRE KT 95%. fEORIERNCR T T,
InertSep ME-2 B g #E HUGE J) FIKG % £ 5 Nobias
PAL WS AT, W50 REEs ¥ BE R 25 78 5% UL F,
A RAF ) E SRR . {0 HAT Nobias PAT #5111
LU B IR, AH%E T Nobias PA1 #IE, ME-2 R} jig
R R IO B Sy fRi e, PR LA — 2 P 3

PLPr. Gd. Ybsrnilf3kE% . . #HHi 1, REEs

W, REEs Wk JE A& /04 A RZAR . HERER
S A AL B RE R A A R, R
W17k REEs 25 T A Wy b Bk A2 09 m g 25 . %
JZULF, BRI, REEs oMk, nl g
M T3 )2 32 B RV A B 52, LB A R A 3 m
BRSNS AN, AR W /R A FT B 20 REEs BYlg
IR, /ME— AL T 100~150 mo FEZREE 193
BTG, X A TR i T TR ORL 0 B A i A
REEs 153 2 B8

4 B

ARSCHNT T —FpLL InertSep ME-2 4 fig A [E AHAE
AR REEs FAEE 7 vk, AT TSR] R BE K A4 K R
PR K RV B REEs (P . WEW T K is =
BT R S0 A5 R EAT T R4, SRAR)E A HA [
WeRE . PR, K FRARA LR, X NASS-7 #nifE
WK H Y REEs 45 Rtk i T A7 gk s i
Xof AN [ A B APV K A AN, 2F— 25 BOIE T
T AR A SRR i b 38 A o R TR — A R
JKEE S 73 W) 455 Nobias PAL W JEAEHUFI InertSep
ME-2 WIS THUE 4, 4559 BRI A —2
(2= <5%), BLAARIESE Nobias PAT #4 i & 4 7 1%
FH L, InertSep ME-2 1 A [ HE LA 1R 47 1Y REE [ 05 RE
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% 5 Nobias #AE 5 InertSep ME-2 # i5 N EH#E L Tt R R EERIKEHIEXTEL(RAL: pmol/kg)
Tab.5 Comparison of REEs molality data measured using the Nobias and InertSep ME-2 resins (unit: pmol/kg)

WE/m ME-2Pr NobiasPr 2% ME-2Gd  NobiasGd TR 2= % ME-2Yb  NobiasYb %%
S1 (2021 4E 5 H 14 H; 136°E, 29.5°N)
25 1.30 1.32 1.54 1.41 1.39 1.42 1.32 1.27 3.79
50 1.27 1.28 0.79 1.43 1.41 1.40 1.34 1.29 3.73
100 1.31 1.31 0.00 1.64 1.58 3.66 1.34 1.30 2.99
150 1.36 1.38 1.47 1.82 1.79 1.65 1.38 1.35 2.17
250 1.37 1.40 2.19 1.95 1.89 3.08 1.51 1.49 1.32
500 1.81 1.84 0.66 2.26 2.22 1.77 2.20 2.12 3.64
992 3.89 4.00 2.83 3.84 3.69 3.91 5.73 5.58 2.62
S2 (2021 4E 5 H 14 H; 136°E, 28.5°N)
25 1.37 1.31 4.38 1.74 1.70 2.30 1.39 1.35 2.88
50 1.41 1.43 1.42 1.89 1.77 6.35 1.36 1.33 2.21
100 1.31 1.28 2.29 1.65 1.65 0.00 1.39 1.41 1.44
150 1.43 1.40 2.10 1.79 1.71 4.47 1.4 1.43 2.14
250 1.40 1.42 1.43 1.92 1.88 2.08 1.78 1.81 1.69
500 2.02 2.10 3.96 2.64 2.55 3.41 2.75 2.81 2.18
1 000 4.40 4.26 3.18 474 4.51 4.85 6.57 6.65 1.22

{2 % = (ME-2-REE/Nobias-REE) — 1

i B EAREM LG RGIRELGEL, RS

B

IAERFARRENGH Y, TMRABERREG RS

41 3V E S 2k, A8 b — FF T,
S X Ek:
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Abstract: Rare earth elements (REEs) serve as excellent tracers for indicating the sources and evolutionary pro-
cesses of substances in the ocean. Nevertheless, the concentration of REEs in seawater is exceedingly low, meas-
ured in picomoles per kilogram, and the presence of high salinity in the seawater matrix introduces substantial
challenges for accurate measurement. This study developed a method for enriching trace REEs in seawater using a
novel chelating resin (i.e., InertSep ME-2) coupled with inductively coupled plasma mass spectrometry for meas-
urement. This study also conducted structural characterization of the chelating resin material and explored the
mechanism of REE enrichment by the resin. X-ray photoelectron spectroscopy analysis showed that InertSep ME-2
resin is mainly composed of the elements C and O. Fourier transform infrared spectroscopy showed that the resin
adsorbs Lu and exhibits a characteristic peak generated by the twisted vibration of carboxylate ions at 657 cm™!,
indicating that REEs are adsorbed in the form of carboxylate salts in the resin. The experimental results showed that
the best enrichment effect was achieved when the pH of the seawater sample was adjusted to 5.0-5.1, with 12 mL of
0.4 mol/L NH4Ac used to remove salts, 2 mL of 2 mol/L HNOs3 used as the eluent, and 3—6 mL/min set as the sam-
ple injection speed. The recovery rate of this method for REE enrichment in seawater ranged from 92% to 103%,
with detection limits ranging from 0.000 25 pmol/kg to 0.054 pmol/kg. The precision of the analysis was less than
5% (n = 6). The accuracy of the method is verified to be high using the NASS-7 standard seawater, and the differ-
ence between the measured concentration and the literature average is within one standard deviation range. The
method established in this study can be used to determine REE concentrations in low-salinity river water, estuarine

salinity gradient zones, and high-salinity seawater samples.
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