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Figure 1 (a) Periodic crystallization trend of lanthanide

(c

elements; (b) Coordination geometries and coordination
numbers of Ln** and Th*" ions; (¢) Zero-dimensional
structural models of Ln-1, Ln-2, and Th-1; (d) Three-
dimensional framework structures of Ln-1, Ln-2, and Th-1.
(Coordinated H-O molecules are represented as dark blue
spheres, N atoms as light blue spheres, O atoms as red
spheres, C atoms as dark gray sticks, H atoms as pink
spheres, and metal centers as polyhedra in purple, green, or
light blue).

Ln** £ R8T 1 4> BDA2 it # b ()58 B 166
TR 1 AN E4E Ln, (BDA)y(H,0), 70 14544, 42 1
() 36 3o - HE R DL R o 4 A6 A LA F TR R — 4
B, BRETRAEG TS AE AR K b
KT (B 1(d)). 1 Th-1 M) J& = 44 & 2825 a) B
P-1, FLE5HH 1A &R 857 () Th 2 TH A
2> BDA> Pt #& PA K& 2 AN B ALK 3 F R .
Bl 1(b) Frn, Th* 23 -FECALMIE =M S &L
2 HAAKIAY, FIFEHL, BkgsfEE e -
PR DL R VG AEA EAE T R =4 F 4L, &
BB N A T o A — AU ) A% K 4
(K 1(d)). Gd-1. Dy-2 Ml Th-1 ] & 44 2= £ 45
W1,

%1 Gd-1.Dy-2 MITh-1 [ 5 k25080 .
Table 1 The crystallographic data of Gd-1, Dy-2 and Th-1.

TiH Gd-1 Dy-2 Th-1
CCDC 2490594 2490595 2490596
Mass 1029.98 4440.48 770.47
Color and habit P2i/c P2/c P-1
Spaces group  monoclinic  monoclinic triclinic
a(h) 13.8967 (15) 19.3604 (17) 7.6358 (8)
b(A) 9.1408 (9) 18.2639 (14) 10.0643 (11)
c(A) 24702 (2)  23.019 (2) 16.5723 (18)
a () 90 90 91.117 (4)
Q) 99.004 (3) 108.061 (3) 98.219 (4)
7 (°) 90 90 107.882 (3)
V(A3 3099.2(5) 77385 (11) 1196.9 (2)
z 4 2 2
T(K) 296 296 296
2 (A) 0.71073 0.71073 0.71073
Maximum 26 (°) 48.98 52.18 55.28
p (g/em?) 2.207 1.906 2.138
Gof 1.099 1.075 1.034
R, 0.0443 0.0256 0.0240
WR, 0.1083 0.0644 0.0558

WK 2 FoR, AR X SFRATHE IR 4T,
PAF TR M EARZERE, I H T DUR E 4
FRIOCE FEIAMESE S . B oK X R AT St
7N, GA S AT PLERTS Ln-1 AT Ln-2 V@ &40, Thbs
Dy Fll Ho s AR T Ln-2 FRZ0KE,  Th ) v B
AR T Th-1 [2iAH. X Eegt FAVAESE T W
(PR S oA, T OV R — D4 oy Rt
7.
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Figure 2 (a) Powder X-ray diffraction pattern of the Gd reaction; (b) Powder X-ray diffraction patterns of the Tb, Dy, and Ho
reactions; (¢) Powder X-ray diffraction pattern of the Th reaction.
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(©)
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Selective
crystallization

Liquid

Solld

Th/Ho %)

PRSI R AH LR T Th-1 SRS, A

K FH [ A0 47 5 1 7 v (B 3(e)) STIR B it AT
o ARSI RN [ AR 4 R e R I EE R L,

K ICP-OES #4773 47 -

®) o0 L LI B Th [ Tn
80%
60%
40%
20%
0%

Th/Ln Th/Gd Th/Tb Th/Ho Th/Dy

SF 998 63.7 53.6 61.7

ICP-OES analysis

3 (a) Th/Ln S B ARATSS 8] (b) Th/Ln 85 & 70 B A5 R (1. 1. T8 73 IARRAIERYIRL . A1), SR TR);
(c) “EL/HH Z8 TCER A PR 25 70 25 SR R [T 7y I 1
Figure 3 (a) Powder X-ray diffraction patterns of Th/Ln reactions; (b) Results of Th/Ln crystallization separation (columns I,
11, and III represent the initial materials, solid products, and reaction solution, respectively); (c) Schematic illustration of the

selective crystallization-separation strategy for Th/lanthanide elements and the subsequent solid-liquid separation process.

ICP-OES 453 (£2) SR, B~ 4yh 382
Th*, 7= Th-1 458 PI0 ks N R &4 /0 2

AET, WA T LFHREERAET, HitrE
0 Th AR AERERE 2 97% BL L. [AR, i8I
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SEM-EDS#fi (323) 7341, Joilk | didirhet oz
HEIAFZ100%. HT Thigs R8s, ik

Th/Ln )43 & K7 %8 B8 BARAK, 437129 99.8 (Th/
Gd). 63.7(Th/Tb). 53.6 (Th/Dy)H161.7 (Th/Ho).

2 Th/Ln% &1 ICP-OES $(4f .

Table 2 ICP-OES data of Th/Ln separation.

i H clement original (mmol) solution (mmol) solid (mmol) removal rate (%) SF
Th 0.1 +0.005 0.048+1x10~4 0.051+6x1073 51

Th/Gd 99.8
Gd 0.1 +0.005 0.094+3x1073 0.001£2x10~4 —
Th 0.1 +0.005 0.060+8x10~3 0.039+2x1073 39

Th/Tb 63.7
Tb 0.1 +0.005 0.098+£3x1075 0.001+6x10~° —
Th 0.1 +0.005 0.064+£8x1073 0.035+3x1074 35

Th/Dy 53.6
Dy 0.1 +0.005 0.098+£2x1073 0.001£7x1073 —
Th 0.1 +0.005 0.061£2x1073 0.038+8x1073 38

Th/Ho 61.7
Ho 0.1 +0.005 0.099+£4x1075 0.001£7x1073 —

&3 Th/Ln %3 & 18k 14 SEM-EDS %4 .
Table 3 SEM-EDS data of the Th/Ln separated crystals.

IiH element weight (%) | WiH element weight (%)

C 77.85 C 84.8
O 18.32 (0] 12.97

Th/Gd N 0 Th/Tb N 0
Gd 0 Gd 0
Th 3.84 Th 2.23
C 68.1 C 79.81
O 7.97 (0] 17.48

Th/Dy N 0.67 Th/Ho N 0
Gd 0 Gd 0
Th 4.83 Th 2.71

B LU ESEE, WYONIZKIRG R R v
S ouRmRm st ¥ %A d0sr. Hoox
REBGTE — SRS AT N A 1 JR e Bk 45 it

(a)

[ Th [ Ln
100% ! I ﬂ o
80%
60%
40%
20%
0%
Th(mmol) 0.1 0.05
SF 429 4223

VEHOR, IR i A7 E P [ 2> 2 R AT 3RS Al
FEREL LAY . 1SRG UE T 7RI AN KA
SAE R SEIEL A BT, NS 8EE U R
JCE HPAEL I B IR T VRTE AT REME .

X 2 0 Th/Ln /R R R G0 R I,
JRSLAR Z2 H B IR S dR AT DR ORI B A A A
B . 30 /> Th 14 53 & B 0 C 74 4
JiR (15 (Th/H,BDA JEE /K ELIE/IN), 7T 4 2038 &
Thi4 A . iRk LAMHR TR SR
Fh s AF 15 5 A AR I A 40 B A PR AR (94%~
97%), {HI 5 1) 45 i 2 A AF LRV TP IR & B
RO R R, Sk F]920.2 (LR E KN 96%),
M S R Lo () 5% B B IR AR FFA AR, m&
SEELS Z ot Roc R 2 A5 B T B 2
5 (El4fzk4), dHLar L, itk Th & &5
P B B OO E R R, AN AR 8 T R A

(b) Loonoom ESThLn

100%
80%
60%

0%

40%

20%
H2 BDA(mmol) 0! 0.05
SF 429 4223

4 (a)% 70 Th/Ln(JA4% Th TR &) 45 i 73 B I 45 3 (b) 2 78 Th/Ln(UR AR 1457 (¥ 5 ) 45 it 70 B IR 45 R (L T
A 53 ARG RE . R4 SOSIER).
Figure 4 (a) Results of multicomponent Th/Ln crystallization separation by tuning the molar ratio of Th; (b) Results of
multicomponent Th/Ln crystallization separation by tuning the molar ratio of the ligand (columns LII, and III represent the

initial materials, solid products, and reaction solution, respectively).
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Table 4

HE

%4 Th/Ln Z 05 B ICP-OES ##f .

ICP-OES data of multi-element Th/Ln separation.

W R JC R/ R TR 2 B AR AL KR S B R

=] element  original (mmol)  solution (mmol) solid (mmol) removal rate (%) SF

Th/Ln Th 0.05+0.003 0.0039+6x103 0.04584+2x107° 92 193
Ligand: 0.1 mmol Ln 0.1£0.005 0.0971£3x1073 0.0027+2x10~° —

Th/Ln Th 0.1£0.005 0.0496+£4x107° 0.0501+£2x107¢ 50 429
Ligand: 0.1 mmol Ln 0.1+0.005 0.0976+4x1073 0.0023+3x107°¢ —

Th/Ln Th 0.1+0.005 0.0039+6x1073 0.0458+£2x10° 96 920.2
Ligand: 0.2 mmol Ln 0.1£0.005 0.0971£3x1073 0.0027+£2x10° —

4 2= B B o s K EA IS, ATE N BNl

A I IS X 756 Th/Ln 5 & 4 85 0125 1%
Z LA AE L 0 Th/Ln 5 540 B4 & b 5 N Al 4548
U TSRS (RSB A T ) R AR ) BE R
tb), RS T Hout g AT NS o B RE
oM. SEREW, &4 AR S ThiEE R L
Al Rk Th B AR AR S % 5 AR K, M
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Exploration of Introducing the Crystallization-Based Separation of
Thorium and Lanthanide into the Teaching of Inorganic and
Coordination Chemistry

LU Huang-jie, CHENG Si-yuan, QIAN Jun-feng, HE Ming-yang, CHEN Qun, ZHANG Zhi-hui"
(School of Petrochemical Engineering, Changzhou University, Changzhou 213164, China)

Abstract Thorium (Th) and lanthanide elements, owing to their highly similar ionic radii and coordination
environments, have long posed significant challenges in rare-earth mineral separation and nuclear fuel cycle
processes. In recent years, selective crystallization separation has emerged as an important research direction,
offering a green and efficient strategy to address this issue. This paper, grounded in the pedagogical needs of
crystallography and coordination chemistry, explores how the mechanisms, experimental methodologies, and
application cases of Th/lanthanide elements separation can be integrated into postgraduate courses in inorganic
and coordination chemistry, drawing upon the latest advances in research. Through case-driven teaching and the
development of experimental platforms, students are not only able to appreciate the value of crystallization
separation in resource recovery and nuclear energy utilisation, but also gain a systematic understanding of
interdisciplinary core principles such as molecular recognition, lattice differentiation amplification, and structural
modulation. In research practice, three metal-organic complexes, namely Gd (BDA)(NO3)(H20)s, Ln2(BDA)s
(H20)3-H20, and Th(BDA)2(H20)2-H2O (abbreviated as Ln-1, Ln-2, and Th-1, respectively), were successfully
synthesised under hydrothermal conditions using 2,2'"-bipyridine-6, 6'-dicarboxylic acid (H2BDA) as the ligand,
thereby revealing the crystallization patterns of lanthanide elements under identical reaction conditions. Further
binary and multicomponent Th/Ln crystallization separation experiments demonstrated that Th-1 preferentially
precipitates, achieving efficient one-step separation of Th**, with separation factors as high as 920.2 in Th/Ln (Ln
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=Gd, Tb, Dy, Ho) systems. This study illustrates that the deep integration of cutting-edge scientific problems into
teaching not only provides an intuitive demonstration of the scientific principles and application prospects of
crystallization separation, but also fosters postgraduate students' innovative research capabilities and
interdisciplinary competence in tackling complex chemical challenges.

Keywords Thorium, Lanthanide elements, Selective -crystallization separation, Coordination chemistry,

Integrated laboratory teaching
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