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Table 1 Chemical analyses of tourmaline samples W/%

Component HB-1 HB-2 XJ-1 XJ-2 YN-1 GX-1
SiO, 35.45 35.67 36.58 36.59 352 33.82
AlLO3 30.54 31.67 31.91 31.49 30.39 30.06
Fe,03 9.45 3.60 2.03 2.54 0.74 1.60
FeO 2.98 3.75 2.12 3.02 13.22 13.95
CaO 1.29 0.99 1.33 2.16 0.31 0.78
MgO 2.64 7.43 7.94 7.6 1.12 0.96
K,O 0.39 0.28 0.29 0.27 0.33 0.3
Na,O 2.01 2.12 2.16 1.72 2.00 1.93
TiO, 0.97 0.37 0.87 0.71 0.69 0.87
P,0s 0.19 0.21 0.02 0.04

B,0Os 9.82 9.99 9.93 10.46 9.91 9.72
MnO 0.33 0.04 0.01 0.02 0.14 0.17
ZnO 0.12 0.02 0.01 0.02 0.10 0.05
Li,O 0.08 0.02 0.16 0.04
F 0.23 0.24 0.43
H,O 2.13 1.65 1.96 1.82 2.63 2.95
Total 98.62 97.58 97.35 98.46 97.22 97.63

Note: The contents of Fe with different valence states were calculated based on Mossbauer spectra results. w is mass fraction.
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Table 2 Mossbauer parameters of tourmaline samples

WEe /% WES /%
Sample Subspectra S/(mms")  A/(mm's”) Arearatio/%  Assignment W('Fe% WEH% WF) %
Y z Y z
HB-1 Doublet (1) 1.07979 2.38524 25.94 YFe®* 8.93 4.02 491 4.02 491
Doublet (2) 0.454 62 0.69053  54.97 YRS
Doublet (3) 0.801 90 1.69140  19.10 YR
HB-2 Doublet (1) 1.075 75 2.400 12 29.50 YFe?* 5.43 291 2.52 291 2.52
Doublet (2) 0.470 84 0.77539  46.32 YR
Doublet (3) 0.892 47 1.66985  24.18 YFe2
XJ-1 Doublet (1) 0.883 06 2.376 41 61.20 YFe** 3.07 1.88 1.19 1.88 1.19
Doublet (2) 0.524 99 175600  12.50 YRS
Doublet (3) 0.239 36 0.754 30 26.30 YFe**
XJ-2 Doublet (1) 1.076 52 2.328 74 100.00 YFe** 2.29 2.29 2.29
YN-1 Doublet (1) 1.075 14 2.329 61 60.51 YFe** 10.80 10.28 0.52 10.28 0.52
Doublet (2) 0.533 95 0.120 46 476 YE
Doublet (3) 1.045 34 1.824 93 34.73 YFe?*
YN-2 Doublet (1) 0.882 42 2.33561  100.00 YFe** 1.42 1.42 1.42
GX-1 Doublet (1) 1.066 95 2.247 65 54.32 YFe** 11.97 10.85 1.12 6.50 435 1.12
Doublet (2) 0.425 46 0.492 51 9.39 YE
Doublet (3) 0.967 93 1.417 84 36.29 ZFe?t
XJ-3 Doublet (1) 0.909 60 2.372 07 56.90 YFe** 4.13 2.35 1.78 235 1.78
Doublet (2) 0.398 06 1.01528  43.10 YFe*

& is isomer shift related to a-Fe, and 4 is quadrupole splitting. w is mass fraction.
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Fig. 2 Crystal structure of tourmaline

HLSAT H 22 PR Al A4 22 TR 4L, s 2 B

Bl 2 kAR X AL, —MKH Na. K. Ca
LR R, AL B2 TH A R[Si04) VU
A&, 6 NSIOLMYHARMARAHEETE B 1 75T, Af
T X SN GEZTEAIYO) NIk, i
— i Fe. Mg+ Al. Li. Ti. Mn. Cr &5 1 545,



5255 10

JOBk S BREERA Y LFIE T ERMRCCR .+ 3197 -

W2 AR N[ZOg \ iR, F.0—MH Al JRF 5

TE’

JVHIEFD 6 AN[ZO6]/\THRAL T 50— F1H, AbTERESA
INTCIA N7 s i =M N[BOs] =M TE, AT [YOs]

JNIHEAR 5 [Z06] )\ AR Z 18], i s A A 45 F
BT — M R B = AT, T R T A2
T A B AR B AN, O S
FAE—EZ R, Al H RS SRR .

H 45 Y 5 ER Fe KAEHTH, 3 MYO]

2.8 2.8
—.. s e — e
26 X0 2.6 <X_0>
—— <Y—0O> —— <Y—O>
< 24 | A <7_O> 24 —A—<7—0O>
e —¥—<T—0> < —y—<T—O>
o 22 —<<B—0> ) 22 —<4—<B—0>
2 [5)
T 20} e—e—o o *— S 20| ® o ooo
= A A A A A A g Ad A Ad A
A @
1.8 1.8
1.6 + \ 4 A v v V—y 1.6 b V¥ \4 vV
M e« L4 e 4«4
2 4 6 8 10 12 0.3 0.6 0.9 1.2 1.5 1.8 2.1
Mass fraction of Fe/% Mass fraction of Mg/%
(a) Change of atomic bond length with Fe content (b) Change of atomic bond length with Mg content
2.8
26 - = e 1595 |
T —a— <X—0O>
——<Y—0O>
24 | —A—<7—O> 1590
<L
= —v—<I—-0> . .
B 22 F —4—<B—0O> <
5 2 1585 /
) i oo ——————— e E]
g 2.0 - - N N =
R e Z
18 | 8 1580
16 W v Y - 1575 +
n
L4 T < < «
1 1 1 1 1 1 1 570 1 1 1 1 1
0 10 20 30 40 50 2 4 6 8 10 12
Molar ratio of Fe and Mg Mass fraction of Fe/%
(c) Change of atomic bond length with Fe/Mg (d) Change of cell volume with Fe content
1595 1595 +
1590 t 1590
e " > d .
T 1585 | \ 2asss |
—g ] E [ ]
: 2
= 1580 = 1580
3 o
1575 1575 ¢
| | n
1 570 1 1 L 1 1 1 1 1 570 1 L 1 1 1 1
0.3 0.6 0.9 1.2 1.5 1.8 2.1 0 10 20 30 40 50
Mass fraction of Mg/% Molar ratio of Fe and Mg

(A

(e) Change of cell volume with Mg content (f) Change of cell volume with Fe/Mg

K3 AR R AR B B AR
Fig. 3 Atomic bond length and cell volume of tourmaline varying with composition
MEANFE S BAAETREKOUE 3)5RE BlESAT Feo Mg SF0R B2 5 &2 AR KM
(LM D Y AR EETR R, K IR 2R AR, Fe & RETHRE Mg S&ET



+ 3198 - (RERR Sh2230)

J Chin Ceram Soc, 2024, 52(10): 3192-3204

2024 4F

i, R A AR RS SRR H S R S IR [
P R, CBERBELLEIA R AR A TS N
HiE. HHIAN: 1) £ Fe S REET Mg SEIH
A, @A Mg SEF R K. XEH
T Mg BT — KT Fe &7, Mg &g
PR FER T IRRIGER,  AARRRE  1E K
2)7E Mg & im T Fe S ®RIES AT, AR
Fe &SR K. X2Z&HT HB-2. XJ-1 fl XJ-2
3 FEA A Mg SERE, W Y B SEERK

KIITEE N Fe Al Al, 1 Fe & TE2 KT AlET,
HEZ Fe (4O, b MR AAFRUAE XSO, R 0 & g
PRSI LR B kT s i o e

221 WA @AW BT EBERA
JRAYAA, HaEHg R IF A2 R 22T JE T 2
MR 3 R T AL WSEL RIER0)
AXQTHE T A A 2 IR th S Hon g A 4
S50, 0T o 0 R AR X St R i T A A
PGSR AR e m, TS IRk 3 fios.

®3 6 MESAFETEENSEFNHMSH

Table 3 Distortion parameters of polyhedron in the six tourmaline samples

Ax10%(standard deviation of bond distances)

o*(standard deviation of inter-atomic angels)

Sample

X Y Y4 T B Y V4 T B
HB-1 3.075 0.696 0.379 0.094 0.050 75.483 44.994 9.096 0.163
HB-2 2.781 0.620 0.361 0.083 0.003 74.859 46.125 8.269 0.083
XJ-1 2.902 0.496 0.410 0.093 0.041 76.881 47.642 9.148 1.816
XJ-2 3.006 0.503 0.381 0.084 0.018 76.911 46.828 9.765 1.307
YN-1 1.842 0.671 0.494 0.051 0.182 86.136 45.600 5.746 2.645
GX-1 2.362 0.569 0.335 0.096 0.024 75.800 46.853 10.722 1.891

Ax10° is the standard deviation of bond distances; 6°is the standard deviation of inter-atomic angels.
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c?of Y | .... 02500
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*p<=0.05 **p<=0.01 (p<0.05 is significantly correlated, p<0.01 is highly

significantly correalated)
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Fig. 4 Heat map of the correlation between the distortion
parameters of polyhedron in tourmaline
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Table 4 Spontaneous polarization intensity of tourmaline

samples
Sample p/(g'cm%) D/pm Ac/(mS-cm™) PS/(HC'cm’Z)
HB-1 3.10 6.12 30 0.046 2
HB-2 3.09 6.05 26 0.039 5
XJ-1 3.15 6.17 30 0.047 4
XJ-2 3.14 6.1 27 0.042 0
YN-1 3.11 6.15 31 0.048 2
GX-1 3.08 5.42 37 0.050 2

p is the density of tourmaline. D is the particle size of tourmaline powder. Ao

is the difference of conductivity. Py is the spontancous polarization intensity.
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Extended Abstract

Introduction Tourmaline is a kind of borosilicate mineral with complex structure and composition, which is used in the fields of
functional materials, environmental protection and healthcare. Since the positive and negative charge centers of tourmaline do not
coincide, tourmaline has a natural spontaneous polarization that is one of the most important properties, having its application in
various fields. In previous studies, the changes of element occupancy, valence proportion of key elements and crystal structure
parameters in tourmaline cause the lattice distortion, resulting in a change of spontaneous polarization intensity. It is thus of great
significance to reveal the relationship among the composition, structure and property of tourmaline. In this paper, the control path
along iron speciation-microstructure-spontaneous polarization of Fe-Mg tourmaline was investigated to clarify the structure-activity
relationship dominated by cation occupancy in Y-site of tourmaline and propose the optimal configuration of tourmaline with the
excellent performance.

Methods Six single crystals of tourmaline samples with different Fe contents were collected from different locations in China (i.e.,
Hebei province, Xinjiang province, Yunnan province and Guangxi province), respectively. After digestion, the chemical compositions
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of the samples were determined by ICP. The natural tourmaline was crushed by a model RH-800 high-speed multifunctional
pulverizer (Zhejiang Ronghao Industry and Trade, China), and ground by a model XPM-®100x4 planetary muller (Wuhan
Prospecting Machinery Factory, China). The composition of tourmaline was determined by a model 7700x inductively coupled
plasma optical emission spectrometry (ICP-OES, Agilent Co., USA). The crystallographic structure of tourmaline was examined by a
model X’Pert PRO X-ray diffractometer (XRD, PANalytical B.V., the Netherlands) with Cu K, radiation over a 26 range between 3°
and 80°. The occupancy of Fe** and Fe’* at Y and Z sites of tourmaline was characterized by a model MVT-1000Mossbauer
spectrometer (Wissel Co., Germany). The crystal structure of tourmaline was characterized by a model Smart APEX-CCD X-ray
single-crystal diffractometer (Bruker Co., Germany) with Mo Ka radiation, and the structure refinement was completed by a
crystallography software named SHELXS-97. The spontaneous polarization intensity was measured quantitatively and indirectly by
an alkali solution method.

Results and discussion The structure difference due to different composition of tourmaline is mainly caused by the element change
in Y site, in which Fe element plays a crucial role. Based on the calculation of intrinsic electric dipole moment, the spontaneous
polarization intensity of tourmaline along the C-axis is more intense than that in other directions (cylinder), and the T polyhedron is
the largest contributor to the intrinsic electric dipole moment of tourmaline. The intrinsic electric dipole moments generated by each
polyhedron along the a and b axes cancel each other due to the toroidal symmetrical structure of tourmaline, resulting in a small total
intrinsic electric dipole moment.

The intrinsic electric dipole moment and the spontaneous polarization intensity of the six tourmaline samples are in the order
GX-1>YN-1>XJ-1>HB-1>XJ-2>HB-2. The more intense the polyhedral distortion is, and the larger the intrinsic electric dipole
moment and the more intense the spontaneous polarization will be. For tourmalines with Fe content that is higher than Mg content, the
polyhedron distortion of tourmaline and the intrinsic electric dipole moment increase with the increase of Fe** content and iron atom
in Z site. For tourmalines with Fe content that is lower than Mg content, the structure distortion and the intrinsic electric dipole
moment decrease with the increase of Fe content, and increases with the increase of Fe*" content.

For the Fe-Mg tourmalines, the Y site is mainly occupied by Fe atoms and Mg atoms, and the change of Mg/Fe molar ratio
directly affects the expansion and deformation of Y polyhedron, resulting in the change of tourmaline structure. After the intrinsic
electric dipole moment of tourmaline is analyzed at different Mg/Fe ratios, the intrinsic electric dipole moment of tourmaline
decreases with the decrease of Fe content when the molar ratio of Mg/Fe is less than 1. This is due to the decrease of Fe?" content,
leading to the weakening of structural distortion. The intrinsic electric dipole moment of tourmaline increases with the decrease of Fe
content when the Mg/Fe molar ratio is greater than 1, which is consistent with the previous results. For tourmaline with Fe content
that is lower than Mg content, the lower the Fe content is, and the more intense the structural distortion and the greater the inherent
electric dipole moment will be. When the Mg/Fe molar ratio is greater than 2, the intrinsic electric dipole moment and the
spontaneous polarization intensity of tourmaline at different Mg/Fe molar ratios become stable.

Conclusions For tourmalines with Fe content that was higher than Mg content, the cell volume increased with the increase of
magnesium content, and the polyhedron distortion of tourmaline and the intrinsic electric dipole moment increased with the increase
of Fe?* content and iron atom in Z site. For tourmalines with Fe content that was lower than Mg content, the cell volume increased
with the increase of Fe content, the structural distortion and the intrinsic electric dipole moment decreased with the increase of Fe
content, and increased with the increase of Fe* content. The results of spontaneous polarization test showed that the characteristic
properties of tourmaline were consistent with the intrinsic electric dipole moment. The configuration structure—function relationship
of tourmaline with Fe as a main factor was revealed via analyzing the variation trend of intrinsic electric dipole moment under the
dominance of Y-end positive ion. The performance of tourmaline decreased with the decrease of Fe content when the Mg/Fe molar
ratio was less than 1. The performance of tourmaline increased with the decrease of Fe content when the Mg/Fe molar ratio was
greater than 1. The spontaneous polarization increased when the Mg/Fe molar ratio was greater than 2.

Keywords iron—magnesium tourmaline; positive ion in Y site; spontaneous polarization; structure—function relationship



