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AbstrAct

+LJK�WHPSHUDWXUH�R[LGH�PHOW�VROXWLRQ�FDORULPHWU\�ZDV�XVHG�WR�LQYHVWLJDWH�HQHUJHWLFV�RI�D�VHULHV�RI�
rare earth niobates RE�NbO7��$OO�RI�LQYHVWLJDWHG�FRPSRXQGV�ZHUH�IRXQG�WR�EH�VWDEOH�LQ�HQWKDOS\�LQ�
respect to their oxides. The enthalpy of formation from oxides becomes more exothermic as the size 
of the RE cation increases, a trend seen previously in other RE compounds including pyrochlores, 
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introduction

The rare earth elements (RE) include lanthanides, yttrium, and 
scandium. Geochemically classified as incompatible elements, 
they do not readily substitute into major rock-forming minerals 
but partition into minor phases and are important petrologic 
LQGLFDWRUV� RI� SURFHVVHV� LQYROYLQJ�PHOWLQJ� �0F/HQQDQ� ������
3HUWHUPDQQ�HW�DO��������:RRG�DQG�%OXQG\��������7KHLU�LVRWRSH�
systematics play major roles in geologic dating (DePaolo and 
:DVVHUEXUJ��������5DUH�HDUWKV�DUH�FULWLFDO�HOHPHQWV�IRU�WHFKQRO-
RJ\��ZLWK�ZLGHVSUHDG�XVHV�LQ�OLJKWLQJ��FRPSXWHUV��FHOO�SKRQHV��
PDJQHWV��DQG�ELRPHGLFDO�DSSOLFDWLRQV��6DVWUL�HW�DO��������

Despite the name “rare earth,” these elements are not par-
WLFXODUO\�VFDUFH�LQ�WKHLU�WRWDO�FUXVWDO�DEXQGDQFH��ZKLFK�VXUSDVVHV�
that of such commonly used elements as copper or lead (Golev et 
DO���������+RZHYHU��UDUH�HDUWKV�DUH�QRW�XVXDOO\�IRXQG�LQ�XQLTXH�
minerals or rich ores. Rather they are often present together in 
minor to trace concentrations in other minerals. This leads to the 
necessity of extracting and separating them from different kinds 
RI�RUHV��'HVSLWH�WKH�PRVWO\�ORZ�DEXQGDQFHV�RI�5(�LQ�FUXVWDO�DQG�
mantle rocks, minerals that contain these elements as significant 
components make up approximately 12% of the total number of 
PLQHUDO�VSHFLHV�NQRZQ�WR�GDWH��DOWKRXJK�RQO\�D�VPDOO�IUDFWLRQ�
have been used for the extraction of rare elements (Linnen et al. 
�������7KH�EXON�RI�JOREDO�/5(��OLJKW�UDUH�HDUWKV��/D�(X��PDQX-
IDFWXUH� ���±�����FRPHV�IURP�EDVWQDVLWH��&H���PRQD]LWH��&H��
LV�DQRWKHU�LPSRUWDQW�/5(�PLQHUDO��ZKLOH�[HQRWLPH��<��DQG�LRQ�
adsorbed clays are the major sources of HRE (heavy rare earths, 
*G±/X���/LQQHQ�HW�DO���������3\URFKORUH�DQG�]LUFRQ�DFFRXQW�IRU�
RYHU�����RI�WKH�1E�DQG�=U�SURGXFWLRQ�DQG�DOVR�FRQWDLQ�UHODWLYHO\�
KLJK�FRQFHQWUDWLRQV�RI�5((��/LQQHQ�HW�DO��������

The coexistence of rare earths and niobium in ores is relatively 
FRPPRQ��IRU�H[DPSOH�LQ�WKH�ODUJH�UDUH�HDUWK�GHSRVLW�%D\DQ�2ER�

LQ�,QQHU�0RQJROLD�WKH�RUH�FRPSULVHV�PRUH�WKDQ�����LQWHUJURZQ�
minerals containing iron, rare earths, fluorine, and niobium 
�'LQJ� HW� DO�� �������7KH�0RXQW�:HOG� FDUERQDWLWH� LQ�$XVWUDOLD�
FRQWDLQV�ZRUOG� FODVV� UDUH� HDUWK� R[LGH� DQG� QLRELXP�WDQWDOXP�
GHSRVLWV���*XSWD�DQG�.ULVKQDPXUWK\��������2WKHU�H[DPSOHV�RI�
niobium and rare earth containing deposits are St-Honoré and 
$OH\��&DQDGD��0ULPD��.HQ\D��2QGXUDNRUXPH��1DPLELD��$UD[i��
%UD]LO��&RUGHLUR�HW�DO���������6RPH�RI�WKHVH�GHSRVLWV�DUH�VWLOO�QRW�
actively mined and are potential future sources of rare earths.

Sustainability of rare earth supply, use, and recycling is very 
important and must take many factors into consideration. Sustain-
ability impacts of RE can be analyzed from techno-scientific, 
HQYLURQPHQWDO��VRFLDO��DQG�HFRQRPLF�SRLQWV�RI�YLHZ��0F/HOODQ�
HW�DO���������7KH�SUHVHQW�ZRUN�IRFXVHV�RQ�WKH�ILUVW�WRSLF²VFL-
ence and technology. The analysis of thermodynamic properties 
of rare earth containing compounds can help in understanding 
processes forming the rare earth containing minerals and improv-
ing methods of their extraction from ores. Extracting rare earths 
from ores is also a part of environmental, social, and economic 
sustainability assessments.

In addition to being possible sources of rare earth elements 
and of niobium, rare earth niobates have interesting properties 
IRU�WHFKQLFDO�DSSOLFDWLRQV��:LWKLQ�WKLV�IDPLO\��<�NbO7 has been 
IRXQG�WR�EH�DQ�R[\JHQ�LRQ�FRQGXFWRU�LQ�D�ZLGH�UDQJH�RI�R[\JHQ�
SDUWLDO� SUHVVXUH� �/HH� HW� DO�� ������ZKLOH�/D�NbO7 is a proton 
FRQGXFWRU��6KLPXUD�HW�DO���������7KH�SUREOHP�RI�ILQGLQJ�SURSHU�
PDWHULDOV�IRU�HOHFWURFKHPLFDO�GHYLFHV�LV�ZHOO�NQRZQ��0DWHULDOV�
exhibiting high conductivity are usually not very chemically 
VWDEOH��H�J���%D=U2� proton conductor (Gonçalves and Muccillo 
�������7KXV�ILQGLQJ�QHZ�VWDEOH�PDWHULDOV�H[KLELWLQJ�KLJK�FRQGXF-
tivity seems crucial, especially if the materials are ion conductors 
in the undoped state. Rare-earth niobates, since they are inher-
HQWO\�GHIHFWLYH�PDWHULDOV��/ySH]�&RQHVD�HW�DO���������DUH�JRRG�
FDQGLGDWHV��)URP�DQRWKHU�SRLQW�RI�YLHZ��'RL�HW�DO���������IRXQG�
WKDW��GHSHQGLQJ�RQ�WKH�ODQWKDQLGH��WKH�PDWHULDOV�VKRZ�GLIIHUHQW�
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