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Abstract
Niobium in kaolin clay from the Late Permian sequences was reported in the range of several hundreds of micrograms per gram
and was considered as a potential resource for its high concentrations and large areal distribution. Ti-bearing minerals associated
with kaolin clay were identified as the main host phase for niobium in some case studies. However, the correlation between the
concentration of niobium and titanium is poor, and the types of Ti-bearing minerals and modes of occurrence of niobium are not
clear. Typical kaolin clay samples from the Late Permian sequences from southwest China were characterized, and the final
products derived from kaolin clay sample were investigated using XRF, ICP-MS, XRD, SEM, and TEM (EDS). The results
reveal that there were three types of TiO2 mineral phases in the clay samples: (a) massive TiO2 minerals and (b) aggregates of
nano TiO2 minerals did not contain niobium while (c) granular TiO2 minerals were the source of niobium from the EDS analysis.
The granular TiO2 minerals included anatase and rutile, both of which were the sources of niobium in kaolin clay in the current
study. The findings are of great theoretical implication for source and origin study of Ti-bearing minerals and guidance for
separation and recovery of niobium from kaolin clay.
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1 Introduction

Niobium (Nb) is a strategic metal with extensive uses in many
fields, and the demand for Nb in the world market has been
increasing for the past decades due to its application in steel
and alloy industries [1, 2]. Pyrochlore, columbite, fersmite,
and fergusonite occur in nature as common niobium-bearing
minerals [3]. Magmatic Nb-Ta (tantalum)-Sc (scandium) de-
posits and sedimentary Nb-Ta deposits are the two major cat-
egories for geological and geogenic classification [4]. The
sedimentary Nb-Ta deposits include two sub-categories, i.e.,

Nb-P (phosphorus)-Ti (titanium) laterites and bauxites and Sn
(stannum)-Ta-Nb placer deposits. Worldwide, more than 95%
of niobium ore reserves were evaluated in Brazil and Canada.
The unbalanced distribution of niobium resources and the in-
creasing industrial demand for niobium have encouraged the
exploitation and processing of new niobium resources.

In China, Nb-containing clay from the Late Permian se-
quences was reported as a potential resource for its high con-
centrations and large areal distribution [5, 6]. The Late
Permian sequences in southwest China (including western
Guizhou Province, eastern Yunnan Province, and southern
Sichuan Province) are referred to as the Xuanwei Formation,
and the lower part of this sequence is mainly composed of
kaolinitic clay rocks [7, 8]. The kaolinitic clay rocks from
Xuanwei Formation were reported as new polymetallic re-
sources of niobium, rare earth elements, zirconium, gallium,
etc., for their high concentrations [5, 8–10]. The content of Nb
in the kaolinitic clay rocks is mainly in the range of 200–600
μg/g and is generally higher than that of weathered crust Nb
deposits according to the Chinese Geology Mineral Industry
Standard [6], which defines that the content of Nb2O5 for
exploration should be no less than 160 to 200 μg/g.

The kaolinitic clay from the Xuanwei Formation was
known to have a sedimentary environment [7]. However, Nb
found in the kaolinitic clay was considered as a new type of
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resource instead of a common sedimentary Nb-Ta deposit
(neither a Nb-P-Ti laterite and bauxite nor a Sn-Ta-Nb placer
deposit). Because the Nb resource was newly discovered,
modes of occurrences of Nb have not been deeply understood.
Nb-ilmenite was found in the samples from the Xuanwei
Formation and was considered as one of the Nb-bearing min-
eral phases [11]. However, Nb-ilmenite occurred as fine dis-
persed grains and was rarely observed under SEM-EDS [11].
That means Nb-ilmenite has no sufficient content for us to
interpret the high concentrations of Nb in all samples. Ti-
bearing minerals were identified as the main host phase for
Nb in the clay samples from Egypt [12]. There was no corre-
lation between the concentrations of Nb and Ti from the dif-
ferent clay or host rock samples [13]. Therefore, some re-
searchers assumed that Nbwas inferred to be absorbed by clay
minerals [5, 11].

The aim of the current work is to depict the modes of
occurrences of Nb and to explain the relationship between
Nb and Ti in the kaolinitic clay from Xuanwei Formation.
The origin of Ti-bearing minerals in kaolinitic clay was also
discussed.

2 Materials and Methods

2.1 Sample Collection and Pretreatment

Kaolin clay samples in the bottom part of the Xuanwei
Formation were collected from Weining County, Guizhou,
China. Three typical kaolin samples representing low titanium
(L-Ti), mid titanium (M-Ti), and high titanium (H-Ti) were
characterized to investigate the morphology, main and trace
elemental composition, and mineral composition in the clay.
All samples were dried, ground, and homogenized for exam-
ining experiments.

Contents of titanium and niobium in the M-Ti sample were
close to the average of the contents of titanium and niobium in
the kaolin clay of the whole Xuanwei Formation; thus, it was
selected on behalf of the Xuanwei Formation kaolin clay for
further study on modes of niobium. The M-Ti samples are
typical niobium-bearing kaolin clays in the Xuanwei
Formation, and they have been reported for enrichment of
Nb and Ti by removing Al and Si in the previous work [6].
As reported before, the final product after removing Al and Si
by acid and alkali contains more titanium and is easier to
investigate and characterize [6]. In this study, two different
series of the final products derived from theM-Ti sample were
used to investigate the morphology of titaniferous minerals
and the relationship of Ti and Nb, i.e., the final product ob-
tained from clay calcined at 850 °C prior to acid-alkali treat-
ment and the final product obtained from clay calcined at 600
°C prior to acid-alkali treatment. The final product obtained
from clay calcined at 850 °C prior to acid-alkali treatment

enriched TiO2 as high as 80.5%, and in this study it was used
to investigate the morphology of titaniferous minerals inside.
Meanwhile, in view of the phase transformation of titania
[14], the M-Ti sample was calcined at 600 °C prior to acid-
alkali leaching, and under the above conditions, the final prod-
uct can reserve the initial species of titania. Therefore, the final
product obtained from clay calcined at 600 °C prior to acid-
alkali treatment was used to identify of titania minerals.

2.2 Characterization and Analytical Techniques

The main chemical compositions and trace element concen-
trations of the kaolin clay samples were determined using
XRF (PANalytical PW2424) and ICP-MS (Perkin Elmer
Elan 9000), respectively [6]. XRF analysis was determined
by melting method in conjunction with a loss-on-ignition at
1000 °C, and the lower limit of each datum from XRF is
0.01%. In terms of ICP-MS determination, each sample was
added to a lithium metaborate/lithium tetraborate flux, mixed
well, and fused in a furnace at 1025 °C. The resulting melt was
then cooled and dissolved in an acid mixture containing nitric,
hydrochloric, and hydrofluoric acids. Finally, the solution was
then analyzed by ICP-MS.

Powder X-ray diffraction measurements were performed
using a PANalytical Empyrean diffractometer with Cu Kα
radiation. Each sample was prepared by compaction into a
silicon sample holder, and a 2θ range between 5° and 70°
was scanned. The samples of final products were also ob-
served by an FEI Scios scanning electron microscope (SEM)
and a transmission electronmicroscope (TEM, Tecnai G2 F20
S-TWIN TMP) at an accelerating voltage of 200 kV. Fine
sample particles for SEM were dispersed and adhered to a
conducting resin and were coated with carbon prior to the
microanalysis and observation. For TEM observation, sam-
ples were dispersed in alcohol and fixed on a copper
supporting net. The techniques employed include high-
magnification imaging analysis, high-resolution imaging anal-
ysis, energy-dispersive spectrum (EDS) analysis, selected area
electron diffraction (SAED) analysis, and Fourier transform
structural analysis.

3 Results and Discussion

3.1 Characterization of Nb-Bearing Clay

Tables 1 and 2 show the main chemical compositions and
trace element concentrations of the three kaolin clay samples.
Al2O3, SiO2, TiO2, and Fe2O3 occurred as the major constit-
uents of all the three samples. TiO2 in the three samples was
determined as 3.67, 8.79, and 11.20%, respectively, and
Fe2O3 was correspondingly high with increased TiO2 content.
TiO2 and Fe2O3 were reported as common impurities in kaolin
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clays [15]. The content of Al2O3, SiO2, and loss-on-ignition
(LOI) decreased with increased TiO2 content. Other constitu-
ents, such as CaO, MgO, Na2O, and K2O, were all as minute-
quantity impurities. Both niobium and zirconium showed con-
siderable concentrations in the three samples, and they appear
to have a good correlation with titanium. Niobium in the clay
was equivalent to 551 μg/g, which was much higher than that
in the weathered crust Nb deposits in China. The oxides of Nb
and Ta should be not less than 160 to 200 μg/g according to
industry specifications.

Powder X-ray diffraction was performed (Fig. 1) to identi-
fy the mineral composition of the three samples with different
titanium contents. Kaolinite (PDF-01-078-2109) and anatase
(PDF-01-071-1168) can be matched well in all of the three
kaolin samples. Meanwhile, rutile (PDF-01-087-0710) can
also be recognized in M-Ti and H-Ti samples for they had
high enough titanium. Goethite was judged as one of the Fe-
bearing phases in the H-Ti clay sample. This is not contradic-
tory to previous literature [6], in which hematite was identified
as an Fe-bearing phase for the sample (M-Ti sample) which
was pretreated by calcination at 850 °C. From the main chem-
ical composition data, samples in this study contained highAl/
Si molar ratios, compared with other kaolin clays, e.g.,
Mexican kaolin [16] and Turkish kaolin [17], and it is reason-
able that no quartz or other Si polymorphs were found from
the XRD patterns. Overall, clay samples in this study
consisted of kaolinite, anatase, rutile, goethite, and a very trace
quantity of common-impurity minerals [18], if any. In general,
the kaolin clay samples in this study had simple mineral com-
positions, indicative that trace accessory minerals might not be
the host phases for niobium since its concentrations in the
samples were so high.

3.2 Morphology of Titaniferous Minerals

Although the original clay samples had quite high content
of titanium, it is still difficult to identify the correlations
between TiO2 and niobium in the samples. It was proposed
that the final product derived from the M-Ti sample after
acid-alkali leaching [6] was employed to investigate the
categories of Ti-bearing mineral phases, the modes of oc-
currences of Nb, and the relationship between niobium and
Ti-bearing mineral phases. SEM and TEM micrographs as
shown in Figs. 2 and 3 reveal that kaolinite was removed in
the final product and different crystal morphologies of Ti-
bearing minerals could be observed almost anywhere in the
microscopic views. The Ti-bearing minerals were actually
TiO2 minerals which could not be identified as anatase or
rutile for their particle size was very small. In addition to
the TiO2 minerals, very few inert minerals, e.g., zircon, can
also be found.

Among the large amount of Ti-bearing minerals in the final
product derived from the M-Ti sample, three types of TiO2

mineral phases were summarized based on the crystal form
and size from the TEM analysis (as shown in Fig. 4).

(1) Massive TiO2 minerals (Fig. 4a). Massive TiO2 minerals
are referred to as relatively large particles with a size of
500–1000 nm or bigger. Under TEM,massive TiO2min-
erals accounted for less than 10% of the Ti-bearing min-
erals. The massive TiO2 minerals usually contained very
low iron, while niobium was not determined from the
EDS analysis. Therefore, massive TiO2 minerals in this
study were not considered as one of the sources of
niobium.

Table 1 Main chemical composition of the samples in this study (wt.%)

Components Al2O3 SiO2 TiO2 Fe2O3 BaO CaO Cr2O3 K2O MgO MnO Na2O P2O5 SO3 SrO LOI Total

L-Ti 36.44 42.52 3.67 2.55 0.01 0.04 0.01 0.06 0.11 0.01 0.06 0.08 0.01 0.01 14.19 99.77

M-Ti 34.38 39.97 8.79 3.24 0.02 0.03 0.03 0.05 0.10 0.02 0.05 0.09 < 0.01 < 0.01 13.01 99.78

H-Ti 31.14 37.23 11.20 5.72 0.07 0.07 0.04 0.12 0.18 0.02 0.11 0.27 0.13 0.04 12.60 98.94

Table 2 Trace element concentrations of the samples in this study (μg/g)

Element Nb Ta Zr Hf Cr Ga Sn U Th V W Y Sc La-Lu

Lower limits 0.2 0.1 2 0.2 10 0.1 1 0.05 0.05 5 1 0.5 0.1 0.5

L-Ti 206 13.1 1490 38.1 80 54.3 13 8.18 37.5 205 1 61.4 28.7 448.94

M-Ti 491 31.6 3480 93.2 240 98.6 31 15.25 95.8 596 2 38.1 75.3 281.40

H-Ti 551 36.0 3540 98.4 290 102.5 37 20.60 100.5 536 3 198.5 - 1386.9
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(2) Aggregates of nano TiO2 minerals (Fig. 4b). Small
TiO2 mineral particles with granular or short colum-
nar shape aggregated to form xenomorphic textures.
The small TiO2 particles were nanoscaled (less than
50 nm) and occurred closely together. Therefore, ag-
gregates of nano TiO2 minerals could be easily mis-
taken for massive TiO2 minerals if the magnification
times were not high enough. These form of TiO2

minerals accounted for about 20-30 % in the micro-
scopic views of TEM. There was no niobium peaks
determined from the EDS analysis, and aggregates of
nano TiO2 minerals in this study were not considered
as one of the sources of niobium. In addition, aggre-
gates of nano TiO2 minerals contained the highest
content of iron of the three TiO2 forms.

(3) Granular TiO2 minerals (Fig. 4c). Granular TiO2

minerals were the dominant form of the Ti-bearing

Fig. 1 XRD patterns of the three
kaolin clays with different
titanium content

Fig. 2 SEM micrograph of a the original clay and b its final product derived from clay calcined at 850 °C prior to acid-alkali treatment

Fig. 3 TEMmicrograph of the final product derived from clay calcined at
850 °C prior to acid-alkali treatment
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minerals, accounting for more than 60% under TEM.
The granular minerals are round, cubic, short colum-
nar shape, and always having about a 100–300-nm
diameter. The niobium and zirconium peaks could be
determined by the EDS analysis. It indicates that Nb
is in the structure of granular TiO2 minerals.

The fact that massive TiO2 minerals and aggregates of
nano TiO2 minerals did not contain Nb inside explained
the poor positive correlations between TiO2 and Nb in the
clay samples, especially for samples with high TiO2 and
low Nb.

3.3 Identification of Nb-Bearing Titania Minerals

Rutile is suggested as the major Ti-bearing mineral that
retains the high field strength elements (such as Nb and
Ta) during magma partial melting [19, 20] because rutile
can incorporate Fe, Nb, Ta, etc., as isomorphic impurities.
However, anatase has been widely considered as the dom-
inant Ti-bearing phase and an essential constituent in sed-
imentary kaolin deposits [12, 21]. Anatase contents in
clay samples containing ~ 1.5 wt.% TiO2 with different
colors from a Georgia kaolin deposit ranged from half to
nearly all the TiO2 [21], and anatase also occurred as the
principal Ti-bearing mineral in sedimentary kaolin

Fig. 4 TEM micrographs and EDS analysis of titaniferous minerals in the final product derived from clay calcined at 850 °C prior to acid-alkali
treatment, a massive TiO2 minerals, b aggregates of nano TiO2 minerals, and c granular TiO2 minerals
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deposits of Egypt [12]. Most of trace elements such chro-
mium, niobium, and zirconium in the clay fractions were
considered in the anatase structure, which included fine-
grained or rounded crystals [12].

In the current study, different morphologies of Ti-
bearing minerals were observed in the final product de-
rived from the M-Ti kaolin clay sample, and granular
TiO2 minerals were considered as the source of Nb.
Since the modes of occurrence of Nb had involvement
with the morphologies of titania minerals, the species of
Nb-bearing TiO2 minerals were further identified by TEM
and SAED (selected area electron diffraction) to find the
relationship between Nb and Ti in the kaolinitic clay.
From the 7 individual granular particles of TiO2 minerals,
three of them were identified as rutile and four of them
were anatase. The results show that the granular TiO2

minerals included anatase (Fig. 5) and rutile (Fig. 6).
That means both anatase and rutile were confirmed as
the sources of Nb in the kaolin clay used in the current

study. According to the TEM analysis, the amount of
anatase phase in the samples was higher than that of ru-
tile, which was in agreement with the results of XRD.

The findings will be of use for confirming the source of
Nb and formation of Ti-bearing minerals during the natural
weathering process to form sedimentary kaolin deposits.
Rutile or anatase allows Nb to be more easily accommo-
dated in its structure, which has been discussed elsewhere
[12, 22]. It is known that rutile in sedimentary clay is as
residuals derived from a parent rock while anatase in sed-
imentary clay is newly formed during the weathering pro-
cess. Within the kaolin sample, rutile occurs in the sand
fractions and anatase occurs as uniform very fine-grained
and rounded crystals [12]. Since anatase and rutile were
formed in different geological environments, Nb in the
clay samples of this study would have different sources.
The findings are also instructive for utilization of Nb re-
source when the beneficiation process was used to separate
Nb-bearing titania minerals if possible.

Fig. 5 TEM micrographs and EDX analysis of anatase in the final product derived from clay calcined at 600 °C prior to acid-alkali treatment
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4 Conclusions

Clay samples with different titanium contents from the
Xuanwei Formation, the Late Permian sequences from
Guizhou, China, were characterized, and Al2O3, SiO2, TiO2,
and Fe2O3 were the major constituents. Niobium in the kaolin
clays was in the range of several hundreds of micrograms per
gram. Three types of TiO2 mineral phases in final products
derived from one of the kaolin clay samples were grouped: (a)
massive TiO2 minerals that did not contain niobium, (b) ag-
gregates of nano TiO2 minerals, and (c) granular TiO2 min-
erals. The granular TiO2 minerals included anatase and rutile,
and both were confirmed as the sources of niobium in the
kaolin clay in the current study. The findings are of great
theoretical implication for the source and origin study of Ti
minerals and guidance for the separation and recovery of nio-
bium from Ti minerals or kaolin clay.

Acknowledgments The authors are grateful to Dr Y. Meng, Dr Y. Li and
Mr Z. Guo for the XRD and SEM analytical test.

Funding The work was financially supported by the National Natural
Science Foundation of China (No. 41972048), the National Key

Research and Development Program of China (2017YFC0602503), and
Guizhou Scientific and Technological Innovation Team (2017-5657).

Compliance with ethical standards

Conflict of Interest The authors declare that they have no conflict of
interest.

References

1. Ni X, Parrent M, Cao M, Huang L, Bouajila A, Liu Q (2012)
Developing flotation reagents for niobium oxide recovery from
carbonatite Nb ores. Miner Eng 36-38:111–118

2. Yang X, Zhang J, Fang X (2015) Extraction kinetics of niobium by
tertiary amine N235 using Lewis cell. Hydrometallurgy 151:56–61

3. Gibson CE, Kelebek S, Aghamirian M (2015) Niobium oxide min-
eral flotation: a review of relevant literature and the current state of
industrial operations. Int J Miner Process 137:82–97

4. Dill HG (2010) The “chessboard” classification scheme of mineral
deposits: mineralogy and geology from aluminum to zirconium.
Earth-Sci Rev 100:1–420

5. Dai S, Zhou Y, Zhang M, Wang X, Wang J, Song X, Jiang Y, Luo
Y, Yang Z, Song Z, Ren D (2010) A new type of Nb(Ta)-Zr(Hf)-
REE-Ga polymetallic deposit in the late Permian coal-bearing

Fig. 6 TEM micrographs and EDX analysis of rutile in final product derived from clay calcined at 600 °C prior to acid-alkali treatment

Mining, Metallurgy & Exploration



strata, eastern Yunnan, southwestern China: possible economic sig-
nificance and genetic implications. Int J Coal Geol 83:55–63

6. Wang N, Gu H, Wen H, Liu S (2018) Enrichment of niobium and
titanium from kaolin using an acid-alkali leaching process. Metall
Mater Trans B Process Metall Mater Process Sci 49(6):3552–3558

7. He B, Xu Y, Chung S, Xiao L, Wang Y (2003) Sedimentary evi-
dence for a rapid, kilometer-scale crustal doming prior to the erup-
tion of the Emeishan flood basalts. Earth Planet Sci Lett 213(3-4):
391–405

8. Zhang Z, Zheng G, Takahashi Y, Wu C, Zheng C, Yao J, Xiao C
(2016) Extreme enrichment of rare earth elements in hard clay rocks
and its potential as a resource. Ore Geol Rev 72:191–212

9. Yang R, WangW, Zhang X, Liu L, Wei H, Bao M,Wang J (2008)
A new type of rare earth elements deposit in weathering crust of
Permian basalt in western Guizhou, NW China. J Rare Earths
26(5):53–759

10. Zhou L, Zhang Z, Li Y (2013) Geological and geochemical char-
acteristics in the paleo-weathering crust sedimentary type REE de-
posits, western Guizhou, China. J Asian Earth Sci 73:184–198

11. Zhao L, Dai S, Graham IT, Li X, LiuH, Song X,Hower JC, ZhouY
(2017) Cryptic sediment-hosted critical element mineralization
from eastern Yunnan Province, southwestern China: mineralogy,
geochemistry, relationship to Emeishan alkaline magmatism and
possible origin. Ore Geol Rev 80:116–140

12. Baioumy HM (2014) Ti-bearing minerals in sedimentary kaolin
deposits of Egypt. Appl Clay Sci 101:345–353

13. Dai S, Luo Y, Seredin VV, Ward CR, Hower JC, Zhao L, Liu S,
Zhao C, Tian H, Zou J (2014) Revisiting the late Permian coal from
the Huayingshan, Sichuan, southwestern China: enrichment and
occurrence modes of minerals and trace elements. Int J Coal Geol
122:110–128

14. Hanaor DAH, Sorrell CC (2011) Review of the anatase to rutile
phase transformation. J Mater Sci 46:855–874

15. Schroeder PA, Melear ND, Pruett RJ (2003) Quantitative analysis
of anatase in Georgia kaolins using Raman spectroscopy. Appl
Clay Sci 23(5-6):299–308

16. Garcia-Valles M, Pi T, Alfonso P, Canet C, Martínez S, Jiménez-
Franco A, Tarrago M, Hernández-Cruz B (2015) Kaolin from
Acoculco (Puebla,Mexico) as rawmaterial: mineralogical and ther-
mal characterization. Clay Miner 50:405–416

17. Yildiz A, Başaran C (2015) Sediment-hosted kaolin deposit from
Çakmaktepe (Uşak, Turkey): its mineralogy, geochemistry, and
genesis. Clay Clay Miner 63(4):235–261

18. Detellier C, Schoonheydt RA (2014) From platy kaolinite to
nanorolls. Elements 10:201–206

19. Liu L, Xiao Y, Aulbach S, Li D, Hou Z (2014) Vanadium and
niobium behavior in rutile as a function of oxygen fugacity: evi-
dence from natural samples. Contrib Mineral Petrol 167:1026

20. Reznitsky LZ, Sklyarov EV, Suvorova LF, Barash IG, Karmanov
NS (2017)V-Cr-Nb-W-bearing rutile in metamorphic rocks of the
slyudyanka complex, southern Baikal region. Geol Ore Deposit
59(8):707–719

21. Schroeder PA, Pruett RJ, Melear ND (2004)Crystal-chemical
changes in an oxidative weathering front in a Georgia kaolin de-
posit. Clay Clay Miner 52(2):211–220

22. Andersen AK, Clark JG, Larson PB (2016) Mineral chemistry and
petrogenesis of a HFSE(+HREE) occurrence, peripheral to
carbonatites of the Bear Lodge alkaline complex, Wyoming. Am
Mineral 101:1604–1623

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

Mining, Metallurgy & Exploration


	Occurrence Modes of Niobium in Kaolin Clay From Guizhou, China
	Abstract
	Introduction
	Materials and Methods
	Sample Collection and Pretreatment
	Characterization and Analytical Techniques

	Results and Discussion
	Characterization of Nb-Bearing Clay
	Morphology of Titaniferous Minerals
	Identification of Nb-Bearing Titania Minerals

	Conclusions
	References


