Supporting information

Towards sustainable processing of columbite group minerals:
elucidating the relation between dielectric properties and physico-

chemical transformations in the mineral phase

Sergio Sanchez-Segado®, Tamara Monti®, Juliano Katrib?, Samuel Kingman®, Chris

DoddsP and Animesh Jha?

aSchool of Chemical and Process Engineering, University of Leeds LS2 9JT UK.

bMicrowave Process Engineering Research Group. Dept. of Chemical and
Environmental Engineering, The University of Nottingham NG7 2RD UK.

*Corresponding author: S.SanchezSegado@leeds.ac.uk




Columbite chemical composition (Y%w/w)
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Table S1. Chemical composition of the columbite concentrate analysed by XRF.

Figure Sla and S1b.Back-scattered electron images of columbite showing different phases (A-J).

Area Elemental Composition (Yow/w)
Nb  Ta o Fe Mn Al Si K Phase

A 00 00 421 00 00 220 246 104 Muscovite

B 269 36.7 175 127 12 00 00 0.0 Ferro-tapiolite

C 341 279 194 0.0 144 00 0.0 0.0 Mangano-columbite
D 284 259 250 101 24 00 00 00 Ferro-columbite
E 441 17.2 202 05 164 00 0.0 0.0 Mangano-columbite
F 155 536 169 88 47 00 00 0.0 Ferro-tapiolite

G 278 394 174 124 26 0.0 0.0 0.0 Ferro-tantalite

H |433 158 208 122 37 00 0.0 0.0 Ferro-columbite

I 00 00 302 638 00 20 24 0.0 Hematite

J 0.0 70.7 154 125 00 00 00 0.0 Ferro-tapiolite

Table S2. EDX analysis of the areas A to J shown in figures Sla and S1b




The SEM images in Figures Sla and S1b, shown an oscillatory zonation (regions
D, C, G and F) of the concentrate due to local fluctuations of the mineralization
environment. Table S2, shows the EDX analysis of the columbite concentrate. The
presence of hematite (area I), can be attributed to the oxidation of Fe?* to Fe®*, as
a consequence of this, an extensive fractionation between Fe and Mn can be
deducted during the mineral formation which explains the association of ferro-
columbite- mangano-columbite and ferro-tapiolite-ferro-tantalite observed in the

areas C-D and F-G respectively!?.
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Figure S2a and S2b. XRPD patterns of samples roasted from 100 to 300°C a)20 from 14° to 18° ¢)
206 from 24 to 26°. The diffraction data compares well with ICDD refs.04-012-3523
Tao.1Nb1.9Mno.21Fe0.7906, 04-012-1553 Tao.sNb1.sMno.3Feo.70s, 04-006-1584 Tai.1Nbo.oFeOs, 00-015-
0700 NaHCOg3, 00-058-2034 KAIz(Si,Al)4010(OH)2, 04-008-7819 SiO2, 04-005-8669 Fe1.84Al0.1603, 01-
075-6816 Na.COs, 00-009-0439 K(Fe,Al)2(Si,Al)4010(OH)2, 00-033-0659 (Fe,Mn)(Nb,Ta).0s and 01-

070-7052 Al2SiOs

The XRPD patterns reported in Figure S2a show that NaHCO3z and Na>COs coexists
at 200°C with complete conversion into Na.COz at 300°C as indicated by the

disappearance of the diffraction peak located at 15°, shown in Figure S2a.



Figure S3. Back-scattered SEM images of the mixtures columbite-sodium bicarbonate (1:1) at 100 °C

a) and b), 200 °C (c) and 300 °C (c).

Area Elemental Composition (%w/w)
Nb  Ta o Fe Mn Al Si K Na Phase
A 00 00 484 00 00 00 514 00 04 SiO2

B | 00 00 449 00 00 211 231 90 1.1  KAIx(SiAl)iO1(OH)2
C /345 276 199 140 11 00 1.9 00 07 TaosNbisMnosFeo7Os
D 282 344 202 124 11 00 24 00 0.6 TaosNbisMnoaFeo7Os
E [39.9 188 222 116 39 00 00 00 22 Tao:iNbisMnoziFeo7s0s
F 447 173 220 121 39 00 00 00 0.0 TaoiNbisMno2iFeo7s0s
G | 00 00 430 08 00 203 247 101 0.4 K(FeAl)2(Si,Al)sO10(OH)2
H 349 284 211 132 15 00 00 00 00 TaosNbisMnosFeo7Os
| | 00 00 423 22 00 160 255 96 0.9 K(FeAlx(Si,Al)s010(0H):

J 241 431 180 46 98 00 00 00 00  (Fe,Mn)(Nb,Ta)Os

Table S3. EDX analysis of the areas A to J shown in figures S3a to S3d

In Table S3 the SEM/EDX analysis of the samples roasted from 100 to 300°C show
an increase in the iron content of the silicate phases (areas B, G and I). The columbite

grains analysed in areas C-F and H show compositions which nearly falls between the



ones for Tap.1Nb1.9Mno 21Fe0.79006 and Tao.sNb1.sMng 3sFeo 70spointing out the existence

of solid solutions. Worthy of noting is the increase of the Mn proportion in area J which

might be explained as a consequence of the iron incorporation into the silicate phases,

enhancing the internal

re-arrangement of the columbite matrix to form the

(Fe,Mn)(Nb,Ta)20s phase founded in the XRPD patterns at 300°C (Figure S2b).

Figure S4. Back-scattered SEM images of the mixtures columbite-sodium bicarbonate (1:1) roasted at

600 °C
Area Elemental Compaosition (Y%ew/w)
Nb  Ta o Fe Mn Al Si K Na Phase
A 00 00 196 66 705 00 00 0.0 27 MnO
B 420 198 205 08 166 00 00 0.0 04 Mn(Nb,Ta)20s
C 42 66.7 147 122 00 00 00 0.0 0.0 FeNbo.2Ta1.806
D 0.0 721 134 125 00 00 00 0.0 0.6 FeTax0s¢
E 46 624 162 1212 00 00 00 0.0 0.0 FeNbo.2Ta1.806
F 00 00 446 03 00 00 551 00 0.0 SiO2
G 00 0.0 333 124 00 232 274 27 0.6 KFe26Al18Si26010(0OH)2
H 0.0 00 407 07 00 231 274 73 0.7 KAI2(Si,Al)4a010(OH)2
I 0.0 73.0 136 134 0.0 0.0 0.0 0.0 0.0 FeTax0e6

Table S4. EDX analysis of the areas A to | shown in figures S4a and S4b.



In areas F, G and H, it can be observed the co-existence of muscovite (H), annite (G)
and silica (F) produced as a decomposition product. The incorporation of iron in
muscovite to form annite changes the ratio (Mn/Fe+Mn) in columbite, as a result, the
excess of manganese is segregated as MnO (area A). This internal re-arrangement
promotes the decomposition of ferro-columbite in mangano-columbite (area B) and

ferro-tapiolite (areas C, D, E and I).
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Figure S5. Back-scattered SEM images of the mixtures columbite-sodium bicarbonate (1:1) roasted at

900 °C a) and 1000 °C b) and c).

In the SEM images of Figure S5, it can be observed how Na* ions have diffused into
the columbite matrix together with signals of melting and further recrystallization of the
particles. Due to the short reaction time, it has been difficult to find completely

segregated phases as can be observed in areas G and F in Table S5.



Area Elemental Composition (%ow/w)
Nb Ta (0] Fe Mn Al Si K Na Phase
A 00 00 425 41 00 174 180 0.7 16.8 Nai2Al12Si12048
B 6.0 610 180 104 04 00 28 00 112 FeNbg 2Ta1 806
C 54 499 198 107 00 00 43 00 84 FeNbg 2Ta1 806
D 14 18 257 492 19 09 32 0.0 146 NaFeO;
E 184 46.0 196 17 00 00 00 0.0 104 NaTao sNbo 403
F 276 139 291 6.2 25 00 19 0.0 185 NaTagesNbo4O3/NasNbOs/Nag7Fes7Mng302
mixture
G 278 16.2 222 9.2 37 00 1.8 0.0 185 NaTageNbg4Os/NasNbOs/Nao 7Feo7Mng 302
mixture
Table S5. EDX analysis of the areas A to F shown in figures S5a, S5b and S5c.
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