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Table S1. Major utilization routes of the Red mud

Processing /

Utilization Route Modification Main Application Advantages Limitations References
Cement & M1x1ng with cement Cement, bricks, Large-scale H;avy .me':tal -
construction clinker, geo- . leaching, limited Fe ”
. o concrete utilization, low cost S
materials polymerization utilization
Adsorbents for water A01.d/al.ka11 Removal of . High surface area, Regeneration 34
activation, phosphate, arsenic, ; ’
treatment - low cost difficulty
calcination dyes
Catalyst / catalyst Calcination, metal C.ata1y51s, Utilizes Fe, Al, Ti Often requires high 34
support doping environmental oxides temperature ’
reactions treatment
Aci Ikali . .
lei or alkall Fe, Al, Ti, Sc Valuable metal Chemical waste 5.9
Metal recovery leaching, solvent . .
. recovery extraction generation
extraction
Magnetic materials Reductlgn roastlng Magnetlc.partlcles, High Fe recovery High energy 5,69
magnetic separation ferrites consumption
Soil amendment Neutral.lz.atlc.)n and Agriculture Improves soil A!kghmty and 4,10
stabilization structure toxicity concerns
. Thermal treatment, . . High Fe content o 4,10-12
Pigments purification Iron oxide pigments useful Color purity issues
Mild acid extraction . Closed-loop
Fe—polyphenol (Fe— + tannic acid Functional Fe— it e B Lab scale (Early- This work

0-C) framework

coordination

polyphenol material

recovery

stage concept)




Table S2. Technologies/strategies developed for the Fe extraction from Red mud

Leaching / Processing Resource Energy . .
Rout Fe R P t T larity | Ref
oute Conditions e Recovery Recyclability roduct Type Demand Circularity | References
Physical recovery Method
Gravity & n.lagnetic Physical sgﬁparation, 49-70% Yes Iron-rich Low No 9,13-17
separation ambient concentrate
Starch / oleat
Flotation areil o eaF: <86% Yes Iron concentrate Low No 4,6,9,16,17
collectors, ambient
Hydro. cyclone & Magnetic strength - 750 60-70% Yes Hematite (Fe203 High Yes 79,16
Magnetic separation Gauss content)
Hydrometallurgy & chemical recovery Method
2.8 M H2S04, 50 °C, 45
H2S04 leaching : m;; ’ ~68% Yes Fe salts Medium No 15,18
10 M HCI, 80 °C, 150
HCl leaching n’lin ’ ~95% No Fe salts High No Al
1 M oxalic acid, UV, 75 Medium—
Oxalic acid leaching oxaolé,aglh, ’ >90% No Fe oxalates ;;;;ln No 918,19
Bioleaching Fungal cultures ~87% No Fe ions Low No R
Pyrometallurgy
Carbothermal High (~80- . . 9.13.21.22
1050-1 8 i Metallic F High N pheht
reduction 050-1750 °C 90%) No etallic Fe Very Hig 0
Reduction Roasting 1100-1550 °C ~92% No* Metallic Fe Very High No [
Alkali bonat
altfie carbonates 1000-1200 °C ~100% No* Metallic Fe Very High Yes | 9132324
additives
Plasma Smelting Graphite & fluxes with . . 25
19 i Metallic F High Yo
Technology power of 35 kW DC 1% No ctallic e Very Hig e
Mi
lerowave 1000 °C 88% No* Metallic Fe Very High Yes 9.21,26
technology
Suspension Hematite and
magnetization 520°C 95.22 % No* . Very High Yes LB
. Goethite
roasting technology
85% (1st
Polyp.henol-ass.isted Mild HC1 + j[annic acid, cycle) l.i‘ull acid & Fe—polyphenol Low Closed This Work
cyclic extraction ambient >99% (3 ligand reuse framework loop
cycles)

#Resources like carbon dust, fluxes etc. utilized in Carbothermal reduction methods often consumed
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Figure S1. Quantification of XPS survey of Fe-TA complex (Black PPT), Soil filtrate and Red Soil (from
top to down).



Table S3. FTIR Band Assignments for Tannic Acid (TA) and Iron—Tannic Acid Complex (Fe-TA)

W b
a‘zzrrlnlflr;l er Notation Assignment Spectral Significance / Change upon Fe** Coordination
Free galloyl ester C=O groups of tannic acid. Weakens upon Fe3*
1696 v(C=0) Carbonyl stretching complexation, indicating perturbation of the electronic environment around
the carbonyl by the metal center.
1611 (C=0) Aromatic skeletal Aromatic ring C=C stretching confirming the polyphenol backbone.
v o vibration Relatively stable across TA and Fe-TA.
1539 v(C-0) Phenolate asymmetric Primary coordination fingerprint. New or significantly enhanced band in Fe-
o stretching TA corresponding to deprotonated phenolate groups coordinated to Fe*.
. . Symmetric phenolate mode. Intensifies in Fe-TA. The Av =97 cm™!
Combined O-H bending / . . . . .
1442 8(0-H) / v(C-0) ombine ‘en e separation from the 1539 cm! band is diagnostic of bidentate chelation
C—O stretching ..
(catecholate-type coordination).
1322 w(C-O)rs Phenolic C-O stretching Phenolic C-O stretch indicatin.g the formation of the Fe—O(phenolate)
interface.
Ester C-O-C / phenolic Ester linkage a.md pher.lolic C70 stre.ttches of TA's gfillate arms. Broaden in Fe-
1207 & 1154 v(C-0-C) C_0O stretchin TA, consistent with a distribution of slightly different Fe—O—C bond
& environments across multiple galloyl groups.
1009 W(C-0-C) Ester/ether C—-O-C Sharp ester/ether band in TA that weakens and broadens in Fe-TA, suggesting
stretching Fe coordination indirectly perturbs the rigidity of gallate arm linkages.
910 5(C-H) Out-of-plane aromatic C— Out-of-plane C—H bending of the galloyl rings. Loses sharp character in Fe-
o H bending TA due to reduced vibrational freedom upon metal-coordination.
Ring wagging / breathing Aromatic ring breathing or wagging modes. Broadens in Fe-TA reflecting
849 o(C=C) - . . .
mode restricted ring motion in the metal-coordinated network.
Out-of-pl ing C-C . . . .
768 3(C—C)oop H-oTprane r.mg Out-of-plane ring deformation mode. Merges into broader features in Fe-TA.
deformation
In-plane ring C—C In-plane ring deformation. Broadens in Fe-TA consistent with network
680 3(C-O)p i s .
deformation rigidification.
643 V(Fe-0) Metal—oxygen stretching Fe—O stretching mode. Intensification in Fe-TA confirms metal-oxygen

coordination bond formation.

Abbreviations: v, stretching; o, bending; ®, wagging; oop, out-of-plane; ip, in-plane; Ph, phenolate; Ar, aromatic.
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Figure S2. Slope-ratio UV—visible analysis for determining the coordination stoichiometry of Fe—tannic acid complexes
at different pH values (pH 1, 5, and 8). The linear fitting slopes were used to determine the formation of FeTA, FeTA2,
and FeTAj3 species.
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Figure S3. Raman spectral deconvolution of Fe-TA precursor pyrolyzed at temperatures ranging from 300 to 700 °C.
Each spectrum was deconvoluted into the D band (red, ~1307-1376 cm™, disordered carbon) and G band (green, ~1558—
1600 cm™!, graphitic sp? carbon), with cumulative fit in blue and raw data in grey. Key parameters are summarized in the
inset table.
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Figure S4. Nitrogen adsorption-desorption isotherm curves of (2) Fe203@C-TA, (b) Fes;O4@C-TA.

Table S4: BET measurement

Parameter Unit Fe:03@C-TA Fe;04@C-TA
BET surface area (a_ BET) m?/g 33.675 32.142
Monolayer volume (V) cm?® (STP)/g 7.737 7.385
BET constant (C) — 46.52 55.596
Total pore volume cm’/g 0.2386 0.2253
Average pore diameter (BET) nm 28.344 28.034
BJH pore volume (V) cm¥/g 0.2306 0.209
BJH peak pore diameter nm 1.1903 1.1903
BJH pore surface area (ap) m?/g 43.144 38.053
BJH average pore diameter nm 21.377 21.968
BJH median pore diameter nm 74.729 70.178
HK micropore volume (V,) cm’/g 0.01586 0.01144
HK peak pore width nm 1.0375 1.0375
HK micropore area (ap) m?/g 20.002 11.923
HK average pore width nm 1.5861 1.9188
HK median pore width nm 1.6039 2.1555
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Figure S5. (a) High-resolution C 1s XPS spectra of both catalysts showing sp?-C, C~-N/C=N and O-C=0 components.
(b) High-resolution N 1s spectra of both catalysts displaying pyridinic-N/Fe—N, pyrrolic/amine-N and graphitic-N/Fe—
N species. (¢) XPS survey spectra confirming the presence of C, N, O and Fe elements. (d) Relative atomic composition
derived from XPS analysis for both samples.
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Figure S6. LSV curves in 1 M KOH containing varying KNO3 concentrations (0.125 M, 0.25 M, and 0.5 M) with 1 M
KOH as supporting electrolyte of (a) Fe2O3@C-TA and (b) Fe;O4@C-TA electrodes; LSV curves at varying pH
conditions for (c¢) Fe203@C-TA and (d)Fe3;O4@C-TA electrodes, demonstrating enhanced NO3RR activity and steeper

cathodic current response at pH 14 (1 M KOH).
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Figure S7. LSV curves in 0.5 M KNOs + 1 M KOH electrolyte of C-TA, Fe203, and Fe203@C-TA electrodes (a), and C-
TA, Fe304, and Fe3O4@C-TA electrodes (b), where Fe2O3 or Fe3O4 and C-TA were individually studied to elucidate their
respective contributions to the enhanced NO3RR activity observed for the Fe2O3@C-TA or FesOs@C-TA composites

respectively.
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Figure S8. Cyclic voltammetry plots: (a) Fe2O3@C-TA, and (b) Fe304@C-TA in non-faradaic region for calculating Cas
and electrochemical surface area (ECSA) taking Cy = 50 pF/cm?.



Table SS5: Comparison of NO3RR activity with recent reports

S Farzdhue Potential (V) vs
: Catalysts Electrolytic medium efficiency " | Yield rate (mgh' cm?) | Ref
No. (%) vs. RHE
1. Fe-MoS» 0.25M of LiNOs + 1M LiCl ~90 0.85 9.75 28
Co304/Co 0.1 M NaxSO4 _ 29
e Nanosheets + 1 mg mL!' KNO3 L) Ut s
3, Co-CuO NAs 0.5 M PBS + 100 mgL"! 96 -0.63 8.41 30
4. Cu-WO; 0.1 M KOH + 0.1 M NO3" 94 -0.63 2.13 31
5. NiiCu-SAA 200 ppm NOs5™ + 0.5M K2SO4 ~100 -0.55 5.554 =
6. BCN-Cu 0.1M KOH + 0.1M KNO3 98.23 0.5 1.900 33
7. Pd/TiO; 0.1M LiCl + 0.25M NOs 92.1 0.7 1.12 34
8. Fe/NizP 0.2M K2S04 + 0.05M NO3- 943 0.4 4.17 35
9. FeN202 0.1M K2804 + 0.5M NO5 92 -0.68 9.2 36
-l
10. Cu/Ni-NC ULl Nazsl\?(“): LU0zl 97.28 0.7 6.23 37
11. S5-Co304 0.1M Na2SO4 + 0.1M NO3° 89.9 0.6 2.9614 38
12. Ru20Niso 0.5M K2SO04 + 0.1M NO3- 98.02 -0.35 8.65 39
13. | coTios@rioytm | %M Nalg;lc; AWz 94.66 0.5 424 (10.8V) 40
14. F3CZNB IM KOH + 0.1M NO3" 923 0.6 5.67 41
15. Au/Cu SAA L0 prpren IOk < 25 99.69 -0.80 3.281 42
NazSO0s
0.5m Na>xSOs + 43
16. Cu/Cu20 NWAs 200 ppm NOs. 95.8 -0.85 4.1633
17. CuiCo/HHTP U NS 0% 52 D11 96.4 0.6 5.0983 44
NaNO3
=l
8. Co-Fe@Fe:0s thhue Nazsl\?(“): 200 mgl. 852 -0.75 1.506 45
19. Cu-N-C SACs 0.IM KOH + 0.1M NOs 84.7 -1.0 4.5 46
20. RuCu Das/NGA 0.1IM KOH + 0.1M NOs 95.7 0.4 3.1 47
21. NF/NisN-Cu IM KOH + 0.1M NOs 98.7 0.3 1.19 48
22. Pds3Cus7 MSs 0.1M KOH + 0.01M NO3 85 -0.25 6.1 49
23. NiCu-SA (ioMIK25 045 260ippm >90 05 28 50
NO3
24. NiCu-SAAs IM KOH + 0.1M NO3 95.4+28 0.6 11.4+0.7 31
0.863%0.015 mmolh-
ll’Ilgcalt_1 This
25. Fe20:@C-TA 0.5M KNOs + 1M KOH 93.67 £1.67 -0.78 (735240128 mgh | work
1.Cm.2)
26. Fe304@C-TA 0.SM KNOs + IMKOH | 58.66 +1.05 -0.88 (2.938 £0.051 mg-h- | This
-cm’™?) work




Figure S9.
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Figure S10. UV-Visible calibration curves used for quantification of (a) Tannic acid and (b) Fe3*.
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Figure S11. XRD spectra showing the phase-pure synthesis of (a) FesC@C-TA and (b) Fes3C@C-TA via catalyst portfolio.
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Figure S13. UV-visible spectrophotometric calibration curve of NH4Cl for NH3 quantification using
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Figure S14. UV—visible spectrophotometric calibration curve of KNO: for NO2™ quantification using Griess
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Figure S15. "TH-NMR spectrophotometric calibration curve of NH4Cl for NH4" quantification.
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