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6 Batch experimental studies using La@ATPA and La@TPA

7 The effect of initial pH on the uptake of fluoride by La@ATPA and La@TPA was studied over

8 pH 2-11. The initial concentration of fluoride was maintained at 5 mg/L with a sorbent dosage

9 of 1 g/L in a final volume of 20 mL. The suspensions were equilibrated for 2 h in an orbital
10 shaker at 110 rpm at 25°C. After equilibration, samples were filtered using 125 mm Whatmann
11 filter paper (11-micron pore size) and analysed for fluoride.
12 Sorption isotherm studies on La@ATPA and La@TPA were accomplished with batch
13 reactors containing varying initial concentrations of fluoride (5 mg/L to 1000 mg/L) with a
14 fixed sorbent dosage (1.0 g/L) in a total reactor volume of 20 mL at circumneutral pH. Reactors
15 were equilibrated for 2 h and analysed as before. The amount of F uptake by La@ATPA and
16 La@TPA and percentage F removal were evaluated using the following equations,

17 respectively:

(€,-¢C.)
q,= XV
18 m (1)
(C,_C)
19 Removal percentage of fluoride (%) = Co X100 (2)

20 where, q. is the amount of fluoride sorbed (mg/g), Cy and C,. are the initial and equilibrium
21 concentrations of fluoride (mg/L), m is the mass of sorbent (g), V is the total volume of the
22 reactor. Microsoft Excel 2019 has been used for the calculation of error bars. The expression

23 of the error functions is as follows 12 :

Qca - Qex
EZM x 100
24 Average relative error (ARE) = N Qe 3)
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Z (Qexp - Qcal)z
Qeal (4)

Chi-square (X?) =
where N represents the experimental data points, Q..(mg/g) and Q..,(mg/g) is the calculated
and experimental adsorption capacity of La@ATPA and La@TPA at equilibrium.

Kinetics of F sorption on both sorbents was quantified using a 10 mg/L fluoride solution
and an adsorbent dose of 1.0 g/L. The uptake of fluoride by various MOFs were monitored at
predefined time intervals. Potential interference of other anions and organic matter, like
chloride, nitrate, sulfate, bicarbonate, phosphate, arsenate and humic acid on F removal was
investigated by adding varying concentrations of interfering ions to 10 mg/L of F added to
ultrapure water. The concentrations of these ions tested were in accordance with their levels
typically present in groundwater. The solutions containing fluoride and interfering ions were
equilibrated with 1 g/L of La@ATPA for 2 h, filtered and analysed for fluoride.

To study the recyclability of the sorbent, F desorption studies were carried out after
fluoride was loaded on La@ATPA. Fluoride-loaded La@ATPA was contacted with 20 mL of
varying concentrations of alkali (0.01, 0.1. 0.5. 1.0 M). The suspensions were equilibrated for
2 h in an orbital shaker maintained at 110 rpm. After equilibration, suspensions were filtered
and analysed for F. The desorbed sorbent was washed with water to remove the alkalinity and
the cycles were repeated.

Leaching studies were conducted on fluoride-loaded La@ATPA. Initially, 0.05 g of
La@ATPA was equilibrated with a solution containing 10 mg/L of F. After sorption, the
suspensions were filtered and F-loaded sorbent were equilibrated with different pH (3.0, 3.6,
4.1,5.35 and 6.3) for 24 h, after which samples were drawn, filtered, and analyzed for fluoride.
To further assess the long-term leachability of fluoride, around 0.05 g of F-loaded La@ATPA
was equilibrated in both 100 mL each of DI water and groundwater for a period of one week.
The application of La@ATPA on real fluoride-contaminated groundwater samples was also

evaluated. The samples were collected from three locations of Bansathi village, Kanpur Nagar
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and Uttar Pradesh. Most of the groundwater sources in that village were contaminated by
fluoride (Supporting Information Table S1).3 The three locations were chosen based on
different levels of fluoride concentrations (2.0, 4.8, 6.0 mg/L) in the handpumps. Samples were
collected in 1 L Tarson HDPE wide-mouthed bottles. The bottles were cleaned thoroughly with
ultrapure water prior to sampling. Before sample collection, ~20 L of stagnant water were
discarded from each handpump. The bottles were capped tightly and wrapped with Parafilm to
ensure that no atmospheric exchange occurs during transportation to the laboratory.
Additionally, two samples of IIT Kanpur groundwater with an inherent F concentration of
0.982 mg/L, spiked with 4 mg/L and 8 mg/L of fluoride, were also tested. For each experiment,
20 mL of the samples were equilibrated with La@ATPA at a dosage of 2.5 g/L for 2 h. The
equilibrated suspensions were filtered and the supernatants were analyzed for fluoride. All
batch experiments described above were conducted in triplicate and the average of the three
readings were recorded.

Characterization studies and analysis of aqueous and solid samples

Fluoride was determined by a Thermo Orion meter using a fluoride ion-selective electrode.
The meter was first calibrated with standard solutions of 0.5, 5 and 10 mg/L of fluoride. For
each analysis, the total ionic strength adjustment buffer (TISAB) was mixed with standards
and samples in a ratio of 1:1 to prevent the formation of metal-fluoride complexes. A pH meter
(pH510 Eutech) was used to analyse the pH of the solution. Analysis of phosphate (PO,),
sulphate (SO4?-), nitrate (NO5-) and chloride (Cl) were carried out using Metrohm 882 compact
ion chromatography (IC). 1 mM sodium bicarbonate in 3.2 mM sodium carbonate buffer was
used as eluent using Metrosep A Supp 5 column. The flow rate of the eluent was maintained at
0.7 mL/min. The lower limit of detection was found to be 0.1 mg/L for IC. Inductively coupled
plasma-mass spectrometry (ICP-MS; Thermo Scientific X-SERIES 2) was used to analyse

arsenic (As), cadmium (Cd), chromium (Cr), and copper (Cu). The lower limit of detection for
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the method was 2 ng/L. Total dissolved solids were measured by a TDS meter (HACH,
HQ30d). Alkalinity was determined by titration using 0.02 N standard sulphuric acid as titrant
and methyl orange solution as indicator. Hardness was analyzed by titrimetry using
ethylenediaminetetraacetic acid as a reagent and Eriochrome Black T as an indicator.

Point of zero charge values of La@TPA and La@ATPA were measured using Brookhaven
ZetaPALS connected to BI-ZTU auto-titrator. Samples were prepared by dispersing 0.6 g of
material in 80 mL of 0.01 M KNOj; .# The suspensions were stirred using a magnetic stirrer at
110 rpm for 24 h to achieve equilibration. Prior to measurements, the solutions were sonicated
for 10 min and kept undisturbed for 1 h for settling after which supernatants were collected for
analysis.

The morphology of synthesised MOF La@ATPA was analyzed using field emission
scanning electron microscopy (FE-SEM; FEI Quanta 200) at macroscopic scale and by
transmission electronic microscopy (TEM; Technai G2 T-20 FEI) at a higher resolution. For
TEM analysis samples were ultrasonicated with ethanol for 15 min at room temperature. Then,
ethanol dispersed sample droplets were placed on the copper grid (3mm diameter) and vacuum
dried. The infrared spectrum of MOF was analysed in attenuated total reflectance (ATR) mode
by Fourier-transform infrared spectrometry (FTIR; Bruker) with KBR pellets. The prevalent
phases in the sorbents were studied using an X-ray diffractometer (XRD; Hecus S3 micro). The
sample angle (29), from 5 to 80 °C was measured at 45 kV and 40 mA. The oxidation states
and chemical composition of La@ATPA were analysed using X-ray photoelectron
spectroscopy (XPS; PHI 5000 Versa Probe II) with a monochromatic Mg Ka. Deconvolution
of individual molecular orbital peaks of various elements was carried out using XPSPEAK41
software .5 The BET surface area and pore volume were analysed by the Autosorb 1-C
instrument (AS1-C, Quantachrome). The N, adsorption desorption curve has been plotted as

reported by Zhang etal .43
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Geochemical analysis

Dissolved solute data were analyzed for chemical equilibrium speciation with well-known
modelling software, Visual MINTEQ 3.1.6 All ionic strength corrections were performed using
the Davies equation. Solubility (log C-pH) plots were prepared by considering the infinite mass
of the relevant solid, LaF3(s). The default database of Visual MINTEQ 3.1 was used for all the
thermodynamic analyses. All calculations were performed considering the system as closed to

the atmosphere.
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Figure S1.Zeta potential of the two sorbents (La@TPA and La@ATPA) was used for the
F sorption study.
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116 Figure S2. Fluoride uptake on La@TPA and La@ATPA sorbents: (a)Equilibrium
117 sorption isotherm, (b) Linearized Langmuir plot and (c) Linearized Freundlich plot.
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121 Figure S3. N2 adsorption-desorption curves of La@ATPA
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125
126 Table S1. Details of real contaminated groundwater sampling locations.

Sample ID Latitude (N) Longitude (E) Depth (m)

S1 26° 34'28.4412" 80°9'13.3704" 12

S2 26° 34'29.1036" 80°9' 11.754" 11

S3 26° 34'31.8828" 80°9'11.9376" 12
127
128
129
130
131
132
133 Table S2. Specific surface area and pore volumes of La@ATPA
134 Parameter Values
135 Specific Surface Area (m?/g) 18.14

Average Pore Diameter (nm) 5.91
136 Total Pore Volume (cc/g) 0.0268
1 0
137 Micropores (%) 2.0
Mesopores (%) 84.2

138 Macropores (%) 13.8

139



140 Table S3. Comparison of adsorption capacities of various MOFs towards defluoridation

141
142
143
144
145
146
147
148

S.No MOF pH Langmuir Equilibrium Ref.
Adsorption Time
Capacity (mg/g) (mins/hrs.)

1 Sn (II)-TMA 3-10 30.86 150 mins 7
MOF

2 MOF-801 - 19.42 120 mins 8

3 Ce-BDC-48 - 128.0 85 mins 9

4 MIL-96(Al) 3 429 90 mins 10

5 UiO-66-amine 7 41.5 - 11

6 MIL-96 7 21.2 - 12

7 Aluminum Fumarate 7 600.0 24 hrs 13

8 Al Fumarate and PAN 7 205.0 6 hrs 14

9 Ce-MIL-96 3-10 38.65 - 15

10 Al Fumarate + Cellulose 7 179.0 - 16
acetate

11 Zr-MOF - 102.4 20 mins 17

12 Ce-BPDC 6 45.5 20 mins 18

13 La@ABDC 3-9 4.95 30 mins 19

14 UiO-66-NH2 CNM 4-10 95 60 mins 20

15 Ce@ABDC and 6-7 4.91 and 4.88 30 mins 21
Ce@BDC

16 La-BTC, La-BPDC, La- 4-9 105.2,125.9,145.5, 180 mins 22
BHTA, La-PMA, and La- 158.9, and 171.7
BDC

17 NH,-MIL-53(Al) 7 202.5 - 23

18 R-MIL-100(Fe) 6.5 23.53 1.5 hrs 24

19 La-BTC 3 155.92 - 25

20 La@TPA 4-8 212.7 3 hrs Present
La@ATPA 3-10 232.5 90 mins Work
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Table S4. XPS Analysis of La@ATPA before and after fluoride loading

Sample Element Binding Energy Inference
(eV)

La@ATPA La 3d5/2 833.6 La-O bond
836.3

F-La@ATPA La 3d5/2 833.7 La-O bond
835.9
832.0 La-F bond
834.6

F-La@ATPA Fls 681.9 OH;*---F
682.5 -NH;"---F
683.2 physisorbed fluoride
684.7 La-F

La@ATPA Nls 397.4 Amino group
403.7 Nitro group

F-La@ATPA Nls 397.2 Amino group
403.5 Nitro group
398.1 -NH;*---F
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