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Fig. S1 Eh-pH speciation diagrams for (a) CrO4
2-, (b) AsO2

-, (c) Ni2+ and (d) Cd2+



Section-1

1.1 Materials and methods: characterization

Synthesized composites and raw materials were characterized for morphology and composition 

using scanning and transmission electron microscopy (Carl Zeiss SUPRA 55VP FESEM and 

UHR-FEG-TEM, JEOL, JEM 2100 F model using a 200 kV electron source, respectively) both 

associated with EDAX (Oxford INCA).

For obtaining crystallinity, powder x-ray diffraction data was obtained using Rigaku (mini flex, 

Japan) benchtop powder X-ray diffractometer having Cu Kα = 1.54059 Å radiation at 40 kV/15 

mA. Scanning range and scanning rates were 5o to 65o 2θ and 5° 2θ per minute respectively.

Point of zero charge (pHPZC) and zeta potential of suspension was measured through a dynamic 

light scattering (DLS) instrument using Zetasizer, Malvern, UK. Surface functionality of the 

materials was analyzed using Fourier transformation infrared spectroscopy (FTIR, Nicolet I5, 

Thermoscientific) using KBr pallet method. Almond skin extracts (Antioxidants) 

concentrations were qualitatively observed using UV-Vis spectrophotometer (Evolution 201, 

Thermoscientifc) before and after the modification of composites. Surface redox state and 

composition of elements was studied with the help of X-ray Photoelectron Spectroscopy (XPS, 

Nexsa, Thermofisher-Scientific) incorporating Al Kα as the source of X-ray. 

1.2 Synthesis of antioxidant capped biochar-iron (ASBC-I) nanocomposites

As shown in fig. 1, for stage-1 modification, biochar powders were dispersed in antioxidants 

solution and sonicated. Then, antioxidant modified biochar was dispersed in 4:1 ethanol: water 

interfacial iron solution (Fe/BC mass ratio= 1). The suspension was sonicated (30 min) and 

shaken (30 min) sequentially to allow iron to homogeneously interact with the biochar surface. 

Later, NaBH4 solution (0.94 M) was added dropwise under continuous stirring for the reduction 



and formation of elemental iron nanoparticles on biochar surface 1, 2. After complete addition, 

the reaction mixture was vigorously stirred for another 20 minutes to assure complete 

reduction. Then the precipitate was filtered and washed with ethanol. In the stage-2 

modification, washed precipitates were added to the antioxidant solution and sonicated to 

assure proper antioxidant capping of the composite. The obtained composites after stage-2 

modification are denoted as ASBC-I nanocomposites i.e., ASBC-I-550 and ASBC-I-750, 

respectively denoting the pyrolysis temperature of biochar surface used. In the end, composites 

were separated from the antioxidant solution, washed with ethanol, vacuum dried, and stored 

for further use. Schematic representation of the synthesis scheme is provided in fig. 1. 



Table-S1 Physiochemical parameters of utilized water samples

Concentration
S. No. Component

Groundwater River water Synthetic Rain water

1 SO4
2- (mM) 0.14 0.22 0.028

2 Cl- (mM) 0.93 0.69 0.007

3 HCO3
- (mM) 4.5 1.22 -

4 NO3
- (mM) 0.05 0.038 0.008

5 Na+ (mM) 1.3 0.57 0.008

6 Ca2+ (mM) 2.8 0.46 0.0002

7 Mg2+ (mM) 0.95 0.22 0.001

8 K+ (mM) 0.02 0.063 0.0012

9 Humic Acid (mg/L) 3.5 1.85 -

10 pH 7.4 7.6 4.3

11 Ionic strength 11 X 10-3 M 2.3 × 10 ―3 M 0.31 X 10-3 M



Fig. S2 FESEM images of (a) ASBC-550, (b) ASBC-750, (c) ASBC-I-550 and (d) ASBC-I-

750 composites.

Table-S2 Elemental composition of raw biochar and synthesized composite (in atomic%)

C N O Fe

ASBC-550 42.7 46.8 10.5 -

ASBC-750 44.6 49.2 6.2 -

ASBC-I-550 20.1 17.9 33.1 28.7

ASBC-I-750 23.7 23.1 25.2 27.9



Fig. S3 TEM elemental line scans along nZVI particles in (a) ASBC-I-550 and (b) ASBC-I-

750 composites



Fig. S4 FTIR spectra of biochar and nanocomposites

1.4 FTIR Analysis: surface functionality of the composites

FTIR spectra in fig. S4 shows that peaks associated with ASBC-550 such as- 1694 cm-1 (C=O/ 

N-H stretching), 1585 cm-1 (C=C cyclic alkene stretching), 1437 cm-1 (C-H2 stretching and 

O-H bending due to alcohol), 1378 cm-1 (O=C-O stretching), and 873 cm-1 (aromatic C-H out-

of-plane deformation) were decreased and disappeared at higher pyrolysis temperature biochar 

i.e. ASBC-750 3. After the growth of iron nanoparticles on the surface, these peaks of ASBC-

550 in the region 1400-1700 cm-1 disappeared whereas a sharp decrease was observed in the 

intensity of peaks in the region 700-900 cm-1 with a slight shift. Simultaneously, various new 

peaks corresponding to iron nanoparticles appeared, suggesting that ASBC-I composites are 



not just a physical mixture of particles and surface and include various chemical interactions. 

Major FTIR peaks in ASBC-I-550 and ASBC-I-750 were 1630 cm-1 (O-H stretching of H2O 

and FeOOH), 690 cm-1 (symmetric Fe-O stretching), 590 cm-1 (Fe-O stretching modes of 

tetrahedral and octahedral sites), and 470 cm-1 (Fe-O stretching due to Hematite)4.   



Fig. S5 Sorption capacities of biochar and respective nanocomposites for different metallic 

species 



Section-2

Non-linear kinetics modelling

Kinetic models Non-linear equations

pseudo-first-order 𝑞𝑡 = 𝑞𝑒. [1 ― exp ( ― 𝑘1.𝑡)]

pseudo-second-order
𝑞𝑡 = 𝑞𝑒 ―

𝑞𝑒

[𝑘2 (𝑞𝑒).𝑡 + 1]

General order
𝑞𝑡 = 𝑞𝑒 ―

𝑞𝑒

[𝑘𝑁 (𝑞𝑒)𝑛 ― 1.𝑡.  (𝑛 ― 1) + 1]
1

1 ― 𝑛

Intra-particle diffusion (IPD) 𝑞𝑡 =  𝑘𝑖 𝑡 + 𝐶

Where:

qe = Equilibrium sorption capacity (mg/g) , qt = Sorption capacity at time= t (mg/g) 

k1 = pseudo-first-order reaction rate constant (min-1) , k2 = second order reaction rate constant 

(g mg-1min-1), kN = General order reaction rate constant [min−1 (g mg−1)n−1] and ki = intra 

particle diffusion rate constant (mg/g hr0.5)

n= order of the reaction and intercept C gives resistance in mass transfer due to boundary layer

Both the kinetic models i.e. pseudo 1st and 2nd order are with presumed orders for the uptake 

of the contaminants. For example- pseudo 2nd order assumes that the rate of uptake of adsorbate 

is of 2nd order with respect to all the available sorption sites5. Logically, it would be better to 

obtain the order of a reaction kinetics from the experimental data itself rather than assuming 

any order. As the process of adsorption is considered to be the rate determining step, it helped 

in establishing the general order kinetic model. Which states that “the order of sorption process 

should follow the same trend as that of a chemical reaction, where the order of the reaction is 



not being restrained by a given model but experimentally” 6, 7. Whereas, intra particle diffusion 

(IPD) is based on Fick’s second law of diffusion 8.

Fig. S6 experimental kinetic data and various fitted kinetic models i.e. pseudo first order, 

pseudo second order and general order for (a) ASBC-I-550 and (b) ASBC-I-750, and (c, d) IPD 

modelling for ASBC-I-550 and ASBC-I-750 respectively   



Table S3 parameters obtained for fitted kinetic models and calculated errors



Fig. S7 Effect of solution pH on the sorption capacities of (a) ASBC-I-550 and (b) ASBC-I-

750 nanocomposites for various metals



Section-3: Adsorption Isotherm models

Isotherm models Non-linear equations

Langmuir
𝑞𝑒 =

𝑞𝑚𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒

Freundlich 𝑞𝑒 = 𝐾𝐹𝐶𝑛
𝑒

Sip
𝑞 = 𝑞𝑚𝑎𝑥

𝐾[𝐶𝑒]𝑛

1 + 𝐾[𝐶𝑒]𝑛

Where:

Ce (mg/L) = equilibrium concentration, 

qe = sorption capacity at equilibrium (mg/g), 

qm = obtained maximum sorption capacity (mg/g) and 

KL = Langmuir constants (L/mg) related to energy of adsorption 

KF = Freundlich adsorption constant (mg/g)(L/mg)1/n and 

n = a measure of the adsorption intensity (Freundlich)

K = Sips isotherm constant 

n = Sips isotherm exponent

Isotherm is generally utilized to evaluate interactions between adsorbate and adsorbent. 

Commonly used isotherms include Langmuir model which assumes monolayer sorption of the 

adsorbate on adsorbent surface. It suggests that all the sorption sites are identical and 

energetically equivalent 9, 10. Freundlich model assumes heterogeneous nature of the surface 

and represents initial sorption on surface followed by condensation effect causing strong 

adsorbate-adsorbent interaction. To depict isotherm data better, Sip’s isotherm model can be 

used. This model is a combination of both Langmuir and Freundlich model. At low adsorbate 

concentration this model predicts Freundlich like behavior which converts to plateau or 

monolayer sorption at higher concentrations 11.



Fig. S8 Effect of contaminant concentration and various fitted sorption isotherm models for (a) 

ASBC-I-550 and (b) ASBC-I-750 nanocomposites in monometallic system



Table S4 parameters obtained for fitted isotherm models in monometallic system and 

calculated errors



Fig. S9 Effect of contaminant concentration and various fitted sorption isotherm models for (a-

c) ASBC-I-550 and (d-f) ASBC-I-750 nanocomposites in 0.01M NaNO3, river water and 

groundwater solutions respectively, in multi-metallic system



Table S5 parameters obtained for fitted isotherm models for CrO4
2- removal in multi-metallic 

system and calculated errors



Table S6 parameters obtained for fitted isotherm models for AsO2
- removal in multi-metallic 

system and calculated errors



Table S7 parameters obtained for fitted isotherm models for Ni2+ removal in multi-metallic 

system and calculated errors



Table S8 parameters obtained for fitted isotherm models for Cd2+ removal in multi-metallic 

system and calculated errors



Section-4

Column transport models

Column transport models Non-linear equations

Thomas 𝐶
𝐶0

=
1

1 + exp (
𝑘𝑇𝐻𝑞0𝑚

𝑣 ― 𝑘𝑇𝐻𝐶0𝑡)

Yoon- Nelson 𝐶
𝐶0

=
exp (𝑘𝑌𝑁𝑡 ― 𝑘𝑌𝑁)

1 + exp (𝑘𝑌𝑁𝑡 ― 𝑘𝑌𝑁)

Where

= Thomas rate constant (mL/min⋅mg),𝑘𝑇𝐻

= adsorption capacity of the C-BC-nZVI nanotrident, 𝑞0

v= flow rate (mL/min), 

m= adsorbent weight (g), and 

t= breakthrough time (min).

= Yoon-nelson rate constant (mL/min·mg), 𝑘𝑌𝑁

= time required for 50% of breakthrough (min), and 

Thomas model assumes Langmuir model of adsorption-desorption kinetics in which 2nd order 

reversible kinetics is followed by the rate driving force and does not take axial dispersion into 

account12. Whereas, Yoon- Nelson model is simpler with the assumption that “the rate of 

decrease in the probability of each adsorbate molecule to be adsorbed is proportional to its 

adsorption probability  and also to the probability of adsorbate breakthrough on the adsorbent 

13.”



Fig. S10 Column filtration setup showing continuous removal of contaminants and generation 

of clean water

 



Table S9 parameters obtained for fitted column transport models for multi-metallic species 

removal in 0.01M NaNO3 solutions and calculated errors



Table S10 parameters obtained for fitted column transport models for multi-metallic species 

removal in river water solutions and calculated errors



Table S11 parameters obtained for fitted column transport models for multi-metallic species 

removal in groundwater water solutions and calculated errors



Fig. S11 (a) elemental mapping and (b) line can of ASBC-I-550 composite after the sorption 

of contaminants

Fig. S12 (a) elemental mapping and (b) line can of ASBC-I-750 composite after the sorption 

of contaminants



Fig. S13 (a, b) pXRD and (c, d) FTIR spectra before and after the sorption of multi-metallic 

species on both the composites in various aqueous matrices



Fig. S14 Leaching of contaminants and iron in synthetic rain water solution from the spent composite



Table S12 Summary of reported adsorbents and their contaminants sorption capacities

Adsorbents Contaminants Reference

Ni2+ CrO4
2- AsO2

- Cd2+

ASBC-I-550 44.5 125.9 300.3 171.2 This study

ASBC-I-750 16.7 107.8 97.7 152.3 This study

Biochar-nZVI 47.85 23.09 - 39.53 14

Bentonite supported 

nZVI
50.25 9 15, 16

Bentonite-nZVI 16.5 14.25 16

Activated alumina 25.57 17

Nano- alumina 30.82 - 18

(nZVI)-Fe3O4 

nanocomposites
20.41 19

Modified activated 

carbon
78.12 - 20

Au-nZVI 40- 188 21

Activated carbon 

(AC)
9.89 22

AC-nZVI 25 18.2 22, 23

coal fly ash-nZVI 200 24

Magnetic magnetite 

(Fe3O4)
20.16 25

Biochar-magnetite 5.49 26



Ascorbic acid coated 

Fe3O4 nanoparticles
46.06 27

Nanoscale Fe-Mn 

Binary Oxides Loaded 

on Zeolite

296.23 28

Table S13 Obtained species % from spectral fits in different elemental regions before and after 

sorption

Fe2p region Fe(II) Fe(III)

Before sorption 62.3 37.7

After sorption 58.4 41.6

-OH2 -OH- -O2
-

O1s region Before sorption 3.37 87.57 9.05

After sorption 24.7 34.4 40.9

C1s region -O-C=O -C=O C-C/ C=C

Before sorption 19.2 17.8 60.5

After sorption 14.8 18.1 62.7

Cr2p Cr(III) Cr(VI)

After sorption 74.8 25.2

As3d As(III) As(V)

After sorption 51.3 48.7

Ni2p Ni(OH)2

After sorption 100

Cd3d Cd(OH)2

After sorption 100
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