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ABSTRACT

In the current study, contrasting growth behaviour of redox sensitive Fe® nanoparticles (nZVI) was observed on
different clay surfaces i.e., 1:1 non-swelling kaolinite (K-nZVI) and 2:1 swelling bentonite (B-nZVI). Osmotic
swelling of bentonite led to Fe® nucleation and growth of 5-7 nm size particles in the broadened interlayer
spaces. B-nZVI had negative zeta potential due to the domination of the surface charge of bentonite clay. In
contrast, kaolinite has shown dominant surface growth of nZVI particles (>24.8 + 7.4 nm) and positive zeta
potential, suggesting domination of Fe® nanoparticles (nZVI) characteristics. This surface-dependent variation
led to higher and faster removal of oxy-anions with K-nZVI, i.e., chromium and arsenic (87.5 and 157.35 mg/g)
than B-nZVI (18.4 and 86.9 mg/g). In comparison, B-nZVI has shown higher sorption of cations i.e., nickel and
cadmium (36 mg/g and 46 mg/g) than K-nZVI (25 and 27 mg/g). XPS and pXRD analysis of reaction precipitates
confirmed reductive sorption of chromium, co-precipitation/ complexation of arsenic, electrostatic attraction
and complexation of nickel and cadmium as major removal mechanisms. Drastically higher total contaminant
sorption capacities of B-nZVI (327 mg/g) and K-nZVI (372 mg/g) in multi-contaminant (Cr + As + Ni + Cd)
solutions than individual capacities in mono-ionic solutions was due to co-operative effects and newer sites
induced via sorption and redox-transformation of other ionic species. K-nZVI removed chromium and arsenic to
below drinking water permissible limits whereas B-nZVI succeeded in separating nickel and cadmium to
drinkable levels in groundwater, freshwater, river water, and wastewater samples, emphasizing their applica-
bility in high cationic—low anionic and low cationic-higher anionic species contaminated waters, respectively.

1. Introduction

use by nearly 1% per year has resulted in having 3.6 billion people or
47%, of total world population suffering with water scarcity at least one

Water is a unique entity of the planet and one of the most critical
resources required for balanced ecosystem functioning. According to
recent estimates, three out of every ten people do not have access to
contamination-free drinking water [1]. Tremendously increasing water

month every year [2]. In an extensive range of contaminants, increasing
concentrations of heavy metals and metalloids in water bodies represent
an alarming environmental threat because of their non-degradability
and environmental persistence [3]. Once introduced in the
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environment, these ions tend to bioaccumulate, impact the whole food
chain and ultimately threaten human health [4,5]. In a prevailing
environmental condition, these ions can speciate in various ionic species
[6]. For example- as shown in fig. S1 a-d, in circum-neutral pH condi-
tions and oxidizing environment, arsenic (As) and chromium (Cr) spe-
ciates in anionic species, i.e., arsenate and chromate ions [7,8], whereas
nickel (Ni) and cadmium (Cd) stay in their cationic +2 form [9].

This variation in ionic behavior requires selectivity or a component
additive approach as a critical component in the remediation technique
[10]. Moreover, the co-contamination of ions with similar charge
behavior can induce site competition in the system and may make the
remediation even more challenging. Similarly, solutions contaminated
with multiple ions of varying charge can also impact the treatment ef-
ficiency [11]. Several explored removal techniques include conven-
tional methods that suffer from limited selectivity and sorption capacity,
such as filtration, sedimentation, coagulation-flocculation, aerobic and
anaerobic degradation, etc. [12]. Bioremediation, including phytor-
emediation, suffers from slower reaction kinetics [13]. Other remedia-
tion techniques are distillation, solvent extraction, microfiltration, ultra-
filtration, reverse and forward osmosis, electrolysis, etc., with high
power consumption and tedious setup and maintenance [14]. Sorption-
assisted water treatment techniques involve cost-effectiveness, envi-
ronmentally friendly nature, high selectivity and removal capacity,
process simplicity, no secondary contamination, and low power con-
sumption, etc., and are therefore of prime interest to the scientific
community [15]. Redox-sensitive nano-adsorbents, such as magnetic
nanoparticles, FesO4, graphene, etc., have recently emerged and been
explored for their added electron transferring ability at the surface-
water interface [16,17]. It can lead to simultaneous redox trans-
formation of toxic metals, forming co-precipitate with insoluble metal
oxy-hydroxides on the nanocomposite surface [18,19].

Instant inert surface oxide shell formation and self-aggregation of
these redox-sensitive nanoparticles in the natural environment generally
limits their applicability [20]. Research showed that supporting sur-
faces, such as clays, graphene, biochar, charcoal, etc., can preserve their
redox state [16,21]. Clays dominate out of several supporting surfaces
because of their natural abundance, eco-friendly nature, and high cation
exchange capacity that can prevent secondary contamination [22].
Clays are hydrous alumino-silicates and have a flake-like structure.
Based on the crystal structure, i.e., a combination of tetrahedral (T) and
octahedral (O) layers, kaolinite (1:1- T:O type), and bentonite contain-
ing around 80% of montmorillonite (2:1- T-O-T type) are two major
clays [23]. Both kaolinite and bentonite have been explored to support
redox-sensitive nanoscale zerovalent iron (nZVI) [24,26]. Despite a
drastic variation in the crystal structure and material properties, i.e.,
kaolinite with non-swelling nature and less interlayer spacing leading to
limited cation exchange capacity (CEC), while bentonite having swelling
(>10 times) nature, and very high CEC, etc., surface-associated varia-
tions in growth behavior of redox-sensitive nanoparticles and its impact
on contaminant sorption behavior are still unknown.

Recently researchers have synthesized different clay-nZVI nano-
composites for the removal of various contaminants. For example, Bal-
dermann et al. supported NANOFER 25 nZVI suspension on bentonite
clay and used it to remove trichloroethylene (TCE), where nanoparticles
were attached only on the surface [27]. Shi et al. showed B-nZVI formed
using a liquid-phase reduction technique had around 18.7 mg/g of CrO%
sorption capacity [24]. Whereas, Uziim et al. [25] found that kaolinite-
supported nZVI can remove Cu?* and Co?* ions with 140 mg/g and 25
mg/g of sorption capacity. Reductive co-precipitation of contaminants
was due to electron transfer from Fe® and its oxidation to oxy-hydroxides
[28]. So far, clays are only considered a supporting material to prevent
Fe® nanoparticle agglomeration and preserve their reactivity [22].

However, dominating role of variation in crystal structure and
properties of clays in deciding or controlling the sorption behavior of
nZVI nanocomposites for various ionic contaminants is unknown. Here,
based on the variations in crystal structures of different clays, we

hypothesized that 1:1 clay having limited or no interlayer spacing and
non-swelling nature could result in the growth of nZVI mostly on the
surface. In contrast, swelling is widespread in 2:1 montmorillonite clay
due to hydration [29]. It is reported that Na- bentonite can show two
different swellings, i.e., crystalline swelling (limited d-spacing increase)
and osmotic swelling resulting in a larger d-spacing increase (even > 50
A) [30]. Osmotic swelling happens at a lower salt concentration (<0.5
M) of monovalent ions [30]. Therefore, supporting nZVI on swelling 2:1
bentonite clay can lead to the growth of nanoparticles in inter-layer
spaces. The variation in the growth behavior of Fe® nanoparticles on
different clay surfaces can further alter the surface properties such as
nanoparticles size, charge, and surface area, etc., leading to varying
sorption behavior for ionic contaminants.

To test the hypothesis, B-nZVI and K-nZVI nanocomposites were
synthesized and sorption behavior was tested in mono, co, and multi-
contaminant systems by utilizing different contaminants, i.e., oxy-
anions (chromium, arsenic), and metal cations (nickel, cadmium).
Detailed batch sorption studies and surface characterization using dy-
namic light scattering (DLS), powder X-ray diffraction (pXRD), Fourier-
transform infrared (FTIR) spectroscopy, and X-ray photoelectron spec-
troscopy (XPS) were done to delineate preferential sorption of contam-
inants and associated removal mechanisms of nanocomposites.

2. Materials and methods
2.1. Materials and chemicals

Clays used include- extra pure Na-bentonite (Loba Chemie Pvt. Itd.,
India) with composition (Wt%)- 54.9% SiO3, 19.2% Al20s3, 8.3% Fe203,
3.79% Nay0, 1.99% MgO, 1% K30 and 0.17% CaO [21], and kaolinite
(Charco Chemicals, India) with composition- 55.51% SiOs, 28.6%
Al,03, 0.6% Fey03, 0.1% Nay0, 0.02% MgO, 4.55% K0 and 0.06%
CaO. Chemicals purchased from Merck, Germany, are Ethanol, NaAsO5
0.05 N solution, Ni(NO3),-6H50, and FeCl3-6H,0. Merck, India supplied
CdCly.H,0, K2Cry07, HNO3, NaOH, NaBH,, and NaNOs. 18.2 MQ.cm
Milli-Q water was used for preparing all solutions.

2.2. Synthesis of nanocomposites

To synthesize bentonite and kaolinite supported nZVI nano-
composites (B-nZVI and K-nZVI, respectively), clay, and iron salt with a
1:1 mass ratio were introduced to 4:1 ethanol: water interfacial solution
[16]. The suspension was sonicated for 30 min, followed by vigorous
stirring. Then NaBH4 (1 M) was added dropwise at a flow rate of 4.5 mL/
min to the suspension under constant stirring.

The reaction mixture was left for another 20 min on vigorous stirring
after NaBH, addition to ensure complete reduction. Then the obtained
precipitate was filtered, washed multiple times with ethanol and water,
and vacuum dried.

2.3. Characterization of nanocomposites

Clay surface morphology was visualized using field emission scan-
ning electron microscopy (FESEM, Carl Zeiss SUPRA 55VP), and size
distribution was obtained using particle size analyzer (ZEN3600, Mal-
vern, UK), whereas synthesized nanocomposites were analyzed using
FESEM and ultra-high-resolution transmission electron microscopy, i.e.,
UHR-FEG-TEM (JEOL, JEM 2100F). Elemental composition, mapping,
and line scans were obtained using EDAX analysis through INCA soft-
ware (Oxford Instruments, X-Max) coupled with UHR-FEG-TEM. Spe-
cific surface area and pore size distribution using Micromeritics Gemini
VII BET-N; surface area analyzer. The nitrogen adsorption/desorption
isotherms are reported by BJH (Barrett Joyner-Halenda) surface analysis
method. Before analysis, samples were degassed in vacuum at 150 °C for
12 h. Crystallinity and phase characteristics were obtained by powder X-
ray diffraction (pXRD) of materials. pXRD measurements were taken



using benchtop powder X-ray diffractometer (Rigaku mini flex) having
CuKa 1.54059 A radiation at 40 kV/15 mA. Samples were scanned in
the range of 5%-65° 20 at 5° per minute and step size of 0.02°. Surface
functionality was interpreted using Fourier transform infrared spec-
troscopy (FTIR) by analyzing KBr pellets using Thermo-Scientific Nicolet
iS5 coupled with the iD1 transmission accessory. Zeta Sizer (ZS-90,
Malvern) coupled with MPT-2 pH auto-titrator was used to obtain zeta
potential and point of zero charges (pHpzc) of nanocomposites. Reaction
precipitates were also analyzed using aPHI 5000 VersaProbe II (ULVAC-
PHI Inc.) equipped with a monochromatic Al Ka X-ray source (1486.7
eV) for XPS measurements. Elemental lines are charge referenced to Cls
(CxHy) at 284.8 eV.

2.4. Batch sorption experiments and analytical techniques

At pH 6.5, 0.01 M NaNOg solutions were introduced with (i) mono
contaminant system, i.e., arsenic, chromium, nickel, and cadmium
individually, (ii) co-contaminant systems, i.e., anionic (An), i.e., arsenic-
chromium and cationic (Ct), i.e., nickel-cadmium and ({iii) multi-
contaminant systems (MM), i.e., arsenic-chromium-nickel-cadmium.
With a fixed weight of adsorbent, i.e., 20 mg, and a solution volume of
25 ml, sorption kinetics was performed at 20 mg/L concentrations of
respective contaminants by varying the interaction time. At the same
time, sorption isotherm experiments were performed by varying

Intensity (a.u.)

Intensity (a.u.)

contaminant concentrations in 10-60 mg/L range by keeping interac-
tion time constant to 12 h, which is more than the obtained equilibrium
time. Reaction mixtures were kept on shaking (200 RPM) at 25 0c. After
the interaction, mixtures were centrifuged, and reaction precipitates
were dried for further characterization. Supernatants were filtered using
0.22 um filter paper, acidified, and analyzed for respective contaminant
concentrations using ICP-OES (Thermo iCAP-7400 series). Samples were
also analyzed for released iron concentration after the interaction to
ensure minimal secondary contamination. Sorption behavior was also
evaluated (i) as a function of pH and (ii) in different types of water
compositions, i.e., synthetic freshwater, groundwater, wastewater, and
natural river water (compositions provided in table- Sla-b in supple-
mentary information), to ensure environmental applicability of nano-
composites. For that, 20 mg of adsorbent was taken in 25 mL of the
solution with having 10 mg/L concentration of each metal ion. All the
experiments were performed in duplicates, and errors are shown
wherever significant (>5%). Performed blanks include (i) all stated
combinations of contaminated solutions without adding adsorbents and
(ii) solutions containing nanocomposites without adding contaminants.
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Fig. 1. TEM images of (a) and inset (b) B-nZVI, (c) K-nZVI, (d) pXRD spectra of clay and nZVI nanocomposites [Q = quartz, M = magnetite] and XPS spectra of B-

nZVI and K-nZVI for (e) Fe2p and (f) Ols regions.



3. Results and discussion
3.1. Surface characteristics and particles growth behavior

3.1.1. Morphology, composition, and growth mechanisms

The sheet-like structure of both bentonite and kaolinite can be
visualized through SEM images in Fig. S2a, and S3a. FESEM images
showed that most of the clay flakes were of size < 2 ym while obtained
hydrodynamic diameter using particle size analyzer (Fig. S2b, and S3b),
showed a size distribution up to 100 pm with most particles < 10 pm.
This increased size corresponds to aggregates formed in suspension.
After nZVI growth, clay surfaces show the presence of spherical nano-
particles, as observed in HRTEM images in Fig. 1 a-c. FESEM images of
B-nZVI (Fig. S2 c-d) showed a clear variation having bright interlayer
cross-sections compared to K-nZVI where Fe nanospheres were clearly
visible only attached on the surface (Fig. S3 c-d).

Particles size distribution analysis using multiple TEM images (Fig. 1
a-c, Fig. S2 e-f, and Fig. S3 e-f) showed two distinct size distributions of
Fe® nanoparticles in B-nZV], i.e., 5.8 &+ 2.6 nm and 20.6 + 8.7 nm cor-
responding to growth of particles in interlayers and surface of bentonite,
respectively. In contrast, iron nanoparticles covered the surface of
kaolinite with a diameter of 24.8 + 7.4 nm. Elemental mapping in
Fig. S4 a, b showed the enhanced intensity of iron signal over spherical
particles and the presence of oxygen and silicon in the background
supporting the growth of iron nanoparticles on clay surfaces. Fig. 1d
shows the pXRD pattern of clays and synthesized nanocomposites. The
characteristic d-001 peak of bentonite around 26 7.14° corresponding
to an interlayer spacing of 1.27 nm [31] shifted and broadened afteriron
loading, suggesting the broadening of interlayer space which can be
attributed to Fe® nucleation and growth in interlayers. Earlier, Son et al.
have also observed a peak shift of d001 in bentonite after iron-oxide
loading due to formation of polycations and particles in the interlayers
[32]. In K-nZVI], the d-001 peak of kaolinite around20 1 20 was present
with no shifting or broadening, supporting no significant change in the
interlayer spacing [33]. Simultaneously, the generation of characteristic
Fe peak near 20  44.8% along with the absence of iron oxide peaks
[34,35], suggests that iron particles were in preserved redox state on
both clay surfaces with no dominant crystalline iron-oxide phases or
thick oxide shells.

The surface of nanocomposites was further evaluated using XPS
spectra and by fitting Fe2p and O1s regions (Fig. 1 e-f). Obtained peaks
around 706.9 eV, 711.1 eV, 724.9 eV, and 719.9 eV of binding energies
corresponded to Fe(0) 2ps/2, Fe(Ill) 2ps,o, Fe(Ill) 2p;/» and satellite
peak of Fe(Ill) 2p3,,. Fitting reveals the presence of Fe(II) and Fe(III)
along with Fe® on the surface in both kaolinite and bentonite [36]. It can
be attributed to a very thin shell of iron-oxy—hydroxides on the surface
of elemental iron nanoparticles. Higher Fe® content on bentonite surface

compared to kaolinite can be attributed to nanoparticles coverage with
bentonite flakes as observed in TEM images.

In summary, two distinct size fractions of nZVI in bentonite, broad-
ening of interlayer spacing as obtained from pXRD, and higher Fe°
content in B-nZVI compared to no change in d001 peak of kaolinite after
nZVI growth, and > 20 nm particles attached on the surface, suggest the
following, iron nanoparticles growth mechanisms (Scheme 1): initially,
the addition of bentonite in ethanol:water interfacial solution can result
in its crystalline swelling, which allows iron ions to enter and adsorb in
the inter-layer spaces and on the surface as well. Once the addition of
NaBH4 begins, iron particles start to nucleate, and simultaneously
interlayer spacing of bentonite clay increases due to its osmotic swelling
[37,38]. It may easily allow iron nanoparticles to grow in the interlayer
spaces and on the surface. On the other hand, kaolinite is 1:1 clay and
does not swell, which results in the surface sorption and growth of iron
nanoparticles [26].

3.1.2. Surface area and pore distribution

BET-N; adsorption-desorption isotherms are shown in Fig. S5 a, c.
Pertaining to limited inter-layer space, kaolinite clay showed a BET-N,
surface area of 3.15 m?%/g, whereas it was 24.5 m?/g for bentonite
[39,40]. Literature reports show that bare nZVI particles have a surface
area of around 20-25 mz/g [41,42]. After nZVI growth, bentonite sur-
face area increased further to 31.1 m?/g, corresponding to the growth of
very small (5-7 nm) iron nanoparticles. In contrast, K-nZVI showed a
surface area of 19.4 m?/g which was higher than kaolinite but was in
range with the surface area of bare nZVI particles [25,43]. A decrease in
the pores (~ 4 nm) having a maximum volume in B-nZVI compared to
bentonite suggests nZVI growth in available pores (Fig. S5b). While an
increase in the pore volume (Fig. S5d) in K-nZVI can be attributed to
nanoscale particles growth on the surface. These observations further
support the proposed Fe? particles growth mechanisms on different clay
surfaces. Further details of obtained surface area, average pore diam-
eter, and cumulative pore volume are provided in Table S2. B-nZVI has
shown a slightly higher cumulative pore volume than bentonite, which
may be due to the growth of some nZVI particles on the clay surface.

3.1.3. Surface functionality and charge

Both kaolinite and bentonite shared almost similar surface func-
tionality. FT-IR spectra (Fig. S5e) showed a broad peak around 3430
ecm™! for —OH group stretching. 1044 cm ! peak was due to Si-O
bending vibration, while antisymmetric Si-O-Si stretching vibration
caused an adsorption peak near 797 em ! [44]. Kaolinite group minerals
show —OH bands at 3696, 3669 and 3651 cm ™" beside the 3619 cm™!
inner hydroxyl group band while 1632 cm™! peak of O—H reflected
crystal water in clays lattice [45]. A shift in the 1632 cm™! O—H peak
and the generation of an adsorption band at 670 cm™! was due to the

FeCl,.6H,0 : NaBH,

® .
Feo® | Fe® :

e~

i N

B 0.4 Q) wan
electrostatic

% attraction ¥ Gv
’
" Q Cr(mn ‘G

(S

Bentonite Crystalline swelling Osmotic swelling e x” @FT % electrostatic
& Fe? growth i i % repulsion
- 4 5 \4 1
i 4 AsO; croz
' FeCl,6H0 ®\ @
- ¥ )
.. . 0 electron
Kaolinite No swelling Fe? on surface transfer

Scheme 1. Synthesis and growth mechanisms of nZVI on bentonite and kaolinite surfaces and respective contaminant removal mechanisms.



symmetric Fe-O stretch of goethite (a-FeOOH)[46].

This variation in the growth behavior of nZVI particles, i.e., the
domination of bentonite in B-nZVI and of nZVI in K-nZVI, can also be
correlated with variation in the zeta potentials of various nano-
composites (Fig. 2a). The negative zeta potential of both the clays, i.e.,
< 30 mV, can be attributed to isomorphic substitution in their crystal
structures [47]. It decreased but remained negative even after nZVI
growth in the case of B-nZVI, confirming bentonite domination.
Whereas, after nZVI growth, K-nZVI shows the point of zero-charge at
pH 8i.e, at pH < 8 K-nZVI has positive zeta potential. The positive
zeta potential can be attributed to partial oxidation of nZVI particles and
protonation of surface oxide layer. Therefore, in the environmentally
relevant pH conditions (pH  6-8) B-nZVI holds a negative charge,
whereas K-nZVI was dominantly positive. This variation resulted from
the drastic difference in nZVI growth behavior on both surfaces and is
crucial for the adsorbent’s selectivity towards specific toxic ions, as
observed in later sections.

3.2. Contaminant sorption behavior and mechanisms

Preliminary sorption experiments with raw constituents of the
nanocomposites i.e., bentonite and kaolinite clays and bare nZVI parti-
cles, were performed for all the studied contaminants and compared for
respective sorption capacities with the synthesized nanocomposites.
Results in Fig. 2b show minimal sorption of oxy-anions (<2.5 mg/g)
with both clays. Bare nZVI show significant sorption of oxy-anions but
limited sorption of cationic species (<5.5 mg/g). In comparison, syn-
thesized nanocomposites showed higher removal of both cations (>18
mg/g) and oxy-anions (>13.5 mg/g). In all the cases, iron release from
bare nZVI particles was higher than the WHO-defined permissible limit
of 2 mg/L for drinking water. Whereas no significant iron release was
observed in the case of nanocomposites. Results confirm that nano-
composites advance their raw constituents regarding contaminant
sorption capacities and prevent the secondary release of pollutants.
Interestingly, both B-nZVI and K-nZVI showed a drastic variation in
contaminant-specific sorption capacities. At a fixed concentration of
toxic anions and cations, B-nZVI showed comparatively higher removal
of nickel and cadmium, whereas K-nZVI separated chromium and
arsenic with high efficiency (Fig. 2b). This variation in sorption capac-
ities might be directly correlated with the positive and negative zeta
potentials of K-nZVI and B-nZVI (Fig. 2a), respectively, allowing faster
interaction and bulk transfer of oppositely charged ions on the surface.

After the sorption of toxic ions, reaction precipitates were collected
and thoroughly characterized for change in surface charge, crystallinity,

functionality, and redox composition to delineate various involved
removal mechanisms. Interaction and removal mechanisms were found
to be varying for different contaminants for B-nZVI and K-nZVI and are
described below in detail.

3.2.1. Chromium

Chromium which speciate in the form of CrOf oxy-anions, had
varying interaction with B—nZVI and K-nZVI. Zeta potential (Fig. 3 a-b)
of B-nZVI in 0.01 M NaNOs solution was 16.7 + 1.3 mV which
decreased to 13.3 + 0.4 mV after interaction with chromate ions. The
sole involvement of electrostatic attraction should have resulted in
either increased negative zeta potential or electrostatic repulsion with
chromate ions, suggesting the involvement of other removal mecha-
nisms. Similarly, zeta potential of K-nZVI was + 12.1 £+ 0.7 mV which
decreased to + 8.5 &+ 1.3 mV after interaction with chromate ions sup-
porting the involvement of electrostatic attraction. But, a slight decrease
in zeta potential points out the presence of different species of chromium
on K-nZVI surface as well. These observations were further supported by
PpXRD spectra (Fig. 3c-d), which showed a slight decrease in the intensity
of Fe® peak in B-nZVI and little oxidation of iron on B-nZVI surface,
suggesting limited electron transfer and redox-transformation in the
system leading to limited interaction of B—nZVI with chromium. K-nZVI
showed a drastic decrease in 44.8° Fe® peak and generation of 30° and
35° intense iron-oxide peaks suggesting intense electron transfer and
iron oxidation. FTIR spectra (Fig. 3 e-f) also showed the enhanced in-
tensity of 530 cm ™! Fe-O stretching. Redox transformation of chromium
and nanocomposites was further confirmed by obtaining XPS survey
scans (Fig. S6a-b) and high-resolution scans for Fe2p (Fig. S6c—d), O1s
(Fig. 4a) and Cr2p regions (Fig. 4f). Fe® associated peak near 707 eV
disappeared after interaction with chromium in both B—nZVI and K-
nZVI confirming electron transfer and consumption of Fe’. In corre-
spondence, Fe(II) and Fe(III) contribution increased on the surface.

Cr2p spectra showed a dominant presence (72.8% and 79.6%) of Cr
(IlI) near 577 eV on B-nZVI and K-nZVI surfaces, confirming the
reduction of chromium on both surfaces [48,49]. K-nZVI showed higher
intensity of Cr2p-associated peaks compared to B-nZVI. Ols spectra
showed the dominance of -OH" functional groups in B-nZVI and both
—OH" and -0% groups in K-nZVI (Fig. 4a) after interaction with chro-
mium, suggesting the simultaneous formation of iron oxides/oxy-
hydroxides and chromium oxide/oxy-hydroxide. In combination, zeta
potential, pXRD, and XPS data confirm strong interaction and higher
redox-transformation of chromate ions with K-nZVI and co-precipitation
with formed iron-oxy-hydroxides compared to B-nZVI, which was also
supported by experimental sorption capacities data provided in later
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Fig. 2. (a) Zeta potential at varying pH for clays and synthesized nanocomposites and (b) Sorption capacity of raw constituents of nanocomposites i.e., Bentonite,
Kaolinite and nZVI and synthesized nanocomposites i.e., B-nZVI and K-nZVI [m = 20 mg, V = 20 mL, Co = 20 mg/L, T = 25 °C, RPM = 200, pH = 6.5, t = 12 h].
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sections. Results indicate that in the case of B-nZVI, slower CrO3 sorp-
tion corresponds to initial electrostatic repulsion followed by electron
release from Fe® and chromate ions reduction and sorption or co-
precipitation of Cr(III) on B-nZVI surface. In contrast, K-nZVI showed

strong electrostatic attraction of chromate ions on K-nZVI surface, fol-
lowed by its reduction on the surface via electron transfer from Fe® core
and attachment of Cr(III) with FeOOH. In multi-metallic solutions, both
K-nZVI and B-nZVI showed a decrease in Cr2p peaks intensity with a
decrease in Cr(III) abundance to 71% and 68%, respectively (Fig. 4f).

3.2.2. Arsenic

After the sorption of arsenic, both B-nZVI and K-nZVI showed a
drastic decrease of zeta potential from 16.7 + 1.3 mV and + 12.1 +
0.7mVto-33.9+1.1mVand 17.9 +2.4mV, respectively (Fig. 3a-b).
PXRD spectra (Fig. 3c-d) showed a decrease in 44.8° Fe® peak with a
slight increase in 35° iron oxide peak and 46° FeOOH peak in B-nZVI
whereas K-nZVI showed the generation of strong 30° and broad 35° iron
oxide peaks. FTIR spectra showed the generation of 805 em™? stretching
due to FeOOH in B-nZVI along with 530 cm™! and 580 cm™! Fe-O
stretching (Fig. 8e—f).

XPS spectra (Fig. 4g) of As3d region showed the presence of As(III)
on both B—nZVI and K-nZVI surfaces. The As3d spectrum consists of the
As 3ds,2 and As 3ds/y lines, separated by 0.69 eV, area ratio 3:2,
assigned to As(III)-O(H) bonding. Redox transformation of As(III) is hard
to predict in the multi-metallic system due to the presence of Cr3p sig-
nals. However, results suggest dominant As(III) complexation with iron
oxy-hydroxide.

The XPS data indicate that arsenic is trivalent as added to solution
present in the form of As(OH)s(aq) or HAsO»(aq) species. Arsenic can
get oxidized to As(V) in a surface water environment where Eh is higher.
The presence of nZVI may lower Eh, and arsenic can be reduced to As
(III) at contact with nZVI. Presence of arsenic dominantly in the form of
As(OH);3 leads to ligand exchange, and switching from Fe-OH3 to Fe-O-
As(OH), might explain the decrease in zeta potential.

3.2.3. Nickel

Both B-nZVI and K-nZVI showed a change in zeta potential to higher
positive value. A drastic increase in zeta potential from 16.7 +1.3 mV
to + 34.2 £ 1.2 mV in B-nZVI justifies high electrostatic attraction of
Ni2* (Fig. 3a-b). Further, pXRD spectra (Fig. 3c-d) showed the genera-
tion of 30° and 35°, and 43° intense iron oxide peaks and complete
disappearance of Fe® peak in B—nZVI and presence with very low in-
tensity in K-nZVI. Observation suggests formation of a very thick iron
oxide shell on Fe® core. FTIR spectra (Fig. 4e-f) further supported this
observation and showed generation of 530 em™}, 570 em ™}, and 630
cm ! Fe—O stretching along with 705 cm ™! and 805 cm ™! bands due to
FeOOH. Standard redox potential of Ni%*/Ni’is  0.26 V at 298 K and is
well above Fe2*/Fe® ( 0.44 V, 298 K) potential which suggest probable
reduction of Ni%* in Ni’ [50]. But, Ni2p XPS spectra (Fig. 4h) showed
presence of Ni(Il) peak in the region of 854.9 eV corresponding to Ni
(OH), suggesting complexation and co-precipitation of nickel.

3.2.4. Cadmium

Similar to nickel, Cd** sorption also resulted in an increase in zeta
potential from 16.7 + 1.3 mV to + 9.7 &+ 0.2 mV in B-nZVI suggested
strong electrostatic attraction (Fig. 3a). Whereas, only a slight increase
in zeta potential value from + 12.1 + 0.7 mV to + 13.1 + 1.1 mV was
observed in K-nZVI (Fig. 3b). pXRD and FTIR observations were also
similar to nickel, where intense iron-oxide shell generation was
observed in the system. Cd3d XPS spectra (Fig. 4i) showed the presence
of CA(II) in the system. Standard redox potential of Cd%>*/Cd®is  0.40V
at 298 K and is very near to Fe2*/Fe® ( 0.44 V, 298 K) potential sug-
gesting no reduction of cadmium and probable removal via electrostatic
attraction, complexation, and co-precipitation of cadmium.

In summary, dominant removal mechanisms were reductive co-
precipitation of chromium, complexation of arsenic, electrostatic
attraction and co-precipitation of nickel and cadmium with generated
iron-oxy-hydroxide shell.
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3.3. Sorption behavior in different contaminant systems: Removal kinetics

3.3.1. Mono-ionic contaminant exposure

Aqueous solutions contaminated with single ionic species were
reacted with both B-nZVI and K-nZVI to test the comparative preference
of nanocomposites. Results in Fig. 5 a-d show that sorption equilibrium
was achieved within 3 h of interaction time for all contaminants.

K-nZVI achieved sorption equilibrium faster for chromium (~1h)
and arsenic (~10 min) compared to B-nZVI (~6h and 1 h, respectively).
In addition, 75% removal of chromium was achieved within 2 min of
interaction with K-nZVI, whereas it was only 24% for B-nZVI. Arsenic
removal was 78% within 2 min of interaction with K-nZVI compared to
52% for B-nZVI. After equilibration, near complete removal of chro-
mium and arsenic was observed with K-nZVI but not with B-nZVI.
Oppositely, B-nZVI showed faster removal of cadmium (56%) and nickel
(45%) within 2 min of interaction compared to K-nZVI (27% of nickel
and 33% of cadmium). These observations conclude preferential and
quasi-instantaneous removal of anionic species with positively charged
K-nZVI and cationic species with negatively charged B-nZVI due to both
favored chemical binding and electrostatic attractions.

Insights on adsorption kinetics were obtained through kinetic
modeling of experimental data using pseudo-second order and general
order models. The first one presumes the order of a reaction to be 2
whereas the latter suggests that the order of a reaction shouldn’t be
presumed but calculated using experimental data [51].

Therefore, the general order model provides information about
equilibrium sorption capacity, rate constant, and reaction order and is a
three-parameter model [52]. Models fit in Fig. 5 a-d and obtained pa-
rameters in table S3 show that the general order model fits well
compared to pseudo-second order for all contaminants and therefore
justifies varying reaction orders for different contaminants. The reaction

order ranged from 2 to 5, suggesting that both nanocomposites follow
higher order kinetics for contaminants removal. Intra-particle diffusion
(IPD) model in Fig. 5 e-h show three different linear segments corre-
sponding to (i) initial bulk transfer to the adsorbent surface, (ii) diffusion
of adsorbate in the meso, macro, and micropores, and (iii) final equi-
librium stage and, in mono-ionic contaminant systems, the same trend
was observed in most of the cases. Here the three segments can be
tentatively attributed to faster adsorption followed by redox trans-
formation (for chromium and arsenic) and/or co-precipitation and final
equilibrium stage [53]. Intercept values for IPD were in order Cr < As <
Ni < Cd for B-nZVI while it was As < Cr < Cd < Ni for K-nZVI suggesting
limited bulk transport and comparatively longer IPD stage for chromium
and arsenic with B-nZVI than K-nZVI suggesting slower redox trans-
formation and co-precipitation on B-nZVI surface. Whereas, Ni>t and
Cd?* exhibited limited bulk transfer and shorter IPD stage on K-nZVI
surface compared to B-nZVI, suggesting limited metal cations removal
capacity of K-nZVI than B-nZVI.

3.3.2. Co-ionic contaminant exposure

Remediation of water bodies contaminated with multiple similar
charged toxicant ions can be of higher environmental relevance
compared to mono-ionic contamination. The presence of multiple con-
taminants can either induce competitive sorption or co-operative sorp-
tion and, therefore can impact the total metal sorption capacities of
nanocomposites.

To understand the behavior of B-nZVI and K-nZVI in co-ionic sys-
tems, nanocomposites were reacted with aqueous solutions contami-
nated with Cr-As and Ni-Cd to represent anionic (An) and cationic (Ct)
systems, respectively. Similar to mono-ionic system, K-nZVI showed
faster and higher removal of both chromium and arsenic (Fig. S7 a-b).
Parameters obtained from well fitted general order model provide
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reaction order in the range of 3-5 (Table S3b). IPD modeling in Fig. 6 a-
d also show higher bulk transport of chromium and arsenic to the K-nZVI
surface compared to B—nZVI. Equilibrium was not achieved completely
in case of B-nZVI for both chromium and arsenic suggesting removal at a
slower rate. In comparison to mono-ionic system, removal of Ni?* and
Cd?* decreased slightly for B-nZVI in co-contaminant system (Fig. S7 c-
d). Corresponding to near equal bulk transfer and similar IPD curve
slope, both K-nZVI and B-nZVI showed removal of Ni?* and Cd*" at a
near equal rate (Fig. 6 c-d). These observations further suggest a
simultaneous increase in the cations removal capacity for K-nZVI in co-
ionic system containing nickel and cadmium.

3.3.3. Multi-ionic contaminant exposure

Water streams can receive toxic ions through several anthropogenic
activities including wastes from different industrial outlets that can
contaminate river and groundwater bodies with multiple ionic species.

Therefore, it is essential to test the efficiency and behavior of synthe-
sized nanocomposites in multi—ionic contaminant solutions. Here,
multi-contaminant solutions contain equal concentrations of chromium,
arsenic, nickel, and cadmium.

The simultaneous presence of both cationic and anionic contaminant
species led to drastic variations in the sorption behavior of B-nZVI and K-
nZVI compared to mono-ionic solutions (Fig. S7 e-h). Enhanced sorption
of oxy-anions was observed but with the limited bulk transfer of
adsorbate and longer and slower IPD stage in B-nZVI. In addition, no
sorption equilibrium was achieved in B-nZVI in the studied time frame of
12 h (Fig. S7 e-h). IPD model (Fig. 6 e-h) showed the change in intercept
values of B-nZVI and K-nZVI from 3.4 mg/g and 14.6 mg/g to 4.6 mg/g
and 16.8 mg/g for chromium in multi-contaminant system, suggesting
enhanced bulk transport of chromium on both B-nZVI and K-nZVI sur-
faces. Whereas arsenic showed a slight decrease in IPD intercept i.e.,
from 10.4 mg/g and 16.6 mg/g to 8.6 mg/g and 15.8 mg/g. At the same
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time, B-nZVI showed a drastic decrease in bulk transport of Ni** (from
10.9 mg/g to 2.7 mg/g) and Cd>* (14.4 mg/g to 5.7 mg/g), suggesting
initial sorption sites competition between nickel and cadmium on B-
nZVI surface [54]. K-nZVI showed enhanced intercept values from 6.3
mg/g to 11.3 mg/g for Ni** and 8.3 mg/g to 12.6 mg/g for Cd*" sug-
gesting co-operative effects. The mechanism can further be supported
using observations from mono-ionic solutions, which showed faster
sorption of oxy-anions on K-nZVI that caused B-nZVI zeta potential to
decrease from + 12.1 + 0.7 mV to + 8.5 + 1.3 mV for chromium and to
-33.9 + 1.1 mV for arsenic. Similarly, in multi-ionic contaminated so-
lutions, initial faster attraction of oxy-anions to K-nZVI surface turned
the surface charge to negative and creates an electrostatically favorable
environment for heavy metal cations. In stage-2, electron transfer from
nZVI led to redox-transformation of chromium, and strong complexation
of arsenic and co-precipitation of nickel and cadmium as confirmed
using XPS and FTIR analysis. Fitting of experimental data in non-linear
kinetic models also showed comparatively best fit with general order
where the order of reaction was found in range of 2-6 (Table S3c).

3.4. Impact of varying contaminant concentrations

Mono-contaminant aqueous solutions of varying concentrations of
respective contaminants were reacted with nanocomposites to under-
stand the impact of increasing contaminant concentration on the sorp-
tion capacities of B-nZVI and K-nZVI. Results in Fig. 7 a-d shows an
increase in the sorption capacity of nanocomposites with increasing
contaminant’s concentration followed by plateau formation with the
saturation of sorption sites. K-nZVI showed continuous increase in
sorption capacities for chromium and arsenic oxy-anions while B-nZVI
formed a plateau for chromium and showed a comparatively slower
increase in arsenic sorption capacity. In contrast, K-nZVI showed site
saturation and formation of plateau for Ni?* and Cd?* whereas higher
removal capacity and continuous increase in sorption capacity of B-nZVI
was observed for cationic species.

To obtain information about maximum sorption capacities, nature of
adsorbent surface, and removal mechanisms, non-linear sorption
isotherm modeling using Langmuir, Freundlich, and Sips models was
performed. In general, Langmuir isotherm assumes monolayer sorption
with homogeneous nature of adsorbent surface, whereas Freundlich
assumes a heterogeneous surface and multi-layer stacking of adsorbate
molecules [55]. Both of these isotherms are two-parameter models
whereas Sips isotherm which is a combination of Freundlich (at low
concentrations) and Langmuir (at higher concentrations) isotherms, is a
three-parameter model [56]. Further description of sorption isotherm
models is provided in the section 3 of supplementary information.

Results in Fig. 7 a-d and parameters in Table S4a show that Sips isotherm
best fits all the contaminants, confirming the heterogeneous nature of
both nanocomposites. In all cases, 'n’ /1 further confirmed the hetero-
geneous nature of composites surface. Obtained maximum sorption ca-
pacities of B-nZVI for chromium and arsenic were 18.4 mg/g and 86.8
mg/g which were comparatively lesser than K-nZVI i.e., 87.4 mg/g for
chromium and 157.3 mg/g for arsenic. In contrast, B-nZVI showed
higher sorption capacities for Ni®™ (36 mg/g) and Cd%>" (46 mg/g)
compared to K-nZVI (25 mg/g and 27 mg/g, respectively). These
experimental observations further confirm preferential sorption of
cationic species on B-nZVI and anionic species on K-nZVI surface.

Similar preferential behavior of B-nZVI and K-nZVI was observed in
co-ionic contaminant solutions (Fig. 7 e-h). While B-nZVI showed a
slight increase in sorption capacities for chromium (51.1 mg/g) and
arsenic (98.2 mg/g), it was still lower than K-nZVI (126.9 mg/g and
121.3 mg/g, respectively). This may be attributed to enhanced aging of
B-nZVI in the presence of co-anionic solutions and suggests co-operative
effects of oxy-anions. In contrast, a decrease in respective sorption ca-
pacities of Ni®* and Cd?* was observed for both nanocomposites sug-
gesting competitive effects in the presence of metal cations. The
simultaneous presence of Cr(III) and As(III) can lead to the formation of
ternary complexes leading to their higher sorption capacities. Therefore,
total anion sorption capacities were 149.33 mg/g and 248.3 mg/g for B-
nZVI and K-nZVI, respectively, which were comparatively higher than
the individual chromium and arsenic removal capacities of nano-
composites. Similarly, total cation sorption capacities were 32.9 mg/g
(B-nZVI) and 63.4 mg/g (K-nZVI) and were slightly higher than the in-
dividual cation sorption capacities of respective nanocomposites. This
slight increase can be attributed to the impact of enhanced total
contaminant load in the system leading to higher sorption on hetero-
geneous surfaces of composites.

Similarly, the simultaneous presence of both anionic and cationic
contaminants led to increased total metal sorption capacities of nano-
composites (Fig. 7 e-1). Obtained parameters from well-fitted Sips
isotherm model (Table S4c) have shown higher sorption capacities of K-
nZVI for anions i.e., chromium (62.2 mg/g and 98.1 mg/g) and arsenic
(131.6 mg/g and 169.6 mg/g), respectively for B-nZVI and K-nZVI. In
the case of cationic species, B-nZVI showed higher sorption capacities
than K-nZVI for both Ni?* (20.1 mg/g and 17.7 mg/g) and Cd?* (113.2
mg/g and 87.1 mg/g). Sorption capacity for cadmium increased dras-
tically of both nanocomposites, compared to mono and co-ionic solu-
tions. Interestingly, total maximum contaminant sorption capacities of
both B-nZVI (327 mg/g) and K-nZVI (372 mg/g) were several folds
higher than mono-ionic sorption capacities. A comparison of sorption
capacities of earlier reported adsorbents is provided in Table S6 of



supplementary information. This behavior can again be attributed to
enhanced co-operative effects due to the presence of both cations and
oxy-anions in the system that can facilitate multi-layer stacking, ternary
complexation, and co-precipitation in the system, leading to enhanced
removal of contaminants. Thermodynamic calculations (Table S5)
showed that AG values were negative in all the cases and mostly < -20
kJ/mol suggesting reaction spontaneity and chemisorption character-
istics [57,58].

3.5. Effect of solution pH

Attributing to the high sorption affinity of B-nZVI for cationic species
and K-nZVI for anionic contaminants, similar preferential sorption
behavior was observed at varying pH as well (Fig. S8 a-1). Therefore, in
the studied pH range of 3.5 to 10, K-nZVI showed comparatively higher
sorption capacity for chromium and arsenic, whereas B-nZVI showed
higher removal of Ni* and Cd?" in mono-ionic and co-ionic contami-
nant exposure. A slight decrease in the sorption of anionic species at
alkaline pH can be attributed to negative surface charge of both B-nZVI
and K-nZVI that led to electrostatic repulsion in the system with anionic
contaminant species and unfavorable ligand exchange (OH") reactions
in basic conditions. For example, As(III) prevails as As(OH)3 at pH < 9
which behaves like a ligand and can undergo ligand exchange reactions
with OH™ on Fe-OH surface sites. This reaction is facilitated on positively
charged (i.e. protonated) surface sites (Fe-OH3) because surface H,0
groups are more easily exchanged than OH™ leading to pH-dependent
decreasing adsorption of As(III) on nanocomposites surface.

In contrast, we observed an increase in the sorption capacity for
cationic species with an increase in pH, which may also be attributed to
the formation of insoluble metal hydroxide species at very alkaline
conditions (pH  10). Interestingly, in the multi-ionic system, K-nZVI
has shown higher sorption of all the contaminants in the studied pH
range (3.5-10) that can be attributed to all the cooperative effects as
described in previous sections. In the case ofa highly acidic environment
(pH  3.5), nanocomposites have shown a decrease in the sorption ca-
pacity for all the contaminants, which may be due to the leaching of
formed Fe?*, resulting in slight desorption of contaminants.

3.6. Environmental applications: Contaminant preference in complex
water matrices

It is a critical challenge for adsorbents to remove the trace amounts
of contaminants and to keep the contaminant concentration below the
drinking water permissible limit in environmental water samples. The
observed variation in the growth behavior of nZVI particles on different
clay surfacesthat led to theirrespective preferential behavior and higher
sorption capacities for electrostatically favored contaminants allowed
further investigation on their behavior in different complex water
matrices. For that, four different waters, i.e., synthetic groundwater,
synthetic freshwater, synthetic wastewater, and natural river water,
were spiked with 10 mg/L of each contaminant (Cr, As, Ni, and Cd)
together.

Interestingly, results have shown (Fig. 8 a-d) that both the nano-
composites were able to remove all the contaminants to > 98% in all
studied water matrices. Observed concentration of different contami-
nants in various elutes shown that K-nZVI was able to remediate water
for chromium and arsenic oxy-anions below permissible limits, whereas
B-nZVI succeeded in sequestering Ni>t and Cd*" up to drinking water
standards as set by WHO, in all studied types of complex aqueous
matrices.

3.7. Environmental applications: Secondary iron release
Fe® oxidation and secondary release of iron ions and sorbed con-

taminants is a big challenge for the commercialization of nZVI based
solutions for water purification and wastewater treatment. Here, we

have monitored iron release during all sorption experiments with both
nanocomposites. Results in Fig. S9 show that both the nanocomposites
have prevented iron release below its permissible limit of 2 mg/L.
Moreover, the mean values of iron release were 0.012 mg/L for B-nZVI
and 0.038 mg/L for K-nZVI. Obtained most extreme outliers were in case
of high acidic solutions i.e., pH 3.5 in both cases. Results confirm that
considering preferential sorption of specific ionic species, B-nZVI and K-
nZVI can be applied to higher cationic-low anionic contamination and
higher anionic-low cationic contamination systems, respectively for
sustainable water treatment.

4. Conclusions

The study concludes that varying crystal structures and surface
properties of clays lead to different growth behavior of redox-sensitive
nZVI particles on these supporting surfaces. Here, swelling bentonite
showed Fe® nanoparticles growth both in the interlayers and on the
surface while only surface attachment was observed in non-swelling
kaolinite. Variation in growth behavior altered various surface proper-
ties of formed B-nZVI and K-nZVI nanocomposites such as nanoparticles
size, surface area, zeta potential, etc. These surface variations resulted in
selectively higher sorption of electrostatically favored species on
respective nanocomposites, i.e., positively charged K-nZVI for chro-
mium and arsenic oxy-anions (87.47 and 157.35 mg/g) than of nega-
tively charged B-nZVI (18.44 and 86.88 mg/g). Oppositely, B-nZVI has
shown higher sorption of metal cations Ni** and Cd** (36 mg/g and 46
mg/g) than K-nZVI (25 and 27 mg/g). Detailed characterization of re-
action precipitates suggested reductive co-precipitation of Cr(VI),
complexation of As(III), complexation and co-precipitation of Ni%t and
Cd>* with generated iron-oxy—hydroxides were the major contaminant
removal mechanisms with co-operative effects in multi-ionic contami-
nated solutions. Sorption capacities ranged to 327 mg/g and 372 mg/g
for B-nZVI and K-nZVI, respectively in multi-contaminant solutions,
justifying higher total metal sorption capacities of both nanocomposites.

nZVI growth variation on different clay surfaces has also shown a
significant implication in drinking water purification and wastewater
treatment, where we observed the ability of B-nZVI and K-nZVI to
remediate cationic and anionic metal species, respectively, below the
WHO-defined maximum permissible limits from freshwater, ground-
water, river water and wastewater like complex aqueous matrices.
Overall, this study concludes that the surface dependent variation in the
growth of redox-sensitive nanoparticles can lead to a variation in their
surface properties, resulting in preferentially higher removal of specific
ionic species than others. Designed nanocomposites i.e., B-nZVI and K-
nZVI can be used to remediate higher metal cations- low oxy-anions and
low metal cations- high oxy-anions contaminated water bodies,
respectively.
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Fig. S1 Eh-pH speciation diagrams for (a) CrOs%, (b) AsOz, (c) Ni?" and (d) Cd?* [T= 25°C,
C=1mM in presence of 0.01M NaNOs]



Table S1 (a) Water compositions for SFW, SGW and natural river water

Water type/ SFW [1] SGW [2] RW (Hooghly)
Parameters

Na* 0.25 mM 12.43 mM 0.53
Ca? 0.265 mM 2.00 mM 0.46
Mg?* 0.06 mM - 0.22

K* 0.025 mM - 0.063
NOs 0.031 mM 1.00 mM 0.032
Cr 0.28 mM 4.50 mM 0.71
SO4* 0.115 mM 1.50 mM 0.21
POs* - 0.05 mM -

HCOgs 0.385 mM 2.00 mM 1.23
SiOz* - 0.89 mM -

DOM 1 mg/L 5 mg/L 1.9 mg/L
pH 7.4 7.3 8.4

Table S1 (b) Composition of synthetic waste water [3]

Component Amount
Sucrose 727.5 mg/L
Sodium acetate 227.5 mg/L
NH4CI 250 mg/L
MgCl2 45 mg/L
CaCl2.2H20 22.5 mg/L
NaHCOs 454.5 mg/L
Na2HPO4 24.25 mg/L
KH2PO4 14.75 mg/L

Note- pH of the final solution was 7.3



Table S2 BET surface area, average pore diameter, and cumulative pore volume of clays and

synthesized nanocomposites

Samples Sget (M?/g) Average pore Pore volume
diameter (A) (cm?3/g)
Bentonite 24.52 40.79 0.071
Kaolinite 3.15 81.3 0.009
B-nZVI 31.15 43.58 0.084
K-nZVI 19.42 51.5 0.063
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Fig. S2 (a) FESEM image and (b) particle size distribution of Bentonite, FESEM images (c-d)
and TEM images (e-f) of B-nZVI composite
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Section:1 Non-linear kinetics modelling

Kinetic models Non-linear equations

pseudo-second-order de = q, — e
T [ka (ge)-t +1]

General order _ de
qt - Qe 1
[y (@)Lt (n—1) + 1]1-x
Intra-particle diffusion (IPD) q. = kNt +C
Where:

ge = Equilibrium sorption capacity (mg/g) , q: = Sorption capacity at time=t (mg/g)

k2 = second order reaction rate constant (g mg*min), kv = General order reaction rate constant

[min~t (g mg™1)"!] and ki = intra particle diffusion rate constant (mg/g hr®®)
n=order of the reaction and intercept C gives resistance in mass transfer due to boundary layer

Pseudo 2" order is with presumed order of two for the uptake of the contaminants i.e. pseudo
2" order assumes that the rate of uptake of adsorbate is of 2" order with respect to all the
available sorption sites[4]. 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” [5, 6]. Whereas, intra particle diffusion (IPD) is based on Fick’s second

law of diffusion [7].
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Fig. S5 Reaction kinetics modelling for B-nZV1 and K-nZV1 in (a-d) co-ionic and (e-h) multi-
ionic contaminant systems [m= 20 mg, V= 20 mL, Co= 20 mg/L, T= 25°C, RPM= 200, pH=
6.5, t= 0-12h]



Table S3 (a) Obtained parameters from various kinetic models for B-nZVI and K-nZVI in
mono-metallic species system

Kinetic
models Pseudo second order General order Intraparticle diffusion (IPD)
1

Adsorbate @ mlg'zllrl) (m(gl o) R2 II:.g(,lll),,,](;g (m(gl %) n 2 (g /Ig(h 1) Intercept  R?
Cro. B-nZVI 0.61 13.70 0.89 0.01 13.90 4.08 0.96 3.17 3.46 0.97
e K-nZVI1 2.78 24.09 0.97 0.12 25.15 3.24 0.99 8.32 14.6 0.88
] B-nZVI1 0.98 2324 0.96 0.15 23.85 2.70 0.97 13.1 10.41 0.96
A0 K-nZVvl 3.89 25.10 1.00 4.38 25.06 1.95 1.00 16.4 16.6 0.99
i+ B-nZVI1 245 16.24 0.90 0.01 18.62 4.34 0.96 3.22 10.94 0.95
' K-nZVI1 2.79 11.21 0.94 0.08 12.33 3.69 0.98 4.35 6.28 0.98
ca B-nZVI 7.39 16.76 0.98 0.02 18.34 4.82 0.99 1.42 14.37 0.92
K-nZVIl 3.86 12.05 0.89 0.001 14.27 4.91 0.95 233 8.29 0.83

Table S3 (b) Obtained parameters from various kinetic models for B-nZVI and K-nZVI in co-
ionic metal species system

Kinetic
models Pseudo second order General order Intraparticle diffusion (IPD)
Adsorbate A gy et R
Cros B-nZVI1 0.09 13.80 091 0.001 13.50 3.73 0.91 4.00 2.86 0.97
4
K-nZVI 2.11 23.19 0.95 0.10 24.42 3.19 0.98 6.79 17.68 0.80
) B-nZVI 1.66 20.45 0.94 0.001 23.18 4.07 0.99 13.1 6.2 0.88
A0 K-nZVI 3.73 22.68 0.98 0.07 24.08 3.04 0.98 5.51 17.07 0.95
it B-nZVI 2.70 13.55 0.94 0.01 15.84 4.54 0.97 5.96 1.75 0.96
l K-nZVI 5.07 13.64 0.93 0.03 15.18 4.35 0.98 2.04 10.38 0.93
ca B-nZVI 0.69 12.12 0.80 0.001 15.63 4.86 0.92 2.89 5.9 0.96
K-nZVI 1.44 11.05 0.74 0.001 14.20 5.16 0.88 32 54 0.97

Table S3 (c) Obtained parameters from
multi-ionic metal species system

various kinetic models for B-nZVI and K-nZVI in

Kinetic
models Pseudo second order General order Intraparticle diffusion (IPD)
1
Adsorbate . m];z‘h'l) (m(gl %) R? ]:g(,l:),,,](;g (m(gl 0) n 2 (mg /]g(h‘ 2 Intercept  R?

Cro.2 B-nZVl 0.06 15.64 0.92 0.001 16.79 3.00 0.92 4.17 4.66 0.71
o K-nZVvIl 3.24 24.24 0.98 0.25 2521 3.01 0.99 7.44 16.8 0.97
i B-nZV1 0.83 19.89 0.90 0.001 23.92 4.36 0.96 9.45 8.57 0.98
As0: K-nZVI 2.52 23.22 0.93 0.03 25.13 3.62 0.97 6.94 15.81 0.80
it B-nZV1 0.18 10.64 0.73 0.001 13.17 6.01 0.76 291 2.74 0.95
l K-nZVI 0.91 15.13 0.95 0.01 17.36 3.62 0.97 1.63 11.35 0.97
car B-nZVl 0.04 19.44 0.97 0.03 19.25 2.19 0.96 3.93 5.68 0.97
K-nZVI 2.17 21.72 0.97 0.01 24.07 3.54 0.99 8.42 12.63 0.97




Section-2: Adsorption Isotherm models

Isotherm models Non-linear equations
Langmuir _ qmKLC,
T =11K,.C,
Freundlich q. = KpC}
Sip q K[C,.]"

e TRl

Where:

Ce (mg/L) = equilibrium concentration,

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

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

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

Kr = Freundlich adsorption constant (mg/g)(L/mg)*™ 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 [8, 9]. 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 [10].



Table S4 (a) Obtained parameters from various isotherm models for B-nZVI and K-nZV1 in
mono-metallic species system

Sorption . . . .
isotherm models Langmuir Freundlich Sips
Adsorbate Qi K, R? K, n R? L K n R?
(mg/g) (mg/g)
Cro. B-NZVI 19.96 0.26 0.81 10.20 0.16 0.69 18.44 0.05 1.85 0.85
rO,~
K-NZVI  38.90 24.71 0.71 31.21 0.09 0.88 87.47 0.57 0.14 0.87
AsO.- B-NZVI  41.22 1.01 0.91 23.29 0.18 1.00 86.88 0.36 0.30 1.00
2
K-NZVI  57.45 7.51 0.90 42.17 0.17 0.96 157.35 0.37 0.24 0.96
Nitt B-NZVI  38.02 0.18 0.99 12.38 0.28 0.95 36.00 0.15 1.18 0.99
K-NZVI  36.24 0.07 0.86 6.27 0.40 0.79 25.09 0.08 1.36 0.95
car B-NZVI1 44.77 0.12 0.93 10.46 0.36 0.90 46.06 0.13 0.95 0.93
K-NZVI  20.99 0.22 0.66 9.23 0.20 0.68 27.09 0.35 0.52 0.68

Table S4 (b) Obtained parameters from various isotherm models for B-nZVI and K-nZV1 in
co-ionic metal species system

Sorption . . . .
isotherm models Langmuir Freundlich Sips
. Qmax 2 2 Qmax
Adsorbate (mg/g) K R K; n R (mg/e) K n R?
Cros B-NZVI 3140 0.08 0.98 5.89 0.39 0.99 51.07 0.09 0.61 0.99
rQ,~
K-NZVI 4641 1.67 0.97 27.80 0.19 1.00 126.93 0.28 0.26 1.00
ASO B-NZVI 3947 0.79 0.98 21.47 0.19 0.99 98.23 0.27 0.28 0.99
sO,
K-NZVI  46.40 1.04 0.94 23.72 0.24 0.99 121.36 0.24 033 0.99
Nitt B-NZVI 35.64 0.10 0.99 8.06 0.35 0.99 37.28 0.11 0.92 0.99
&
K-NZVI 2095 0.25 1.00 10.21 0.17 0.99 19.56 0.09 1.57 1.00
cdar B-NZVI  29.08 0.13 0.99 8.34 0.30 1.00 26.09 0.10 1.27 0.99

K-NZVI 1332 23505 0.99 13.31 0.00 0.99 13.32 0.10 1.27 0.86




Table S4 (c) Obtained parameters from various isotherm models for B-nZVI and K-nZVI in
multi-ionic metal species system

Sorption - § ) )
isotherm models Langmuir Freundlich Sips
g Qmax 2 2 Quax
Adsorbate (mg/) K R K; n R (mg/g) K n R?
Cro2 B-NZVI 36.42 0.09 0.97 6.93 0.40 0.99 62.17 0.10 0.60 0.98
rO,~
K-NZVI 4270 5.81 0.99 33.06 0.09 0.96 98.09 0.51 0.14 0.96
AsO B-NZVI 5836 0.48 0.94 21.85 0.34 0.99 131.57 0.20 0.46 0.98
sO,"
K-NZVI  51.77 5.26 0.93 35.77 0.18 1.00 169.63 0.27 0.24 1.00
Nizt B-NZVI 16.66 0.34 0.99 9.49 0.13 0.99 20.09 0.62 0.46 0.99
J§
K-NZVI 1766 12.18 0.99 17.31 0.00 0.99 17.63 0.06 3.76 0.99
car B-NZVI 109.30 0.03 0.97 5.51 0.68 0.98 113.18 0.04 0.91 0.97
K-NZVI 5154 0.61 0.97 22.98 0.27 1.00 87.09 0.34 0.46 1.00

Table S5 AG values for removal of chromium, arsenic, nickel and cadmium using B-nZVI

and K-nZVI in mono, co, and multi-ionic contaminated solutions

L L. L o Multi-ionic
Mono-ionic contamination  Co-ionic contamination o
contamination

B-nZVlI  AG (KJ/mol) B-nZVI AG (KJ/mol) B-nZVI AG (KJ/mol)

Cr -19.5 Cr -20.9 Cr -21.2
As -25.3 As -24.6 As -23.8
Ni -22.5 Ni -21.7 Ni -26.0
Cd -23.8 Cd -23.1 Cd -20.8
K-nzZVI AG (KJ/mol) K-nZVI  AG (KJ/mol) K-nZVI AG (KJ/mol)
Cr -25.5 Cr -23.8 Cr -21.2
As -25.4 As -24.3 As -24.6
Ni -20.6 Ni -21.2 Ni -20.2

Cd -26.2 Cd -23.1 Cd -26.1




Table S6 Summary of reported adsorbents and their contaminants sorption capacities

Adsorbents Sorption capacity (mg/g) Reference
Ni Cr As Cd
Bentonite-nZVI )
o 36 18.4 86.8 46.1 This study
Mono-ionic
Kaolinite-nZVI )
o 25.1 87.4 157.3 27.1 This study
Mono-ionic
Bentonite-nZVI _
o 37.3 51.1 98.2 26.1 This study
Co-ionic
Kaolinite-nZVI _
o 19.6 126.9 121.3 13.3 This study
Co-ionic
Bentonite-nZVI _
o 20.1 62.2 131.6 113.2 This study
Multi-ionic
Kaolinite-nZVI )
o 17.7 98.1 169.6 87.1 This study
Multi-ionic
Bentonite supported
50.25 9 [11, 12]
nZVl
Bentonite-nZVI 16.5 14.25 [12]
Activated alumina 25.57 [13]
Nano- alumina 30.82 - [14]
(nZV1)-Fe304
) 20.41 [15]
nanocomposites
Biochar-nzZVI 47.85 23.09 - 39.53 [16]
coal fly ash-nZVI 200 [17]
Magnetic magnetite
20.16 [18]
(Fe30a)
Biochar-magnetite 5.49 [19]




Ascorbic acid coated

) 46.06 [20]
Fe304 nanoparticles

Modified activated

78.12 - [21]
carbon

Au-nZVI 40- 188 [22]

Activated carbon
9.89 [23]

(AC)
AC-nZVI 25 18.2 [23, 24]

Nanoscale Fe-Mn

Binary Oxides Loaded 296.23 [25]

on Zeolite
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Fig. S6 (a-1) Effect of solution pH on sorption capacities of B-nZVI and K-nZVI in mono-
ionic, co-ionic and multi-ionic metal species system [m= 20 mg, V=20 mL, Co= 20 mg/L, T=
25°C, RPM= 200, t= 12h]
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