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ABSTRACT: It is widely known that the existence of arsenic
(As) in water negatively affects humans and the environment.
We report the synthesis, characterization, and application of
boron nitride nanosheets (BNNSs) and Fe;O,-functionalized

——BNNS-Fe,0,

Q ——BNNSs

e
BNNS (BNNS—Fe;0,) nanocomposite for removal of As(V)  _e e e e, o, .o
ions from aqueous systems. The morphology, surface :.: ?.::o::::. e
. Py . . L ) 0 20 40 60 80 100
properties, and compositions of synthesized nanomaterials .:.:.o.:....o'. s :. <. mg)

were examined using scanning electron microscopy, trans-
mission electron microscopy, X-ray powder diffraction, surface .
area analysis, zero-point charge, and magnetic moment

determination. The BNNS—Fe;O, nanocomposites have a

specific surface area of 119 m* g”' and a high saturation magnetization of 49.19 emu g~". Due to this strong magnetic property
at room temperature, BNNS—Fe;O, can be easily separated in solution by applying an external magnetic field. From the
activation energies, it was found that the adsorption of As(V) ions on BNNSs and BNNS—Fe;0, was due to physical and
chemical adsorption, respectively. The maximum adsorption capacity of BNNS—Fe;O, nanocomposite for As(V) ions has been
found to be 26.3 mg g, which is S times higher than that of unmodified BNNSs (5.3 mg g™'). This closely matches density
functional theory simulations, where it is found that binding energies between BNNS—Fe;O, nanocomposite and As(OH); are
S times higher than those between BNNSs and As(OH);, implying S times higher adsorption capacity of BNNS—Fe;0,
nanocomposite than unmodified BNNSs. More importantly, it was observed that the synthesized BNNS—Fe;O, nanocomposite
could reduce As(V) ion concentration from 856 ppb in a solution to below 10 ppb (>98.83% removal), which is the permissible
limit according to World Health Organization recommendations. Finally, the synthesized adsorbent showed both separation
and regeneration properties. These findings demonstrate the potential of BNNS—Fe;O, nanocomposite for commercial

Arsenic (V)
Fe,0, nanoparticles

Boron Nitride Nanosheets

application in separation of As(V) ions from potable and waste water streams.
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1. INTRODUCTION

Although water covers majority of the surface of earth, only
about 3% of water is clean. With increasing population, it is
becoming a formidable task to meet the rising demand of clean
water. Moreover, industrial development across the globe and
anthropogenic activities such as mining, processing, and waste
disposal have led to contamination of water (including
groundwater) and soil with toxic heavy metals and organic
compounds. Arsenic (As) is considered as one of the most
hazardous heavy metals." According to the literature,
approximately 140 million population worldwide are exposed
to drinking water with high As ions levels.” Long-term
exposure to As ions may affect the central nervous system
adversely, darken the skin, and may result in cancer of several
types such as skin, lungs, liver, kidneys, and prostate.3
Consequently, the limit of As ions in potable water has been
set at 10 ppb by World Health Organization (WHO).*
However, it has been reported through several studies that
people in many states in India and neighboring Bangladesh are
drinking water that has many times higher concentration of As
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ions than 10 pp’b.s_8 Therefore, there is an urgent need to
control As ions levels in drinking water.

In the recent past, several technologies such as ion exchange,
membrane filtration, chemical precipitation, and adsorption
have been employed for removal of As ions from aquatic
systems.” Among these techniques, efforts aimed at remedia-
tion of contaminants in water have focused primarily on
adsorption (as a point-of-use treatment technology) due to
advantages associated with them, such as simplicity of design,
ease of operation, low cost, potential for regeneration, and
sludge-free operation.'”'" Several adsorption studies are
reported for separation of As from water including a gamut
of adsorbents such as metal oxides and activated carbons.'*™"”
Compared to others, adsorbents derived by the incorporation
of iron oxides such as magnetite (Fe;O,), hematite (a-Fe,03),
and magnetic maghemite (y-Fe,O;) have been intensively
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Figure 1. Schematic of the synthesis of BNNSs and BNNS—Fe;O4 nanocomposite.

investigated because of their nontoxicity, hydrophilicity, and
better performance for As ion adsorption. Against this
backdrop, various base substrates, including graphene oxide,
activated carbons, mesoporous silica, and carbon nanotubes,
have been used with the incorporation of iron oxide and
investigated for separation of As and other ions from water as
adsorbents.”'*™** Chandra et al. incorporated magnetite with
reduced graphene oxide and were able to remove 99.9% of
As(V) ions from aqueous stream.'® Later, Tuna et al. modified
the activated carbon with iron oxide and reported the
maximum As(V) ion removal efficiency of 99.05%.” In the
same year, Li et al. modified mesoporous silica by loading iron
onto their surfaces. The maximum adsorption capacity of
As(V) ions was reported as 26.25 mg g~' by mobil
composition of matter-41 (MCM-41) silica loaded with 10%
of iron."” To study the adsorption of both As(III) ions and
As(V) ions, Ntim and Mitra synthesized iron oxide—carbon
nanotube hybrid and reported adsorption capacities as 1.723
mg g~ for As(IIT) and 0.189 mg g~* for As(V) ions.”

Good physical and chemical stability, high adsorption
capacity, high surface area, nontoxicity, high recyclability, and
easy separation from water solution are essential properties of
adsorbents for their large-scale practical applications. Most of
the reported nanocomposite adsorbents lack some of these
aspects. Therefore, in this study, the feasibility of Fe;O,-loaded
boron nitride nanosheets (BNNSs) for arsenic remediation in
water to provide a novel, efficient, and economical adsorbent
for As(V) ion removal is reported. Use of BNNSs for
separation of As(V) ions from water is a promising approach
because of their special properties such as polarity, high surface
area, high thermal stability, high oxidation resistance, and
inertness to most of the chemicals.””** These unique
properties make them an ideal supporter for several materials
to adsorb/separate contaminants such as heavy metals from
drinking water and waste water streams.”> BNNSs were
synthesized using bottom-up approach and functionalized with
Fe;O, nanoparticles to increase the number of adsorption sites
for enhanced adsorption capacity. The adsorption capacities of
BNNS—Fe;0, nanocomposite and bare BNNSs have been
determined and compared to density functional theory (DFT)
simulations.

2. MATERIALS AND METHODS

2.1. DFT Simulations. DFT calculations have been employed to
understand BNNS interactions with Fe;O, and As(OH) at the
electronic level. To perform these calculations, boron nitride
coronene [(BN),,H;] has been used to corroborate our experimental
results. The coronene boundary B and N atoms are saturated using

hydrogen atoms. The geometry optimizations and the binding-energy
calculations have been carried out by a hybrid exchange correlation
functional (CAM-B3LYP) using 6-31G(d,p) basis set. The hybrid
qualities of B3LYP are combined with long-range correction by CAM-
B3LYP.>® Polarization continuum model with SCRF methods
implemented in Gaussian09 has been used to account the effect of
solvent on binding mechanism and binding energy (BE). BEs of
As(OH); on both BNNSs and BNNS—Fe;O, composites have been
computed and compared. The BE of As(OH); on the BNNS—Fe;0,
composite is computed using the following relation

BE = E(BNNS — Fe,0, + As(OH);)
— [E(BNNS — Fe,0,) + E(As(OH);)]

In the case of BNNSs, the binding energy is computed using the
following relation

BE = E(BNNSs + As(OH),) — [E(BNNSs) + E(As(OH),)]

2.2. Experiments. 2.2.1. Materials. Urea (>99.0% purity) and
boric acid (>99.5% purity) were obtained from HiMedia and Sigma-
Aldrich, respectively. Iron(II) chloride tetrahydrate (>98.0% purity)
and ferric chloride hexahydrate (>98.0% purity) were purchased from
Alfa Aesar and SD Fine-Chem Limited, India, respectively. Sodium
hydroxide pellets (>97% purity) were acquired from Finar Limited,
India. Hydrochloric acid (37%) was acquired from Fisher Scientific,
India. Sodium arsenate dibasic heptahydrate (>98.5% purity) and
standard solution of As ions used in experiments were procured from
Loba Chemie, India. Unless otherwise stated, all of the chemicals
mentioned above were used as received. Sodium arsenate dibasic
heptahydrate was selected as a source of As(V) ions. All of the
solutions were prepared by ultrapure deionized (DI) water (18.2 MQ
cm), which was obtained from a Millipore Milli-Q water purification
system.

2.2.2. Synthesis of BNNSs. Boric acid and urea were used as
precursors to synthesize BNNSs. Both the precursors, at a fixed molar
ratio of 1:48, were physically mixed in a mortar and pestle. The
mixture was then transferred to a tubular furnace in a quartz boat and
heated up to 900 °C at a heating rate of 4 °C min™". The mixture was
retained at this temperature for 5 h under nitrogen environment.””
After the completion of chemical reaction, the tubular furnace was
cooled to room temperature gradually. White BNNSs were obtained
upon cooling.

2.2.3. Synthesis of BNNS—Fe;0, Nanocomposite. In 100 mL of
DI water, 150 mg of BNNS was added. This was followed by 30 min
of ultrasonication (Oscar, India). In a fixed molar ratio (2:1), FeCl,-
6H,0 and FeCl,-4H,0 were subsequently added into the solution.
The solution was subjected to magnetic stirring for 3.5 h. During the
reaction, 3 mL of NH,OH was added dropwise through a syringe to
adjust the solution pH to 8.0 that is necessary for the synthesis of
magnetic nanoparticles (Fe304).28 Nitrogen gas environment was
maintained throughout the reaction. At the end of the reaction, S0 mL
of the solution was transferred to an autoclave having a 100 mL
Teflon vial. The autoclave was perfectly closed, heated to 175 °C for
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10 h, and then cooled down to room temperature gradually. After
washing with DI water, the product was dried at 65 °C. The dried
product was heated again to 300 °C for 2 h in a muffle furnace to
enhance the binding of Fe;O, nanoparticles, as reported by Chen et
al”® The schematic of the synthesis of BNNSs and BNNS—Fe,O,
nanocomposites is shown in Figure 1.

2.2.4. Characterization and Measurements. The morphologies of
synthesized BNNSs and BNNS—Fe;O, nanocomposite were charac-
terized by field emission scanning electron microscopy (FESEM, Carl
Zeiss) and high-resolution transmission electron microscopy (HR-
TEM, FEI Titan G2 60—300 microscope). Nitrogen gas sorption
isotherms were measured at —196 °C on a surface area analyzer and a
porosity analyzer (Quantachrome Autosorb iQ). All samples were
degassed at 180 °C in vacuum for 10 h prior to isotherm
measurement. The Brunauer—Emmett—Teller (BET) method was
employed to calculate the specific surface area (SBET), while the
Barrett—Joyner—Halenda method was used to calculate the pore size
distribution (PSD). Fourier transform infrared (FTIR) spectroscopy
was used to analyze the composition of synthesized materials using
PerkinElmer Spectrum Two spectrometer. FTIR absorption spectra
were recorded in the 4000—400 cm™" frequency range with a spectral
resolution of 2 cm™". KBr (200 mg) was mixed with 2.0 mg of each
test sample in an agate mortar and pressed into pellets of 13 mm
diameter. X-ray diffractometry (XRD, Panalytical X’Pert Powder) was
used to analyze the crystalline nature of BNNSs and BNNS—Fe,0,
nanocomposite. The patterns were collected by using Cu Ka radiation
(4 = 1.506 A) from 10 to 70° at a sweep rate of 2° min~". The
accelerating voltage and current were 45 kV and 40 mA, respectively.
The point of zero charge (Pszc) was determined by pH drift
method.*® With the help of a vibrating sample magnetometer (EV7
ADE-DMS), the magnetic properties of the nanocomposites were
obtained at room temperature. Inductively coupled plasma mass
spectroscopy (Agilent 7900, ICP-MS) was used to measure the
concentration of As(V) ions.

2.2.5. Arsenic(V) Adsorption and Effect of Process Variables.
Batch experiments were performed to investigate how significant
process variables (initial pH, temperature, and dose) affect the
adsorption behavior of As(V) ions on BNNSs and BNNS—Fe;0,
nanocomposite. For sorption studies, known amounts of adsorbents
(BNNSs and BNNS—Fe;0, nanocomposite) were dispersed in 25
mL of As(V) ion solution in polypropylene (Tarsons) centrifuge
tubes at different initial pH values and temperatures. In the initial
study, the pH of the As(V) ion solution was in the range of 2—10 and
was adjusted precisely by using 0.1 M HCl and 0.1 M NaOH. From
the initial pH study, the highest adsorption was found at pH 2.
Therefore, subsequent experiments were conducted at this pH. The
sorption experiments were performed in a thermo-controlled orbital
shaker (Mahendra Scientific, India) for 10 h at 180 rpm at different
temperatures (10, 17, 25, 30, 35, and 40 °C). The equilibrated
samples were taken out, and adsorbent was separated with a 0.22 ym
syringe filter (Millex). The residual concentration of As(V) ions in the
solution was determined using ICP-MS. The equilibrium uptake (g,
in mg g™!) was calculated by using the following equation

_ (Co - Ce)V
.=, (1)

where C, (mg L") is the initial concentration of As(V) ions, C, (mg
L") is the equilibrium concentration of As(V) ions, V (L) is the
volume of solution, and m (g) is the mass of adsorbent. All of the
adsorption experiments reported in this study were performed in
triplicate.

2.2.5.1. Kinetic Studies. To conduct the adsorption kinetics study,
0.4 g of adsorbent per liter was used in an As(V) ion solution (25 mL,
50 mg L") at pH 2. Adsorption kinetics of As(V) ions uptake by
BNNSs and BNNS—Fe;O, were determined by fitting the obtained
experimental data to pseudo-first-order (PFO) and pseudo-second-
order (PSO) kinetic models, which are expressed, respectively, as

In(q, —g) =Ilng, —k t (2)

t 1 t

q, ka4, 3)

In eqgs 2 and 3, g, denotes the amount of adsorbed solute at time ¢, k;
(min~") represents PFO rate constant, and k, signifies PSO kinetic
rate constant (g mg’1 min’l).

2.2.5.2. Adsorption Isotherm Study. The initial concentration of
As(V) ions was varied to perform the adsorption isotherm study. In
the prepared solutions, 0.4 g of adsorbents per liter were dispersed.
The pH was maintained at 2.0. The samples were placed in a shaker
for 10 h at 180 rpm. Langmuir and Freundlich isotherm models were
employed for analyzing the isotherm data. The Langmuir isotherm is
expressed as

qmce I<L
=T+ cK (4)

where K (mL mg™') denotes the Langmuir adsorption equilibrium
constant and ¢, (mg g') represents the maximum adsorption
capacity of the adsorbent. The Freundlich isotherm is expressed as
follows

_ 1/n
qe - KFCe (5)

where Ki and n are constants that measure the adsorption capacity
and intensity, respectively.’’

3. RESULTS AND DISCUSSION

3.1. Adsorption of As(V) lons on BNNS—Fe;O,
Nanocomposite (DFT). To quantify the interaction strength
of BNNSs and BNNS—Fe;0, nanocomposite with As(OH)s,
the geometries were optimized at the B3LYP/6-31G(d,p) level
of theory.”” Full geometry optimizations for the considered
BN—Fe;0, system have been performed with various spin
states S = 1, 3, and S. Triplet state is found to have the lowest
energy compared to S = 1 and S = § states. However, the BEs
calculated for As(OH); and BNNS—Fe;O, system with S = 3
and S state energies are positive in magnitude (166.729 and
54.55 kJ mol ™, respectively). In contrast, the BE calculated
using S = 1 is —200.381 kJ mol™". Hence, S = 1 state is the
most stable configuration, which is used for further analysis.
The optimized geometries of BNNSs and As(OH); are shown
in Figure 2a,b, respectively. Further, Figure 2c shows the top
view of the BNNS—Fe;0, nanocomposite optimized geome-
try, while its side view is shown in Figure 2d. From these
figures, the formation of BNNS—Fe;O, nanocomposite
through the B—O and N—Fe bond formation can be clearly
seen. The average distance between the Fe;O, and BNNS
surface is 2.5 A. Further, geometry optimizations of BNNS—
As(OH); and BNNS—Fe;0,—As(OH); structures have been
performed using DFT calculations and the BEs have been
evaluated using the procedure mentioned in Section 2.1.
Figure 3a,b shows the optimized structures of BNNS—
As(OH); and BNNS—Fe;0,—As(OH); systems, respectively,
which have been obtained using DFT. The computed BEs
from DFT calculations for As(OH) with BNNSs and BNNS—
Fe;O, composites are —43.100 and —200.381 kJ mol™},
respectively. The As(OH); binding energy with BNNS—Fe,0,
is 4.65 times higher than that with unmodified BNNSs. This
clearly demonstrates the possibility of achieving high
adsorption capacity for BNNS—Fe;O, compared to the
unmodified BNNSs.

3.2. Characterization of BNNSs and BNNS—Fe;0,. The
as-prepared BNNSs and BNNSs—Fe;O, were characterized by
a variety of methods to determine the surface morphology,
compositions, and surface properties. Figure 4a shows the
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Figure 2. Optimized geometries of (a) BNNSs, (b) As ions (OH)s,
(c) BNNS—Fe;0, structure top view, and (d) BNNS—Fe;O,
structure side view.

(a) BN-As(OH);

(b) BN-Fe;0,-As(OH),

Figure 3. Structures obtained from DFT optimization: (a) BNNSs—
As ion (OH); and (b) BNNS—Fe;0,—As ion (OH); nano-
composites.

HRTEM image of BNNSs, in which lattice fringes can be seen
clearly (inset of Figure 4a). Figure 4b shows the selected area
electron diffraction (SAED) pattern of BNNSs. The ring
patterns indicate their amorphous nature. The inner ring and
the outer ring represent (002) and (101) planes, respectively.
The diameter of the BNNS—Fe;0, nanocomposite was found
to be 10—22 nm, as shown in Figure 4e. The SAED pattern of
the BNNS—Fe;O, nanocomposite shows its polycrystalline
nature (see Figure 4f). The indexed rings represent the
diffraction corresponding to Fe;O,, which confirms the
formation of BNNS—Fe;O, nanocomposite. The HRTEM
images in Figure 4c show lattice fringes of BNNS—Fe;0,
nanocomposite. The lattice spacing was found to be 0.27 nm,
as shown in Figure 4i. High-angle annular dark-field (HAADF)
imaging and elemental mapping of BNNSs and BNNSs—Fe;0,,
nanocomposite give the distribution of boron, nitrogen, iron,
and oxygen, as shown in Figure 4c,d and gh, respectively. The
figure reveals the uniform distribution of elements present in
the adsorbents. FESEM image in Figure Sla clearly shows
sheet morphology of BNNSs, while Figure S1b shows the
deposition of Fe;O, nanoparticles on BNNSs.

The nitrogen (N,) adsorption—desorption isotherm and
PSD were plotted for BNNSs and BNNS—Fe;O, nano-
composite samples (see Figure S2). PSD clearly indicates the
presence of micro- (pore size less than 2 nm) and meso- (pore

size 2—50 nm) pores in the BNNSs, as shown in Figure S2b.
Therefore, BNNSs showed the presence of hierarchical
porosity. SBET was calculated to be ~1599.1 m* g~', while
the average pore diameter and total pore volume were
determined to be 1.43 nm and 1.212 cc g™', respectively. As
shown in Figure S2d, PSD also confirms the hierarchical
porosity of the BNNS—Fe;O, nanocomposite. The SBET was
119.1 m* g~'. The average pore diameter and total pore
volume were determined to be 17.41 nm and 0.355 cc g/,
respectively. It is assumed that the growth of Fe;O,
nanoparticles on pristine BNNSs surface blocked the pores
of BNNSs, which resulted in the low surface area of
nanocomposite. This is confirmed by the PSD and low pore
volume of the nanocomposite.

The structural information about the pristine BNNSs and
BNNS—Fe;0, nanocomposite was obtained by XRD. All of
the peaks were labeled for BNNSs and BNNS—Fe;O,. As
shown in Figure S3a, diffraction peaks of BNNSs were at 24.17
and 42.55°°"% They represent (002), (100), and (101)
planes of hexagonal BNNSs, respectively. Diffraction peaks of
the BNNS—Fe;O, nanocomposite were at around 30.37,
35.65, 43.53, 5$3.85, 57.37, and 63.07°.*7° As shown in
Figure S3b, all of the peaks relate to (220), (311), (400),
(422), (511), and (440) planes, respectively. This matches
with JCPDS card no. 19-0629. Besides, all of the indexed
planes directly matched with the SAED pattern of BNNS—
Fe;O, nanocomposite. The nature of chemical bonds of the
synthesized adsorbents was determined using FTIR analysis. In
Figure 5a, the vibration peak at around 790 cm™ indicates the
out-of-plane bending vibrations of B—N bonds in BNNSs.
Further, the vibration peak at around 1380 cm™" indicates the
in-plane vibration of B—N bonds. In Figure Sb, the band in the
range of 558—636 cm™" depicts symmetric stretching of Fe—O
bond vibration.” Further, stretching vibration of Fe—O—Fe
and structural vibration of Fe—OH are designated by peaks at
857 and 1030 cm™’, respectively.”**” Another peak at 1400
cm™ shows in-plane vibration of sp*-bonded B—N bonds,
while the peak at 1627 cm™" shows bending vibration of H,O
adsorbed on the surface of nanocomposite.”® The peaks 2852
and 2925 cm™' correspond to —BNH, group.*’ Finally, the
broad band at 3415 cm™" is attributed to B—OH group.*'

Saturation magnetization (Ms) is a pivotal factor for
evaluating the magnetic separation ability of an adsorbent.
With a conventional magnet, Mg of 18 emu g~' has been
described sufficient for this purpose.”” The Mg of BNNS—
Fe;O, nanocomposite was found to be 49.19 emu g~' (see
Figure Sc), which corresponded to a magnetic moment of 2.04
ug. The value of Mg of the synthesized sample implies
successful loading of a large amount of Fe;O, on BNNS
surface, and therefore, highly magnetic nature of the BNNS—
Fe;0, nanocomposite. Thus, the Ms value achieved for the
BNNS—Fe;0, nanocomposite was sufficient for easy separa-
tion by using a handy magnet, as can be seen in Figure 5d.

3.3. Effects of the Adsorption Parameters. 3.3.1. Effect
of pH. According to previous studies, the surface charge of the
adsorbent varies with the pH of the solution."”*® Therefore, it
is essential to study how the adsorption capacity of the
adsorbents is affected by pH. During the pH change from 2 to
12, the As(V) ions dissociate into H,AsO,”, HAsO,*", and
AsO,*” according to the dissociation constants pK,; = 2.1, pK,,
= 6.7, and pK,; = 11.2, respectively.”’ Therefore, experiments
were performed to study the effect of pH on adsorption of
As(V) ions for both the adsorbents in the range of 2—10. The
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Figure 4. (a) HRTEM image of BNNSs (inset: fringes of BN), (b) SAED patterns of BNNSs, (c) HAADF images of BNNSs, (d) elemental
distribution of BNNSs, () HRTEM image of BNNS—Fe;O, nanocomposite, (f) SAED pattern of BNNS—Fe;O, nanocomposite, (g) HAADF
image of BNNS—Fe,0, nanocomposite, (h) elemental distribution of BNNS—Fe;O, nanocomposite, and (i) lattice spacing of nanocomposite.
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adsorption of As(V) ions depicted pH dependency. As can be increase in pH. The point of zero charge (pH,,.) values of

pzc
BNNS—Fe;0, and BNNSs were 2.86 and 8.78, respectively.
When pH < pH

is positively charged because of protonation reaction. There-

deduced from Figure 6a, the maximum adsorption of As(V)
ions for both BNNSs and BNNS—Fe;O, nanocomposite

occurred under acidic conditions (pH 2) and decreased with

the BNNS—Fe;O, nanocomposite surface

pzc)
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Figure 6. Effect of (a) pH, (b) adsorbent dose, and (c) temperature on As(V) ion removal by BNNSs and BNNS—Fe;O, nanocomposite.
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Figure 7. Schematic of the effect of temperature and adsorption kinetics of interparticle diffusion of As(V) ions on BNNS—Fe;0, nanocomposite

(interparticle mechanism).

fore, strong electrostatic attraction takes place between
BNNS—Fe;0, nanocomposite and negatively charged species
of As(V) ions, leading to high adsorption of As(V) ions.
Subsequently, at pH > pH,, the surface charge of nano-
composite is negative due to adsorption of OH™' ions.
Stepwise increase in pH enhanced the electrostatic repulsion
between BNNSs—Fe;O, nanocomposite and oxyanion of
As(V) ions. This resulted in reduction in the adsorption
capacity of nanocomposite. Similar results have been
communicated by other researchers.'®****
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3.3.2. Effect of Adsorbent Dose. Figure 6b shows the effect
of adsorbent (BNNSs and BNNS—Fe;O,) dose on the
adsorption capacity of As(V) ions. The dose of adsorbents
was increased from 0.2 to 1.0 g of adsorbent per liter, and the
initial concentration of As(V) ions was maintained at 50 mg
L7" at pH 2. From the figure, one can see that the percent
removal increases with dosage while the adsorption capacity
decreases with dosage for both the adsorbents. The increase in
percent removal is higher in BNNS—Fe;O, (~48.7%) than in
BNNSs (~4%) at 1.0 g of adsorbent per liter, due to increase
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Table 1. Pseudo-First-Order and Pseudo-Second-Order Kinetic Model Rate Constants for As(V) Ion Adsorption on BNNSs
and BNNS—Fe;0, Nanocomposite (Experimental Conditions: Initial As(V) Ion Concentration, 50 mg L™'; pH, 2.0; and Dose

of Adsorbent, 0.4 g L™')

pseudo-first-order kinetic model (PFO)

BNNSs BNNS—Fe,0,

T (K) e (mg g7™") qea (mg g7") K; (min ') Qe (mg g7") qea (mg g7") Ky (min ~') S
283 6.20 + 0.5 2.280 0.0074 0.813 21.301 + 0.75 11.001 0.0058 0.987
290 5.70 + 0.5 2.289 0.0078 0.782 23.00 + 0.5 12.379 0.0078 0.967
298 4.50 + 0.25 2.901 0.0104 0.871 25.50 + 0.2§ 14.614 0.0100 0.929
303 420 £ 0.2§ 3.334 0.0127 0.896 26.00 + 0.25 17.690 0.0137 0.933
308 4.00 + 0.2 3.310 0.0083 0.963 16.50 + 0.5 10.044 0.0067 0.957
313 3.86 + 0.2 4.063 0.0074 0.978 14.00 + 0.5 14.296 0.0111 0.974

pseudo-second-order kinetic model (PSO)
BNNSs BNNS—Fe,0,

T(K) oy (mgg™)  qu(mgg’) K (gmg ' min") Qe (mg g7") de (mg g™) K (gmg™' min ') R’
283 6.20 + 0.5 6.578 0.0057 0.997 21.301 + 0.75 22.523 0.0010 0.997
290 5.70 £ 0.5 6.000 0.0054 0.998 23.00 + 0.5 24.449 0.0011 0.999
298 4.50 +£ 0.25 4.807 0.0052 0.997 25.50 + 0.25 26.809 0.0011 0.999
303 4.20 + 0.25 4.595 0.0046 0.995 26.00 + 0.25 27.322 0.0013 0.999
308 4.00 + 0.2 4.589 0.0027 0.997 16.50 + 0.5 18.181 0.0010 0.991
313 3.86 + 0.2 4.761 0.0015 0.996 14.00 + 0.5 15.748 0.0007 0.999

in the number of active sites. At the same time, dose might
increase the aggregation of BNNSs in water due to strong van
der Waals interaction between BN layers, resulting in
reduction of adsorption capacity.***” The maximum adsorp-
tion capacity for both the adsorbents was found at 0.2 g L™ of
adsorbent.

3.3.3. Effect of Temperature. The experiments were carried
out at 10, 17, 25, 30, 35, and 40 °C to analyze the influence of
temperature on adsorption (see Figure 6¢). With an increase in
temperature, different behaviors were shown by the two
adsorbents. As the temperature increased, the adsorption
capacity of BNNSs decreased, which is evident from Figure 6c.
It shows the exothermic behavior of BNNSs. In contrast, the
adsorption capacity of BNNS—Fe;O, initially increased and
then decreased with increase in temperature (see Figure 6c).
Therefore, we interpret that the adsorption was endothermic
initially and became exothermic beyond 30 °C. This is
consistent with the previously reported studies.”® The
optimum adsorption capacity was found to be at 30 °C.

Further, the exothermic nature of BNNSs is due to the
physisorption (as will be shown in Section 3.3.6). Here, the
bonding between the adsorbent and adsorbate is mainly due to
weak van der Waal forces. Therefore, the weak forces decrease
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with an increase in the temperature. In the case of BNNS—
Fe;0,, the adsorption is influenced by chemical adsorption. It
has been reported in the literature that the chemisorption first
increases since more number of adsorbate ions acquire
sufficient energy to undergo chemisorption, which is provided
by an increase in temperature.@’50 Further increase in
temperature leads to breaking of bonds between adsorbate
and adsorbent, resulting in decrease in adsorption capacity.
This has been explained schematically in Figure 7. Moreover,
we have used kinetic models to analyze the typical behavior of
BNNS—Fe;0, with temperature. To this end, we have applied
kinetic model given by Boyd et al.’' to examine the actual rate-
controlling step taking part in adsorption reaction (see Figure
8). From the analysis, it has been found that adsorption is
governed by external mass transport (or film diffusion).
Therefore, as the temperature increases, the external mass
transport increases. This may increase the adsorption capacity
up to optimum temperature. Further rise in temperature
reduces the adsorption capacity due to increase in the
solubility of the adsorbate.”” Therefore, the adsorption
capacity decreases. Similar observations are reported by
Pokhrel et al. and Mondal et al.'®*® Pokhrel et al. reported
that the removal capacity of As(V) ions increased when the
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temperature was increased from $ to 30 °C. A decreasing trend
between 30 and 60 °C was observed by Mondal et al. In
contrast, the adsorption capacity of BNNSs was found to
decrease as the temperature increased. This can be explained as
follows. Brownian motion increases with an increase in
temperature, thereby breaking the intermolecular hydrogen
bonding. Therefore, decrease in adsorption capacity is
observed.”

3.3.4. Adsorption Kinetics. The adsorption kinetics of
As(V) ion removal was determined to understand the
adsorption behavior of BNNSs and BNNSs—Fe;O, nano-
composite. The effects of contact time and temperature on the
adsorption of As(V) ions by both the adsorbents are shown in
Figure 8a,b, respectively. According to the results, the
adsorption capacity increased rapidly up to 120 min, increased
gradually thereafter, and achieved equilibrium in 10 h. Both the
adsorbents followed the same trend. Experimental data were
fitted to PFO and PSO kinetic models. The kinetics parameters
obtained from the two models are presented in Table 1. The
correlation coefficient (R* = 0.99) indicated that this
adsorption process followed the PSO model and the
adsorption took place through the chemical interaction.”””'
The calculated and experimental adsorption capacities were
found to be in line.

3.3.5. Adsorption Isotherms. Adsorption isotherm models
can be used to describe the distribution of adsorbed molecules
on the adsorbents after reaching the equilibrium state.
Langmuir and Freundlich isotherm models, as described in
Section 2.2.5.2, have been used in this study. Langmuir
isotherm assumes ideal monolayer formation due to homoge-
neous adsorbent surface. Conversely, Freundlich isotherm
assumes multilayer adsorption on the heterogeneous adsorbent
surface. The adsorption isotherm of BNNSs and BNNS—
Fe;0, nanocomposite is shown in Figure 9. It was found that

——BNNS-Fe,0,
-—--BNNSs

c, (mg/l)

Figure 9. Adsorption isotherm of BNNSs and BNNS—Fe;0,
nanocomposite.

the Langmuir model has high correlation coefficient (R* >
0.999) than the Freundlich model (R* > 0.908). Consequently,
it was inferred that there was a monolayer adsorption of As(V)
ions on the homogeneous surface of BNNS—Fe;O, nano-
composite. The adsorption capacities of BNNSs and BNNS—
Fe;O, nanocomposite were 5.3 and 26.3 mg g/, respectively,
at room temperature (298 K). This S-fold increase is broadly
in agreement with the theoretical simulations carried out using
DFT. The adsorption constant determined from the isotherm
models are presented in Table 2. The values of the Freundlich
constant (n = 2.03 and 3.76) for both the adsorbents imply
that the adsorption of As(V) ions is favored on both of them."

Table 2. Langmuir and Freundlich Adsorption Isotherm
Parameters for BNNSs and BNNS—Fe;0, Nanocomposite
(Experimental Conditions: Initial Concentration of As(V)
Ions, 50 mg L™%; Temperature, 25 °C; pH, 2.0; and Dose of
Adsorbent, 0.4 g L")

isotherm models isotherm parameters BNNSs BNNS—Fe;O,
Langmuir Qunax (mg g™") 5.308 26.315
K (L mg™) 0.058 1.938
R 0.981 0.999
Freundlich kg (mg' ™" L" g™") 0.561 10.138
n 2.030 3.763
R? 0.822 0.908

3.3.6. Adsorption Activation Energy. The activation
energies (E, in kJ mol™') of adsorption on BNNSs and
BNNS—Fe;0, were calculated by the Arrhenius equation
expressed as

Ink=IhA E,
PR Ry (6)
where k is the rate constant, A is the Arrhenius constant (g
mg~! min™") that is a temperature-independent factor, R is the
gas constant (8.314 J mol™'), and T is the temperature (K).
Using the PSO rate constant, the plot of Ink versus the
reciprocal of T resulted in straight lines for both the adsorbents
(see Figure 10). From the slope, the activation energies of
BNNSs and BNNS—Fe;O, nanocomposite were calculated as
—4.46 and —41.95 kJ mol™!, respectively. The negative
activation energy values indicate that the adsorption process
was exothermic in nature. Moreover, the adsorption capacity
decreases with an increase in temperature because of increased
solubility of the adsorbate species.”” Typically, the magnitude
of activation energy is directly related to physical and chemical
adsorption.> Since the reactions are readily reversible and
equilibrium is attained quickly, the energy requirements for
physical adsorption are small (5—40 kJ mol™'). Chemical
adsorption requires relatively higher energies (40—800 kJ
mol™") due to involvement of stronger forces. On the basis of
magnitude of activation energy, one can conclude that the
adsorption of As(V) ions on BNNSs was dominated by
physical adsorption. Conversely, adsorption in the case of
BNNSs—Fe;O, nanocomposite was influenced by chemical
adsorption.

3.4. Application of BNNS—Fe;0, Nanocomposite for
Higher As(V) lon Concentrations and Its Comparison
with Other Adsorbents. Surface water from large rivers and
dams is normally used for municipal supply in developing
countries.>® According to the literature, the surface water and
shallow groundwater under aerobic conditions are mainly
contaminated with As(V) since it is dominant under oxidizing
conditions. Therefore, the synthesized adsorbent was tested to
find the maximum concentration of these ions that could be
brought to below 10 ppb.”’~* With optimum experimental
parameters, the BNNS—Fe;O, nanocomposite has the
potential to reduce As(V) ions in contaminated water from
856 ppb to below 10 ppb (see Table 3). The BNNS—Fe;0,
nanocomposite showed high adsorption capacity at pH 2
because of electrostatic attraction and surface complexation. At
2.1 < pH < 6.7, As(V) ions exist as H,AsO,”. At pH 2, there is
a strong electrostatic force between the BNNSs—Fe;O,
nanocomposite and negatively charged arsenate ions present
on the surface. This leads to high adsorption capacity at low
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Figure 10. Linear form of Arrhenius equation for determination of activation energy: (a) BNNSs and (b) BNNS—Fe;O, nanocomposite.

Table 3. As(V) Concentration after Adsorption on BNNS—
Fe;0, (Experimental Conditions: pH, 2.0; Dose of
Adsorbent, 0.4 g L™'; Temperature, 25 °C)

remaining As(V) ion conc. after

adsorption (ppb)

As(V) ion initial conc. before

adsorption (ppb)

535 4.08 £ 0.10
749 7.37 £ 0.25
856 9.18 £ 0.30

pH. Similar observations have been reported previously in the
literature."***>°" Further, As(V) ions were adsorbed on
BNNS—FeOH through the ligand-exchange mechanism, in
which there is replacement of hydroxyl ions by arsenate
oxyanion. Moreover, As(V) ions form inner sphere com-
plex.M’é2 At a low pH, bidentate formation is preferred and the
sorption of arsenate on the surface of a BNNS—Fe;0, may be
through the following equations®

-1/2 + -
FeOH ™" + H',, + AsO”

— FeOAsO, + H,0 (monodentate) (7)
—1/2 + —
2FeOH + 2H",; + AsO, (aq)
— Fe,0,As0, + 2H,0 (bidentate) (8)

-1/2 + -
2FeOH™ " + 3H",, + AsO,”

— Fe,0,AsOOH; + 2H,0 (protonated bidentate)

)
Hydroxyl groups (—OH) present on the surface of adsorbent
are responsible for the adsorption of As(V) ions via
chemisorption between arsenate oxyanion and the adsorb-
ent.**®* Table 4 shows the As(V) ions’ adsorption capacity
reported by different adsorbents. The nanocomposite synthe-
sized in this work shows better performance than most of the
materials listed there.

3.5. Regeneration of BNNS—Fe3;0,. Regeneration is the
most important factor for the commercial application of an
adsorbent. Figure 6a depicts that the adsorption capacity
decreases with increase in pH. Therefore, the used adsorbent
(BNNS—Fe;0,) was added into 1.0 M NaOH for 24 h.°® To
confirm the regeneration of the adsorbent, three samples were
taken (named BNNS—Fe;O, (pristine), BNNS—Fe;0, (after
adsorption), and BNNS—Fe;O, (after desorption)) and
characterized by FTIR spectroscopy (see Figure 1la). The
FTIR spectra of BNNS—Fe;0, (after adsorption) show a peak
at ~838.89 cm™', which represents As—O symmetric
stretching vibration.®® It confirmed that the As(V) ions were
adsorbed on BNNS—Fe;0, (pristine). The peak at ~838.89
cm™' was found to be absent after regeneration, which

Table 4. Comparison of Adsorption Capacities of Various Adsorbents

adsorption capacity

adsorbent pH conc./conc. range (ppm) mg g ' separation  regeneration references
cupric oxide nanoparticles 8.0 0.1-100 22,6 not reported  not reported 13
Fe;0, 4.0 10.63 4.65 not reported  not reported 14
kaolinite 5.0 10-200 0.86 not reported  not reported 15
magnetite-reduced graphene oxide composites 7.0 3-7 5.83 not reported  not reported 18
IAC—Fe(III) 3.0 0.5-8.5 3.00 not reported  not reported 9
Fe oMCM-41silica 7.0 26.25 not reported  not reported 19
iron oxide multiwalled carbon nanotube hybrid 4.0 0.189 not reported  not reported 20
nano-zero-valent iron on activated carbon 6.5 12.0 not reported  reported 44
functionalized synthetic graphite 3.9-4.5 0.1-50 19.10 not reported  reported 67
porous iron oxide on activated carbon 7.0 S 27.78 not reported  not reported 68
Go/ferric hydroxide composite 4-7 23.78 not reported  not reported 69
ZMA (Sonora) 4.0 0.1-4 0.10 not reported  not reported 70
Fe—GO nanocomposite 4.0 5.0 3.26 reported not reported 71
Fe;0,~RGO nanocomposite 7.0 1-10 16.0 reported not reported 72
BNNS—Fe;0, Nanocomposite 2.0 0.5—100 26.31 reported reported this study
19025 DOI: 10.1021/acsami.8b22401
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Figure 11. (a) FTIR and (b) XPS images of As(V) ions after adsorption and desorption on BNNS—Fe;0, nanocomposite.

confirmed that the As(V) ions were removed from the
BNNS—Fe;0, (after adsorption) adsorbent. Furthermore, we
have carried out XPS analysis of BNNS—Fe;O, (after
adsorption) and BNNS—Fe;O, (after desorption). The XPS
images of As(V) ions adsorption and desorption in Figure 11b
clearly show that there is no As—O bonding at 43.92 eV after
desorption in the desorbed material®® The FTIR and XPS
results confirmed that the regenerated BNNS—Fe;0, retained
the same adsorption capacity. Therefore, the desorption
method is quite effective.

4. CONCLUSIONS

In this work, BNNSs and BNNS—Fe;O, nanocomposite
adsorbents were synthesized and characterized to examine
their potential for separation of As(V) ions from water. The
SBET of the BNNSs and BNNS—Fe;O, nanocomposite were
found to be 1599.1 and 119.1 m?* g™!, respectively. The pH
study revealed that highest adsorption could be acquired at low
pH (pH = 2) because of electrostatic attraction between
positive charge on the adsorbent and oxyanions of As(V),
which are negatively charged. Besides, it was observed that as
the temperature increased, the adsorption capacity of BNNS—
Fe;0, also increased. It was found to be maximum at 30 °C.
During adsorption of As(V) ions, the kinetics studies indicated
that both the adsorbents followed the PSO kinetic model. The
Langmuir model was followed by adsorption isotherms of both
the adsorbents. The BNNS—Fe;0, nanocomposite showed a
significantly high maximum adsorption capacity (26.31 mg
g™") of As(V) ions compared to the bare BNNSs adsorbent
(5.30 mg g™!) due to chemical adsorption. This S-fold increase
is in close agreement with the DFT calculations that were
performed to calculate the binding energies of the two
adsorbents. It is observed that the BNNS—Fe;O, nano-
composite was capable of reducing up to 856 ppb of As(V)
ions to below 10 ppb that is recommended by WHO for
drinking purpose. The adsorbent could be easily separated
from water due to its superparamagnetic nature at room
temperature and also depicted regeneration behavior. There-
fore, the synthesized BNNS—Fe;O, nanocomposite depicts
high potential for remediation of As(V) ions from contami-
nated water.
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