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Ni(OH),, which is stabilized in the polymer solution. The calcination removes the polymeric part of the nanocom-
posite and converts Ni(OH), into NiO with a face-centered cubic (FCC) phase. The synthesized NiO nanoflowers
possess a mesoporous structure with an average surface area of 154 m?/g. Physisorption and electrostatic inter-
actions between negatively charged congo red (CR) and positively charged NiO nanoflowers allow the adsorption
of CR dye at ambient conditions. The adsorption of dyes follows pseudo-second-order kinetics, and the adsor-
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bents are regenerated by calcination and recycled three times at similar efficiencies.

Published by Elsevier B.V.

1. Introduction

Nickel oxide (NiO), a transition metal oxide, is recognized as a low-
cost material with excellent chemical and electronic properties. It has
been used in applications such as catalysts, electrochemical capacitors,
fuel cells, and lithium-ion batteries [1-4]. Recently, efforts have
been devoted to synthesizing porous NiO for the treatment of organic
pollutants in wastewater [5]. NiO has also gained recognition as a
photocatalytic adsorbent and, with the incorporation of other metal
oxides, for efficient removal of the organic/inorganic pollutants from
wastewater [6-9].

Some pollutants (dyes) are hazardous to humans and can result in
carcinogenesis and mutagenesis [10,11]. For example, congo red (CR)
is a benzidine-based dye mostly used in the textile industry and a
toxic organic pollutant, suspected carcinogen, and mutagen [12]. CR ex-
posure has adverse health effects, such as vomiting, cancer, and irrita-
tion of skin and eyes, and environmental effects such as disruption of
microbial soil respiration [13-15]. Different morphologies of NiO
nanomaterials have been synthesized which include nanotubes, nano-
rods, nanowires, hexagonal nanoplatelets, and nanoflowers to remove
dyes from wastewater [16-20].

Among the structures, the nano/microflower structures with thin
nanosheets possess an abundance of sites for surface reactions [21,22].
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Ci et al. synthesized three-dimensional NiO microflowers from two-
dimensional nanosheets, which are derived from one-dimensional
nanowires [23]. A laboratory synthesized block copolymer was used as
a template and structure-directing agent to fabricate sub-30 nm hollow
spheres of NiO [24]. A triblock copolymer with core-shell-corona
nanoarchitecture served as a designed template for the fabrication of
mesoporous nickel ferrite via the micelles assembly approach. The
pore size and shell thickness were tuned by changing the molecular
structure of block copolymer [25]. The use of block copolymers allows
the shape and porosity of the synthesized materials to be controlled at
the nanoscale [26,27]. However, the high cost of polymer templates hin-
ders the large-scale synthesis of materials [24,25,28].

Pluronics are relatively cheaper and water-soluble polymers. The
hydrophilic-lipophilic balance (HLB) of pluronics plays a vital role in
the self-assembly of polymers, which can be tuned by adding salts and
surfactants [29-31]. The micellar size could be successfully enlarged,
without phase separation, by using a chemically similar, nonvolatile,
secondary pluronics polymer as the swelling agent without any
chemical conjugation [32]. The structural diversity of these polymers al-
lows synthesizing a wide range of nanoporous materials with controlled
morphology [33]. The pore size and connectivity of pores play a vital
role in the adsorption of dyes. Tuning the pore size to match the
dye enhances the molecule's selectivity and permeability of porous
adsorbent [34,35].

This work reports a one-pot hydrothermal synthesis of NiO
nanoflowers using pluronics F-127 polymer as a structure-directing
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agent and urea as a precipitating agent in aqueous solution. The use of
this polymer not only controls the size of nanoparticles but also sup-
ports the thinning of nanosheets. The thin sheets of NiO assemble to
form a flower-like structure. These synthesized NiO nanoflowers are
observed under both scanning and transmission electron microscopes
to determine the morphological characteristics. The porous NiO
nanoflowers show excellent adsorption of organic dyes in aqueous solu-
tion. The adsorption kinetics are studied to understand the adsorption
process of the nanoflowers. The quick adsorption of CR and its removal
by calcination allows the NiO to be reusable. The NiO could be recycled
by solid/liquid separation followed by heat treatment, suggesting its po-
tential application in wastewater treatment.

2. Experimental section
2.1. Materials

Nickel nitrate hexahydrate [Ni(NO3)>6H,0; Alfa Aesar], Pluronics
F-127 (BASF), urea (Sigma Aldrich), and congo red (Sigma Aldrich)
were used as raw materials without further purification.

2.2. Synthesis

NiNOs-6H,0 (0.7 g), urea (0.3 g), and F-127 (0.3 g) were dissolved
in 40 mL of deionized water under magnetic stirring for 1 h at room
temperature. Then, the greenish transparent solution was transferred
into a Teflon-lined, stainless-steel autoclave and kept at 80 °C for 10 h.
Afterward, the green precipitate obtained was washed three times
with deionized water and dried at room temperature. Finally, the
dried samples were calcined in air at 350 °C for 4 h at a ramping rate
of 1 °C/min.

2.3. Adsorption of dyes

NiO (0.01 g) was added into 20 mL of a 40 mg/L CR solution. The so-
lution was agitated at room temperature for 100 min. The concentration
of adsorbed dyes was spectrophotometrically measured at different
time intervals. The amount of CR adsorbed into a unit weight of NiO,
Q. (mg/g) was calculated by using a mass balance equation [36]:

(Co—Ce)V

Qe: m

(1)

where G, is the initial dye concentration (mg/L), C. is the dye concentra-
tion at equilibrium (mg/L), V is the volume of dye solution (L), and m is
the mass of adsorbent used (g).

2.4. Characterization

The morphology and structural analysis of the nanostructure was
studied by using a Zeiss Auriga Scanning Electron Microscope (SEM)
and a Zeiss Libra 120 kV electron source Transmission Electron Micro-
scope (TEM). Elemental distribution was analyzed with the Zeiss Auriga
SEM with Energy-Dispersive x-ray Spectroscopy (EDS). Hydrodynamic
diameter and zeta potential were measured using a Malvern Zen3600
Zetasizer. Fourier Transform Infra-Red (FTIR) spectroscopy data were
collected with a Shimadzu FTIR equipped with an MCT detector. Ther-
mogravimetric Differential Scanning Calorimetry (TG-DSC) analysis
was carried out using a TA-SDT 650 (Discovery series) setup. N, adsorp-
tion/desorption was determined by a Quantachrom surface area ana-
lyzer. The samples were degassed at 150 °C for 8 h. The surface area
and pore size distributions were calculated by N, adsorption-
desorption isotherm using the Brunauer-Emmett-Teller (BET) and
Barrett-Joyner-Halenda (BJH) methods, respectively. The crystalline
phases were investigated by powder X-ray Diffraction (XRD)
(Shimadzu XRD-7000) analysis. Raman spectra were obtained by a
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Raman spectrometer (Jobin-Yvon T64000). Photocatalytic studies
were monitored using a Shimadzu UV-2501 PC spectrophotometer.

3. Results and discussion

Ni(OH), was synthesized using the hydrothermal method. The con-
trolled hydrolysis of urea slowly releases ammonia that can form a com-
plex with Ni?™ ions. The amino complex of the metal ions is thought to
interact with the polyethylene oxide units of the F-127. In this study, the
F-127 polymer provides an amphiphilic environment for controlled
crystal growth of Ni(OH),. Calcination at 350 °C simultaneously
removes the polymer and transforms Ni(OH), into NiO. The thermogra-
vimetric curve (Fig. S1a) for the Ni(OH),-polymer nanocomposites
shows about 12% mass loss at a temperature below 150 °C, which is at-
tributed to the loss of absorbed water. The second weight loss at 250 °C
to 350 °Cindicates the removal of the polymer as well as decomposition
of Ni(OH), into NiO. Compared with a polymer containing polystyrene,
the F-127 block copolymer is thermally unstable and can be removed at
a lower temperature [28].

The infrared spectrum of NiO nanoflowers is shown in Fig. S1b. The
signature peaks of polymer disappeared in NiO nanoflowers. The typical
wide -OH band of the hydrogen-bonded water molecule was observed
at 3500 cm ™. The samples were not protected from moisture during
measurements. Nickel ions were observed as the corresponding vs vi-
brational peaks at approximately 1400 cm~!. A distinct Ni—O
stretching and vibrational bands were confirmed at around 830 cm ™!
and 670 cm™, respectively [37,38].

The formation of NiO was confirmed by XRD measurement (Fig. 1a).
The sharp diffraction peaks of 003, 006, 101, and 110 confirmed the for-
mation of highly crystalline a-Ni(OH), before calcination (Fig. S2). The
peaks derived from Ni(OH), entirely disappeared, and new peaks of
111, 200, 220, 311, and 222 appeared, which are all consistent with
the face-centered cubic (FCC) NiO phase (JCPDS No.47-1049). Raman
spectroscopy analysis showed that the NiO nanoflowers have peaks of
one-photon transverse optical (TO) and longitudinal optical (LO) and
two-photon TO and LO, as shown in Fig. 1b.

The porosity of the NiO nanoflowers was analyzed through N,
adsorption-desorption isotherms (Fig. S3). The synthesized NiO
nanoflowers possess a mesoporous structure with a high surface area
of 154 m?/g. The pore size distribution is relatively broad, indicating
that the F-127 polymer may not be the perfect template for mesoporous
NiO. The use of F-127 polymer gives rise to several ordered mesoporous
nanostructures [39-41]. The sol-gel reaction between inorganic precur-
sors and the polymeric template is controlled by the polymerization of
alkoxide precursors. The ordered mesoporous NiO is mainly synthe-
sized using a template-free and hard templating method [42,43]. How-
ever, in the present study, F-127 polymer works as a structure-directing
agent as well as a masking agent to control the overgrowth of crystal.
Block copolymers have been employed as an adjustable mask for the
synthesis of nanoparticles, which makes the polymer layer on the nano-
particles transform its crystal growth. They are highly resistant to aggre-
gation but, at the same time, fluidic and adjustable to control the growth
of the newly formed crystals [44].

The hydrodynamic diameter of the dispersed solution of NiO was mea-
sured under dynamic light scattering. Most particles (75%) have a hydrody-
namic diameter of ~210 nm, and 25% have ~850 nm diameters (Fig. S4). The
low-resolution SEM image (Fig. 2a) reveals nanoflowers with an average
diameter of 200-250 nm. The porous nanosheets of NiO self-assembled to
form a flower-like structure. The high-resolution SEM images show that
the thickness of the individual petals is about 65-75 nm and is well-
assembled to form nanoflowers. The slow release of ammonia from urea
avoids rapid crystal growth during precipitation. Additionally, the molecu-
larly dissolved urea helps to stabilize nanoparticles.

In the TEM image (Fig. 3) the porosity of petals is seen by the sharp
contrast between edges, and the center of the nanoflowers is associated
with the interweaving petal subunits at the center, showing suitable
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Fig. 1. (a) XRD and (b) Raman spectra of NiO nanoflowers.

Fig. 2. SEM images of NiO nanoflowers at (a) low and (b) high resolution.

agreement with the SEM observations (Fig. 3). The elemental distribu- The nanoporous materials have an immense ability to interact with
tion of NiO nanoflowers was also obtained. It was found that Ni and O their immediate environment due to their high surface area and pore
were uniformly distributed, as shown in (Fig. S5). volume. The adsorbent activity of the NiO nanoflowers was tested

Fig. 3. TEM images of NiO (a) before adsorption and (b) after removing adsorbed CR by calcination for regeneration.

3
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Fig. 4. UV-vis spectra showing the adsorption of the congo red dye by NiO nanoflowers
(dye concentration = 5 mg/L, Dose of NiO = 10 mg and volume = 20 mL).

against the CR dye at ambient conditions (Fig. 4). The characteristic ab-
sorption peak for CR dye was observed at 497 nm. The adsorption activ-
ity of NiO nanoflowers was measured without any equilibration. It was
observed that the peak of CR was diminished after 11 min. CR has neg-
atively charged SO3 along with organic moieties (Fig. S6). The zeta
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potential of the synthesized NiO nanoflowers was +28.7 mV. The neg-
atively charged SO3" in the CR dye is attracted to the positively charged
surface of the NiO nanoflowers through electrostatic interaction [45].
After adsorption of CR onto NiO, the zeta potential decreased to almost
zero, indicating that the positive charged NiO is masked by the nega-
tively charged CR dye.

After the first adsorption cycle, the NiO was calcined at 350 °C to re-
move the previously adsorbed CR dye and to regenerate the adsorbent.
After removing the CR dye, the positive surface charges, as well as the
morphology of the NiO nanoflowers, were regained. The stability of
the adsorbent was examined by TEM observations to establish the effect
of adsorption and removal of dyes on the surface morphology and po-
rosity of the material. The TEM images (Fig. 3b) clearly showed the thin-
ning of petals. However, this thinning of petals does not have a
significant impact on adsorption capacity as there was a 98% adsorption
rate achieved even after the third cycle.

It is interesting to observe the absorption kinetics of the porous NiO
nanoflowers [46,47]. To study the adsorption kinetics of CR, pseudo-
first-order, pseudo-second-order, and intra-particle diffusion models
were evaluated: [48].

Pseudo-first order rate equation:

ki

log (Q.—Q;) = logQ.— mt

Pseudo-second order equation:

t/Q; = 1/k2Q% +t/Q,
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Fig. 5. Kinetic plots of (a) pseudo-first order, (b) pseudo-second order, and (c) intra-particle diffusion model for adsorption of CR onto NiO (dye concentration = 40 mg/L, Dose of NiO =

10 mg and volume = 20 mL).
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Intra-particle diffusion model:
Qi =Kst* +1 (4)

where Q. and Q; refer to the amount of dye adsorbed at equilibrium
and time t, respectively; ki, ko, and k3 are the rate constant for pseudo-
first-order, pseudo-second-order, and intra-particle diffusion model,
and I is a constant. The validity of the models was verified by the linear
equation analysis of log(Qe-Q;) s t, t/Q; vs. t, and Q; vs t°, respectively
(Fig. 5). The highest correlation coefficient (R?> = 0.9905) was for the
pseudo-second-order equation with a rate constant 0.0026 g/mg.min.
The kinetics is comparable with other adsorbent used previously
[49,50].

4. Conclusion

An amphiphilic block copolymer was successfully used to synthesize
porous NiO nanoflowers. Calcination at 350 °C simultaneously removed
the polymeric template and converted Ni(OH ), to NiO. The thin sheet of
petals with 65-75 nm thickness assemble to form nanoflowers. The po-
rous nanoflowers possess a high surface area of 154 m?/g. XRD and
Raman spectra showed that the NiO is a face cubic center crystal. The
crystalline and porous nanoflowers show a promising result on dye ad-
sorption. The adsorbent activity of the NiO nanoflowers was tested
against the anionic CR dye at ambient conditions. The sharp decrease
in zeta potential from +28.7 mV to almost zero indicates the strong
electrostatic adsorption of CR on NiO. The adsorption kinetics follow
the pseudo-second-order model. A reliable and straightforward syn-
thetic method, large adsorption capacity, and fast adsorption rate
make the NiO nanoflowers a promising adsorbent for environmental
sanitation.
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