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ABSTRACT: Removing toxic metal ions from water is a challenging task due to the
increasing demand for potable water worldwide. Utilization of an efficient adsorbent has
been the key strategy for addressing this issue. However, the adsorbents utilized so far,
whether carbon-based or silica-based, present difficulties in separation from water and
pose a harm to aquatic life. In this study, we present a novel approach involving the
fabrication of well-dispersed NiFe,O, nanoparticles, averaging approximately 7 nm in
size, integrated with graphene oxide. This nanocomposite proves to be highly effective in
removing Cr(III) ions from water. At room temperature, it exhibits a superparamagnetic
behavior, enabling easy magnetic separation of the adsorbent from the water. By utilizing
the nanocomposite, we achieved a removal rate of approximately 17 mg/g for Cr(III) ions dissolved in water. This ensures that their
concentration in the water remains below the EPA-prescribed permissible level of 0.1 mg L™". Additionally, we propose a simple and
cost-effective optical method for detecting Cr(III) ions in water. This innovative approach shows great promise in tackling the
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challenge of toxic metal ion removal from water, offering an efficient and environmentally friendly solution.
KEYWORDS: metal ferrite, nanoparticles, adsorbent, Cr(III) removal, wastewater treatment

1. INTRODUCTION

Cr(IlI) and Cr(VI) ions are two toxic species frequently
present in groundwater, affecting human health severely.' As
the toxicity of Cr(VI) ions is considerably higher than the
toxicity of Cr(III) ions, most research groups have dedicated
their efforts for developing strategies to remove Cr(VI) ions
from water. However, the relatively less toxic Cr(III) ions can
be easily oxidized to Cr(VI) ions in water in the presence of
oxidizing agents such as H,0,, MnO,, Cl,, Ascomycete fungi, -
OH radicals generated by photolysis of Fe(OH)>*, and Fe(III)
ion released from minerals such as serpentinite.z’3 Therefore,
the removal of Cr(III) ions from water remains an essential
task.” Cr(IlI) ions are frequently present in water as
Cr(HZO)63+) [Cr(Hzo)s(OH)]2+; [Cr(H,0),(OH),]", and
other complex species. In the presence of oxidizing species in
water, Cr(III) ions are oxidized to Cr(VI) ions, forming
species such as CrO,”~ and Cr,0,*". Very often, these CrO,*~
and Cr,0.”” ions are present in wastewater emanating from
industries such as tanning, metal finishing, electroplating, and
dye manufacturing.”® Major sources of Cr(VI) in drinking
water are discharges from steel and pulp industries, metal
plating factories, and the erosion of natural deposits of trivalent
chromium.” Some industries generate wastewater containing
complexes of Cr(III) ions with ligands such as ethyl-
enediaminetetraacetic acid (EDTA), citric acid, tartaric acid,
and nitrilotriacetic acid.*® Cr(VI) ions in the form of CrO,2”
and Cr,0,* are considered cancerogenic and toxic to human
health and reported to cause brain cancer, anemia, lung cancer,
severe dermatitis, digestive tract damage, DNA damage,
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tubular alteration at the renal level, kidney failure, and several
other health ailments.”” The EPA's (Environmental Protection
Agency's) regulation for total chromium (Cr(III) and/or
Cr(VI)) ions allowed in drinking water is 0.1 mg L™" or 0.1
ppm." Therefore, removing these toxic ions from water is
essential not only for humans but also for other aquatic and
nonaquatic living organisms.

Some important reactions associated with Cr(III) and
Cr(VI) ionic species are presented in reactions R1—R6.
Once a chromium salt is dissolved in water, [ Cr(H,0)s]*" ions
are generated (reaction R1). As this ion has a pK, as low as 4,'?
some of the H,O molecules bonded to the Cr(IIl) ions get
hydrolyzed at pH higher than 4 to generate several metal-
hydroxide complexes. For example, the [Cr(H,0);(OH)]*
species is generated through reaction R2, which could further
react to generate chromium hydroxide ions as shown in
reactions R3 and R4.'" At pH values of 6 or higher, Cr(OH),
species are also generated through reaction RS. As typical pH
values for subterranean water, drinking water, or wastewater
remain between 5.5 and 7, [Cr(H,0);(OH)]**, [Cr-
(H,0),(OH),]*, and Cr(OH); are the most abundant
chromium species in them (Scheme 1). Therefore, we need
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Scheme 1. (Top) Selective Chemical Reactions Involving
Cr(III) Ion in Aqueous Solution. (Bottom) Chromium
Species Present in Water as a Function of pH and Potential
(Electrode Potential or Oxidation-Reduction Potential).
Adapted from N. Unceta et al., Anal. Bioanal. Chem. (2010)
397:1097—1111. Copyright (2010) Springer Nature’

Cr(NOy); + 6H,0 === [Cr(H,0)¢]*"(aq) + 3NO3 (aq) (R1)
[Cr(H,0)4]**(aq) + OH(aq) === [Cr(H,0)5(OH)]*'(aq) + H,0 (R2)
2[Cr(H0)5(OH)]**(aq) === [(H,0),Cr(u-OH),Cr(H,0),4]*"(aq) + 2H,0 (R3)
[Cr(H,0)s(OH)*(aq) + OH (aq) === [Cr(H,0)4(OH),]"(aq) + H,0 (R4)
[Cr(H,0),(OH),]*(aq) + OH (aq) === Cr(OH); + 4H,0 R5)
Cr(OH); + 2H,0, + OH (aq) — Cr0,%(aq) + 4H,0 (R6)
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“The scheme indicates which species is predominant at certain values
of pH and potential. The zone below the blue line corresponds to the
couples of pH and potential values for which the Cr(III) species are
predominant. At high pH values, the Cr(III) ions easily get oxidized
to Cr(VI) ions in the presence of oxidants.

efficient absorbents for removing these species from potable
water. In fact, several metal oxides, clays, zeolites, and carbon-
based adsorbents have been utilized to remove chromium salt
ions from water.”'' ™"

Several nanostructures and nanocomposites have been used
as adsorbents of chromium ions. Adsorbent materials
frequently used for the removal of Cr(III) ions from water
include mesoporous SBA-15 functionalized with 2-acetylth-
iophene'® and sodium titanate (Na,Ti;O,) nanotubes
functionalized with citric acid, humic acid, or fulvic acid.'®
On the other hand, ferrihydrite was evaluated by Zhang et al.
for the adsorption of Cr(III)-EDTA complexes.’ In the case of
hexavalent chromium ion (Cr(VI)), the frequently used
adsorbent materials are polydopamine microspheres, metal
organic frameworks,'” reduced graphene oxide/polyethyleni-
mine nanocomposite,® Mn-incorporated ferrihydrite,” gra-
phene oxide/chitosan-based aerogel,19 composites based on
NiFe layered double hydroxides (LDH), and 3D hierarchical
graphene oxides.”’ However, only a few studies have reported
the adsorption of both Cr(III) and Cr(VI) ions using a single
adsorbent. For example, sodium titanate nanotubes and
MoS,@Fe;0, nanoparticles have been used to remove Cr(III)
and21C2£(VI) ions from deionized (DI) water at different
pH.™"

Metal ferrites and metal-ferrite-based composites have been
used for the removal of several toxic ions from drinking water.
For example, cobalt ferrite nanoparticle-decorated faujasite
zeolite has been used for the removal of Pb*" ions.”® The
nanocomposite could adsorb Pb** ions from water with an

adsorption capacity as high as 602.4 mg g~'. Mn,,Fe, 30, NPs
functionalized with different ligands (phthalic anhydride,
succinic anhydride, acetic anhydride, 3-phosphonopropionic
acid, and 16-phosphonohexadecanoic acid) have been used for
simultaneous removal of Pb**, Cd*", and Cu’* ions from apple
(pH = 2.07), tomato (pH = 4.98), and potato juices (pH =
6.20).”* It was found that the pH of the liquid samples and the
ligand used affect the adsorption capacity of the NPs
considerably. However, the nickel ferrite (NiFe,O,) nano-
particles or their carbonaceous composites, which possess
considerable ferrimagnetic behavior and hence can be easily
separated from aqueous solutions magnetically, have not been
evaluated as adsorbent materials for the removal of Cr(III)
ions from water. Graphene oxide has several advantages when
used in nanocomposites for removal of toxic ions from water.
The advantages include its high surface area, good dispersi-
bility in many solvents (include water), and presence of
functional groups such as carboxylic acid (—COOH), ketone
(—C=0), and alcohol/phenol (—C—OH), which facilitate the
absorption of toxic ions.”>”® Moreover, the electrostatic
interaction between these functional groups and the nano-
particles grown on GO reduces the agglomeration of the ferro-
and ferrimagnetic nanoparticles.””

Another important issue in the removal of chromium ions
from water is the quantification of its concentration. After
removing the adsorbent materials, [Cr(H,0)s(OH)]*", [Cr-
(H,0),(OH),]*, and other chromium-based ions remain in
the water. However, the concentration of these ions cannot be
determined by UV—visible spectrometry, as these ions do not
absorb electromagnetic radiation in this spectral range. A
solution to this problem might be to increase the pH of the
aqueous solution to generate Cr(OH); and Cr(OH),” anions
(the region with turquoise color in Scheme 1) and then add
H,0, to progressively oxidize these two species to CrO,*~ (the
region with pale yellow color in Scheme 1). As CrO,*” ion
absorbs electromagnetic radiation in the UV—visible range, the
aforementioned quantification problem can be addressed by
transforming Cr(III) ions to CrO,*” ions by H,O, treatment.
Reaction R6 depicts an example of this oxidation (from Cr(III)
to Cr(IV)) process.

In this work, we report the synthesis of NiFe,O,
nanoparticles (NPs) and NiFe,0,/GO nanocomposite by a
hydrothermal process assisted by NH,OH. Small (4—9 nm)
NiFe,O, nanoparticles well-dispersed over graphene oxide
layers could be synthesized. X-ray photoelectron spectroscopy
revealed a strong metal—support interaction (MSI) between
the NPs and the GO sheets. Moreover, graphene oxide was
seen to be functionalized with NH, groups during hydro-
thermal treatment in the presence of NH,OH. Both the
NiFe,0, NPs and NiFe,0,/GO nanocomposite manifested
their high capacity for removing Cr(IIl) ions from water. The
NiFe,0,/GO nanocomposite exhibited a Cr(III) ion capture
performance superior to that of the bare NiFe,O, nano-
particles.

2. EXPERIMENTAL SECTION

2.1. Materials and Methods. The reagents used for the synthesis
of nickel ferrite nanostructures were nickel chloride hexahydrate
(NiCl,-6H,0, Fermont, 99%), iron chloride hexahydrate (FeCl,-
6H,0, Sigma, 97%), ethylene glycol (HOCH,CH,OH, ]J.T. Baker,
99.75%), ammonium hydroxide (NH,OH, CTR, 29.5%), sodium
acetate anhydrous (CH;COONGa, J.T. Baker, 99.9%) polyvinylpyrro-
lidone (PVP, C¢qHyNO, number-average molecular weight (Mn): 360,
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Sigma-Aldrich), potassium permanganate (KMnO,, Sigma-Aldrich,
99%) sulfuric acid (H,SO,, Fermont, 99%), phosphoric acid (H;PO,,
Fermont, 85.4%), and hydrogen peroxide (H,0, Merck, 30%).
Chromium nitrate (Cr(NO,;);9H,0, Sigma, 99%) and sodium
hydroxide (NaOH, J.T. Baker, 98.15%) were utilized to prepare
Cr(III) ion solution and adjust its pH. Deionized water from the
Millipore water purification system (p > 18.2 MQ-cm), ethanol (CTR
Scientific, Mexico, 99.9%), and methanol (J. T. Baker, 99.9%) were
utilized for preparing the samples and washing the nanostructures.

Powder X-ray diffraction (XRD) patterns of the samples were
recorded in a Panalytical-Empyrean diffractometer, providing
monochromatic Cu Ka; emission (4 = 1.5406 A) as the excitation
radiation. Raman spectra of the samples were recorded in a LabRAM-
HR spectrometer (HORIBA-Jobin Yvon) equipped with a He—Ne
laser (A = 632.8 nm) and a thermoelectrically cooled charged couple
device (CCD) detector. FTIR spectra were recorded in a PerkinElmer
spectrometer (Spectrum GX FT-IR) using well-dried KBr to form
thin pellets of the samples (98:2 ratio of KBr and sample). A JEOL
JSM-7800F field-emission scanning electron microscope (SEM)
operating at 3.0 kV was utilized for analyzing the morphology and
dispersion of NiFe,O, NPs over GO. Transmission electron
microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) images of the samples were recorded in a
JEOL 2010F microscope. For SEM analysis, the powder samples were
ultrasonically dispersed in ethanol, and then a drop of the dispersion
was deposited onto a silicon substrate. For TEM and HRTEM
analysis, the samples were prepared by spreading a drop of ethanolic
dispersion of the nanostructures over carbon-coated Cu grids and
subsequent drying at room temperature. Magnetization curves and
zero field cooling (ZFC) and field cooling (FC) curves of the
nanostructures were recorded in a physical property measurement
system (PPMS, DynaCool-9). An X-ray photoelectron spectrometer
(XPS, Thermo Scientific) with an Al Ka (1486.6 €V) radiation source
was utilized to analyze the surface composition of the nanostructures.
The surface area of the nanoparticles and nanocomposites was
analyzed from their N, adsorption—desorption curves recorded at 77
K in a Belsorp-II (BEL, Japan Inc.) sorptometer. Before the
adsorption—desorption isotherms were recorded, the samples were
degasified at 90 °C for 16 h under a vacuum (~107° Torr). Zeta
potentials of the samples were measured in a Zeta potential analyzer
(Malvern Panalytical) at 25 °C in water at pH 6.5. Adsorption of
Cr(1II) ions dissolved in water over the NiFe,O, nanoparticles and
NiFe,0,/GO nanocomposite was monitored with a UV—vis-NIR
spectrophotometer (Shimadzu UV-3101PC) at room temperature.

2.2. Synthesis of Graphene Oxide. Graphene oxide was
synthesized by a modified Tour method.*® In brief, 40 mL of
H;PO, was added slowly to 360 mL of H,SO, in a 500 mL glass
beaker. Separately, 3 g of graphite flake was mixed with 18 g of
KMnO,. The mixture was then added slowly to the H;PO,/H,SO,
solution and heated to 50 °C for 17 h under magnetic stirring. The
obtained purple-brown mixture was then transferred to a beaker
containing ice cubes prepared by freezing 400 mL of DI water. After 8
h under magnetic stirring, 10 mL of H,0, was added to the mixture,
resulting in a yellow suspension. The suspended solid was washed
with 800 mL of a dilute HCl solution (HCl/H,O 1:9) and separated
by centrifugation (5000 rpm for 1 h). After that, the solid was washed
first with S00 mL of a DI water/ethanol (8:2) mixture and then with
DI water until the pH of the supernatant became ~3.5. In all the
washing steps, the suspension was centrifuged at 5000 rpm for 30
min. The product was then dried under a vacuum for 96 h. The
obtained solid (~4.3 g) was grounded in a mortar and stored for
further utilization.

2.3. Synthesis of NiFe,04 NPs. In a typical synthesis process of
NiFe,0, NPs, 12 mmol (3.2423 g) of FeCl;-6H,0, 6 mmol (1.4255
g) of NiCl,-6H,0, 18 mmol (1.4765 g) of CH;COONGa, and 1.333 g
of PVP were mixed with 84 mL of ethylene glycol under magnetic
stirring. The mixture was heated at 70 °C for 60 min under magnetic
stirring to dissolve all the reagents. After that, the solution was cooled
down to room temperature, and about 36 mL of NH,OH was slowly
added to adjust the pH to approximately 12. The mixture was

immediately transferred to four 30 mL Teflon vessels, which were
sealed with Teflon caps and placed inside stainless-steel autoclaves.
The autoclaves were heated at 190 °C for 36 h inside a gravity furnace
(Lindberg Blue). After cooling down to room temperature, the
obtained solid was separated by centrifugation at 7000 rpm for 30 min
and washed with ethanol, then with methanol, and finally with water
(three times with each solvent) sequentially to remove the PVP and
byproducts such as CH;COONa, NaCl, NH,C], and [Ni(NH;)4]Cl,
along with the unreacted precursors. Finally, the product was dried at
60 °C for 6 h. The dried product was ground in an Agata mortar
(obtaining about 2.0 g of powder) and stored for further use.

2.4. Synthesis of NiFe,0, NPs over Graphene Oxide. In a
typical procedure, 0.61S g of graphene oxide was added to 10 mL of
ethylene glycol and left for soaking for 24 h. The wet graphene oxide
was then ground in an Agata mortar to promote its exfoliation. The
obtained suspension was mixed with 74 mL of ethylene glycol. After
that, the procedure described in Section 2.3 was followed to
synthesize the NiFe,0,/GO nanocomposite. The amount of
graphene oxide used in the synthesis was selected to maintain a
nominal 30 wt % of graphene oxide in the nanocomposite. During
washing of the product obtained in the hydrothermal reaction, the
unsupported graphene oxide is removed, and hence, the real graphene
oxide content in the final sample probably is a bit lower than its
nominal content, i.e., 30 wt %. It is worth mentioning that the thermal
treatment in ethylene glycol partially reduces the graphene oxide, as
ethylene glycol at high temperatures (for example, 160 °C) reduces
the epoxy groups in graphene oxide.”

2.5. Calibration Curves for Quantifying the Cr(lll) lons
Present in Water. Considering Scheme 1, the oxidation of Cr(III)
to Cr(VI) to generate CrO,*” ions requires oxidizing conditions (e.g.,
adding species such as H,0,) and basic environments (pH > 7). On
the other hand, the formation of Cr(VI) ions in water can be
monitored by measuring the optical absorption of the CrO,>” ions,
which exhibit an absorption band centered around 373 nm in the
UV—vis spectrum. To optimize the experimental conditions for
oxidizing Cr(III) to Cr(VI), we prepared a solution of 10 ppm of
Cr(III) and took several aliquots of 10 mL. The pH of the aliquots
was adjusted to different pH values (>7), and 50 uL of H,0, was
added. The aliquots were left under magnetic stirring for 60 min, and
their UV—vis spectra were recorded. It was found that at pH 11.3, the
absorbance at 373 nm is the highest. Higher pH values or larger
volumes of H,0, did not increase the absorbance at 373 nm.

Before performing the Cr(III) ion adsorption tests of the fabricated
nanostructures, first an aqueous solution of Cr(III) ions of 1000 ppm
concentration was prepared by dissolving 192.4 mg of Cr(NO;);
9H,0 in 25 mL of DI water. The solution was light blue. Then
Cr(III) ion solutions of 0.5, 1.0, 2.5, S, 10, 15, and 20 ppm were
prepared by diluting the earlier solution to prepare a calibration curve.
Three milliliters of each of the latter solutions was taken in 10 mL
glass vials, and approximately 0.5 mL of 0.02 M NaOH solution was
added into them under vigorous magnetic stirring to adjust their pH
to 11.3. After 10 min of magnetic agitation, 50 uL of H,0O, solution
(30%) was added into each of the vials, and the magnetic stirring was
continued for a further 60 min. Finally, the UV—visible absorption
spectra of the solutions were recorded in a Shimadzu 3101PC double-
beam spectrophotometer.

2.6. Removal of Cr(lll) lons Dissolved in Water. To perform
the Cr(III) adsorption tests, 100 mL of a 10 ppm solution of Cr(III)
ions was taken into a glass beaker. Then, S0 mg of the metal ferrite
NPs or nanocomposite was added to the solution and left under
mechanical stirring. Aliquots of about 10 mL were taken out of the
mixture solution with a plastic syringe at 0, 10, 20, 30, 60, 90, and 120
min intervals, and the adsorbents were separated by an NdFeB
magnet. All of the aliquots were then centrifuged at 7500 rpm for 4
min to precipitate the smaller nanoparticles. After that, each of the
obtained solutions was filtered by a nitrocellulose membrane (0.22
um pore size). The pH of the aliquots was adjusted to 11.3 by adding
approximately 1.5 mL of a 0.02 M NaOH solution, and then 50 yL of
the H,0, solution was added to oxidize the Cr(III) species to CrO,*~
ions. Finally, the solutions were magnetically stirred for 60 min, and
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Scheme 2. (Top) Proposed Chemical Reactions Involved in the Formation of NiFe,O, NPs in the Presence of Ammonia
Hydroxide. (Bottom) Logarithm of the Stability Constants (K's) Reported for Ni’* and Fe** Cations Bonded to NH; or OH™~

Ligands at 25 °C*®

NH,OH === NH; + H,0 (R7)
NiCl, + 6H,0 [Ni(H,0)¢]*"(aq) + 2Cl'(aq)  (R8)
[Ni(H,0)]*(aq) + 6NHy; ==== [Ni(NH;)¢]**(aq) + 6H,0 (R9)

FeCl; + 40H (aq) + 2H,0 === [Fe(H,0),(OH),]"(aq) + 3Cl'(aq) (R10)
[Ni(NHy) ] (aq) + 2[Fe(H,0),(OH)] (ag) === NiFe,0, + 6NH;(aq) + 8H,0  (R11)
Cl(aq) + NH,OH === NH,CI(s) + OH" (aq) (R12)

Specie | [Ni(NH3)el?*
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Figure 1. (a) Schematic of the synthesis process adopted for obtaining NIFe,0,/GO nanocomposite and its crystal structure. (b) XRD patterns of
bare and GO-supported nickel ferrite nanoparticles. (c, d) Typical SEM images of (c) bare and (d) GO-supported nickel ferrite nanoparticles.

their UV—vis absorption spectra were recorded at room temperature
to monitor the concentration of residual Cr(III) ions in the solution.

2.7. Reusability Test of the Nanocomposite Adsorbent. The
reusability tests of the NiFe,O,/GO nanocomposite for adsorbing
Cr(III) ions were performed by recovering the adsorbent from its
previous adsorption tests. The tests were performed for both the
unactivated and activated adsorbents. In the earlier case, the
adsorbent collected by magnetic separation after its first adsorption
test was washed with fresh deionized water, dried at 50 °C, and
reutilized for the subsequent test. For the latter case, the NiFe,0,/
GO nanocomposite collected after the first adsorption test was
washed with DI water and then activated by mixing with 25 mL of 1
M NaOH aqueous solution for 30 min. After that, the adsorbent was
washed with DI water two times and dried at 50 °C. Reusability tests

were performed for four cycles for each of the cases.

3. RESULTS AND DISCUSSION

3.1. Material Synthesis. NiFe,O, nanoparticles were
initially synthesized without adding NH,OH and adding 8
mL of NH,OH to the reaction mixture. However, the reaction
yields were considerably low, and several unidentified by-
products were formed along with the metal ferrite. Hence, for
the synthesis of the nanoparticles and nanocomposites in the
pure phase, the volume of NH,OH solution was increased to
36 mL to increase the OH™ ion concentration in the reaction
mixture. Although Ni(OH), solid could be formed during the
synthesis of NiFe,0, at the used reaction conditions, it gets
dissolved in NH; of the reaction mixture to generate
[Ni(NH,)¢]**, as has been reported by Housecroft and
Sharpe.'” Consequently, the dominant nickel species in the
mixture under the reaction conditions is [Ni(NH;)]**. The
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Figure 2. Typical TEM images of nickel ferrite nanoparticles and their nanocomposites with GO, along with their size distribution histograms: (a,

b) NiFe,0, and (¢, d) NiFe,0,/GO.

reactions leading to the formation of [Ni(NH;)s]** are
presented in reactions R7—R9 (Scheme 2). The reaction
leading to the formation of the [Fe(H,0),(OH),]” complex is
presented in reaction R10. Under the used high concentration
of NH,OH (and also high temperature) in the reaction
mixture, [Fe(H,0),(OH),] is formed following the reaction
presented in reaction R10. This iron hydroxide reacts with the
[Ni(NH;)s]*" complex at high temperatures (reaction R11) to
form nickel ferrite. Solid NH,Cl is also formed as a byproduct
(reaction R12). The stability constants (K's) for some of the
above-mentioned reaction products at 25 °C have been
reported and are presented at the bottom of Scheme 2.*° The
larger the logK value is, the more stable is the species.

3.2. XRD Analysis. Powder XRD diffraction patterns of the
NiFe, O, NPs and NiFe,0,/GO nanocomposite are presented
in Figure 1b. It can be observed that the position and intensity
of the XRD peaks for the NiFe,O, NPs coincide with the
standard peak positions of NiFe,0, (PDF # 054-0964) in the
spinel structure. The estimated cell parameter for the NPs is a
=b = c = 8.31 A. The average crystallite size of the NiFe,0,
NPs obtained from Rietveld refinement of the XRD pattern
was 13.01 + 1.5 nm. On the other hand, although the same
diffraction peaks appeared for the NiFe,0,/GO nano-
composite, the full width at halfmaximum (fwhm) of the
diffraction peaks of the NiFe,O, NPs grown over GO is
considerably broader than that of the bare NiFe,O, NPs, and
the average crystallite size estimated using Rietveld refinement
of its XRD pattern is about 5.27 + 0.7 nm. The estimated cell
parameter of the NiFe,O, nanocrystals grown over GO was a
=b =c =832 A The XRD results confirm that no secondary

phases were present in the NiFe,O, or NiFe,0,/GO samples.
The XRD results also confirm that the presence of GO affects
the nucleation and growth behaviors of the NiFe,O, NPs, as
the size of the NPs grown over GO is considerably smaller
than that of the bare grown NPs. The presence of
[Ni(NH;)4]Cl, and NH,CI salts was also detected in the
XRD pattern of the samples before washing them with
methanol or water (Figure S1, Supporting Information), as it is
only sparingly soluble in acetone and only slightly soluble in
ethanol (4 g/100 g of solvent). In the case of the synthesis of
NiFe,0,/GO, the species [Ni(NH;)¢]Cl,, NH,CI, and
(NH,),[NiCl,(H,0)(NH,)] were detected in the XRD
pattern before washing the sample with water and methanol
(Figure S2, Supporting Information). The structure of the
(NH,),[NiCl,(H,0)(NH,)] phase was previously reported by
Breternitz.

The relative intensity of the XRD peaks of NiFe,0, NPs
indicates that preferential growth did not occur in the
nanostructures, and the NPs synthesized using ethylene glycol
(EG), PVP, and sodium acetate are of spherical shape.
Previous studies carried out for the synthesis of other metal
ferrites using EG, PVP, and sodium acetate in the reaction
mixture also generated NPs with a spherical shape.”” On the
other hand, experimental results confirm that the pH of the
solution is a critical parameter for obtaining NiFe,O, NPs in
the pure phase with high yields.

3.3. Scanning Electron Microscopy (SEM) and Energy
Dispersive Spectroscopy (EDS) Analysis. The composition
and morphology of the nickel ferrite nanoparticles and
nanocomposite were analyzed in FE-SEM. From the EDS
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Figure 3. High-resolution transmission electron microscopy (HRTEM) images of (a) bare and (d) GO-supported nickel ferrite nanoparticles. The
selected area electron diffraction (SAED) pattern of the bare NiFe,O, NPs shown in panel b is presented in panel c. The SAED pattern of the GO-

supported NiFe,O, NPs shown in panel e is presented in panel f.

spectra presented in Figure S3 (Supporting Information), it
can be seen that sodium or chloride ions are not present in the
samples. It can also be noted that some emission peaks of the
NiFe,0, nanostructures attributed to the Fe element overlap
with Ni emissions. The C/O atomic ratio in the sample
containing GO is considerably higher than that in the pure
NiFe,0, samples, which confirms the presence of the GO in
the nanocomposite. The elemental compositions of the
samples estimated from their EDS analysis are presented in
Table S1 (Supporting Information). The carbon detected in
the bare NPs can be attributed to the adventitious carbon
adsorbed at their surface and the carbon bonded at the surface
of the nanoparticles during their synthesis.”® The ideal Fe/Ni
atomic ratio in NiFe,O, should be 2.0. However, the value
obtained from EDS analysis (Table S1, Supporting Informa-
tion) of the nanocomposite is higher because a part of the X-
rays emitted from Ni atoms is absorbed by the iron atoms
present in the sample. The EDS estimated stoichiometry of the
pure NiFe,O, NPs and NiFe,0,/GO nanocomposite (without
considering the contribution of C) indicates that the atomic
percentage of the oxygen in pure NiFe,O, NPs is higher than
its expected value for an ideal NiFe,O, phase. This discrepancy
is attributed to the presence of oxygen atoms forming
Ni(OH), groups at the surface of the NPs instead of Ni—
O—Fe moieties. As the OH™ species can form only one
chemical bond with Nij, a large number of OH™ groups remain
present at the surface of NiFe,O, NPs to satisfy the valence of
the Fe** and Ni** cations at the surface of the NPs. On the
other hand, it can be seen from Table S1 (Supporting
Information) that the atomic percentage of carbon is about
44.6 for the NiFe,0,/GO nanocomposite. That carbon is
attributed mainly to the GO, which was partially reduced by
the hot ethylene glycol during thermal treatment. Residual
carbon due to the presence adventitious carbon also
contributes to the estimated atomic percentage of carbon.

Typical SEM images of the bare NiFe,O, NPs and
NiFe,0,/GO nanocomposite samples are presented in Figures
lc,d, respectively. In Figure S4 (Supporting Information),
magnified images of the same are presented for better
visualization of the difference between the morphologies of
the two samples. Formation of nanometric particles of
spherical shape in both the samples is clear in the images. As
can be noticed, the size of the nanoparticles formed in both the
samples is smaller than 20 nm, which is in well accordance with
the crystallite size estimated from their XRD analysis. SEM
images of the NiFe,O, NPs grown over graphene oxide
(Figure 1d) revealed the formation of even smaller spherical
NPs. The smaller size of the NPs grown over GO is probably
due to the presence of functional groups such as ketone,
aldehyde, epoxide, carboxylate, and phenol on graphene oxide,
which work as nucleation centers for the NPs and also hold
them apart, avoiding their growth through Ostwald ripening.
Moreover, the NH, groups formed over the graphene oxide
contribute both as nucleation centers and as deaggregating
agents, keeping the NPs apart.

3.4. Transmission Electron Microscopy (TEM) Anal-
ysis. The morphology and structure of the metal ferrite NPs
and nanocomposite were analyzed further by TEM and
HRTEM analysis. Typical TEM images of the bare and GO
supported NiFe,O, nanoparticles are presented in Figure 2a,c,
respectively. As can be noticed, the unsupported particles
(Figure 2a) have a spherical shape, with an average size of
about 13.8 + 2.9 nm (Figure 2b). On the other hand, when
they were grown over GO sheets (Figure 2c), although they
maintain the spherical shape, their average size decreased to
6.3 + 3.2 nm (Figure 2d). From the TEM analysis, it is clear
that the nickel ferrite nanostructures grown over GO are better
dispersed and smaller in size in comparison to the case when
they were grown without any support (bare-grown). It is worth
mentioning that the NiFe,O, NPs formed over GO are well
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Table 1. Selected Works Highlighting the Effect of Using an SDA on the Average Size of CoFe,0, and NiFe,0, NPs Prepared

by Solvothermal and Precipitation Methods

phase method surface directing agent (SDA) solvent shape of the NPs average size (nm)  ref.
CoFe,0, sonochemical PVP water spherical 10.9 + 0.9 44
CoFe,0, microwave- assisted solvothermal acetylacetonate ethanol 9.8 £ 09 45
CoFe,0, thermal decomposition acetylacetonate Triton-X100 benzyl ether spherical SS+12 46
CoFe,0, thermal decomposition acetylacetonate, oleic acid, oleylamine benzyl ether cubic 9.0 47
CoFe,0, thermal decomposition acetylacetonate, oleic acid, oleylamine benzyl ether cubic 28 48
NiFe,0, thermal decomposition acetylacetonate 1-phenylethanol spherical 114 + 0.2 49
NiFe,0, hydrothermal NH,OH benzyl alcohol quasi-spherical 11.3 36
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Figure 4. Raman spectra of (a) NiFe,O, nanoparticles and (b) NiFe,0, nanoparticles grown over graphene oxide recorded using a 633 nm laser

beam. (c) FTIR spectra of GO, NiFe,0,, and NiFe,0,/GO samples.

dispersed (neither fused nor agglomerated) possibly because of
the lower temperature used (190 °C) for the hydrothermal
treatment and strong metal support interaction between the
metal ferrite clusters formed at the initial stage and the GO
support. However, as can be noticed in the TEM image of
Figure 2, although the bare-grown NiFe,O, NPs are
agglomerated to some extent, they are not fused among
themselves.

High-resolution TEM (HRTEM) images of the nanostruc-
tures presented in Figure 3 reveal the small size and good
crystallinity of the nickel ferrite nanoparticles. The HRTEM
images of the NiFe,0, nanoparticles (Figure 3a) revealed the

presence of small particles and well-resolved atomic planes,
with an interplanar distance of 2.08 A, attributed to the (400)
plane of NiFe,0, in the spinel structure. On the other hand,
the NiFe,0, NPs grown over GO (Figure 3d) also revealed
their high crystallinity with well-resolved atomic planes. The
average interplanar distance revealed for the (220) plane was
about 2.88 A, confirming the formation of nickel ferrite NPs. A
selected area electron diffraction (SAED) pattern of NiFe,O,
NPs taken over the whole area of Figure 3b is shown in Figure
3c. The radii of the rings correspond to the (111), (220),
(311), (400), (511), and (440) planes, which confirm the
purity of the nickel ferrite NPs. The SAED pattern of the
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NiFe,0,/GO sample taken over the area covered in Figure 3e
is presented in Figure 3f. The radii of the rings are associated
with the (311), (400), and (440) planes, confirming the
formation of the NiFe,O, in the nanocomposite.

Several methods have been reported for synthesizing
NiFe,0, NPs without using any surface directing agent
(SDA) such as polymers (e.g, PVP), surfactants (e.g,
cetyltrimethylammonium bromide (CTAB)), or ligands (e.g.,
acetylacetonate (acac)). However, the NPs produced under
these synthesis conditions have average sizes lar§er than 20
nm, and frequently, they are highly agglomerated.”* Large-size
or agglomerated NPs are not convenient for applications such
as removal of toxic ions from water, etc., where nanomaterials
with a high surface area are required. In contrast, when PVDP,
acac, CTAB, or other species are used as SDA, small-size
NiFe,0, NPs with controlled shape can be obtained,” as
evidenced in the TEM images shown in Figure 3 and in the
examples compiled in Table 1. On the other hand, NH,OH
also plays an important role for controlling the size of these
NPs, as evidenced in previous works by Iraqui et al.*® and Cai
et al.”” These authors prepared NiFe,O, NPs with average
sizes of 11.3 and 8 nm, respectively, through a solvothermal
method assisted by NH,OH in the absence of an SDA. The
NiFe,0, NPs grown over GO by Cai et al.”” had average size
similar to that we obtained for our NiFe,O, and NiFe,0,/GO
samples. The mechanism of size control in the NH,OH-
assisted synthesis process is probably through the formation of
intermediate species (several), as explained in Section 3.1. The
average size of the NiFe,O, NPs grown over GO in the present
work is smaller than the average size of NiFe,O, NPs grown
over GO in the majority of the previously reported works. For
example, Sawai et al.”® and Liang et al.”’ obtained NiFe,O,
NPs over rGO with mean sizes of 23 and 11 nm, respectively,
using a hydrothermal method. Ren et al.*’ synthesized
CoFe,0, NPs with a 35 nm average size by a hydrothermal
method in the presence of PVP and urea followed by Ar
annealing at 550 °C. Yin et al."" obtained CoFe,O, NPs of 11
nm mean size grown over rGO by a solvothermal process in
the presence of N,H,. Only a few works reported the synthesis
of NiFe,0,/GO or NiFe,0,/rGO nanocomposites with an
average size smaller than 10 nm.*”*’ Some additional works
dealing with the synthesis of metal ferrites are listed in Table 1.

3.5. Raman and FTIR Spectroscopy Analysis. First-
principle calculations of spinel structures such as NiFe,O,
indicate that they have five active modes in the Raman
spectrum.SO Room temperature Raman spectrum of the
NiFe,0, nanoparticles prepared in this work are presented
in Figure 4a. The NiFe,O, NPs exhibited five Raman bands
located around 203, 320, 474, 541, and 684 cm™. In addition,
a low-intensity and broad dispersion band appeared around
1239 cm™', which corresponds to an overtone of the band
located at 684 cm™'. Whereas the Raman bands appearing
around 203, 474, and 541 cm™! have T,g symmetry, the Raman
band appearing at 320 cm™' has T,, symmetry. The totally
symmetric mode (Alg) is located around 684 cm™.

The Raman spectra of the NiFe,O, nanoparticles grown
over graphene oxide along with the Raman spectra of bare GO
are presented in Figure 4b. To highlight the differences among
the Raman spectra of NiFe,O, and its nanocomposite with
GO, the amplified Raman spectra of the two samples are
presented in Figure SS (Supporting Information). Whereas the
Raman shift of the T,,(2) band appeared at 474 cm™" for the
bare NiFe,O, NPs, it is located around 479 cm™ for the

nanocomposite (Figure 4b). Similarly, the band associated
with the A; mode in NiFe,O, shifted from 684 to 700 cm™'in
the nanocomposite. Chandramohan et al. reported that the
position of the A, mode in CoFe,O, nanoparticles shifts
progressively from 677 to 695 cm™' with the progressive
reduction of exciting laser power.51 Therefore, the shift of this
Raman band toward a higher wavenumber for NiFe,O, in the
presence of GO is probably due to the rapid dissipation of the
heat generated by laser illumination over the NPs toward GO
support. This fast heat dissipation avoids the increase in
temperature of the sample, shifting the Raman band toward a
higher wavenumber. The other possibility for the blue-shift of
the A, peak is due to the smaller size of the NPs grown over
GO, as has been discussed in Section 3.2.

Graphene oxide in the nanocomposite is recognized by the
presence of the D (defective) and G (graphitic) bands in its
Raman spectrum. The position of the D band depends on the
wavelength of the used laser source.” In the present work, the
D and G bands in the used GO appeared around 1334 and
1594 cm™" (Figure 4b), respectively, which are in accordance
with their positions in GO reported previously for the
excitation with 633 nm laser beam.”> Once the graphene
oxide was partially reduced through the hydrothermal
treatment to generate reduced GO, the G band was displaced
from 1594 to ca. 1600 cm™' (Figure SSb, Supporting
Information), as has been reported earlier.”* Ferrari et al.>*
and Dresselhaus et al.>> reported the appearance of a new
Raman dispersion band around 1620 cm™ (called D band) in
disordered graphitic materials (e.g., graphene oxide), arising as
a result of double resonance. The double resonance is an
electronic transition occurring as an intravalley scattering at
point K (or K) in the phonon dispersion branch in defective
graphene.”® This D band was detected in our NiFe,0,/GO
nanocomposite as a right shoulder to the G band (Figure SSb,
Supporting Information). On the other hand, the intensity
ratio of the D and G band (Ip/Ig) is a useful parameter to
know the degree of oxidation/reduction of the graphene oxide.
The Ip/Ig ratios for the graphene oxide and NiFe,0,/GO
were estimated to be about 1.31 and 1.22, respectively, which
indicate a partial reduction of GO in the NiFe,0,/GO
nanocomposite.

FTIR spectra of the GO, NiFe,O,, and NiFe,0,/GO
samples are presented In Figure 4c, and corresponding
vibrational bands are assigned as presented in Table 2. The
bands associated with GO that appeared in its FTIR gpectrum
are very similar to those reported by Jiao et al>® In the
spectrum for the NiFe,O, nanoparticles, the band that
appeared around 626 cm™' corresponds to the stretching
vibration of Fe—O bonds. The bands appearing between 3400
and 1630 cm ™! are associated with the stretching and bending
of the O—H groups present in the adsorbed water. Bands
located around 1710 and 1362 cm™ are attributed to the C=
O and C—O stretching, respectively, which probably appeared
because of the presence of acetate (CH;COO™) ions bonded
to the surface of NiFe,O, nanoparticles. These ions came from
sodium acetate used as reagent. On the other hand, in the
FTIR spectrum of the NiFe,0,/GO sample, along with the
appearance of the characteristic Fe—O bond at 626 cm ™, there
appeared several absorptions bands corresponding to GO.
Interestingly, the band detected at 1713 cm™" in the GO was
not observed in the NiFe,0,/GO nanocomposite, indicating
that the carbonyl group (C=0) in GO was reduced during
the synthesis of the nanocomposite. The bands located at 1580
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Table 2. Band Positions (cm™') and Their Corresponding
Assigned Vibrations for the GO, NiFe,0,, and NiFe,0,/GO
Samples®’

NiFe,0,/
GO NiFe,0, GO band assignment
3429 3400 v(O—H) from alcohol groups or water
2932, 2918 2908 »(CH,)
2862
1713, 1710 v(C=0) from a carboxylate group
1686
1652 1(C=C) from the aromatic rings in GO
1630 1630 5(0—H) from water or v(C=C) from the
aromatic rings in GO
1580 v(C=N) from the N-doped aromatic rings
in GO
1420
1362 1362 1368 v(C—0) from carboxylate or alcohol
groups
1285, v(C—N) from the N-doped aromatic rings
1272 in GO
1224 1224 1219 v(C—0) from a carboxylate group or aryl
alcohol
1041 1048 1030 v(C—C) from a carboxylate group or GO
1023 v(C—C) from GO
858 848 6(C—H) from the aromatic rings in GO
626 626 Fe—O from nickel ferrite

and 1285 cm™' are attributed to the C=N and C-N
stretching vibrations,”” which suggest the presence of N-doped
aromatic rings at the surface of GO in the nanocomposite.

3.6. X-ray Photoelectron Spectroscopy (XPS) Anal-
ysis. The survey spectra of NiFe,O, and NiFe,0,/GO
samples revealed the presence of Ni, Fe, O, and C elements,
as expected. In addition, the peak attributed to the N 1s orbital
(BE 399.5 eV) was detected in the NiFe,0,/GO nano-
composite, which is associated with the functionalization of
graphene oxide with amine or amide groups (Figure 5a).**
Ederer et al.”® reported that the N 1s emission from amine (C-
NH,) and amide (HN-C(=0)) groups appear at 399.5 + 0.3
and 399.9 + 0.1 eV, respectively. The high-resolution spectrum
of the N 1Is emission for the NiFe,0,/GO nanocomposite is
presented in Figure 6S (Supporting Information). The
deconvolution of the XPS peak generated two components
centered at 398.5 and 399.5 eV. Whereas the component
centered at 398.5 eV is attributed to pyridinic nitrogen, the
component centered at 399.5 eV is attributed to aminic (C-
NH,), amide, or pyrrolic nitrogen.*”*” The absence of a peak
around 199 eV in the survey spectrum is associated with the CI
2p orbital discarded in the presence of NH,Cl impurity in the
sample. Therefore, the appearance of N 1s emission peak at
399.5 eV in the survey spectrum indicates that the graphene
oxide in the NiFe,0,/GO nanocomposite has been function-
alized with amine or amide groups during the hydrothermal
treatment.”® The high relative intensity of the nitrogen peak in
the survey spectrum suggests that in the NiFe,0,/GO
nanocomposite, the reduced graphene oxide is doped with
nitrogen atoms or functionalized with amine (—NH,) or amide
(—CONH,) groups. The functionalization of graphene oxide
during hydrothermal treatment was achieved by NH; present
at moderate pressure, which could react with the electron-
deficient carbon atoms in the carbonyl (C=0), aldehyde (H—
C=0), or alcohol (C—OH) groups present in the graphene
oxide.

On the other hand, a small shift of the Ni 2p;/, and Ni 2p, ,
peaks toward higher BE could be observed for the nano-
composite sample compared with their positions in the pure
NiFe,0, sample (Figure 5b). Such a difference in BE positions
of the Ni 2p;/, and Ni 2p,;, peaks is probably due to the
presence of a considerable amount of OH groups at the surface
of small (~6 nm) NiFe,0, NPs formed over GO. In fact, the
BEs of the Ni 2p;,, and Ni 2p,,, peaks for transition metals
have been seen to be slightly higher for metal hydroxides than
for the corresponding metal oxides.’® On the other hand, the
BE positions of the Fe 2p;, and Fe 2p;,, peaks for the
composite correspond well to Fe** ions, as expected in metal
ferrites (Figure Sc). The emission bands corresponding to the
C Is orbital for the NiFe,O, and NiFe,0,/GO samples are
similar in shape and position, indicating that C=0 (ketone),
H—C=0 (aldehyde), and O—C=0 carboxylate groups in the
samples remain in low concentrations (Figure 5d), as expected
in reduced GO.'"® However, the XPS results confirm that
graphene oxide was partially reduced. The deconvoluted C 1s
bands for the two samples are presented in Figure Sef.
Deconvolution of the C Is peak in NiFe,O, generated four
component peaks associated with the presence of —C—C— (or
—-C=C-), C—0OH, C=0, and O=C=O0 bonds of
adventitious carbon (Figure Se). The BE, relative area, and
fwhm values of the —C—C— (or —C=C-), C—OH, C=0,
and O=C==0 bonds estimated for the NiFe,O, sample are
presented in Table S2 (Supporting Information). On the other
hand, a deconvolution of the C 1s peak that appeared for the
NiFe,0,/GO nanocomposite generates six component bands.
The functional group associated with each peak is shown in
Figure 5f. The fwhm values of the dispersion bands are
presented in Table S2 (Supporting Information). Notably, the
component peak centered at 285.63 eV indicates the presence
of C—=O—C and C—N bonds of the ether and amine functional
groups. The presence of ether functional group in the reduced
GO makes sense, as it is well-known that this group is very
difficult to be reduced at low temperatures and atmospheric
pressures in the absence of a proper catalyst."

Finally, a comparison of the O 1s peaks revealed for the
NiFe,0, and NiFe,0,/GO samples clearly evidence the
presence of OH groups at the surface of NiFe,0, NPs (Figure
Sg). It should be mentioned that the O 1s emission from OH
groups present in GO of the nanocomposite also appears
around 530.6 eV. Deconvolution of the O 1S peak for both
samples and corresponding relative areas of the component
bands are presented in Figures Sh,i and Table S2 (Supporting
Information), respectively. The obtained XPS results con-
firmed that the presence of M—OH groups is higher in the
NiFe,0,/GO nanocomposite than in the bare NiFe,O, NPs.

3.7. Magnetic Characterization. The magnetic moment
versus applied magnetic field (M—H) curves for NiFe,O, and
NiFe,0,/GO samples recorded at different temperatures are
presented in Figure 6a,b. Corresponding values of saturation
magnetization (M) and coercive field for the samples are
presented in Figure 6¢c. The NiFe,O, NPs exhibited M, values
of 622 and 52.4 emu/g at 10 and 300 K, respectively,
indicating about 15.7% reduction of M value due to the
increase of temperature from 10 to 300 K. Likewise, the
NiFe,0,/GO composite exhibited M; values of 47.8 and 31.7
emu/g at 10 and 300 K, respectively, which correspond to a
decrease of about 33.6% in the M values due to the increase of
temperature. The considerable difference in the two percen-
tages (15.7 and 33.6%) is probably due to the smaller size of
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Figure S. XPS spectra of the NiFe,0, and NiFe,0,/GO samples. XPS survey spectra of NiFe,0, NPs, and NiFe,0,/GO nanocomposite (a) and
normalized high-resolution spectra of selected XPS peaks for both samples (b—d, g). (e, £, h, i) Deconvoluted C 1s and O 1s emission bands of the
NiFe,0, and NiFe,0,/GO samples. The areas of the component (fitted) bands are presented in Table S2 of SI

the NiFe,0, NPs grown over GO (6.2 #+ 1.0 nm) than that of
the bare-grown NiFe,O, NPs (13.8 + 2.9 nm). In the smaller
NiFe,0, NPs, the spin alignment is easier to be destroyed by
thermal energy during heating, which progressively decreases
the M, value. Both the bare-grown and GO-supported NiFe,O,
NPs exhibited a superparamagnetic behavior.

On the other hand, at 10 K, the M, of the NiFe,0,/GO
nanocomposite is 23.1% lower than that of the bare NiFe,O,
sample. This difference is mainly due to the presence of GO
(30% nominal) in the nanocomposite, which does not
contribute significantly to the M, value. In fact, the
contribution of GO to the M value of the sample at 10 K is
smaller than 0.8 emu/g (Figure S7 and Supporting
Information).

The irreversibility temperature (T,), i.e., the point at which
the zero-field-cooling (ZFC) and field-cooling (FC) magnet-
ization curves split, for the NiFe,O, sample is above 300 K
(Figure 6d). However, the T, for the NiFe,0,/GO nano-

composite is around 60 K. Such a lower Tj, value for the

NiFe,0,/GO nanocomposite is probably due to the combined
effect of the low coercive field (162 Oe at 10 K) and the small
size of the NiFe,O, NPs dispersed over GO.

3.8. N, Adsorption—Desorption Analysis. The adsorp-
tion—desorption isotherms of the metal ferrite nanoparticles
and nanocomposites measured at 77 K are presented in Figure
S8 (Supporting Information). The N, physisorption curves
exhibited type IV isotherms, which are associated with capillary
condensation of N, at mesopores.”” The bare NiFe,0, NPs
exhibited type III hysteresis loops, corresponding to materials
with slit-shaped pores. Graphene oxide and the NiFe,0,/GO
nanocomposite exhibited type IV hysteresxs loops, which are
associated with narrow slit-shaped pores.”> These narrow slit-
shaped pores are present between the layers of pristine
graphene oxide, between the layers of graphene oxide (GO) in
the nanocomposite, and between the NPs grown over GO. A
steep region in the desorption branch leading to the lower
closure point of the hysteresis loop for NiFe,0,/GO
nanocomposite can be observed around p/p, ~ 0.42 (Figure
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ACS Appl. Nano Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c03618/suppl_file/an3c03618_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c03618/suppl_file/an3c03618_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c03618/suppl_file/an3c03618_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c03618/suppl_file/an3c03618_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c03618/suppl_file/an3c03618_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c03618/suppl_file/an3c03618_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c03618/suppl_file/an3c03618_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c03618?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c03618?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c03618?fig=fig5&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c03618/suppl_file/an3c03618_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c03618/suppl_file/an3c03618_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c03618?fig=fig5&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.3c03618?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

www.acsanm.org

ACS Applied Nano Materials

*7 (a) NiFe,0, 71 (b) NiFe,0, /GO
5 ¥1—10K 5 %1 — 10K
& {——300K S —— 300K
£ 20 4 = 20
g o) g o)
s °1 E o-
S 1 £ ]
[$) -20 4 o -20 -
2 ] |-
O)-40- C')_40-
© @© |
= -60 = -60
-80: -80-.
2 0 2 4 4 2 0 2 4
Magnetic Field (T) Magnetic Field (T)
16+ FC_NiFe,O,
S {(d)
>
g 144
. S ZFC_NiFe,0,
NiFe,0,/GO E’ 12
@]
M, H, M, H. E 104
g
5 8 , FC_NiFe,0,-GO
62.2 200 47.8 162 < ZFC_NiFe,0,-GO J
6
56.9 19 36.1 35 |
52.4 19 31.7 35 a

T T T T v T v T v L A ] L T
0 50 100 150 200 250 300 350
Temperature (K)

Figure 6. Magnetization vs applied magnetic field (M—H) curves for the (a) NiFe,O, NPs and (b) NiFe,0,/GO nanocomposite. (c) Saturation

magnetization (M, emu/g) and coercive fields (H, Oe) values for the NiFe,0, nanoparticles and NiFe,0,/GO nanocomposite at different
temperatures. (d) Zero-field-cooling (ZFC) and field-cooling (FC) magnetization curves for the NiFe,O, nanoparticles and NiFe,0,/GO

nanocomposite.

S8b, Supporting Information), as frequently happens when N,
is used for the measurements.”> However, this steep region in
the desorption branch for pure NiFe,O, sample occurred at
approximately p/p, ~ 0.63 (Figure S8a, Supporting Informa-
tion). The difference in the p/p, value at which the steep
region appeared might be due to the narrower pore size
distribution in the nanocomposite than in the samples of pure
metal ferrite (Figure S8d, Supporting Information).

The BET estimated surface areas for NiFe,O, (84.08 m?
g™"), NiFe,0,/GO (90.05 m* g!), and graphene oxide (3.27
m® g~') revealed a bit larger specific surface area of the
nanocomposite sample than the bare NiFe,O, NPs sample
(Figure S8a—c, Supporting Information). The difference in
surface area is probably due to the smaller size and better
dispersion of nickel ferrite NPs grown over GO. The lower
magnetic moment of the composite might have also
contributed to the cause. As can be seen in Figure 6c, the
magnetic moment of the bare nickel ferrite nanoparticles is
39% lower than that of the ones grown over GO.

3.9. Cr(lll) lon Adsorption by Nickel Ferrite NPs and
Nickel Ferrite/GO Nanocomposite. Figures 7a—c shows
the UV—vis absorption spectra of aqueous Cr(IlI) ion

solutions (after oxidizing to CrO,*~ by H,0,) collected at
different time intervals of adding the adsorbents. The
absorption spectra corresponding to the NiFe,O, and
NiFe,0,/GO samples revealed a band corresponding to the
CrO,*” ions at 373 nm (Figures 7a,)b). The band appearing
below 300 nm corresponds to the H,O, species. As can be
observed, for the aqueous Cr(III) ion solutions exposed to
NiFe,0, and NiFe,0,/GO adsorbents, the intensity of the
absorption band corresponding to CrO,>” ion progressively
decreased with exposure time (Figures 7a,b). The lower the
intensity of the band associated with the CrO,*” ions located
at 373 nm is, the better is the performance of the adsorbent for
the removal of Cr(IIl) ions from water.

For comparison, the as-prepared graphene oxide was also
used as an adsorbent of Cr(III) ions. It can be seen that the
absorbance of CrO,>” ions diminished considerably in the first
10 min of exposure of the solution to the graphene oxide
(Figure 7c). However, the absorbance remained almost
unchanged for a longer exposure time. This behavior suggests
that an ion exchange occurred between the H* ions adsorbed
in the graphene oxide and the Cr(III) ions present in the
aqueous solution. As has been mentioned in the Experimental
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Figure 7. (a—c) UV—vis absorption spectra of aqueous Cr(III) ion solutions (after oxidizing to CrO,>~ by H,0,) collected at different time
intervals of adding the adsorbents (a) NiFe,O,, (b) NiFe,0,/GO, and (c) GO. The initial concentration of Cr(III) ions in the solution was 10
ppm. Fifty milligrams of the adsorbent was added in 100 mL of Cr(III) ion solution. (d) Variation of C/C, with the adsorbent exposure time. C
stands for the concentration of Cr(III) ions in the solution at a given time, and C, is its initial concentration (10 ppm). Fifty milligrams of each

adsorbent (NiFe,0,, NiFe,0,/ GO, GO) was used.

Section, during preparation, the graphene oxide was washed
through centrifugation until the pH of the supernatant reaches
~3.5. Such a low pH favors the adherence of H' ions at the
surface of graphene oxide.

To determine the concentration of Cr(Ill) in water, a
calibration curve was prepared by utilizing Cr(III) solutions of
different concentrations (from 0.5 to 20 ppm) (Figure S9,
Supporting Information). The variations of the ratio of Cr(III)
ion concentration in solution (C) with respect to its initial
concentration (C,) with the time of exposure of the adsorbents
(NiFe,O, NPs and NiFe,0,/GO nanocomposites) are
presented in Figure 7d. After 120 min of exposure, the lowest
C/C, ratio was obtained for the NiFe,0,/GO nanocomposite,
indicating that this nanocomposite exhibits the best perform-
ance among the studied nanostructures for the removal of
Cr(III) ions from water.

The capacity of nanomaterials to adsorb metal ions from
aqueous solutions depends on the charge present on their
surface.”> One parameter used to represent this charge is the
zeta potential, which indicates the sign and magnitude of the
surface charge of nanomaterials suspended in a liquid. In this
study, the zeta potential values obtained for the NiFe,O,
nanoparticles and NiFe,0,/GO nanocomposite suspended in

deionized water at pH 6.5 were +26 + 3.8 and —18.0 + 4.8
mV, respectively. The nanocomposite’s slightly negative charge
at pH 6.5 suggests that Cr(IIl) ions, which have a positive
charge, are expected to be adsorbed more efficiently on the
NiFe,0,/GO than on the bare NiFe,O, nanoparticles due to
electrostatic attraction. It is worth noting that a positive zeta
potential value (~+26 mV) at pH 6.5 was also reported for
NiFe,O, nanoparticles by Bhosale et al,** whereas Sukumar et
al.% reported a negative zeta potential value (~—6 mV) for
NiFe,O, nanostructures.

To study the effect of the adsorbent loading, we performed
the adsorption of Cr(III) ions using several NiFe,0,/GO
loadings (Figure 8a—e). As can be seen in Figure 8, the
removal of the Cr(IIl) ions increased progressively with the
increase in adsorbent loading. For the 150 mg loading of
NiFe,0,/GO nanocomposite, the vast majority (>96%) of the
chromium ions were removed from the solution in 90 min
(Figure 8f). The concentration of Cr(III) ions after removal of
the nanocomposite was close to 0.1 mg L™, which is close to
the allowed level of Cr(IIl) ions in drinking water (0.1 ppm).
A higher loading of the adsorbent can easily reduce the Cr(III)
ions in water below the 0.1 mg L~! limit. However, it must be
noted that the residual Cr(III) ion concentration in the
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Figure 8. (a—e) UV—vis absorption spectra of aqueous Cr(IIl) ion solutions (after oxidizing to CrO,>~ by H,0,) collected at different time
intervals of adding the adsorbent NiFe,0,/GO at (a) 25 mg, (b) 50 mg, (c) 7S mg, (d) 100 mg, and (e) 150 mg loading in 100 mL of solution. (f)
Variation of C/C, with adsorbent exposure time. (g) Amount of Cr(III) ion removed per gram of adsorbent for different loadings after 120 min of
exposure. (h) Reusability tests of the NiFe,0,/GO nanocomposite using an adsorbent loading of 100 mg (in 100 mL of chromium ion solution)
and 120 min exposure time. (i) /g, versus time graphs associated with the pseudo-second-order adsorption of Cr(III) ions on the NiFe,0,/GO
composite at different loadings.®” g, represents the adsorption capacity at a given time (¢). (j) Langmuir and (k) Freundlich isotherms for the
adsorption of Cr(III) ions over the surface of the NiFe,0,/GO nanocomposite.
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aqueous solution after removing the adsorbent (NiFe,0,/GO)
in the present case was much lower than the values reported
for ferrihydrite (~1 mg L™ for adsorbent dosage of 1.4 g L™")¢
and Co/Fe layered double hydroxide (<1.5 mg L7' for
adsorbent dosage of 9 g L™1).%

The Cr(IIl) ion adsorption capacity of the NiFe,0,/GO
composite was evaluated quantitatively by estimating the
amount of Cr(III) ions removed from the solution per gram of
the adsorbent after 120 min of its exposure. As can be seen in
Figure 8g, the adsorption capacity of the nanocomposite
diminishes with the increase in its loading in solution. The
maximum Cr(III) ion adsorption capacity (17 mg g~") of the
NiFe,0,/GO composite was obtained for its 25 mg loading.
The NiFe,0,/GO composite prepared in the present study
exhibited better Cr(III) ion adsorption performance from its
aqueous solution than several natural adsorbent materials such
as vineyard pruning waste (12.45 mg g™"), Pinus sylvestris bark
(8.69 mg g), rice husk (0.77 mg g™'), palm flower (6.24 m
g™!), and saw dust (5.52 mg g™") reported in the literature.’
However, the Cr(III) ion adsorption capacity of our NiF,0,/
GO composite (Figure 8g) is within the range reported for
some inorganic adsorbents such as sodium titanate nano-
tubes,”’ mesoporous SBA-15 functionalized with 2-acetylth-
iophene,"* Co/Fe layered double hydroxide,”® humic acid
modified Ca-montmorillonite,'” graphene oxide,"® and gra-
phene oxide/alginate hydrogel membrane.* Moreover, the
nanocomposite could be easily removed from Cr(IIl) ion
solutions by using a commercial magnet.

The reusability tests were carried out for the NiFe,0,/GO
nanocomposite sample after simple washing and after its
chemical activation at the end of each adsorption test. As can
be seen in Figure 8h, the Cr(III) ion capture efficiency of the
used adsorbent is much higher when it is activated by a NaOH
solution after each adsorption cycle. When the NiFe,0,/GO
nanocomposite was washed only with deionized water, its
Cr(III) ion removal capacity decreased from 91 to 30% after
five cycles (Figure 8h). However, when the nanocomposite
was activated with 1.0 NaOH solution, its Cr(III) ion removal
capacity decreased from 91 to 43% after five cycles. Sodium
hydroxide (NaOH) reacts with the Cr(III) species that are
attached to the surface of the used samples, forming Cr(OH),~
species. These species then dissolve in the washing water,
effectively removing the adsorbed Cr(III) ions from the
adsorbent surface.

The obtained result is very similar to the observation of
Krishna Kumar et al** who utilized MoS,@Fe;O, nano-
particles for the removal of Cr(VI) ions from water, finding
NaOH activation as an efficient process for the reutilization of
the adsorbent. It should be noted that the adsorption capacity
of the GO/alginate hydrogel membrane utilized for Cr(III) ion
capture from aqueous solution was seen to diminish by 50%
after four reusability tests.”

To study the rate of Cr(IlI) ion adsorption over the
NiFe,0,/GO nanocomposite, Lagergren’s pseudo-first-order
model for liquid—solid systems was utilized.”” In this model,
the adsorbate capture rate of an adsorbent is expressed by

dq

t

Tt — kg —

dt l(qe qt) (1)
where k; is the rate constant of the pseudo-first-order
adsorption and g, and g, are the amount of Cr(Ill) ions
adsorbed on the adsorbent at equilibrium and at a given time ¢

(mg g7"). By integration of eq 1 considering the boundary
conditions (g, = 0 at t = 0), we can obtain the equation

ky
log(q, — q,) = logg, — —— ~t 2)

Lagergren’s pseudo-first-order plot for the adsorption of
Cr(III) ions is shown in Figure S10 (Supporting Information).
The estimated g, and k; values for the NiFe,0,/GO
nanocomposite are presented in Table S3 (Supporting
Information). However, the correlation coefficient (R?)
obtained for the fitting curves is not very close to the ideal
value (1.0), which indicates that the Cr(III) ion adsorption
kinetics at the surface of the composite does not obey the
pseudo-first-order model of Lagergren. On the other hand, Ho
and McKay proposed a pseudo-second-order kinetic model for
the adsorption of substances on the surface of the solids,’”
which follows eq 3. After the integration of this equation and a
rearrangement, we obtain eq 4:

—t —a)

dt Z(qe qt) (3)
t 1 1

— = 2 + —t

q, kz(qe) q, (4)

where ¢ is the adsorption time, k, is an adsorption constant, g,
is the adsorption (mg g~') at a given time, and g, is the
adsorption capacity at equilibrium for the adsorbent. The plot
of t/q, for the NiFe,0,/GO nanocomposite is shown in Figure
8i. As can be seen, the data points produced good linear fits for
all the values of adsorbent loading. In fact, the correlation
coefficient (R?) obtained for these fits is larger than 0.985,
which suggests that the adsorption mechanism of Cr(III) ions
over the nanocomposite follows a pseudo-second order. The
estimated absorption constant (k,) and adsorption capacity at
equilibrium (q.) of the process are presented in Table S3
(Supporting Information). The largest g, value (17 mg of
Cr(III)/g of adsorbent) was obtained for the loading of 25 mg
of the NiFe,0,/GO nanocomposite.

3.10. Langmuir and Freundlich Adsorption Iso-
therms. To understand the mechanism of Cr(III) ion
adsorption on NiFe,0,/GO, we tested the Langmuir
adsorption model, considering eq 5:

C 1 C

€ €

q, Ky, 4, ()

where C, is the adsorbate equilibrium concentration, g, is the
amount of Cr(IlI) ions adsorbed on the adsorbent at
equilibrium, q,, is the maximum adsorption capacity, and K
is the adsorption constant related to the binding strength.”’
Using eq S and the slope (1/q,,) of the Langmuir adsorption
isotherm shown in Figure 8j, the absorption capacity of the
adsorbent was obtained (g, = 18.1 mg of Cr(Ill)/g of
adsorbent). The high R* value (0.9839) obtained by fitting of
the data indicates that the adsorption of Cr(Ill) is in
accordance with the Langmuir model. Likewise, the K; value
estimated from the intercept was 1.20 L/mg, which is larger
than those reported for mesoporous SBA-15 functionalized
with 2-acetylthiophene (0.2467 L/mg)"> and MoS,@Fe;0,
nanocomposite (0.13 L/mg)>” but smaller than those reported
for the adsorbent ferrihydrite (1.65 L/mg)® and sodium
titanate nanotubes (3.61 L/mg).”" The Freundlich isotherm
model is also frequently used for the adsorption of ions and
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was developed for adsorption over heterogeneous surfaces.
This model is based on eq 6:

1
1 = log K + —log C
og qe 0g Kg n og L. (6)

where g, and C, were as defined previously, K, is a distribution
coeflicient, and n is the Freundlich equilibrium coefficient
representing the adsorption intensity.”' By plotting log(g.)
versus log(C,) and making a linear fitting (Figure 8k), the K
(9.62) and n (3.37) values were obtained. The obtained R*
value (0.968) for the fitting using the Freundlich isotherm was
lower than that obtained for the Langmuir isotherm.
Accordingly, the adsorption of Cr(III) ions over the
NiFe,0,/GO composite is better adjusted to the Langmuir
model (which was developed for homogeneous surfaces) than
to the Freundlich model (which was developed for
heterogeneous surfaces).

4. CONCLUSIONS

We demonstrate the fabrication of small (~7 nm average size)
and well-dispersed NiFe,O, nanoparticles over exfoliated
graphene oxide sheets by a low-temperature hydrothermal
process utilizing ammonium hydroxide, PVP, and sodium
acetate as pH-, shape-, and size-controlling agents. The
NiFe,0,/GO nanocomposite revealed its superparamagnetic
behavior, with almost zero (~35 Oe) coercive field at room
temperature, although its saturation magnetization (M) is
slightly lower than that of bare NiFe,O, nanoparticles due to
the GO support. The superparamagnetic nanocomposite was
used as an efficient magnetically separable adsorbent for
removing Cr(III) ions dissolved in water. The nanocomposite
could remove >91% of chromium ions from its aqueous
solution, with a moderate adsorption capacity of 17.0 mg/g.
Utilizing the magnetically separable nanocomposite, the
Cr(III) ion level in water could be reduced to the level close
to the EPA-prescribed limit (0.1 mg L7'). Finally, we
demonstrate a simple optical method for detecting Cr(III)
ions in water, which is much easier to use and less expensive in
comparison to the conventional methods such as atomic
absorption spectroscopy and inductively coupled plasma
spectroscopy.
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