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Abstract: This paper reports the successful synthesis of magnetic nanocomposite of calcium ferrite
with nitrogen doped graphene oxide (CaFe,O4-NGO) for the effective removal of Pb(II) ions and
photocatalytic degradation of congo red and p-nitrophenol. X-ray diffraction (XRD), Fourier trans-
form infrared (FT-IR), transmission electron microscopy (TEM), and scanning electron microscopy-
energy dispersive X-ray (SEM-EDX) techniques confirmed the presence of NGO and CaFe;Oy in
the nanocomposite. The Mossbauer studies depicted the presence of paramagnetic doublet and
sextet due to presence of CaFe;O4 NPs in the nanocomposite. The higher BET surface area in case
of CaFey04-NGO (52.86 m?/ g) as compared to CaFe,O4 NPs (23.45 m?2/ g) was ascribed to the
effective modulation of surface in the presence of NGO. Adsorption followed the Langmuir model
with maximum adsorption capacity of 780.5 mg/g for Pb(Il) ions. Photoluminescence spectrum
of nanocomposite displayed four-fold decrease in the intensity, as compared to ferrite NPs, thus
confirming its high light capturing potential and enhanced photocatalytic activity. The presence of
NGO in nanocomposite offered an excellent visible light driven photocatalytic performance. The
quenching experiments supported *OH and O,°~ radicals as the main reactive species involved
in carrying out the catalytic system. The presence of Pb(II) had synergistic effect on photocatalytic
degradation of pollutants. This study highlights the synthesis of CaFe;O4-NGO nanocomposite as
an efficient adsorbent and photocatalyst for remediating pollutants.

Keywords: CaFe;O4-NGO; Pb(II); congo-red (CR); p-nitrophenol (PNP); synergistic adsorption
and photocatalysis

1. Introduction

Exponential increase in the use of heavy metals, nitroaromatics, and dyes in different
industrial processes has raised the concern of water pollution [1]. Among toxic metal ions,
Pb(II) ions are considered as the priority hazardous substance polluting water [2]. The
maximum permissible limit for Pb(II) ions in drinking water is 0.05 mg/L, as recommended
by the United States Environmental Protection Agency (USEPA). Contamination of Pb(Il)
ions mainly arises from the effluent wastes from industries such as mining, galvanization,
smelting, and battery manufacturing. Pb(Il) poisoning causes risk of high blood pressure,
kidney damage, abdominal cramps, and headache [3]. In addition to inorganic pollutants,
dyes and nitro aromatics have attracted great attention as organic pollutants contaminating
the water. Nitroaromatics such as p-nitrophenol (PNP) is used mainly to manufacture
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drugs, fungicides, dyes, and to darken leather. Acute toxicity of p-nitrophenol causes
irritation to the eyes, skin, and respiratory tract. When ingested, it causes abdominal pain
and vomiting. Because of harmful nature of nitrophenols, they are listed as toxic pollutants
by the U.S. Environmental Protection Agency [4]. Similarly, organic dyes and pigments are
highly hazardous and toxic to a number of organisms [5-8]. Congo red (CR), an anionic
dye, is found mainly in paper, printing, textile, and plastic industries. It is carcinogenic
and causes irritation to skin, eyes, and affects alimentary tract, genital, and respiratory
systems. In order to detoxify the environment, it is important to explore the facile and
effective methods to remove these pollutants from water.

The different remediation techniques such as adsorption, ion exchange, precipitation,
membrane filtration and photocatalysis can be used for water decontamination [9,10].
Among these, adsorption and photocatalysis are considered as the prominent methods due
to their ease of operation [11,12]. In the recent years, graphene and its modified forms such
as N-doped graphene, graphene oxide (GO) and N-doped graphene oxide (NGO) have
been used as efficient adsorbents for removing various contaminants from wastewater.
GO is considered as a good candidate due to the presence of hydroxyl, carboxyl, and
epoxy functional groups on its surface [13-16]. Nitrogen doping on the surface of GO
enhances its surface area, thus making it more efficient for adsorption [17]. However,
the separation of NGO from the solution after adsorption or photocatalysis limits its use
in the adsorption process. This problem can be overcome by fabricating the magnetic
nanocomposites of NGO with ferrite nanoparticles (NPs). NGO acts as an excellent matrix
material for dispersion of NPs.

Many studies have been conducted utilizing ferrite NPs and carbon-based materials
as efficient adsorbents for the removal of heavy metal ions and dyes. Zhou et al. evaluated
the carbon nanotubes/CoFe;O4 magnetic hybrid material for the removal of tetra bromo
bisphenol A (TBBPA) and Pb(II). This hybrid showed the maximum adsorption capacities
of 42.5 mg/g and 140.1 mg/g for TBBPA and Pb(Il), respectively [18]. Pirouz et al. reported
the adsorption of Pb(II) (107.5 mg/g) by using anhydride functionalized CaFe,O4 NPs [19].
Kaur et al. reported the adsorption of Ni(I) (100.0 mg/g) and Pb(II) (143.0 mg/g) ions by
using MgFe,O4-GO magnetic nanocomposite [20]. Kaur and Kaur evaluated the MgFe;O4-
GO nanocomposite for photocatalytic degradation of methylene blue dye under visible light
irradiation in which MgFe,O4-GOnanocomposite with 1:0.5 w/w ratio showed complete
degradation in 30min [21]. Deb et al. studied CaFe,O4 NPs for efficient adsorption of
congo red with the maximum removal of 99.0% in 60 min [22]. Igbal et al. reported La-
and Mn-co-doped bismuth ferrite/TizCoMXene nanocomposite for the degradation of
congo red with the complete degradation of dye in 30 min [23]. Rangumagar et al. studied
the nitrogen doped graphitic carbon material (NGC) containing titanium oxide for the
removal of nitrophenols from water [24]. The 80.0% adsorption of PNP was achieved using
NGC-TiO; compared to 74.0% with the use of NGC adsorbent.

Among various NPs, magnesium ferrite (MgFe,O,) and calcium ferrite (CaFe;O4) NPs
are considered as suitable adsorbents as they have a large number of surface-active sites, which
strengthen their use in fabricating the nanocomposites for improved adsorption [25,26]. The
presence of magnesium and calcium as divalent ion is advantageous over ferrites having
toxic metal ions such as nickel, zinc, cadmium ions. Literature survey shows that although
CaFe;Oy is reported as adsorbent and photocatalyst but, no work has been reported on the
synthesis and evaluation of CaFe,O4-NGO nanocomposite for the removal of heavy metals and
photocatalytic degradation of organic pollutants. The N-doping improves the surface area of
GO and combining CaFe;O4 NPs with NGO can further improve adsorptive and photocatalytic
properties of nanocomposite. The presence of NGO along with CaFe,O, can prevent the
aggregation of NPs and can improve the photocatalytic properties of pristine CaFe,O4 NPs by
retarding the recombination of e~ -h* pair. Thus, this work focuses on synthesis and exploring
the both adsorptive and photocatalytic properties of CaFe,O4-NGO nanocomposite.

The facile ultra-sonication approach was used to fabricate CaFe;O4-NGO nanocompos-
ite. The morphological details of the synthesized NPs and nanocomposite were explored
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using SEM-EDX and TEM analysis. The effect of structural variation on Mgssbauer param-
eters and surface area was also studied. The adsorptive and photocatalytic properties of
nanocomposite were examined by using Pb(II) ions, p-nitrophenol and congo red as the
model pollutants. The results were compared with pristine CaFe;O4 NPs under different
experimental conditions (pH, adsorbent dose, contact time, temperature, and solution con-
centration). Adsorption isotherms, kinetic modeling, and thermodynamic parameters were
examined to predict the mechanism of adsorption and photocatalysis. Statistical analysis of
data was also carried out to validate the results of isotherm and kinetic studies. The studies
were further extended for synergistic adsorption of heavy metal ion and photocatalytic
degradation of organic pollutants and reusability of the nanocomposite.

2. Materials and Methods

All used chemicals viz. graphite powder, ortho-phosphoric acid, sulfuric acid, potas-
sium permanganate, hydrochloric acid, ammonium hydroxide (30%), ferric nitrate, calcium
nitrate, citric acid, hydrogen peroxide, lead nitrate, congo red (CR) dye, and p-nitrophenol
(PNP) were of analytical reagent grades. Distilled water was used to prepare solutions of
different concentrations.

2.1. Synthesis of N-GO

NGO was synthesized using a facile ultrasonication method. Briefly, 0.5 g of GO was
dissolved in 20.0 mL of 25% NH4OH solution at 25 °C and sonicated for 15, 30, and 60 min.
The prepared solution was centrifuged at 5000 rpm, followed by repeated washings with
water. The obtained blackprecipitates were dried in an oven at 60 °C overnight to obtain
N-GO as the final product.

2.2. Synthesis of CaFe;Oy

The 2.0 mol of Fe(NO3)3-9H,0 and 1.0 mol of Ca(NO3),-4H,O were dissolved in
20.0 mL de-ionized water. To this aqueous solution, 2.2 mol of citric acid was added. The
above solution was magnetically stirred at 60 °C to which NH4OH solution was added to
have the desired pH 7.0 and the solution transformed into sol. After continuous stirring for
8.0 h, the sol changed into gel, which was dried at 100 °C for 12 h and its volume increased
by 5 times. Finally, the dried gel was grounded and calcined at 300 °C for 3 h to obtain
CaFe,Oy as the final product.

2.3. Synthesis of Nanocomposite of N-GO and CaFe;O4 NPs

Nanocomposites of N-GO with CaFe;O4NPs i.e., CaFe;O4-NGO were prepared in
three different w/w ratios of 1:1, 1:2, and 2:1 by the sonication method. Briefly, N-GO
and CaFe;O4 NPs were dissolved separately in different w/w ratio in 15 mL ethanol and
sonicated for 30 min. The solution of CaFe,O4 NPs was added to the solution of N-GO and
the ultrasonication was repeated for 1 h. The resultant mixture was centrifuged and washed
with water and subsequently dried in an oven at 60 °C overnight to prepare CaFe,O4-NGO
as the final product.

2.4. Characterization

Different characterization techniques used to study the structure, particle morphology,
surface area, and magnetic properties along with the instrumental details are given in
Table 1. FT-IR spectra of the samples were taken by making their pellet with KBr. The
frequency was measured as a wave number in the range 4004000 cm~!. SEM micrographs
of the samples were captured by scanning the surface with the focused beam of electrons.
Samples were mounted rigidly on the specimen holder, using a conductive adhesive. For
the TEM analysis, the samples were dispersed in distilled water. TEM micrographs of the
samples were captured when the beam of electrons was transmitted through the sample
to form the image. In XRD, copper was used as a target material for diffraction with Cu
Ko radiation having A = 1.5418 A operated at 45 kV and 40 mA, in the 20 range from
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5° to 65°. The XPS spectra were obtained by irradiating the sample with beam of X-ray,
while measuring the kinetic energy and number of electrons that escape from top 0 to
10 nm of the material being analyzed. In BET analysis, the amount of gas adsorbed was
measured by a continuous flow procedure. The samples were degassed at 200 °C for 12 h
before taking the measurements. For VSM analysis, the sample was placed in sensing coils.
Vibrating sample component was made to undergo sinusoidal motion i.e., mechanically
vibrated. A magnetic field appeared around the sample and once the vibration began, the
magnetization of the sample was analyzed according to the changes occurring in relation
to the timing of movement. The Mossbauer spectra of all the powdered samples were
recorded with a constant acceleration transducer (Wissel) coupled to 57Co in Rh matrix
source with an initial activity of around 5 mCi in the standard transmission geometry.
For the detection of 14.4 keV gamma rays proportional counter was used. The velocity
calibration per channel, and determination of the zero channel with reference to iron for
isomer shift was carried with a 1.9 mg per % Fe cm? iron foil, using a 256 multichannel
analyzer. All the isomer shifts are reported with reference to iron. Fifty mg of samples were
uniformly distributed in a circular Teflon cell. The recorded spectra were least square fitted
using commercially available program ‘MOSSWIN’.

Table 1. List of various instruments and their models used.

Instrument Model Manufacturer City, Country
Fourier Transform Infrared Perkin Elmer spectrum RX-1 FT-IR Perkin Elmer Waltham, MA, USA
(FT-IR) Spectrophotometer
R A Panlytical Xpert Pro (Cu K« radiation . , .
X-ray diffraction (XRD) with A = 15404 A) Panlytical X'pert Pro Rigaku, Tokyo, Japan
Transmission Electron Hitachi Hi-7650 at 100 kV acceleration voltages in . R, . . R
Microscope (TEM) HC mode Hitachi High-Technologies Corporation Akishima, Tokyo, Japan
Scanning electron microscope Hitachi 5-3400 N and EDX on Thermo Noran . R . . ‘s
(SEM-EDX) System SIX at 15 KV Hitachi High-Technologies Corporation Akishima, Tokyo, Japan
BET surface Quantachrome Nova-1000 surface analyzer Quantachrome instruments Cinnaminson, NJ, USA
analyzer measurements
Vibrating sample . .
magnetometer (VSM) Model PAR-155 Quantum Design Washington, VA, USA
WissEL Mossbauer spectrometer (constant
Mossbauer spectroscopy acceleration signal spectrometer equipped with a Wissenschaftliche Elektronik GmbH, Aschaffenburg, BY, Germany
57Co/Rh source) (MRG-500)
UV-Visible spectrophotometer Shimadzu (UV-1800) UV spectrophotometer Shimadzu Akishima, Tokyo, Japan

2.5. Adsorption, Kinetics, Thermodynamics, and Desorption Studies

The CaFe;O4:NGO nanocomposites were comparatively analyzed for their adsorption
potential for Pb(II) ions (Figure S6). Nanocomposite with 1:2 ratio was preliminarily
screened as the best adsorbent among the synthesized nanocomposites and was used for
carrying out detailed analysis. For the adsorption studies, the standard stock solution of
Pb(II) of concentration 1000 mg/L was prepared by dissolving 1.598 g of Pb(NO3)-4H,O
in 1000 mL of double distilled water. Working solutions were prepared by dilution of
stock solution using double distilled water. Each experiment of the prepared materials was
repeated thrice. The mean of the triplicates and the standard deviation were calculated,
followed by the determination of standard error using the following equation:

Standard deviation
\/ n

where n = 3 represents repeated runs. The error bars were then added into Microsoft excel
using custom error bar option with the values obtained with the above equation. The effect
of pH was studied by adjusting the solution pH with 0.1 M NaOH and 0.1 M HCI. The
optimum pH for adsorption of Pb(Il) by CaFe;O4 and CaFe;O4-NGO was determined,
whereas the effect of the adsorbent dose (0.1-2.0 g/L) was studied under the optimum pH.
In order to determine the effect of the contact time, the study was conducted in the time
range of 0 to 180 min under the optimized conditions. The effect of temperature was studied
by performing the experiments at five different temperature regimes ranging from 288 K to

Standard error (S.E.) =
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328 K. The adsorption experiments were carried out at 25 &= 1 °C and the solutions were
shaken in an orbital shaker operated at 130 rpm. The values of thermodynamic parameters
were also calculated by the equations given in Supplementary Text S1. Adsorption data was
fitted to the Freundlich, Langmuir, Temkin and Dubinin-Radushkevich (D-R) adsorption
isotherms (Table S2). The kinetic data were analyzed by testing pseudo-first-order and
pseudo-second-order models (details in Table S2). For validation of different kinetic and
isotherm models, Sum of Squared Error (SSE), Chi Square Error (x?), ‘F’-statistics and Log
Likelihood Error (G?) were calculated from the equations in Table S2. Desorption studies
were conducted using 1.0 g/L of adsorbent in 100 mL solution containing 5.0 mg/L of
Pb(II) solution where the desorbing medium was 0.1 M HCI. The influence of common
co-existing cations in the Pb-Cd-Zn-Ni system and anions (Cl~, SO4%~ and NO; ™) using
different salts of concentration 5.0 mg/L on Pb(II) adsorption was also investigated using
1.0 g/L of CaFe;O4-NGO nanocomposite.

2.6. Optical Properties and Photocatalytic Activity Measurements

The important parameter of a semiconductor is its band gap (Eg) i.e., the energy
difference between the top of the valence band and the bottom of the conduction band.
The band gap energy calculation involves the extrapolation of linear regime of the Tauc
plot obtained by plotting Eg vs. (ahv)? to perpendicularly cut the energy axis where ‘o’ is
absorption coefficient and ‘Eg” of the synthesized photocatalysts was determined according

to the following equation:

hce 1240

The synthesized NPs and nanocomposite were also tested for fluorescence studies and
the photo luminescence emission spectra were recorded in the wavelength range 400-800 nm.

The standard stock solutions of congo red and p-nitrophenol were prepared in 1000 mL
distilled water. Working solutions were prepared by dilution of the stock solution with
double distilled water. The effect of pH on the photodegradation of organic pollutants
was examined, where the pH was adjusted between 1.0 and 9.0 with 0.1 M HCI and
0.1 M NaOH solution. In order to study the effect of dose on photodegradation, different
doses of photocatalyst (0.01-2.0 g/L) were added into flasks each containing 100 mL
solution of 2.0 mg/L of p-nitrophenol and congo red, separately under the optimized
conditions of pH. The CaFe,O4-NGO nanocomposite was evaluated for the photocatalytic
degradation of organic contaminants under visible light illumination by using light emitting
diode of 60 W power. The solutions of different initial concentrations were prepared
from the stock solutions and pH was adjusted to 3.0 for p-nitrophenol and congo red.
For photodegradation of p-nitrophenol, 0.01 g of photocatalyst was added in 100 mL of
2.0 mg/L of solutions. Similarly, 0.1 g of nanocomposite was dispersed in 100 mL of
2.0 mg/L aqueous solution of congo red. The suspensions were kept in incubator shaker at
130 rpm for 30 min in order to maintain adsorption-desorption equilibrium. The solutions
were subjected to the visible light irradiation after the addition of 0.2 mL of H,O,. After
regular intervals of time, the appropriate aliquots of solutions were withdrawn, centrifuged,
and the supernatant solutions were analyzed for change in the p-nitrophenol and congo
red concentration spectrophotometrically at Amax of 398 nm and 495 nm, respectively.
Pseudo-first order and Pseudo-second order kinetic models were applied to elucidate
the mechanism. For the validation of models, Sum of Squared Error (SSE), Chi Square
Error (x2), and ‘F’-statistic were calculated. The details of the kinetic models and statistical
parameters are provided in Table S2.

The effect of scavengers on photocatalytic degradation of congo red and p-nitrophenol
was also studied. One mL aqueous solution of disodium ethylene diamine tetraacetate
(10 mM) and methanol (holes scavenger), ascorbic acid (superoxide scavenger) and butanol
(hydroxyl scavenger) were added separately to each flask containing congo red and p-
nitrophenol. The solutions of congo red and p-nitrophenol without adding scavengers were
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used as controls. These solutions were subjected to visible light irradiation for 120 min for
photocatalysis followed by analysis using spectrophotometer.

The recyclability of the CaFe;O4-NGO nanocomposite was evaluated by carrying
out six successive cycles of photodegradation. In this experiment, 0.1 g and 0.01 g of
nanocomposite was added in 100 mL solutions of congo red and p-nitrophenol, respectively.
The solutions were shaken for 2 h at 130 rpm in order to attain adsorption-desorption
equilibrium and were subjected to visible light irradiation. After 2 h, the samples were
centrifuged and the centrifugates were analyzed for any change in concentration. After
the completion of each cycle, the photocatalyst was washed with deionized water several
times. The nanocomposite was collected by centrifugation and dried at 60 °C in an oven
for next cycle of photocatalysis.

3. Results and Discussion
3.1. Structural Analysis

The phase purity and the crystal structure of synthesized NPs and nanocomposite
were examined using X-ray diffraction (XRD) patterns as shown in Figure 1. The CaFe,O4
NPs showed the distinctive peaks at 26 = 29.53°, 30.15°, 34.88°, 42.55° and 52.54° with
hkl values of 220, 230, 320, 311, and 401, respectively suggesting the presence of crys-
tallographic planes of CaFe;O4 NPs. All the peaks and Miller indices (hkl) of the face
centered cubic (fcc) lattice observed in the patterns matched with JCPDS Data Card No.
50-1746 [27]. The XRD pattern of CaFe;O4-NGO nanocomposite showed the additional
peak at 26 = 11.55° (hkl = 001), which supports the presence of both N-GO and CaFe;O4
NPs in the nanocomposite.

(311) (401)

Intensity (a.u.)

10 20 50 &0

30 410
26 (degree)

Figure 1. XRD patterns of (a) CaFe,O4 and (b) CaFe,O4-NGO.
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The FT-IR studies were performed to know the presence of different functional groups
on the surface of CaFe;O4 NPs and CaFe;O4-NGO nanocomposite. The bands for CaFe;Oy4-
NGO indicated the presence of both components [28-30]. The details are given in Supple-
mentary Text S2 and Figure S1.

The SEM micrographs using Energy dispersive X-ray (EDX) were recorded in order
to examine the surface topography of synthesized NPs and nanocomposite. The SEM
image of CaFe;O4 NPs displayed the agglomerated particles due to the magnetic dipole
interaction between ferrite NPs (Figure 2). Similar results were reported by Sulaiman et al.
for superparamagnetic calcium ferrite NPs prepared using a sol-gel method [31]. The EDX
mapping depicted the presence of Ca, Fe, and O contents (Figure 2 inset). The SEM image of
CaFe;O4-NGO nanocomposite showed rough surface due to presence of CaFe;O4 NPs on
the surface of N-GO and EDX mapping depicted the presence of N and C along with O, Fe,
and Ca, thus authenticating the presence of N-GO in nanocomposite. The size distribution
and the particle morphology of synthesized NPs and nanocomposite were determined by
the TEM analysis. The TEM image of CaFe,O4 NPs displayed the agglomeration due to
magnetic nature (Figure 3a) and cluster of particles with size ranging from 10 nm to 20 nm
(Figure 3b). The TEM image of pristine GO showed layered structure whereas, N-GO had
increased micro wrinkling due to nitrogen doping in GO (Figure 3a). The TEM image of
CaFe;O4-NGO nanocomposite depicted the presence of wrinkled sheets of N-GO over
which CaFe,O4 NPs were distributed (Figure 3c).

1m Element 0 Ca Fe

Lo Weight%o 29.10 20.71 50.19

kel
(a)
Element C N 0 Ca Fe
Weight% 3.18 157 26.46 10.10 £3.69

(b)

Figure 2. SEM-EDS of (a) CaFe;O4 and (b) CaFe;O4-NGO.
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Agglomerated
CaFe204NPs

60.0 T J

50.0 4

Frequency (%)
=] [ -
(=] (=] L]
= (=] L]

0 1020 2030 3040
Diameter (nm)

(@ o (b)

CaFe204

Figure 3. TEM of (a) CaFe,O4, GO, N-GO, (b) Particle size histogram of CaFe;O4 and (c) TEM of CaFe,O4-NGO.

In order to study the surface properties of synthesized NPs and nanocomposite, the
N, adsorption-desorption isotherm measurements were conducted. Figure 4 displays the
low-pressure nitrogen-gas-sorption isotherms along with pore size distribution (inset).
The BET surface area and pore volume of the synthesized nanocatalysts are listed in
Table S3. The synthesized NPs and nanocomposite followed type IV isotherm of H3 type
hysteresis loop, confirming their mesoporous nature. The BET surface area of CaFe;Oy-
NGO (52.86 m?/g) was higher than pristine CaFe,O4 NPs (23.45 m? /g). A similar trend was
seen in measurements of pore volume. The higher surface area of CaFe;O4-NGO compared
to CaFe,O4 NPs was attributed to the uniform distribution of NPs in nanocomposite,
which prevented agglomeration of NPs. Mesoporosity of the nanocomposite increased as
indicated by the pore volume, which resulted in higher BET surface area of nanocomposite.

The magnetic properties of the NPs and the nanocomposite were further character-
ized using VSM analysis with the applied field varying from —10 to +10 KOe. The NPs
and nanocomposite displayed s-shaped narrow hysteresis loop signifying ferrimagnetic
behavior (Figure 5a). The parameters of magnetic study for the samples are reported in
Table S4. The Mg value of CaFe;O4-NGO nanocomposite (2.38 emu/g) was lower than
the pristine CaFe,O4 NPs (5.03 emu/g). This can be due to the addition of non-magnetic
N-GO in the nanocomposite, which resulted in the decrease in magnetic permeability of the
particles and quenching of magnetic moment. Thus, the magnetic nature of nanocomposite
is advantageous for its magnetic separation after adsorption from the aqueous medium.

The Mossbauer spectra for CaFe,O4 NPs and CaFepO4-NGO nanocomposite are
shown in Figure 5b and the corresponding hyperfine parameters are given in Table 2.
The Mossbauer spectrum of CaFe,O4 NPs displayed two sextets and a quadrupole dou-
blet, corresponding to the different crystallographic sites occupied by iron with isomer
shift (8) and quadrupole splitting (A) values ranging from 0.258 mm/s to 0.340 mm/s
and —0.047 mm/s to 0.691 mm/s, respectively. The estimated & values are typical for
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octahedrally-coordinated Fe®* in the high-spin state and A values were nearly identical
to those reported by Tsipis et al. 2007 for CaFe,O4 NPs [32]. The range of quadrupole
splitting in the present study reflect different values of the electric field gradients acting
on Fe** nuclei in two non-equivalent octahedral positions of the pristine CaFe,O4 NPs.
CaFe,O4-NGO NC exhibited sextet and a paramagnetic doublet with 6 values ranging
from 0.338 to 1.024mm /s and A values ranging from 0.047 to 0.675 mm/s, respectively.
Here, the higher 6 and A values for nanocomposite may result from the asymmetric charge
distribution around Fe nuclei originating from the interaction with N-GO. Whereas, lesser
A values for pristine CaFe,O4 NPs reflected the presence of less distorted structure [33].
The doublet in the spectrum confirmed the presence of super paramagnetic fraction of NPs.

Table 2. Mossbauer parameters for CaFe;O4 and CaFe;O4-NGO.

Temp. Isomer Shift Q. Splitting Magnetic Field Area

(K) (8/mms—1) (Almms—1) (B/T) (%) Assignment
0.340 0.046 (M) 47.869 16.0

300 0.258 —0.047 (M) 44360 257 CaFe,0O,
0.303 0.691 (D) - 583
1.024 0.047 (M) 62.280 75.8

300 0.338 0.675 (D) ] 242 CaFe;04-NGO

M: Multiplet; D: Doublet

(2)

i

0 20 40 60 80100 / T
Diameter (nm)

Volume (cmslg)
7
<

10.0 1 i
v.d
5.0 1 -‘..._-_--"" ]
- 1
0.0 , . . ,
0.0 0.2 0.4 0.6 0.8 1.0
P/P
(b)
60.0 r T T T T
., 100
50.04 £:%7° |
S g50
1 27225
oD 40.04 &S00 -
> 25 50 75
E 1 0 Diam:?eanml)oo /
L 30.0- .
v
§ 20.0 ~ .
i) ]
” 10.01 ]
0-0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Figure 4. N, adsorption desorption isotherms and corresponding pore size distribution (inset) of the
(a) CaFe;O4 and (b) CaFey,O4-NGO.
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Figure 5. (a) Hysteresis loop for CaFe,O4 and CaFe;O4-NGO and (b and ¢) Mossbauer spectra of
MgFe,O4 and MgFe,0,@N-GO.

3.2. Optical Studies

The band gap energy of CaFe,O4NPs and CaFe;O4-NGO nanocomposite was calcu-
lated from UV-Visible Diffused Reflectance Spectra (DRS) and the results are shown in
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Figure 6a. Pristine CaFe,O4 NPs exhibited the optical band gap energy of 2.10 eV, which is
in agreement with those reported in literature [34]. However, CaFe;O4-NGO nanocompos-
ite had a narrow band gap energy of 1.92 eV. This decrease in band gap might be due to
the appearance of new hybridized energy levels in the CaFe,O4-NGO nanocomposite. The
interfacial contact between CaFe,O4 NPs and NGO resulted in the enhanced photocatalytic
activity due to lengthening of the lifetime of photogenerated electron-hole pairs in the
nanocatalyst. The additional localized states were developed in the CaFe,O4 NPs in the
presence of N-GO that facilitated the separation of photo generated electrons and holes and
efficiently suppressed the electron-hole pair combination. This phenomenon was not only
related to the electronic transition between N-GO and CaFe,O4 NPs but also attributed to
the inherent light absorption by N-GO. Thus, the formation of CaFe,O4-NGO nanocom-
posite resulted in excellent photocatalytic degradation of pollutants in the presence of
visible light.
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Figure 6. (a) Tauc plot of CaFe;O, and CaFe;O4-NGO and (b) photoluminescence spectra of CaFe; Oy
and CaFe;O4-NGO.

The photoluminescence emission spectra were also studied in the wavelength range
of 400 to 800 nm for CaFe; O4NPs and CaFe;O4-NGO nanocomposite (Figure 6b). Emission
peaks were observed at 400 and 700 nm due to the electronic transitions [35]. CaFe;O4-NGO
nanocomposite displayed a four-fold decrease in luminous intensity due to the presence
of NGO, thus exhibiting higher quenching efficiency over pristine CaFe,O;NPs. The
intercalation of NGO sheets with CaFe;O4 NPs resulted in the decrease in peak intensity
for CaFe;O4-NGO nanocomposite. This lowering in peak intensity could be correlated
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well with the band gap studies. The results further showed that the formation of CaFe,O;-
NGO nanocomposite could slow down the photoinduced charge carrier recombination
over CaFe;O4 NPs due to transfer of electrons from the conduction band of the photo-
excited CaFe;O4 NPs to N-GO sheets and thus offer excellent potential for photocatalytic
degradation of organic pollutants.

3.3. Adsorption Studies for Pb(1I) Ions
3.3.1. Removal Efficiency of CaFe,O4-NGO Nanocomposites

The removal (%) of Pb(II) ions at pH 6.0 using CaFe;O4-NGO nanocomposite was
determined with varied ratios of CaFe;Osand N-GO i.e., 1:1, 1:2, and 2:1 (Figure S6). An
amount of 0.01 g of CaFepO4-NGO in a 1:2 ratio displayed higher percentage removal of
84.7 £ 2.2% for Pb(Il) ions. A presence of greater amount of N-GO in nanocomposite with
1:2 ratio significantly lowered the agglomeration of the NPs and provided greater surface
area for adsorption as compared to nanocomposites in the 1:1 and 2:1 ratio. Huong et al.
reported a similar trend for functional manganese ferrite/graphene oxide nanocomposites
for the adsorption of methylene blue dye and As(V) ions [36]. Thus, the results signify the
role of NGO in increasing the adsorption potential of CaFe,O4-NGO nanocomposite in 1:2
ratio, which was used for further studies.

3.3.2. Effect of Contact Time and Adsorption Kinetics

To estimate the adsorption rate for uptake of Pb(II) onto CaFe,O4 NPs and CaFe,O4-
NGO nanocomposite, time dependent adsorption studies were conducted (Figure 7a). The
adsorption rate was fast initially, and adsorption equilibrium was attained within 60 min
for CaFe;O4 NPs and CaFe,O4-NGO, suggesting strong interactions between adsorbent
and metal ions. CaFe;O4 NPs and CaFe;O4-NGO exhibited the percentage removal of
80.2 £ 0.7% and 88.6 £ 1.2% in 120 min, respectively.
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Figure 7. (a) Effect of contact time, (b) Pseudo-first-order model and (c) Pseudo-second-order model for adsorption of Pb(II).
(Experimental conditions: pH, 6.0; contact time, 2.0 h; adsorbent dose, 0.01 g and Pb(II) concentration, 5.0 mg/L).
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In order to study the kinetics and the controlling mechanism involved in the ad-
sorption process, pseudo-first order, and pseudo-second order kinetic models were used.
Pseudo-first order equation assumed the interaction between one adsorbate molecule onto
one active site on the surface of adsorbent while pseudo-second order model assumed
interaction between one adsorbate molecule onto two active sites of the adsorbent [37].
For studying this model, the results were plotted between In (qe-q¢) and t (Figure 7b). The
values for equilibrium adsorption capacities (qe) and rate constant (K;) calculated from
the plots are reported in Table 3. There is a large difference between the experimental and
calculated values of qe, indicating poor pseudo-first-order fit to experimental data (Table 3).
Pseudo-second order model was studied by plotting t/q; vs. t (Figure 7c) and the values of
rate constants determined from the plots are given in Table 3. The linearity of the plot and
good agreement between the experimental and calculated qe values, coefficient of determi-
nation (R?) approximately equal to 0.99 supported that the pseudo-second order model
may explain the observed results. The fitting quality of the model to the experimental data
was determined from the values of F- statistic, sum of squared error (SSE) and chi square
(x?) error. The values of these parameters are summarized in Table 3. Higher values of
the F-statistics and the lesser values of SSE and x? error for pseudo-second order model as
compared to pseudo-first order model supported better fitting of a former model.

Table 3. Rate constant, equilibrium adsorption capacity, regression coefficient, and statistical data of pseudo-first and

second-order kinetic models for the adsorption of Pb(Il) ions.

Kinetic Models Pb(II)
. kq qge, cal qe, exp 2 5
Pseudo-first order L R SSE X F
(min~") (mg/g) (mg/g)

CaFe;Oy 0.04 £ 09 1359 £ 0.2 1542 +1.2 098 3064 3.02 98
CaFe;04-NGO 0.03+ 04 178.0 £ 0.3 2121 +0.2 097 4153 2.08 67
Pseudo-second ky (x10%) qge, cal ge, exp 5 5

. R SSE X F
order (g/mg/min) (mg/g) (mg/g)

CaFe, Oy 0.03+0.1 1472+ 0.3 1542 +1.2 099 204 0.05 950
CaFe;04-NGO 0.02+0.2 217.0 £ 0.6 2121 £0.2 1.00 822 031 722

3.3.3. Effect of Adsorbent Dose and Temperature

The adsorbent dose studies displayed increase in removal efficiency with increase
in adsorbent dose due to availability of more adsorption sites with increase in dosage
(Figure S3a). An optimum dose was determined to be 1.0 g/L. The details of adsorbent dose
and thermodynamic studies are explained in Supplementary Texts S4 and S5, respectively.
The higher removal efficiency of nanocomposite over pristine NPs was correlated to the
zeta potential studies (Figure S2b), which depicted that more interactions occurred between
negatively charged surface of nanocomposite and positively charged Pb(Il) ions. The
removal efficiency of Pb(Il) ions increased with an increase in the temperature up to 328K,
indicating endothermic nature of adsorption for mesoporous adsorbent. Moreover, the
increased number of active adsorption sites, following the increase in temperature was
observed due to the cleavage of some bonds near the active sites [38]. A similar trend
was observed by Lingamdinne et al. for the adsorptive removal of Pb(II) and Cr(IlI) by
using nickel ferrite-reduced graphene oxide nanocomposite [39]. A decrease at higher
temperature was due to the desorption of adsorbed ions. The values of AH® and AS® were
estimated using the slope and the intercept of the plot of InK vs. 1/T (Figure S3b) and the
values of AG®°, AH®, and AS° for CaFe,O4 NPs and CaFe,O4-NGO are given in Table 4.
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Table 4. Thermodynamic parameters for adsorption of Pb(II) ions.
CaFe, 04 CaFe,O4-NGO
AG° AH° AS° AG° AH° AS°
T &) InK (J/mol)  (KJ/mol)  (kJ/mol/K) Ik (J/mo)  (KJ/moD  (kJ/mol/K)
288 169 £ 0.5 —40.1 £0.2 172 £0.7 —41.8 +04
298 171 +£1.2 —41.0£0.8 174+ 0.3 —43.0 £0.2
308 17.3 £ 0.8 —428 +£15 175+ 0.1 —452 +0.1
318 174413 —442+2p 134+03 016£06 475, 43 _4y540p, 146£03 0071402
328 175 +0.7 —46.1 £0.1 17.8 £0.0 —482 +1.2
338 177 £ 1.1 —47.0 £0.1 18.0 £ 0.2 —494+1.0

The adsorption isotherm studies were performed to elucidate the underlying mecha-
nism for the removal of Pb(Il) ions by the synthesized adsorbents. Langmuir, Freundlich,
Dubinin Radushkevitch, and Temkin adsorption isotherms were plotted for Pb(II) ion.
The graph was plotted between 1/C. vs. 1/qe in order to study Langmuir adsorption
isotherms and it yielded a straight line for the synthesized adsorbents, thus indicating that
the Langmuir model was followed by CaFe;O4 NPs and CaFe; O4-NGO nanocomposite
(Figure 8a). The adsorption parameters are presented in Table 5. The value of ‘qm” i.e.,
maximum adsorbent uptake was found to be 520.0 mg/g and 780.5 mg/g for CaFe,O4
NPs and CaFe;O4-NGO, respectively. Whereas, the values of ‘b” (Langmuir constant) were
0.014 L/mg, and 0.004 L/mg, respectively. The Freundlich plots (i.e., logqe vs. logCe) also
yielded linearity for both CaFe,O4 NPs and CaFe;O4-NGO nanocomposite (Figure 8b), and
the estimated parameters are given in Table 5. The values of n and K¢ were found to be 1.2
and 1.9, and 0.61 mg/L and 1.20 mg/L for CaFe,O4 NPs and CaFe;O4-NGO, respectively,
which indicated the good adsorption capacity of the adsorbents towards Pb(II). The values
of n>1 supported the favorable nature of the adsorption isotherm. In addition, the ‘K¢’
values were found to be higher for nanocomposites. The trend for ‘K¢'values was the same
as observed for ‘qm’values obtained from the Langmuir plots, which again indicated the
superiority of nanocomposite over pristine NPs. The adsorption data were also applied
to the Dubinin Redushkevitch (D-R) and the Temkin isotherm models. These models and
their parameters are discussed in Supplementary Text S6 and Table S1. The values of R?,
‘F’-statistics, log likelihood (G?) error, and x? error were calculated for all the isotherm
models. The Langmuir isotherms had smaller values of x? error, ranging from 0.002 to
0.011 and a smaller G? error, ranging from 0.027 to 0.031 than the other isotherm models,
thus confirming the better fitting of the former model (Table 5 and Table S1). A non-linear
modeling was also applied for the best adsorbent, i.e., nanocomposite for Pb(II) adsorption,
as shown in Figure 57, along with parameters given in Table S5. Burglsser et al. reported
that the non-linear behavior is more common in natural adsorbents and the response curve
of column experiments in non-linear models depend on the concentration [40]. However,
the batch experiments displayed better fit of linear models in the present study. In addition,
G? and X errors for non-linear models were more in comparison to linear models, thus
supporting the better fitting of data to later.

3.3.4. Adsorption Mechanism and Desorption Studies

The adsorption mechanism involved the surface complexation and electrostatic in-
teraction of heavy metal ions with surface functional groups. There are many oxygen
(O) and nitrogen (N) functional groups present on the NGO surface. The nanocomposite
has additional unsaturated charges such as M-OH and Fe-OH hydroxyl groups on the
surface due to ferrite NPs in addition to N and O containing functionalities, which acted as
binding sites for adsorption of metal ions. The presence of NGO increased the surface area
of nanocomposite to 52.86 m? /g as compared to pristine NPs (23.45 m? /g), thus providing
greater surface area for Pb(II) adsorption. Surface charge also played a very important
role in the adsorption mechanism. At the optimized pH 6.0, zeta potential plots showed
the more negative surface charge (—10.0 mV) for nanocomposite compared to pristine
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CaFepO4 NPs (—4.9 mV) (Figure S2b). This indicated larger interactions between positively

charged metal ions and negatively charged nanocomposite for higher adsorption.
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Figure 8. (a) Langmuir and (b) Freundlich isotherm plots for adsorption of Pb(II) ions. (Experimental
conditions: pH, 6.0; temperature, 25.0 & 1 °C; adsorption time, 2.0 h; adsorbent dose, 0.01 g).

Table 5. Langmuir and Freundlich isotherm parameters and statistical analysis for adsorption of Pb(II) ions.

Isotherm Model Pb(I)
bl x 1073
Adsorbent Qm R2 2 G2
, (mg/g) (1/mg) x
Langmuir
CaFe, Oy 520.0 4.5 142 4+25 0.99 0.011 0.027
CaFey,O4-NGO 780.5 £ 1.6 445 +4.0 0.99 0.002 0.031
Kg 5
- R2 G2
" (mg/g)/(mg/L)" X
Freundlich
CaFe,O4 1.2+15 0.61 0.6 0.97 0.057 40.11
CaFe,O4-NGO 1.94+0.2 1.20£04 0.94 0.008 39.24

Figure 9 shows the XPS spectrum of CaFe,O4-NGO nanocomposite before and after
Pb(II) adsorption. The characteristic peaks of C, N, O, Ca, and Fe were observed in the
XPS spectrum of bare CaFe;O4-NGO nanocomposite (Figure 9a). The ‘Cls’ XPS displayed
the peak at 280.1 eV, which was assigned to the C-C bond with sp? hybridization. This
suggested the presence of graphite-like carbon. The peak at binding energies of 345.5 eV
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and 400.2 eV corresponded to the ‘Ca2p’and ‘N1s’, respectively [41,42]. The peak at
528.5 eV is characteristic of oxygen due to metal-oxide bond, which suggested the presence
of functional groups containing oxygen. The binding energies of ‘Cls’and ‘O1s” in XPS
spectrum of Pb(Il) adsorbed CaFe,O4-NGO exhibited a slight positive shift as compared to
that of CaFepO4-NGO before adsorption (Figure 9b). This indicated a change in the local
binding environment, as the electrostatic forces may get disturbed due to the metal binding.
Similar results were observed by Kaur et al. for the MgFe;O4-GO nanocomposite for
sequestration of Pb(II) and Ni(Il) ions [20]. After adsorption, the peak of ‘Pb4f” appeared at
the binding energies of 139.8 eV confirming the presence of Pb** ions on nanocomposite.
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Figure 9. XPS spectra of (a) CaFe,O4-NGO, (b) Pb(II) adsorbed CaFe,O4-NGO and (c) removal of
Pb(II) ions vs. desorption cycle sing CaFe,O4-NGO.
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Desorption and reuse of the adsorbents may reduce the cost of operation and open
the possibility of recovering the metals extracted from the liquid phase. Six adsorption-
desorption cycles were performed to test the reusability of CaFe,O4-NGO nanocomposite
as the adsorbent for removal of Pb(II) ions (Figure 9c). Initially, the removal efficiency
of Pb(Il) ions by CaFe,O4-NGO nanocomposite was 93.5%. After the sixth adsorption-
desorption cycle, the adsorption efficiency of CaFe,O4-NGO for Pb(Il) ions was measured
to be ~81.7%. The results suggested the reusability of nanocomposite during the adsorption
of Pb(II) ions.

3.3.5. Effect of Co-Existing Ions

The influence of common existing cations on Pb(II) adsorption (Figure S8a) showed
that the co-existing ions in the solution significantly affected the removal of Pb(II) ions
in Pb-Cd-Zn-Ni multi-ion system. CaFe,O4-NGO nanocomposite followed the metal ion
removal trend as: Pb(II) > Cd(II) > Zn(II) > Ni(II). This trend could be explained on the basis
of the ionic radii of metal ions. As the hydration capacity of ion decreases with an increase
in ionic radii, it results in smaller hydration of ionic radii and hence higher adsorption [43].
The effect of anions on the removal of Pb(II) using synthesized nanocomposite (Figure
S8b) displayed the trend as C1- > NO3~ > SO42~ using different salts. This could be
attributed to the formation of ion-pairs between ligands and heavy metals [20]. The higher
the stability of the ion-pair, the lesser is the availability of Pb(Il) ions for adsorption. Herein,
SO42~ forms most stable ion pair with Pb(II) ions over NO3 ™ and CI™ ions resulting in
lesser adsorption of Pb(II) from PbSO; solution.

4. Adsorption Studies for Congo Red and p-Nitrophenol

The effect of contact time on the removal of congo red and p-nitrophenol using
CaFe;O4 NPs and CaFe;O4-NGO nanocomposite is displayed in Figure 10a,b. For congo
red, the adsorption rate increased rapidly up to 60 min, after which the rate was slowed, and
the complete equilibrium was attained in 120 min. The CaFe;O4-NGO nanocomposite and
CaFe;O4 NPs exhibited the removal efficiency of 88.0% and 74.5% in 120 min, respectively.
Similarly for p-nitrophenol, CaFe,O4-NGO nanocomposite and CaFe,O4 NPs showed the
highest removal efficiency of 95.1% and 90.1% in 120 min. Thus, nanocomposites exhibited
the better removal efficiency than CaFe;O4 NPs. This may be due to the presence of
mesoporous N-GO in the nanocomposite, which provided more adsorption sites required
for congo red and p-nitrophenol adsorption. The pH and adsorbent dose studies are
discussed in Supplementary Texts S7 and S8. Optimum pH for congo red and p-nitrophenol
were 3.0 (Figure S4a,b) whereas, optimum adsorbent dose for congo red and p-nitrophenol
was 1.0 g/L and 0.1 g/L (Figure Sba,b), respectively.

In order to study the kinetics and the adsorption mechanism, pseudo-first (Figure S9a,b)
and pseudo-second order kinetic models were applied (Figure 10c,d). The data were best
fitted in pseudo-second-order model for both congo red and p-nitrophenol. The values for
equilibrium adsorption capacities (qe) and rate constants calculated from these plots are
reported in Table 6. The calculated and experimental qe values were in agreement for pseudo-
second order model. Coefficients of determination (R?) for pseudo-second order kinetic model
were 0.99 for both the adsorbents whereas the values for pseudo-first order model ranged
from 0.96 to 0.98, which indicated that the adsorption kinetics obeyed the pseudo-second order
kinetic model. This supported that the concentrations of both the adsorbates and adsorbents
were involved in the rate determination of adsorption. The fitting quality of model to the
experimental data was determined from the values of ‘F’- statistics, SSE and x? error. The
values of these parameters are summarized in Table 6. The higher values of 'F’- statistics
ranging from 44,923.0 to 77,169.0 and the smaller values of SSE and x2 for pseudo-second
order model were compared to the pseudo-first order model, indicating a better fitting of the
former model.
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Figure 10. (a,b) Effect of contact time on CR and PNP adsorption. (c,d) pseudo-second order for CR and PNP adsorption.

Table 6. Rate constant, equilibrium adsorption capacity, regression coefficient and statistical data of pseudo-first and
second-order kinetic models of CR and PNP onto CaFe;O,4 and CaFe,O4-NGO.

Kinetic Models CR
kl e, cal e, exp 2 2
‘ Photocatalyst (min—1) (mg/g) (mg/g) R SSE X F
Pseudo-first Order
CaFep Oy 0.017 £ 0.1 2228 +£ 0.6 3726 £0.7 0.97 224.52 6.03 12.9
CaFe;04-NGO 0.015 £+ 0.2 6.96 + 0.1 3726 £1.2 0.97 918.02 24.64 104.5
ko (x 103) e, cal e, exp 2 2
Photocatalyst (g/mg/min) (mg/g) (mg/8) R SSE X F
Pseudo-second order
CaFep Oy 279+ 05 40.0 £ 0.3 3726 + 1.1 0.99 7.48 0.200 44,923.0
CaFe;04-NGO 712+£0.2 385+ 0.7 37.26 £ 0.8 0.99 143 0.038 77,169.0
Kinetic Models PNP
k1 e, cal e, exp 2 2
. Photocatalyst (min-1) (mg/g) (mg/8) R SSE X F
Pseudo-first Order
CaFe; Oy 0.034 £ 0.2 452 +0.1 1.81 +£0.2 0.96 7.306 4.027 139.48
CaFe;04-NGO 0.039 £ 0.4 554+ 0.6 1.89 £ 0.8 0.98 13.33 7.037 587.99
ko e, cal e, exp 2 2
Photocatalyst (g/mg/min) (mg/g) (mg/g) R SSE X F
Pseudo-second order
CaFe, Oy 0.195 £ 0.4 1.35+0.2 1.81+£0.8 0.99 0.219 0.121 7090.0

CaFe;04-NGO 0.192 £0.2 1.40+03 1.89+1.2 0.99 0.240 0.126 5939.1
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5. Photocatalytic Degradation Studies

The photocatalytic potential of CaFe;O4-NGO nanocomposite for congo red and p-
nitrophenol was examined under visible light irradiation. The temporal UV-Visible spectra
of degraded congo red and p-nitrophenol solutions are illustrated in Figure 11a,b. The
absorbance of congo red and p-nitrophenol decreased as the irradiation time increased, thus
indicating their degradation. The gradual decrease of absorption peak at 498 and 398 nm
suggested that the congo red and p-nitrophenol were removed slowly with an increase in
the degradation time. The absorption maxima diminished with the progress of reaction and
colored solutions changed to colorless with complete degradation of p-nitrophenol. The
formation of a new peak at 290 nm further supported its degradation to hydroquinones [44],
where the highly oxidizing capacity of *OH radicals induced by the N-GO resulted in the
hydroquinone formation.
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Figure 11. (a) Photocatalytic degradation of CR (inset-pseudo second order kinetic model). (Experi-
mental conditions: pH, 3.0; adsorbent dose, 0.1 g and CR concentration, 2.0 mg/L). (b) photocatalytic
degradation of PNP (inset-pseudo second order kinetic model). (Experimental conditions: pH, 3.0;
adsorbent dose, 0.01 g and PNP concentration, 2.0 mg/L).

In order to study the photocatalytic performance of CaFe;O4-NGO, the kinetics of
congo red and p-nitrophenol photodegradation were investigated studied using pseudo-
first and pseudo-second order kinetic models. The plot of In(qe—qt) vs. time (t) plot to
obtain pseudo-first order fitting is presented in Figure S10a,b. The t/q; vs. time (t) plot for
the pseudo-second order model is shown in Figure 11a-inset and Figure 11b-inset where
the correlation coefficient was 1.0. The calculated and experimental g, values were better
in agreement in the pseudo-second order model than in the pseudo-first order model. The
fitting of the model to the experimental data was determined from the statistical analysis,
and is summarized in Table 7. The higher values of ‘F’- statistics and the lower value of
SSE and x? error supported better fitting of the pseudo-second order model.
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Table 7. Kinetics and statistical data of pseudo-first and second-order kinetic models for photodegradation of CR and PNP

onto CaFe;O4-NGO.

Kinetic Models Kinetic Parameters
kl e, cal e, ex 2 2
Pollutant S ' - &P R SSE X F
Pseudo-first Order (min”7) (mg/¢) (mg/¢)
CR 0.003 £ 0.1 1.96 +0.2 1.89 +£0.3 0.97 0.004 0.003 110
PNP 0.018 = 0.2 791 +£04 191+£0.5 0.98 35.98 18.85 2890
ko e, cal e, exp 2 2
Pollutant (g/mg/min) (mg/g) (mg/g) R SSE X F
Pseudo-second order
CR 0.026 £ 0.2 333+04 1.89 +0.3 1.00 2.093 1.110 1525
PNP 0.756 £ 0.1 191+ 0.7 191+05 1.00 0.000 0.000 16,523

5.1. Identification of Active Species and Photocatalytic Mechanism

In order to explore the photocatalytic degradation mechanism, trapping experiments
to evaluate possible reactive species were performed. Figure 12a depicts the effect of added
scavengers on the photocatalytic degradation of congo red and p-nitrophenol by using
CaFeyO4-NGO nanocomposite. The degradation of congo red dye was decreased to greater
percentage on addition of butanol (*OH scavenger), which indicated that *OH radicals
may be the major species responsible for degradation. In the case of p-nitrophenol, butanol
and ascorbic acid (O,°*~ scavenger) suppressed the rate of the degradation, suggesting that
the both *OH and O,°~ radicals contributed to the degradation of p-nitrophenol [45].
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Figure 12. (a) Effects of scavengers on photodegradation of CR and PNP. (b) Removal of CR vs.
desorption cycle. (Experimental conditions: pH, 3.0; temperature, 25.0 £ 1 °C; adsorption time, 2.0 h;
adsorbent dose, 0.1 g) and removal of PNP vs. desorption cycle. (Experimental conditions: pH, 3.0;
temperature, 25.0 £ 1 °C; adsorption time, 2.0 h; adsorbent dose, 0.01 g).

The presence of NGO in the nanocomposite was observed through the XPS measure-
ments (Figure 9a), and resulted in the significant increase in surface area from 23.45 m? /g
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to 52.86 m? /g for CaFe,O4-NGO. The porous surface of nanocomposite as confirmed from
BET studies, supported the availability of greater surface-active sites for adsorption, fol-
lowed by photocatalysis. At the working pH of p-nitrophenol and congo red, i.e., at pH 3.0,
the positive surface of composite as observed from zeta potential studies (Figure S2b)
showed higher affinity for both the anionic organic pollutants.

The mechanism for the photocatalytic degradation involved the formation of hetero-
junction of CaFepO4-NGO, which caused decreased bandgap of the nanocomposite. This
in turn facilitated the degradation of congo red and p-nitrophenol using the CaFe;O4-NGO
nanocomposite. When visible light was irradiated on the nanocomposite, CaFe,O4 NPs
transferred its excited electrons to NGO, which itself contained the extra electron. The
electrons would react with adsorbed oxygen present on the surface of adsorbent to produce
superoxide radicals (O,°7). The superoxide radical further reacted with adsorbed H*
present on the surface to produce peroxide radical (¢OOH) further yielding H,O, and
hydroxyl radicals (*OH). In present study, NGO played significant role in enhancing the
efficiency of CaFe;O4 NPs by increasing the conductivity and by prohibiting the recombi-
nation of photogenerated electron-hole pair at CaFe,O4 surface, as shown in Scheme 1.

i (Generation of electrons and holes
CaFeyOy+hv —— CaFe,O4(ecg +heg™)

N-GO (g7) + CaFe,0y

CaFe;04 () + N-GO

il. Formation of free mdicals
N-GO()+Op N-GO+-0y
Oy +H ——— 0O0H
200H — H0+0,
g +H,0; —— OH+H
h+0F =——— OH
F+H0 — -OH
ii.  Degradation of pollutant
"OH+ CR/PNP Degraded products

Scheme 1. Mechanism for degradation of CR/PNP.

5.2. Regeneration Studies

Regeneration of photocatalyst for reuse is considered as an essential factor in sus-
tainable applications [46]. Six cycles were performed to test the reusability of CaFe,O4-
NGOnanocomposite for the photocatalytic degradation of congo red and p-nitrophenol
(Figure 12b). After each degradation cycle, the CaFe,O4-NGOnanocomposite was sepa-
rated from the reaction mixture, washed with de-ionized water, dried, and reused. After
sixth photocatalytic cycle, the efficiency of CaFe,O4-NGOfor congo red was observed to
be 78.3%. In case of p-nitrophenol, 83.2% photocatalytic efficiency was retained. Thus,
reusability of the nanocatalyst further supported its future application for the removal of
organic contaminants from water.

5.3. Photocatalytic Degradation of Congo Red and p-Nitrophenol in the Presence of Pb(Il) Ions

Photocatalytic experiments were performed using Pb(II) adsorbed CaFe,O4-NGO
nanocomposite in a solution containing congo red and p-nitrophenol, separately. The
concentrations of congo red and p-nitrophenol were kept at 2.0 mg/L. The time dependent
degradation curves are shown in Figure S11. The degradation studies before and after Pb(II)
adsorption, the synergistic effect was observed after adsorption of Pb(II) in case of both
congo red and p-nitrophenol degradation. So, the removal efficiency of nanocomposite
was increased during the synergistic studies. The enhanced photocatalytic activity could
be described to the electronic structural properties of Pb(II) ions. The outer shell of Pb(II)
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(i.e., p-orbit (6p?)) requires a significant number of electrons and facilitates charge transfer
in photocatalytic reaction due to the higher electron affinity. However, there might be
possibility of photodeposition of Pb(II) on the surface of nanocomposite during irradiation,
which could play a role in enhancing photogenerated charge transfer [47]. However, in case
of p-nitrophenol degradation (Figure S11b), the absorbance values were found to increase
at 290 nm, which indicated the formation of large number of hydroquinones and thus
the improved degradation of p-nitrophenol in applying Pb(Il) adsorbed CaFe,O4-NGO
nanocomposite. Thus, it could be inferred that the removal efficiency of nanocomposite
increased during the synergistic adsorption of Pb(II) and photocatalytic degradation of
congo red and p-nitrophenol.

6. Conclusions

The CaFe;04-NGO nanocomposite was synthesized successfully by the facile ultra-
sonication method. The structural, adsorption, and photocatalytic properties of the syn-
thesized nanocomposite were compared with the pristine ferrite NPs. Nanofabrication of
NGO containing CaFe;Oy increased its potential for the effective removal of Pb(Il) ions
and photocatalytic degradation of congo red and p-nitrophenol. The maximum adsorption
capacity of nanocomposite for Pb(II) ions was 780.5 mg/g, which was significantly higher
than that of pristine CaFe,Oy4 (520 mg/g). The thermodynamic studies revealed the sponta-
neous and endothermic nature of the adsorption process. Under visible light illuminations,
94.8% p-nitrophenol and 88.2% congo red degradations were observed, which signify its
effectiveness in remediating organic pollutants. The efficient photocatalytic performance
of nanocomposite could be related to the presence of NGO, which not only resulted in an
increase in surface area but also facilitated the fast transfer of electron and lowered the
recombination of photoinduced charge carriers, supported by the results of PL. measure-
ments. Hydroxyl radicals (*OH) and superoxide (O,*~) radicals were largely responsible
for the degradation of congo red and p-nitrophenol. Overall, The CaFe,O4-NGO magnetic
nanocomposite has high potential for the effective removal of heavy metals and organic
pollutants in water.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/nano11061471/s1, Table S1. Adsorption isotherm parameters for Pb(II) ions, Table S2. List
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and pore diameter in BET study, Table S4. Saturation Magnetization, Coercivity and Retentivity of
nanoparticles, Table S5. Non-linear isotherm parameters and statistical analysis for adsorption of
Pb(II), Figure S1. FTIR spectra of (a) CaFe;O4 and (b) CaFe,O4-NGO, Figure S2. (a) Effect of pH
on Pb(Il) adsorption. Experimental conditions: temperature, 25.0 & 1 °C; adsorption time, 2.0 h;
adsorbent dose, 0.01 g; and Pb(II) concentration, 5.0 mg/L. (b) Zeta potential curve for CaFe;O4 and
CaFe;O4-NGO, Figure S3. Effect of adsorbent dose on Pb(II) adsorption. Experimental conditions:
temperature, 25.0 + 1 °C; adsorption time, 2.0 h; pH, 6.0; and Pb(II) concentration,5.0 mg/L. (b)
Effect of temperature on Pb(II) adsorption. Experimental conditions: adsorbent dose, 0.010 g; contact
time, 2.0 h; pH, 6.0; and Pb(II) concentration, 5.0 mg/L, Figure S4. (a) Effect of pH on CR adsorption.
Experimental conditions: temperature, 25.0 & 1 °C; adsorption time, 2.0 h; adsorbent dose, 0.01 g;
and CR concentration, 2.0 mg/L. (b) Effect of pH on PNP adsorption. Experimental conditions:
temperature, 25.0 £ 1 °C; adsorption time, 2.0 h; adsorbent dose, 0.01 g; and PNP concentration,
2.0 mg/L, Figure S5. (a) Effect of adsorbent dose on CR adsorption. Experimental conditions:
temperature, 25.0 & 1 °C; adsorption time, 2.0 h; pH, 3.0; and CR concentration, 2.0 mg/L. (b) Effect
of adsorbent dose on PNP adsorption. Experimental conditions: temperature, 25.0 & 1 °C; adsorption
time, 2.0 h; pH, 3.0; and PNP concentration, 2.0 mg/L, Figure S6. Removal efficiency of CaFe;O4-NGO
for Pb(Il), Figure S7. Non-linear Langmuir and Freundlich isotherm plots for (a) Pb(II) adsorption
using nanocomposite Figure S8. (a) Effect of competing cations and (b) Effect of competing anions on
adsorption of Pb(Il) ions using CaFe;O4-NGO, Figure S9. (a and b) Pseudo-first order model for CR
and PNP adsorption, Figure 510. (a and b) Pseudo-first order model for photocatalytic degradation
of CR and PNP, Figure S11. Synergistic adsorption of Pb(II) and photocatalytic degradation of (a)
congo red and (b) p-nitrophenol using CaFe;O4-NGO.
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