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Magnetic composite of magnetite (Fez0.) and graphitic carbon nitride (g-CsN4), labeled as S4
and S5, respectively, were synthesized using a co-precipitation method starting from Fe?* and
Fe3* salts and g-C3N4, which was obtained by different starting nitrogen-rich organic precursors;
urea and mixture of melamine and urea by thermal polymerization. The composites were tested
for methylene blue (MB) degradation in an aqueous solution under visible light irradiation. The
physicochemical properties of the composites were characterized by XRD, FTIR, SEM-EDX,
CHNS Analyzer, UV-Vis diffuse reflectance absorption spectra (UV-Vis DRS), and VSM. The
magnetic composite S4 and S5 enable 68.9% and 90.9% degradation of MB within 5 hours,
respectively. This study demonstrates that the photocatalytic methylene blue under visible light
is approximately two times greater when a mixture of urea and melamine is used as the g-
C3Ny precursor than urea alone. Furthermore, the composite's high saturation magnetization
suggests that the photocatalyst can be easily separated from the treated solution using a magnetic
field.
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The massive production and widespread use of
synthetic dyes in textiles, paper, food additives, and
other industries have experienced tremendous growth.
They have significantly polluted the aquatic system
[1] and harmed human and animal health even at low
concentrations [2, 3]. It also reduces light transmission
in contaminated water and causes aquatic life to run
out of oxygen [2]. Therefore, the removal of synthetic
dyes is becoming increasingly important. Semiconductor
photocatalysis is known to be an effective technology
to combat such pollutants [4, 5].

In this regard, graphitic carbon nitride (g-CsNa),
constituted of the elements C and N, has received
numerous attention as a polymeric compound photo-
catalyst for organic pollutant degradation [6-8]. g-
CsN4 is a robust and stable visible-light-driven photo-
catalyst with a medium-bandgap of 2.7 eV, nontoxicity,
has strong chemical stability with an attractive electronic
structure [9, 10] emerges as a good candidate for the
photocatalytic process. g-CsN4 has been synthesized
using several methods, including thermal poly-
merization [11, 12], solvent sonochemical [13],
template-directed solid-state [14], and so on. It is
important to note that g-CsN4 can be easily synthesized
thru a one-step method from cheap precursors such
as cyanamide, dicyandiamide, melamine, thiourea,

and urea. Nonetheless, g-CsN4 alone suffers some
withdrawal, such as rapid recombination of photo-
generated charge carriers and poor absorption in the
visible region, resulting in low photocatalytic activity
under visible-light illumination [15-17].

Recently, doping with metallic or nonmetallic
materials, increasing surface area, and combination with
other semiconductors have been used to enhance the
photocatalytic activity of g-C3sN4 [12]. Because of their
high saturation magnetizations [18, 19], FesO4 nano-
particles are a popular choice. Since g-C3sNa is non-
magnetic, it can't be easily recycled or separated
from treated solutions using an external magnetic
field, causing secondary contamination. Thus, loading
magnetic materials such as FesO4 on g-CsNa is an
excellent option for extracting photocatalysts from
photocatalytic systems [20, 21].

Kowitsch et al. [22] reported the use of iron
oxides-carbon nitride materials under visible light
irradiation, and the degradation rate of an aqueous
rhodamine B (RhB) solution in composites was
evaluated. The magnetic composite a-Fe;03(3%)/CN
permits 82% RhB degradation in 90 minutes. Christo-
foridis et al. [23] synthesized metastable 5-Fe;Os; nano-
particles on g-C3N4 using a solid-state, in-situ growth
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technique. The incorporated S-Fe;O3 improves the
photocatalytic activity by improving visible light
absorption and carrier separation. The composite -
Fe203(3.5 w%)/CN shows a methyl orange degradation
of 80% in 4 hours, whereas the degradation rate with
pure B-Fe,Os3 is only about 5%. Kheradmand et al.
[24] reported the impregnation of Fe,O3 and Fe304 on
CsN4 nanotubes (NTs) for visible-light hydrogen
production. Fes04/C3Ns NTs with 3% Fes04 mass
content had 1.9-fold the photocatalytic activity of bare
CsNs NTs. The better activity of FezO4/CsNs NTs
compared to Fe;O3/C3N4 NTs can be attributed to the
increased use of visible-light radiation and efficient
electron—hole pair separation, which leads to a
decreased recombination rate.

Numerous studies have been conducted on the
preparation of g-CsNg-related co-catalysts. However,
comparative studies on the synthesis of their starting
materials are scarce. Melamine, an organic nitrogen
heterocyclic triazine, was the typical substance used to
generate g-CsN.. Urea, readily available with the
chemical formula (NH).CO, was considered a green
precursor for g-CsNa. Due to their nitrogen-rich
nature, melamine and urea have been proven to be
active precursors for producing g-CsN..

In this work, two types of g-CsN4 were
synthesized using different precursors, (i) urea and (ii)
a mixture of urea and melamine, which were then
loaded with FesO4. The precursors were processed
simultaneously under similar conditions via thermal
polymerization. The objective was to systematically
compare the structure and properties of g-CsNg
generated from various raw materials. Importantly, no
templates or additional solvents were required for
synthesis, making this method far more environ-
mentally friendly than others. The synthesized samples
were characterized using XRD, FTIR, SEM-EDX,
CHNS Analyzer, UV-Vis diffuse reflectance absorption
spectra (UV-Vis DRS), and VSM. Then, the magnetic
composites were explored regarding the photocatalytic
performance under visible light irradiation.

EXPERIMENTAL
Chemicals and Materials

In this work, the fresh leaves of Azadirachta indica
(neem leaves) were collected from Tapah Road, Perak,
Malaysia. Iron (1) chloride tetrahydrate (FeCl,.4H,0),
iron (I11) chloride hexahydrate (FeCls.6H,0), ammonium
hydroxide (NHsOH), Urea, and Melamine were
purchased from R&M Chemicals. Methanol was
obtained from Sigma Aldrich Chemical Company. For
the dye, methylene blue (MB) as a model pollutant
was purchased from R&M Chemicals. All chemicals
were of analytical grade and utilized without further
purification.
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Characterization Methods
Instruments

X-ray powder diffraction (XRD) was used to analyze
the structure and identify the phase purity of samples.
The samples were placed on a flat plate while intensity
data were collected as a function of the Bragg angle,
0, inthe range 26 = 15° to 80° with a step size of 0.013°
using a PANanalytical X’pert PRO diffractometer in
Bragg—Brentono geometry using Cu K, radiation
wavelength A,, = 1.5405 A, 1, = 1.5443 A.
Attenuated total reflection-Fourier transform infrared
(ATR-FTIR) spectroscopy (Perkin Elmer spectrum
one spectrophotometer) in transmission mode with a
spectrum range of 4,000 to 550 cm and a resolution
of 4 cm™ was used to study the functional groups of
samples. A CHNS analyzer was used to perform their
elemental analysis (Thermo Scientific, Flash 2000). A
Benchtop Scanning Electron Microscope (BSEM)
attached with Energy Dispersive X-ray (EDX) analyzer
was used to examine their surface morphology (Phenom
XL). The magnetic properties were measured using
a vibrating sample magnetometer (VSM, Lake
Shore 7404, McCorkle Boulevard, Westerville, OH,
USA) at room temperature 300 K. The magnetization
measurements, Ms as a function of the applied field
(H), were measured under external magnetic fields up
to £+ 20,000 Oe. The absorbance from photocatalytic
degradation of MB was analyzed using UV-Visible
spectroscopy (PerkinElmer Lambda 35) at A, =
664 nm wavelength.

Preparation of Azadirachta indica (Neem Leaves)
Extract

The healthy leaves of Azadirachta indica (neem
leaves) were collected from Tapah Road, Perak,
Malaysia. The collected leaves were thoroughly washed
several times with distilled water to remove dust
particles and then air dried at room temperature to
remove the remaining moisture. Then, the dried leaves
were cut into small pieces and crushed into fine
powder. Approximately 5 g of finely grinded neem
leaf powder was mixed with 100 mL of sterile distilled
water in a conical flask, and the mixture was heated up
for 30 minutes at a constant temperature of 80 °C. The
mixture was heated on a hot plate and continuously
stirred with a magnetic stirrer to ensure that the
mixture was homogeneous. Then, the mixture was left
to cool at room temperature before being vacuum-
filtered through Whatman filter paper No. 1 to obtain
plant extract. The green clear filtered extract solution
was stored at 4 °C for further use [25, 26]. The extract
solution can be kept for up to a month at 4 °C.

Preparation of g-C3sN4

Urea and melamine were used as the precursor
materials in the thermal polymerization method to
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prepare graphitic carbon nitride (g-CsN4 [27, 28]. 10 g
of urea powder was weighed and placed in a crucible
with a lid. The sample was heated up to 550 °C for 3
hours using a heating rate of 5 °C/min in a furnace.
The obtained yellow product was cooled down to
room temperature and grinded in a mortar into
powder. The samples were denoted as S1. The same
procedures were repeated using the mixture of 3 g of
urea and 7 g of melamine powder as the precursor, and
the samples were denoted as S2.

Co-Precipitation of Iron Oxide Nanoparticles
(Fe304-NPs)

Neem leaf extract was used to prepare iron oxide
nanoparticles as the reducing and stabilizing agent.
Iron Oxide nanoparticles (FesOs-NPs) were prepared
using co-precipitation according to a published
procedure [25]. 1.10 g of iron (I1I) chloride hexa-
hydrate and 0.40 g of iron (Il) chloride tetrahydrate
with a 1:2 molar ratio were weighed and dissolved in
100 mL of distilled water. The solution was transferred
into the round bottom flask, and the resultant mixture
was heated for 10 minutes at 80 °C under a nitrogen
blanket. Then, 5 mL of aqueous neem leaf extract was
added slowly to the resulting hot solution. Then, 20
mL of 25% ammonium hydroxide (NH.OH) was
added drop by drop into the solution for 30 minutes
while vigorously stirring. The colour of the mixture
instantly changed to the black colour solution,
indicating the formation of Fe3Os-NPs. The mixture
was allowed to cool at room temperature for 30
minutes until the dark precipitate settled to the bottom
of the flask. After the supernatant was discarded, the
remaining black precipitate was rinsed with 15mL
distilled water. The washed precipitate was centrifuged
for 5 minutes at 8500 rpm, and then the pellet was
dried in the oven at 60 °C for 8 hours after the
supernatant was removed. Afterward, the obtained
black product was ground in a mortar and kept at room
temperature. The samples were denoted as S3.

Preparation of g-C3N4/Fe3Os Composite

0-CsN4/Fe3O4 composites were prepared by using the
ultrasonic deposition method. First, 0.30 g of S1 and
0.08 g of iron oxide (Fe3O4) were weighed and
dissolved with a mixture of 40 mL of methanol and
distilled water in a conical flask. The mixture was
stirred for 3 hours at room temperature using a
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magnetic stirrer. The mixture undergoes ultra-
sonication for 45 minutes to ensure the mixture is
homogeneous. Then, the solution was stirred for
another 1 hour and centrifuged for 5 minutes at a rate
of 8500 rpm. The supernatant was decanted, and all
the resulting pellets were dried using an oven for 8
hours at 60 °C. The samples were labeled as S4. The
same procedures were repeated using the S2, and the
samples were denoted as S5.

Photocatalytic Degradation

Under visible light irradiation, the photocatalytic
degradation reaction of MB in water was carried out.
50 mg of samples were dispersed with continuous
stirring into 50 mL of a 10 mg/L dye solution. Before
the irradiation, the suspension was stirred in the dark
for 30 minutes to allow the adsorption-desorption
equilibrium. Next, the solution was exposed to a 18 W
UV lamp) for 300 min with constant stirring. Samples
of 3 mL were collected at 30 min intervals throughout
the experiment. The concentration of MB in the
solution was measured using a UV-Vis Spectro-
photometer (PerkinElmer Lambda 35) at 4,,,,,= 664
nm, and the photodegradation percentage was evaluated
using Equation (1).

Degradation (%) = (C"C_—Ct) x 100 (D)

where C, (mg/L) is the initial concentration of MB
prior to irradiation and C; (mg/L) is the concentration
of MB after degradation at a specified time interval.

The Langmuir-Hinshelwood (L-H) kinetic model
was used to determine the rate of MB photo-
degradation as expressed in the following equation:

r= (%)= kaw @

which can be rewritten as
C,
n(32) = kappt 3)

where kg, is the pseudo-first-order rate constant

obtained from the slope of the plot In (i—") versus time
t

(t). C, represent the initial concentration, and C; is the

concentration at a specified time interval (t).

Table 1. Samples code with the composition of all samples

Samples Composition

Code

S1 g-C3sN4 (using urea as the precursor)

S2 g-CsN4 (using a mixture of urea and melamine as the precursor)
S3 F6304

S4 g-C3Na4/Fe304 (Composite of g-C3N4 (S1) and FesO4)

S5 g-C3Na/Fe304 (Composite of g-C3N4 (S2) and Fes04)
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Figure 1. XRD patterns for the g-CsN4 synthesized with different precursors, FezOs and g-CsNa/Fe3Oa.

RESULTS AND DISCUSSION
Characterization
Crystallography Analysis

Figure 1 shows the XRD patterns of pure g-CsNa
synthesized using different precursors (S1 and S2),
Fe304 (S3), and magnetic composites of g-CsNa/Fe304
(S4 and S5). XRD of all samples confirms the
crystalline phase of pure g-CsNa, Fe3O4, and g-CsN4/
FesO4. The apparent strong peak appears approximately
at 26 = 27.8°, corresponding to the (002) plane of g-
CsN. (JCPDS 87-1526), which is attributed to the
stacking of the conjugate aromatic system of g-CsNa.
The weak peak at about 26 = 13.1°ascribed to the
(100) plane is related to the interlayer stacking of the
tri-s-triazine motif in-plane nitrogen connections [8,
29]. This indicates the successful synthesis of g-C3sNa
via thermal polymerization from urea and a mixture of
urea and melamine.

The XRD pattern of S3 revealed the crystalline
phase of FesO4 with six distinctive diffraction peaks at
planes 26 = (220) at 30.6°, (311) at 35.8° (400) at
43.5° (422) at 53.3°, (511) at 57.5° and (440) at 63.1°
[25, 26]. Samples were indexed to a single-phase cubic
structure with Fd3ms space group, and all the diffraction
peaks agreed with JCPDS file N0.19-0629 (JCPDS).
No other distinctive peaks were observed, suggesting
the sample's purity. While the diffraction peaks at 26
=369, 44°,57° and 63° in the S4 and S5 composites are
associated with the face-centered cubic spinel
structure of Fe304 deposited on g-C3N4. Since there
are no additional diffraction peaks, the synthesized

material is entirely a composite of pure magnetite and
g-CsN4 combination. The intensity of two plane peaks
(100) and (002) of S4 and S5 decreases and becomes
broader together with the lattice spacing of the (002)
peak increasing from 27.7 to 27.9, indicating that
FesO. nanoparticles have closely combined with g-
CsNg4, and hindered graphitic carbon nitride crystal
growth thus changed their growing environment,
resulting in magnetic Fes04/g-CsN4 composites.

Functional Group Analysis

The FTIR spectra of pure g-CsN4 synthesized using
different precursors, Fe3O4, and magnetic composites
of g-CsNa/Fes04 are shown in Figure 2. The peaks
appearing in the FITR spectrum were assigned to
various groups and bonds in accordance with their
respective wavenumbers, including (1) broad peak
from 3100 to 3400 cm-?! centered at 3183 cm™!
corresponding to the stretching vibration of the O—H
and N-H groups, which may be due to the unreacted
amino groups and adsorbed H,O [6]; (2) the peaks
located between 1200 cm™ to 1600 cm™* are the typical
stretching vibration of C-N heterocyclic consisting of
C-N and C=N bonds [27]; (3) peak at 808 cm
correspond to the breathing mode of C-N stretching in
triazine rings which is a specific characteristic peak of
g-C3N4[6]; (4) peak at around 509 cm* corresponding
to the stretching vibration of Fe-O in FesO4, and (5)
the peak of 509 cm blueshift to 501 cm™ when the Fe
doped into g-CsNa. The presence of peaks at 808 cm™,
between 1200 cm to 1600 cm™t, and at 501 cm™!
indicates that S4 and S5 are the composites of FezO4
and g-CsNa. This is in agreement with the results of
XRD.
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Figure 2. The FTIR spectrum for the (a) S1, (b) S2, (c) S4 and (d) S5.
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Figure 3. SEM images and EDX spectrum of (a) g-CsNa (S1), (b) g-CsNa (S2), (c) FesOs (S3), (d) g-CsNa/Fes04
(S4), (e) g-C3Na/Fe304 (S5).
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Morphology and Surface Analysis

EDX analysis was used to determine the purity of the
samples, and the findings are depicted in Figure 3. As
can be observed, both S1 and S2 are composed of the
components C (carbon) and N (nitrogen). The presence
of Fe (iron) and O (oxygen) was confirmed by EDX
microanalysis. The distinctive peak, observed
approximately at 0.6 keV, confirmed the presence of
nano crystalline elemental iron. EDX spectra inferred
the presence of elements Fe (iron) and O (oxygen) and
thus confirmed the chemical composition of Fe;04
nanoparticles in S3. While the composite of S4 and S5
consists of the elements C, N, Fe, and O, indicating it
is a combination of g-C3N4 and FezO4. No other
impurities were detected in all samples.

While the microstructure of S1 and S2 is
granular, with rough surfaces observed (Figure 3 (a)
and (b)), the surface of the FesOsappears (Figure 3 (¢))
smoother compared to the g-CsN4 samples. There are
no particles on the surface of the FesO4 that would
indicate the absence of other residuals. After combining
0-CsNa4 with Fes04, the material's surface becomes less
rough (Figure 3 (d) and (e)), which reveals iron oxide
particles are distributed on the surface of g-CzNa,
which was consistent with the EDX results.

Optical properties

It is considered that photocatalyst optical characteristics
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significantly impact photocatalytic activity. As a result,
UV-vis DRS spectra of the resulting samples were
provided, and the results are shown below in Figure 4.
The absorption edge of samples S1 and S2 are
approximately 451 nm corresponding to the band gaps
at 2.97 and 2.98 eV, respectively. There are in good
agreement with previous reports [30]. The band gaps
for composites S4 and S5 are calculated to be 2.87 eV
and 2.90 eV, respectively. The values of the composites
do not change significantly compared to the band gap
of as prepared g-CsNa. It is observed that the band gap
value of composites is decreased after doping with
Fe304, which may be due to the interaction of g-C3N4
and Fe304 in the composites, which led to more
electron-hole pairs under visible light irradiation,
which increased photocatalytic activity [31].

Meanwhile, the absorption edge of the magnetic
samples (S4 and Sb) are further red shifted to the
visible range, indicating that the incorporation of the
magnetite particles had successfully extended the
visible light response of the photocatalyst, as also
reported by other researchers [1,2]. The red shift is
believed to be triggered by the delocalization of
electrons by the well-connected 2D conjugated planes
and the exciton splitting to generate free charges [32].
Generally, a larger range of visible light absorption is
favourable for increasing electron and hole pairs and
photocatalytic activity. As a result, inserting Fe3O4
particles into g-CsN4 may be advantageous for photo-
catalytic reactions [3].
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Figure 4. (a) UV-Vis DRS and (b) Plots of (ahv)2versus hv for the g-CsNa4 synthesized with different
precursors (S1 and S2) and g-CsN4/FesO4 (S4 and S5).
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Figure 5. Magnetization curve of S3, S4, and S5 samples at room temperature.

Magnetic Properties

The magnetic properties of all samples are investigated
at room temperature. Figure 5 shows the magnetization
curves as a function of the applied external magnetic
field for pure Fes04 (S3) and Fes;04/ g-CsN4 composites
(S4 and S5). The saturation magnetization of Fe3O4
nanoparticles is 87.87 emu/g, indicating that the Fe3Oa
nanoparticles have a high magnetic behavior. The S4
and S5 composite has a lower saturation magnetization
than pure FesOa4. The presence of hon- magnetic g-CsNa
reduces the nano-composite's saturation magnetization.
However, S5 has a higher magnetization value than

S4 due to the higher contents of Fe (4.75%) elements
compared to S4 (4.15% of Fe) derived from EDX data.

Figure 6 (b) demonstrates that the composites
were completely magnetically separated in 30 seconds
by placing a magnet near the vessel. These images
illustrate that separation (Figure 6 (b)) and redispersion
(Figure 6 (a)) of composites may be accomplished
simply and rapidly. Although the saturation
magnetization of the composite is low, it is high
enough to separate the composite from the solution
magnetically using an external magnetic force due
to its exceptional magnetic property.

Figure 6. Magnetic behavior of composites towards a neodymium magnet

Table 2. Elemental analysis of all samples.

Sample | Nitrogen (%) Carbon (%) Hydrogen (%) Oxygen (%)
S1 65.23 32.93 1.84 0

S2 64.28 34.12 1.59 0

S3 0.0000 2.26 0.51 97.23

S4 59.14 28.01 1.76 11.00

S5 63.26 29.78 1.52 5.44
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Elemental Analysis

As seen in Table 2, in addition to carbon and nitrogen,
all samples contained a small amount of hydrogen.
Small amounts of additional hydrogen and oxygen
may be derived from the residual unreacted amino
group and absorbed water of the sample. Some CNXx
materials reportedly have a great propensity to absorb
water from the environment [33]. As can be seen, the
g-CsN4 sample consists of C and N elements in the
compound [5]. The g-CsN4/FesO4 composite comprises
lower contents of C, N, and H elements, especially the
C content, demonstrating further the presence of Fe;04
in the composite, which is consistent with EDX data.

Photodegradation Activity

Figure 7 (a) shows the photodegradation of MB by the
synthesized magnetic composites using a UV-vis
spectrophotometer. After 30 minutes of stirring, dark
adsorption equilibrium was reached between MB
solution and magnetic composites and subsequently
for 300 min with the presence of composites and UV
light. No photodegradation of MB was observed when
the experiments were conducted under dark conditions.
MB deteriorated by 10% after 300 min of visible-light
irradiation in a blank experiment without a photo-
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catalyst. The photolysis of MB was also negligible,
showing the MB stability under UV light. After 300
min of irradiation, the MB degradation of S1 reaches
27.4%, whereas those of S2 reach 40.5%. Meanwhile,
the magnetic composite S4 and S5 enable 68.9%
and 90.9% degradation of MB within 5 hours,
respectively.

Figure 7 (b) shows the MB degradation rate
constants obtained using a pseudo-first-order Kinetic
model. This reaction successfully followed the
pseudo-first-order reaction and confirmed that no
adsorption process occurred. The degradation reaction
rate constant over the S1, S2, S4 and S5 composites
is 1.0 x 10 min’t, 1.4 x 103 mint, 4.0 x 103 min?!
and 8.3 x 10 min™!, respectively (see Table 3). This
study demonstrates that the degradation of MB is
approximately two times greater when a mixture of
urea and melamine is used as the g-CsN4 precursor
than urea alone.

It was evident that the photocatalytic degradation
abilities of g-C3N4 synthesized from different precursors
give different degradation abilities for MB. This may
be attributed to the different compositions of the samples,
surface morphology, and optical properties, as indicated
in characterization data [7, 8].
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Figure 7. (a) Degradation percentage (%) and (b) Kinetics of the removal of MB by prepared samples

Table 3. Kinetic data for MB photocatalytic degradation of the prepared magnetic composites

Sample Photocatalytic kinetics
Kapp X 1073 (min't) R?
S1 1.0 0.8937
S2 14 0.7666
S4 4.0 0.9541
S5 8.3 0.9736
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CONCLUSION

Graphitic carbon nitride (g-CsN4) was successfully
prepared using urea or a mixture of urea and melamine
via the thermal polymerization method. FTIR analysis
indicated the presence of respective stretching vibrations
of g-C3sNa. Then, the g-CsN. was loaded with Fe3O4 to
obtain magnetic composites with high saturation
magnetization, which suggests that the photocatalyst
can be easily separated from the treated solution using
a magnetic field. S5 samples show a high percentage
degradation (90.9%) of 10 mg/L of MB solution with
a rate constant of 8.3 x 10 min™.
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