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Abstract
Assorted common contaminants namely organic dyes and nitro compounds are generated by various
industries and have caused alarming problems for the environment and humans. The development of
effective and newer methods to eliminate these contaminants is imperative. One effective way to
eliminate these pollutants is to deploy sustainable heterogeneous catalyst systems. Accordingly, a novel
and e�cient magnetic nanocomposite catalyst comprising graphitic carbon nitride (g-C3N4), gold (Au),
and hematite (α-Fe2O3) nanoparticles (C3N4/Fe2O3/Au) is prepared through a cost-effective and green
method. The individual components, g-C3N4 and Au nanoparticles (NPs), are prepared via thermal
decomposition of urea and laser ablation in liquid (LAL), respectively. The behavior of C3N4/Fe2O3/Au
nanocomposite as a catalyst for the borohydride reduction of methyl orange (MO) dye and 4-nitrophenol
(4-NP)  in aqueous solution  is illustrated.

1. Introduction
Semiconductor materials are among the most promising catalysts for the degradation of the organic
contaminants in view of their inexpensive nature, outstanding stability, and easy separation (Liang et al.
2017). Metal free g-C3N4, one of the polymeric semiconductor materials, has a layered structure with tri-s-
triazine units comprising nitrogen and carbon elements in each layer (Niu et al. 2012). Surface properties
and existence of basic sites in g-C3N4 are largely responsible for this polymer to gain more attention in
many applications such as catalysis (Zhu et al. 2014). g-C3N4 has prominent features namely attractive
electronic structure (band gap 2.7 eV), great thermal stability, and surface area, easy accessibility via
facile synthesis methods such as thermal decomposition of earth-abundant, low cost, and nitrogen rich
raw materials e.g. cyanamide, dicyandiamide, melamine, thiourea and urea (Liu et al. 2020; Majumdar
and Pal 2020; Ong et al. 2016). Urea is a suitable precursor to fabricate the g-C3N4 with high porosity and
great surface area (Ong et al. 2016; Zhang et al. 2012). However, numerous attempts are made to modify
g-C3N4’s catalytic performance due to some of its natural limitations. For instance, deposition of some
metallic NPs such as Pd, Pt, Ag, Au, TiO2 and ZnO on surface of g-C3N4 can improve its catalytic activities
(Ding et al. 2017; Zhu et al. 2014). One of the metal NPs with high conductivity and low toxicity is Au NPs
which was used in many �elds for example, electronics, optics, biomedicine, and catalyst ( Nasri et al.
2020; Yang et al. 2015).

By using toxic reducing agents and surfactants, chemical methods are widely deployed to fabricate NPs,
which can be dangerous for environment and human health. LAL technique is a greener, inexpensive, and
a fast protocol for the production of NPs within minutes (Mohazzab et al. 2019a; Mohazzab et al. 2019b;
Mohazzab et al. 2020; Jaleh et al. 2020b; Zhang et al. 2017).

The deployment of heterogeneous catalysts in various chemical transformations is of great interest to
researchers (Habibi et al. 2011, 2013). Among the many bene�ts, the most important one being their easy
separation from the reaction mixture (Orooji et al. 2020; Salavati-Niasari and Banitaba 2003; Salavati-



Page 3/21

Niasari et al. 2004, 2008). Nanocatalysts (Salavati-Niasari 2005; Salavati-Niasari et al. 2009a; b) are
signi�cant materials which have demonstrated their prowess in chemical processes and remediation of
environmental pollutants. The green synthesized nanocatalysts with features namely large surface area,
good thermal tenacity and biocompability, and simple separation of reaction mixtures are suitable for
solving the environmental problems. The magnetic iron oxide-based nanocatalysts, such as magnetite
(Fe3O4), hematite (α-Fe2O3) (Esmaeili et al. 2011), and maghemite (γ-Fe2O3) nanocatalysts, endowed with
good biocompatibility, low toxicity, and eco-friendly properties, are attractive in catalytic processes due to
their fast and cost effective separation by exerting an external magnetic �eld with less waste and
consumption of the catalyst (Jaleh et al. 2017; Jiang et al. 2017; Tayel et al. 2019; Wang et al. 2015b;
Zhuang et al. 2017). Hematite (α-Fe2O3), a low cost, earth-abundant, and thermodynamically stable
material with narrow band gaps, has been mostly used as a support for metal NPs to improve its catalytic
performance (Han et al. 2019a).

Organic dyes and nitro compounds are harmful substances that enter water bodies and the environment
from various industries such as textiles, leather, printing and pharmaceuticals (Jaleh et al. 2020a;
Nasrollahzadeh et al. 2020b; 2020c; Zhu et al. 2011). Due to the great stability and solvability of nitro
compounds, especially 4-nitrophenol (4-NP), they are dangerous contaminants in water. To date, many
efforts have been made to remove organic dyes and 4-NP from the environment using assorted
techniques such as microbiological discoloration, physical adsorption, electrochemical treatment, and
chemical coagulation for the elimination of these contaminants from water and environment (Canizares
et al. 2004; Cervantes and Dos Santos 2011; El-Gohary and Taw�k 2009; Lucarelli et al. 2000; Zhu et al.
2011). Nevertheless, they suffer from several shortcomings namely severe conditions, being expensive
and the microorganisms elimination from destroyed entities that limit their use (Nasrollahzadeh et al.
2020c). Therefore, the use of effective catalysts generated by cleaner means is signi�cant (Balakumar et
al. 2020; Dat et al. 2020; Islam et al. 2018; Jia et al. 2019; Nasrollahzadeh et al. 2020a); some studies
have applied photocatalytic systems for dyes degradation (Ghanbari and Salavati-Niasari 2018; Karami
et al. 2020; Nasrollahzadeh et al. 2018). In fact, catalytic reduction of pollutants by suitable catalysts and
NaBH4 is one of the best possible pathways to remove these contaminants, because it has many
advantages encompassing e�cient operation, easy reaction conditions, and reasonable price.

Herein, we present an effective protocol for the production of C3N4/Fe2O3/Au nanocomposite by a simple
technique and the appliance of this nanocomposite for the borohydride reduction of MO and 4-NP is
described.

2. Experimental

2.1 Materials and tools
Urea (CAS NO. 57-13-6), methanol (CH3OH, CAS NO. 67-56-1) and ethanol (C2H5OH, CAS NO. 64-17-5)
were procured from Merck Chemical Company. sodium hydroxide (NaOH, ≥ 98%), iron(III) nitrate
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nonahydrate (Fe(NO3)3.9H2O, ≥ 98%), 4-nitrophenol, methyl orange, sodium borohydride and n-propyl
amine (CH3-(CH2)2-NH2, 97%) were procured from Sigma-Aldrich Company. UV-Vis spectra were recorded
on a Hitachi U-2900 instrument. All solutions were prepared with deionized water. A gold plaque (99.99%)
was utilized as a target for LAL process and Au NPs synthesis. To study the morphology and structure of
the nanocomposite, X-ray diffraction (XRD, ADP2000), Fourier transform infrared (FTIR, Thermo Nicolet,
via KBr pellets), �eld emission scanning electron microscopy (FESEM, TESCAN-MIRA3-XMU), energy
dispersive X-ray spectrometry (EDX, TESCAN-MIRA3-XMU), Brunauer-Emmett-Teller (BET, BELSORP-mini
II) and Barret-Joyner-Halenda (BJH) analyses were employed. The magnetic feature of the
nanocomposite was perused by vibrating sample magnetometer (VSM, MDKFT).

2.2 Fabrication of g-C3N4

g-C3N4 was fabricated via thermal decomposition of urea. Brie�y, urea (10 g) was heated in a covered
capped crucible at 550°C at a temperature gradient of 5°C/min for 3 h. Then, the crucible was cooled and
taken out. The obtained yellowish product was g-C3N4. The weight of the yellowish powders was 0.45 g
(Nasri et al. 2020).

2.3 Synthesis of Fe2O3 nanoparticles
To fabricate the α-Fe2O3 NPs, 0.03 M Fe(NO3)3.9H2O was stirred and mixed with 20% n-propyl amine in
methanol, resulting in a brownish solution. After addition of 0.1 M NaOH to the solution and stirring
again, a pH meter was used to determine the pH of resultant solution which reached 12. After that, the
solution was heated at 90°C for 1 h in a two-necked glass pot and a dark brown solution was obtained.
To separate the particles, the solution was centrifuged at 3000 rpm min− 1 up to 5 min and then washed
by methanol, acetone, and ethanol and dried (Wahab et al. 2018).

2.4 Synthesis of C3N4/Fe2O3/Au
The colloidal suspension of Au NPs was prepared using the �ber laser (1064 nm, RFLP30Q) highest
output of 30W. A cleaned gold plate was �rst soaked in a glass dish, with deionized water (~ 5 mL). The
laser beam, having a laser pulse length of 100 ns, the frequency of 20 KHz, and scanning pace of 200
mm/s was focused on to the gold plate from above (perpendicularly onto the target) (Mohazzab et al.
2019b). The area of the irradiation beam was 10 mm × 10 mm. The ablation time of the gold target was
about 6 min. During the LAL process, the color of liquid changed to red, illustrating the production of Au
NPs. The produced colloidal Au NPs was transferred to a separate vessel, stopping the laser irradiation
every one minutes due to the absorption of laser light by nanoparticles and avoiding the possibility of
particle aggregation.

To prepare C3N4/Fe2O3/Au, C3N4 (0.2g) was scattered ultrasonically in 60 mL ethanol/water (2:1) mixture
for 3 h under ambient condition. After that, 0.2 g of Fe2O3 NPs was added to it and dispersed for 1 more
hour and vigorously stirred nonstop for 5 h. Colloidal Au NPs and C3N4/Fe2O3 solution were subsequently
blended and stirred overnight. Finally, C3N4/Fe2O3/Au nanocomposite was segregated and desiccated.
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2.5 C3N4/Fe2O3/Au catalyzed reduction of 4-NP
A NaBH4 solution (0.25 M) was introduced to a mixture of 4-NP (25 mL, 2.5× 10− 3 M) and 10.0 mg of
C3N4/Fe2O3/Au and blended under ambient temperature. The disappearance of the yellowish coloration
indicates a reduction of 4-NP to 4-aminophenol (4-AP) and the completion of the outcome was tracked by
UV-vis spectroscopy

2.6 C3N4/Fe2O3/Au catalyzed reduction of MO
To a mixture of MO solution (25 mL, 3 × 10− 3 M) and 10.0 mg of C3N4/Fe2O3/Au, a NaBH4 solution (5.3 ×

10− 3 M) were introduced and blended at ambient temperature. The reaction advancement was followed
through UV-vis spectroscopy. When the orange color of the reaction mixture becomes colorless, MO
reduction reaction is considered visibly completed.

3. Results And Discussion

3.1 Characterization of C3N4/Fe2O3/Au structure
XRD technique was utilized to investigate the nanocomposite structure. The XRD pattern of pure C3N4 in
Fig. 1a shows two diffraction peaks at Bragg angles 2θ 13.1° (100) and 27.6° (002) (JCPDS 87-1526).
The former is ascribed to the repeated structural packing of the heptazine network and the latter
corresponds to the regular graphite-like interlayer stacking (Liu et al. 2011). The diffraction peaks at
Bragg angles 2θ 24.1° (012), 33.1° (104), 35.6° (110), 40.9° (113), 43.3° (202), 49.5° (024), 54.0° (116),
57.6° (018), 62.1° (214), 63.7° (300), 69.7° (208), 72.0° (1010), and 75.7° (220) can be indexed as
hematite (α-Fe2O3) in the Fig. 1b (JCPDC 39-1346) (Wahab et al. 2018). The XRD pattern of
C3N4/Fe2O3/Au nanocomposite (Fig. 1c) demonstrates diffraction peaks at around 38.1° (111), 44.4°
(200), 64.7° (220), 77.5° (311), and 81.5° (222),corresponding to the Au NPs (JCPDS 00-004-0784)
(Kumar et al. 2014). Figure 1c con�rms the presence of C3N4, Fe2O3 and Au NPs and formation of the
nanocomposite. The peak intensities of C3N4 are weaker, which can be due to the intercalation of
nanoparticles into the layers of the C3N4. According to the Scherrer’s equation (Venkateswarlu et al.
2010), the crystallite sizes of the Fe2O3 and Au NPs were calculated and found to be 29.87 and 22.52 nm,
respectively.

The FTIR measurement was performed to investigate the nanocomposite structure and chemical
functional groups. The spectra of C3N4, α-Fe2O3, and C3N4/Fe2O3/Au nanocomposite are depicted in

Fig. 2. The band, appeared from 3000–3300 cm− 1 is imputed to stretching modes of the incomplete
condensed amino groups (-NH2 and -NH) (Alizadeh et al. 2019). The bands in 1246–1636 cm− 1 range are

attributed to the bonding mode of C3N4 heterocycles. The peaks at 1246, 1325, and 1415 cm− 1 are

owned by the C-N band and the peaks at nearly 1573 and 1636 cm− 1 are owned by the C = N band
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(Gonçalves et al. 2018). The peak at 811 cm− 1 corresponds to the condensed C3N4 heterocycles and is
due to the breathing mode of heptazine ring units (Wang et al. 2015a). The peaks about 481 and 562
cm− 1 are related to Fe-O stretch of Fe2O3 (Han et al. 2019b). There is no obvious peak, indicating a
chemical bond between Au and C3N4.

The morphology of C3N4/Fe2O3/Au was evaluated by FESEM analysis. The wrinkled nanosheets and
two-dimensional aggregated lamellar structure of C3N4 are visible in Fig. 3. The Fig. 3b indicates the
deposition of spherical Au NPs on the surface of C3N4 nanosheets. Moreover, Fe2O3 NPs were detected in
Fig. 3c. Due to magnetic attraction among Fe2O3 NPs, some agglomeration was observed in the
nanocomposite.

EDX, elemental analysis was employed to determine the component contents. The resultant spectrum of
C3N4/Fe2O3/Au nanocomposite was shown in Fig. 4. This pattern indicates the existence of carbon,
nitrogen, oxygen, iron and gold, con�rming the formation of C3N4/Fe2O3/Au. The atomic percentage of
elements are listed in the Fig. 4.

The desorption/adsorption of N2 at 77 K on the surface of the C3N4/Fe2O3/Au was accomplished to
assess the pore structure and the speci�c surface area of samples. Figure 5a present the N2

adsorption/desorption isotherms with a hysteresis loop which shows the presence of mesopores in
sample; pore size distribution of sample was calculated (Fig. 5b) using BJH method, most abundant pore
diameter of sample being 1.6 nm. The BET surface area, mean pore diameter and pore volume are 25.2
m2 g− 1, 32.1 nm, and0.2 cm3 g− 1, respectively. The calculated structural parameters indicate that
C3N4/Fe2O3/Au has a huge surface area.

Magnetization measurements were performed using VSM analysis under ambient condition. The
magnetic hysteresis loop of the C3N4/Fe2O3/Au nanocomposite, sweeping from − 10000 to 10000 Oe
magnetic �eld, is depicted in Fig. 6; the nanocomposite has a S-like magnetization hysteresis loop and
ferromagnetic behaviour. The saturation magnetization (Ms) and remnant magnetization (Mr) are 8.32
and 1.56 emu/g, respectively with coercivity (Hc) of 200 Oe.

3.2 Catalytic reduction of 4-NP
To examine the catalytic performance of C3N4/Fe2O3/Au, the reduction of 4-NP was undertaken in the
attendance of NaBH4 (Scheme 1). The reaction advancement was determined with UV-vis spectroscopy
(Fig. 7); 4-NP has an absorption band peak of about 300 nm. When NaBH4 solution is added, wavelength
increases from 300 nm to 400 nm in view of the 4-nitrophenolate (4-NPT) ion formation. Then, by
supplementing 10.0 mg C3N4/Fe2O3/Au nanocomposite, the absorption band of about 400 nm was
reduced until it disappeared after 10 minutes. Finally, a novel absorption band of about 300 nm is
observed, that con�rmed the 4-AP formation. Table 1 shows the effect of different amounts of catalyst;
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best results were obtained with 10.0 mg of the catalyst, with a reduction reaction occurring within 10 min
(entry 3).

Table 1.

Reduction of 4-NP using various amount of catalyst.

Entry C3N4/Fe2O3/Au nanocomposite (mg) Time (min)

1 5.0 32

2 7.0 17

3 10.0 10

The mechanism proposed for the catalytic reduction of 4-NP is depicted in Scheme 2 which occurs over
an electron transfer reaction (Hatamifard et al. 2015; Bordbar et al. 2018). After adding the NaBH4, BH4

−

ion and 4-NP, they are attached to the C3N4/Fe2O3/Au nanocomposite surface by electrostatic attraction.
The Au NPs in nanocomposite play a signi�cant function for the catalytic reduction of 4-NP and actually
serve as an electron transfer system among the BH4

− donor and nitro group acceptor. Lastly, the 4-NP is
transformed to 4-AP by nitrophenolate intermediate and the catalytic run takes place again.

3.3 Reduction of MO by C3N4/Fe2O3/Au
We also considered the MO reduction reaction at room temperature (Scheme 3). The catalytic reduction
of MO deploying 10.0 mg C3N4/Fe2O3/Au nanocomposite and solution of NaBH4 occurs within 3 min
and the advancement of the reaction is monitored by UV-vis spectroscopy (Fig. 8); the solution of MO in
water has a peak at λmax 465 nm. Before addition of the C3N4/Fe2O3/Au nanocomposite to the reaction
mixture, the absorption spectrum does not show any change, but after addition, the reaction mixture
becomes colorless as the MO reduction occurs. Table 2 shows the catalytic reduction of MO using
varying amounts of C3N4/Fe2O3/Au nanocomposite and NaBH4 solution in water(5.3 × 10− 3 M) at
ambient temperature. The optimum catalytic reduction of MO was observed by using 10.0 mg of
C3N4/Fe2O3/Au and 25 mL of NaBH4 (5.3 × 10− 3 M) at ambient temperature within 3 minutes (entry 3).

Table 2.

Catalytic reduction of MO deploying various amount of catalyst.
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Entry C3N4/Fe2O3/Au nanocomposite (mg) Time (min)

1 5.0 15

2 7.0 5

3 10.0 3

4. Recyclability Of Catalyst
One of the important advantages of magnetic catalysts is its easy partitioning from the mixture. We used
the reduction of 4-NP as a model reaction. After completing the reaction in the �rst run, the catalyst was
removed by using an external magnet, washed with water, dried, and used for the following cycle. The
result exhibited that the catalyst can be retrieved for �ve times and reused with no noticeable
performance loss. As depicted in Fig. 9, a minor decline in the yield occurred subsequent to the �fth cycle
but the heterogeneous nature and the recyclability potential of the catalyst was discerned.

5. Conclusion
In summary, the C3N4/Fe2O3/Au nanocomposite was synthesized using an e�cient and straightforward
pathway. For the synthesis of Au NPs, greener LAL technique was used and carbon-based g-C3N4 was
synthesized by pyrolysis of urea. The XRD, FTIR, FESEM, EDX and VSM con�rmed the fabrication of
C3N4/Fe2O3/Au nanocomposite. The prepared C3N4/Fe2O3/Au nanocomposite has a high performance
for catalytic reduction of 4-NP and MO in water. The synthesized C3N4/Fe2O3/Au nanocomposite can be
reused for �ve cycles without noteworthy loss of performance. This general and sustainable approach
deploying earth-abundant materials may be adapted for the degradation of other dyestuff in water
bodies.
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Figure 1

XRD spectra of C3N4 (a), Fe2O3 (b), and C3N4/Fe2O3/Au nanocomposite (c).
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Figure 2

FTIR spectra of C3N4, Fe2O3, and C3N4/Fe2O3/Au nanocomposite.
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Figure 3

FESEM descriptions of C3N4/Fe2O3/Au.

Figure 4
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EDX spectrum of C3N4/Fe2O3/Au.

Figure 5

The adsorption-desorption of N2 isotherms (a) and pore size distribution (b) of C3N4/Fe2O3/Au.
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Figure 6

Room temperature magnetic hysteresis loop of C3N4/Fe2O3/Au.
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Figure 7

Variations in 4-NP UV-Vis spectra with time for the duration of reaction by 10 mg of C3N4/Fe2O3/Au.
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Figure 8

Variations in MO UV-Vis spectra with time for the duration of the reaction by 10 mg of C3N4/Fe2O3/Au.
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Figure 9

Recyclability potential of the C3N4/Fe2O3/Au nanocomposite in 4-NP reduction.
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