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g-CsN4 composites for the synergistic adsorption
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With the expansion of industrialization, dye pollution has become a significant hazard to humans and
aquatic ecosystems. In this study, a-Fe,O3/g-C3N4-R (where R is the relative percentage of a-Fe,O3)
composites were fabricated by a one-step method. The as-prepared a-Fe,O3/g-C3sN4-0.5 composites
showed excellent adsorption capacities for methyl orange (MO, 69.91 mg g~%) and methylene blue (MB,
29.46 mg g}, surpassing those of g-C3N4 and many other materials. Moreover, the ionic strength and
initial pH influenced the adsorption process. Relatively, the adsorption isotherms best fitted the
Freundlich model, and the pseudo-second-order kinetic model could accurately describe the kinetics
for the adsorption of MO and MB by a-Fe,03/g-C3N4-0.5. Electrostatic interaction and w—m electron
donor—acceptor interaction were the major mechanisms for MO/MB adsorption. In addition, the
photocatalytic experiment results showed that more than 79% of the added MO/MB was removed within
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were the major
reaction species for the photodegradation of MO, whereas MB was reduced by the synergistic effect of

DOI: 10.1039/c9ra05100g hydroxyl radicals (-OH) and holes (h*). This study suggests that the a-Fe,O3z/g-C3N, composites have an
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1. Introduction

With the rapid development of industrialization, dyes are being
extensively used in the textile, paper and leather industries.*
Among them, methyl orange (MO) and methylene blue (MB) are
the two most commonly used dyes.” The intense use of MO/MB
has inevitably increased their concentrations in environmental
compartments including the aquatic environment. However, as
reported, MO/MB in water is nonbiodegradable, neurotoxic and
environmental persistent.>* As a result, the increased use of
MO/MB has led to increasing concern related to their toxicity,
and thus, it is a critical and urgent task to achieve the fast and
highly efficient removal of dyes from wastewater.

To date, many technologies, including adsorption, chemical
oxidation, ion exchange, electrochemical degradation, and
photocatalytic degradation, have been applied to remove dyes
from aqueous solutions.” Among these technologies, adsorp-
tion has generally been regarded as the most conventional
method for removing dyes from aquatic ecosystems.® The
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application potential for the removal of dyes from wastewater.

adsorbents used to remove dyes from wastewater mainly
include activated carbon, natural minerals (bentonite, mont-
morillonite, etc.) and nanomaterials (graphene and carbon
nanotubes).” In addition to adsorption, photocatalytic reduc-
tion, as a new treatment, has attracted wide attention because of
its high safety level and simple operation. For example, Lui
et al.® prepared graphene-wrapped hierarchical TiO, nanoflower
composites and found that the novel material showed excellent
photocatalytic performances for the removal of MB. In recent
years, coupled with photocatalytic degradation technology,
adsorption has increasingly been used because it further guar-
antees the high removal efficiency of target dyes. Unfortunately,
many materials that exist today cannot have both excellent
adsorption performance and photocatalytic performance.’
Thus, it is essential to fabricate novel materials that present
strong adsorption capacity, fast adsorption rate, and high
photocatalytic degradation.

In recent years, two-dimensional (2D) materials have attracted
extensive attention in adsorption and photocatalysis owing to
their unique features, such as outstanding chemical stability,
high surface area, and excellent visible light activity.'® Accord-
ingly, 2D materials have been used as both adsorbents and
catalysts to remove organic pollutants from wastewater. For
example, Xiao et al™ fabricated nitrogen-rich graphene-like
carbon sheet composites, which not only showed high adsorp-
tion toward bisphenol A, but also exhibited excellent catalytic
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properties for bisphenol A. Among the 2D nanomaterials, g-C3N,
has gained immense scientific attention owing to its special
physicochemical properties, such as thermal stability, low fric-
tion coefficient, rich functional groups, and metal-free elements,
as well as nontoxicity."”” As a tri-s-triazine unit m-conjugated
material, g-C3N, has been used in many fields such as adsorp-
tion, CO, capture, metal-free catalysts, fuel cells and photo-
catalysis.”> However, due to its single surface functional group
and relatively small surface area, pure g-C;N, exhibits a low
adsorption performance for target dyes.'*'> Meanwhile, its rela-
tively poor quantum efficiency and electron-hole recombination
also limit its application in the field of photocatalysis.*® There-
fore, increasing research has focused on the modification of pure
2-C;3N, to improve the removal efficiency of target dyes, including
stripping, semiconductor recombination, controlling its
morphology, and element doping."”*® a-Fe,O3; nanostructures
have been widely used in environmental remediation in recent
years due to their unique properties and development pros-
pects.*® a-Fe,O; nanostructures not only exhibit good perfor-
mances in degrading organic pollutants, but also have effective
adsorption capacity for organic dyes and heavy metals.”* a-Fe,05/
g-C3N, composites not only increase the surface charge density of
2-C3N,, but also improve its photocatalytic activity.

Herein, we prepared «-Fe,03/g-C3N,-R composites (where R
is the relative percentage of «-Fe,O;) through a one-step
hydrothermal method and applied them as both adsorbents
and catalysts for the removal of MO and MB from aqueous
solution. The influence of different factors including adsorption
time, temperature, initial pH, and ion strength on the uptake of
MO and MB by the a-Fe,03/g-C3N, composites was systemati-
cally explored via batch adsorption experiments. The mecha-
nisms for the adsorption of MO/MB on the as-prepared sample
were analyzed by combining the adsorption experiment data
and XPS characterization results. Then, the catalytic properties
of the o-Fe,03/g-C;N, composites were assessed via photo-
catalytic experiments employing MO and MB. Finally, a series of
experiments with different capture agents was performed to
explore the possible catalytic reaction mechanisms. This study
not only provides new perspectives for the removal of dyes, but
also reveals the great application potential of the o-Fe,Os/g-
C;N, composites for environmental pollution control.

2. Experiment methods
2.1 Chemicals and materials

In this work, all reagents were of analytical grade as used as
received without further purification. FeCl;-6H,0, H,NCONH,,
CH;COONa, NaOH, HCl, C,H;0H, methyl orange (MO), meth-
ylene blue (MB), isopropanol (IPA), ethylenediaminetetraacetic
acid (EDTA), and benzoquinone (BQ) were acquired from
Sinopharm Chemical Reagent Co., Ltd. Superoxide dismutase
(SOD) was obtained from Aladdin Chemical Reagent Co., Ltd.

2.2 Synthesis of the composites

2-C3;N, was prepared using the method reported by Ma.** Briefly,
about 10 g of urea was placed in a 30 mL crucible and heated at
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853 K for 180 min at a heating rate of 5 °C min ', then cooled
naturally to room temperature.

The o-Fe,05/g-C3N, composites were obtained via a hydro-
thermal method. Typically, 200 mg of g-C;N, was dissolved in
40 mL absolute ethyl alcohol and sonicated for 1 h. Then, 2.8 mL
deionized water, 10 mg CH;COONa, and 3.4 mg FeCl; - 6H,0 were
added and uniformly stirred for 20 min. Subsequently, the
mixture was transferred to a 100 mL capacity Teflon-lined
stainless autoclave and kept at 453 K for 10 h. The product was
washed with alcohol and deionized water five times and freeze-
dried. The final product was called o-Fe,03/g-C3N,-0.5 (where
0.5 is the relative percentage of a-Fe,03). In the present study, we
changed the mass of FeCl;-6H,O to obtain materials with
different relative percentages of a-Fe,Oj; to explore the effect of a-
Fe,O; content on the properties of the composite.

2.3 Characterization

The morphologies and microstructure of the as-prepared
samples were examined using transmission electron
microscopy (TEM), high-resolution transmission electron
microscopy (HTEM), elemental mapping, and EDS (JEOL
JEM-2010F). The textural properties of the as-prepared
samples were tested by N, adsorption-desorption at 77 K
after degassing at 200 °C for 6 h using a surface area analyzer
(Micromeritics Tristar ASAP 2020). FTIR spectra of the as-
prepared samples (FTIR, Thermo Scientific, USA) were
recorded from 4000 to 400 cm ‘. X-ray diffraction (XRD)
patterns were obtained on a Bruker D8 Advance X-ray
diffractometer with CuK radiation (A = 1.541781 A). Zeta
potential was measured utilizing a Zetasizer 3000 HSA
system. X-ray photoelectron spectroscopy (XPS) data was
obtained on a Thermo Scientific ESCALAB 250Xi VG. All the
XPS tests were calibrated in reference to the C 1s peak (284.8
ev).

2.4 Batch adsorption experiments

The adsorption of MO and MB by a-Fe,03/g-C3N,-R was per-
formed through a batch method. 5 mg a-Fe,03/g-C3N,-R and
20 mL MO and MB solutions were transferred to a 50 mL
polyethylene centrifuge tube. In addition, to explore the
effect of pH on the adsorption of MO and MB by a-Fe,0;/g-
C3N,-R, the initial pH of all the MO and MB solutions was
adjusted to 3.0 = 0.1 and 7.0 & 0.1, respectively. The mixture
was then shaken at 150 rpm in the dark. The pH of the
solution was adjusted with a negligible volume of 0.1-
1.0 mol L' NaOH or HCI solution. In the adsorption kinetic
studies, o-Fe,03/g-C3N,-0.5 was added to MO (50 mg L™ ') and
MB (18 mg L") solutions at different intervals (ranging from
5 to 720 min). For the adsorption isotherm and thermody-
namic studies, the resulting series of a-Fe,03/g-C3N4-R was
added to MO and MB solutions with different concentrations
(ranging from 1 to 60 mg L ') at three different temperatures
(298 K, 308 K, and 318 K) for 360 min. The study of the effect
of ion strength on the MO and MB adsorption was executed in
different concentrations of NaCl (0.001 mol L,
0.01 mol L™*, and 0.1 mol L™'). The recycling performance of

This journal is © The Royal Society of Chemistry 2019
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the composite was also determined. After the adsorption, the
desorption of MO/MB adsorbed on a-Fe,03/g-C3N,-0.5 was
achieved with 0.5 M NaOH solution and methanol solution,
respectively. Then, a-Fe,03/g-C3N,-0.5 was dried at 60 °C and
reused. All the suspensions were filtered using a 0.45 pm
filter membrane. The concentrations of MO and MB were
determined using a UV-Vis spectrophotometer (UV-2450,
Japan) at the wavelength of 464 and 664 nm, respectively.
The a-Fe,03/g-C3N,4-0.5 sample after MO and MB adsorption
for characterization was collected by centrifugation and
dried at 353 K for 12 h and then characterized by XPS to
examine its adsorption mechanisms. Three replicates were
conducted in the adsorption experiments and the experiment
data were averaged.

The adsorption quantity of o-Fe,05/g-C3N4-R, g. (mg g ),
was calculated using the following equation:

V< (G- Ce)

e = (1)

m

where, C, (mg L™') and C. (mg L") represent the initial and
equilibrium concentrations of MO/MB, respectively, V (L) is the
volume of the suspension, and m (g) is the mass of as-prepared
samples.

2.5 Photocatalytic degradation experiments

Consistent with the adsorption experiment, MO and MB were
applied to study the photocatalytic degradation property of o-
Fe,03/g-C3N,-0.5. The photocatalyst (15 mg) was dispersed in
60 mL MO (50 mg L™ ') and MB (18 mg L") solutions and their
initial pH was adjusted to 3.0 + 0.1 and 7.0 £ 0.1, respectively.
Then, they were stirred in dark for 60 min to achieve adsorption/
desorption equilibrium. Finally, the mixed suspension was
exposed to a 300 W Xe lamp with a light filter (=420 nm). At
given time intervals, a mixed suspension of 5 mL was taken and
filtered using a 0.45 um filter membrane. To study the catalytic
mechanism, three scavengers (IPA, TEOA, and SOD/BQ) were
added into the solution. In the cycle experiments, the photo-
catalyst was washed with 0.5 mol L~ " NaOH and methanol
solution, respectively. Then the product was dried at 353 K for
12 h. The concentrations of MO/MB were obtained using a UV-
Vis spectrophotometer (UV-2450, Japan) at the wavelength of
464 and 664 nm, respectively.
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3. Results and discussion
3.1 Characterization of the as-prepared samples

The crystal structures of the as-prepared samples were identified
by XRD. As shown in Fig. 1a, g-C3N, has two main peaks located at
26 = 13.1° and 27.4°, which can be indexed to the (100) and (002)
diffraction planes of g-C3N, (JCPDS 87-1526), respectively.> The
strong peak (26 = 27.4°) and the relatively weak peak (26 = 13.1°)
corresponded to the interlayer stacking peak of conjugated
aromatic systems and tri-s-triazine units, respectively.** For a-
Fe,05/g-C3N,-R, the intensity of the diffraction peaks of the o-
Fe,0; species increased with an increase in the a-Fe,O; content.
The diffraction peaks at 33.2°, 35.5°, and 54.1° correspond to the
(104), (110) and (116) planes of a-Fe,O; (JCPDS 33-0664).° These
results demonstrate the existence of a-Fe,O; and g-C;N, compo-
nents in the a-Fe,05/g-C3N,-R composite. In addition, the FT-IR
spectra of the as-prepared samples are shown in Fig. 1b. For g-
C;N,, the series of peaks between 1200 and 1650 cm ™' is charac-
teristic of s-triazine derivatives. Among them, the four strong peaks
at 1407, 1462, 1570, and 1633 cm™~ " are attributed to the stretching
vibration of heptazine-derived rings.”* The adsorption bands at
1240 and 1317 cm ™' are ascribed to the secondary (2C-N) and
tertiary (3C-N) amine fragments, respectively. The band at
808 cm ™ is a typical peak, corresponding to the heptazine ring of
g-C;N,.”” Compared to g-C;N,, the new band at 541 cm ™" for o-
Fe,03/g-C3N,-1 is related to the stretching vibration of the Fe-O
bond.?® These results confirm the existence of a-Fe,O; and g-C3N,
in the as-prepared samples. The N, adsorption-desorption
isotherms and pore size distributions of the as-prepared samples
are presented in Fig. S1f and the structural parameters of the
adsorbents are summarized in Table S1.f The N, adsorption-
desorption isotherms were type IV with a distinct hysteresis loop at
P/P, above 0.4, implying the existence of a mesoporous structure in
all the samples.” In addition, the narrow pore size distribution for
all the samples suggests that all the samples have strong adsorp-
tion capacity. As shown in Table S1, the BET surface area of pure
g-C;3N, is 69.6 m* g ', which is greater than that of a-Fe,03/g-C5N,-
0.25 (55.0m* g~ "), 0-Fe,05/g-C5N,-0.5 (52.2 m> g~ 1), and or-Fe,05/g-
C;3N,-1 (45.4 m® g~ 1). This is mainly ascribed to the relatively low
BET surface area of a-Fe,O;.

To further confirm the existence of a-Fe,Oj;, the micro-
structure and morphological characteristics of the as-prepared
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Fig. 1 XRD patterns (a) and FTIR spectra (b) of the as-prepared samples.
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samples were examined by TEM, HRTEM, EDS, and element
mapping. The TEM image of the as-prepared g-C;N, sample
shows a wrinkle in two-dimensional structure (Fig. 2a). As
observed in Fig. 2b, the TEM images of a-Fe,03/g-C3N4-0.5
display many nanometer particles well-dispersed on the surface
of g-C3;N,. The HRTEM image of o-Fe,03/g-C3N,-0.5 (Fig. 2c)
demonstrates the lattice fringe spacings of 0.333 nm, 0.274 nm
and 0.252 nm, corresponding to the (002) crystal plane of g-C3N,
and the (104) and (110) crystal planes of a-Fe,03, respectively*
(Xiao et al., 2015). Besides, the EDS and mapping in Fig. S2a and
df also indicate that a-Fe,03/g-C3N,4-0.5 contains C, H, O, Fe,
and N elements. These results further demonstrate that o-Fe,05
was successfully coupled with g-C3;N,.

3.2 Adsorption isotherms of MO and MB on the as-prepared
samples

To assess the adsorption properties of the as-prepared samples,
MO and MB were selected as target pollutants to test the
removal performance. The Langmuir and Freundlich isotherm
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models were used to fit the experimental data of the adsorption
isotherms (Text S1+t).

The experimental data and fitting plot of the Langmuir and
Freundlich isotherm models for MO and MB removal by the as-
prepared samples are presented in Fig. 3, and the correspond-
ing parameters are shown in Table 1. Compared with the two
models, the Freundlich model was superior to the Langmuir
model and it gave a better simulation to the experimental data,
suggesting that the adsorption on the samples was multilayer
adsorption.®*® The values of the Freundlich constants, n, were
found to be higher than 1 for all the samples at 25 &+ 0.5 °C,
confirming that the adsorption process of the as-prepared
samples was favorable. According to the Langmuir adsorption
simulation, the maximum adsorption capacity of MO on o-
Fe,05/g-C3N,-0.5 was 69.91 mg g~ ', which is higher than that of
MO on g-C;3N, (34.61 mg g '), a-Fe,03/g-C3N,-0.25 (69.24 mg
¢~ "), and a-Fe,05/g-C3N,-1 (67.92 mg g~ *). Similar results (Table
1) were also obtained for the adsorption of MB on all the
samples, which possessed impressive capacities of 9.66, 27.40,
29.46, and 26.56 mg g’1 for MB on g-C;3Ny, a-Fe,03/g-C3N4-0.25,

200nm

Fig. 2 TEM images of g-C3N4 (a) and a-Fe,03/g-C3N4-0.5 (b). HRTEM images of a-Fe,O3z/g-C3N4-0.5 (c). Elemental mapping images of the

different elements in a-Fe,O3/g-C3N4-0.5 (d).
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Fig.3 Adsorption isotherms of MO (a—d) and MB (e—h) on the as-prepared samples. pHwo = 3.0 £ 0.1, pHug =8.0 £ 0.1, m/v=0.25gL "% and T

=298 £ 1K

a-Fe,05/g-C3N4-0.5, and a-Fe,03/g-C3N,-1, respectively. Thus,
the above results indicate that o-Fe,Os/g-C3Ny4-R has better
adsorption properties for MO and MB than g-C;N,. In addition,
the relatively poor adsorption performance of a-Fe,03/g-C3N,-
0.25 and o-Fe,03/g-C3N,-1 may be ascribed to their relatively
weak charge density and low BET surface area. Furthermore, the
obtained maximum adsorption capacity of MO and MB on a-
Fe,03/g-C;N,-R was higher than that of the other reported
materials (Table S21). Therefore, o-Fe,05/g-C3N,-R possesses
excellent adsorption potential for dye pollution removal in real
applications.

3.3 The effect of contact time and adsorption kinetics of MO
and MB on O(-F6203/g-C3N4-0.5

The effects of contact time of MO and MB on a-Fe,05/g-C3N,-0.5
are illustrated in Fig. 4a. The adsorption capacities of MO and
MB on the as-prepared sample increased rapidly in the first
5 min and reached about 65% of the total sorption capacity. The
main reason for this is that the higher driving force in the initial
stage prompted MO and MB to transfer rapidly to the active
sites of a-Fe,03/g-C3N4-0.5. Then, the sorption rate increased
slowly until equilibrium was achieved after 5 min. This was

mainly caused by the reduction of vacant sites on a-Fe,O,/g-
C3N,4-0.5 and the repulsion between solute molecules on the
solid surfaces and the solute molecules in the bulk phase.*
Compared with other adsorbents, the material prepared in this
experiment is noteworthy since its sorption capacity in the first
5 min reached 65% of its total sorption capacity, which indi-
cates that a-Fe,03/g-C3N,-0.5 is an ideal adsorbent.

To the possible mechanism of adsorption, the pseudo-first-
order and pseudo-second-order kinetic models were applied
for the simulation of the data (Text S21). The model curves are
shown Fig. 4b and S3,1 while the corresponding parameters are
listed in Table S2.f The super-high correlation coefficient and
the correspondence of gecal and geexp show that the experi-
mental data is consistent with the pseudo-second-order model,
which reveals that the adsorption is affected by chemical
interactions.**

3.4 Adsorption thermodynamics of MO and MB on a-Fe,0;/
-C;N4-0.5
The thermodynamic parameters (AS°, AG®, and AH®) for MO

and MB adsorption on a-Fe,03/g-C3N,-0.5 were calculated from
the temperature-dependent adsorption isotherms (Text S37),

Table 1 Langmuir and Freundlich adsorption isotherm parameters for MO and MB on the as-prepared samples

Langmuir Freundlich

Species Sample Gmax (Mg g7Y) b (Lmg™?) R* Ke (mg' ™" L' g™ n R*

MO 2-C3Ny 34.61 1.752 0.960 20.17 4.48 0.966
a-Fe,03/g-C3N,-0.25 69.24 0.652 0.909 30.32 4.25 0.981
a-Fe,05/g-C3N,-0.5 69.91 0.768 0.904 30.97 4.27 0.977
a-Fe,05/g-C3Ny-1 67.92 0.512 0.891 28.68 4.15 0.987

MB 2-C3Ny 9.66 2.876 0.943 6.94 5.95 0.949
0-Fe,05/g-CsN4-0.25 27.40 0.846 0.901 13.68 417 0.996
a-Fe,05/g-C3N,-0.5 29.46 0.744 0.899 13.84 3.86 0.996
a-Fe,0,/g-C5Ny-1 26.56 0.548 0.924 11.56 3.71 0.983

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Effect of contact time of MO/MB on a-Fe,O3/g-C3N4-0.5 (a). Pseudo-second-order linear plots for the removal of MO/MB (b). pHmo =

30+01 pHws =80+01 m/iv=025gL % and T=298 + 1 K.

and the results are presented in Table S4.f As shown in Table
S4,1 the AG® values for MO and MB were negative, and therefore
the adsorption process was spontaneous. However, the increase
in AG° indicates that a-Fe,05/g-C3N,-0.5 had the most efficient
adsorption for MO at a higher temperature, while the removal of
MB showed the opposite trend.*® The negative value of AS® for
MO and the positive value of AS® for MB exhibit the increase
and decrease in the degree of disorder at the solid-liquid
interface, respectively. The negative value of AH°
(—17.84 k] mol™") for MO adsorption and positive AH® value
(6.72 k] mol™") for MB show that the MO adsorption was an
exothermic process, while MB adsorption was endothermic.**

3.5 Effect of initial pH and ion strength

The initial pH is a very important factor that affects the
adsorption of pollutants.* The effect of solution pH on MO and
MB adsorption on o-Fe,03/g-C3N4-0.5 is presented in Fig. 5a
and b, respectively. The adsorption capacity of MO on a-Fe,0s/
2-C3N,4-0.5 obviously decreased from 3.0 to 5.0, then slowly
decreased with an increase in the initial pH (Fig. 5a). The
maximum adsorption capacity for MO at initial pH 3.0 reached
68.09 mg g~ '. This result is consistent with a recent study, in
which Robati et al. found that the optimum pH for the
adsorption of the MO on synthesized GO was also 3.0.>° This
result can be explained by the zeta potential of a-Fe,05/g-C3N,-
0.5 and the chemical structure of MO, as shown in Fig. S6 and
S7.1 In the pH range of 3.0-5.0, the surface charge of the as-
prepared sample was positive and that of MO was negative.
Thus, electrostatic attraction could occur, resulting in the high
adsorption compared to that in the pH range of 6.0 to 10.0. The
adsorption capacities of the adsorbent remained slow with
a decrease in the initial pH in the range of 6.0-10.0, suggesting
that the electrostatic attraction was converted to electrostatic
repulsion and competitive adsorption between OH ™ and MO for
the available sites.*” Compared to MO, the influence of initial
PH on the removal of MB showed a different trend (Fig. 5b). The
adsorption capacity revealed a rapid increase at initial pH 3.0-
5.0, followed by a slow increase over the solution pH range of
6.0-9.0, and then the adsorption capacity finally increased

29114 | RSC Aadv., 2019, 9, 29109-29119

rapidly at pH 10.0. This can be explained by the fact that the
surface of a-Fe,03/g-C3N4-0.5 was protonated and showed
a positive charge in the pH range of 3.0-5.0, which was
conducive to the immobilization of the positively charged MB
by electrostatic repulsion. With an increase in the initial pH, the
surface of the as-prepared sample became negative owing to
deprotonation, and the electrostatic attraction between the
positively charged MB and the negatively charged surface led an
increase in adsorption capacity. Meanwhile, a-Fe,03/g-C3N4-0.5
still adsorbed MB and MO under electrostatic repulsion. This
may be dominated by the specific driving force between MO/MB
and a-Fe,03/g-C3N,-0.5.%® Moreover, the adsorption capacity of
the adsorbent for MO and MB decreased and increased,
respectively, at initial pH 2.0, compared with that at initial pH
3.0 due to the partial dissolution of the adsorbent. It is worth
noting that the adsorbent had a certain buffering effect by
comparing the initial pH value with the equilibrium pH value.

The adsorption of MO and MB on a-Fe,03/g-C3N,4-0.5 as
a function of the initial pH in different NaCl concentrations
(0.001, 0.01 and 0.1 mol L™") was investigated (Fig. 5c and d,
respectively). As shown in Fig. 5¢ and d, the adsorption of MO
and MB was influence by ionic strength at all pH values,
respectively. In the initial pH range of 2.0-4.0, with an increase
in the concentration of NaCl from 0.001 M to 0.1 M, the
adsorption capacity of MO decreased greatly. One possible
explanation for this phenomenon is the competitive adsorp-
tion between the increased chloride ions in the solution and
the negatively charged methyl orange, resulting in a decrease
in effective adsorption sites.** Hence, the adsorption within
this initial pH range may be dominated by electrostatic
interaction. However, with an increase in the initial pH from
5.0 to 10.0, the concentration of NaCl had little influence on
the adsorption capacity of MO. This phenomenon indicates
that the electrostatic interaction was no longer dominant in
this initial pH region. In addition, the concentration of NaCl
had a relatively large influence on the adsorption of MB at all
pH values. This phenomenon can be explained by two aspects.
On the one hand, in the initial pH range of 2.0-5.0, increasing
ionic strength could reduce the electrostatic repulsion

This journal is © The Royal Society of Chemistry 2019
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between MB and the adsorbent, thus increasing the adsorp-
tion capacity through other driving forces.** On the other
hand, in the initial pH range of 6.0-10.0, increasing ionic
strength could promote the dissociation of MB and enhance
its electrostatic interaction with the adsorbent surface, which
is consistent with MB removal on a spherical CuO/meso-silica
nano composite.**

3.6 Regeneration and reusability

The stability of adsorbents is considered an indispensable
factor for their industrial application. Thus, the recycling of a-
Fe,0,/g-C;N,-0.5 was also investigated (Fig. S8t). The
adsorption capacity of the as-prepared sample only decreased
slightly from 70.17 mg g~ to 65.81 mg g~ ' with an increase in
the reuse cycles and the decline efficiency was 6.21% after four
cycles of regeneration experiments. In addition, the adsorp-
tion capacity of a-Fe,03/g-C3N,4-0.5 slightly declined by 9.80%,
from 27.36 mg g~ ' to 24.68 mg g ' for MB after four cycles.
Also, the XRD peaks of MO/MB after photocatalysis and
adsorption of the materials did not change (Fig. S9t). These
phenomena indicate that a-Fe,03/g-C3N4-0.5 has good reus-
ability and chemical stability.

3.7 Adsorption mechanisms

The a-Fe,03/g-C3N,-0.5 sample was measured by EDS after the
adsorption of MO and MB. As shown in Fig. S2b and c,T a new

This journal is © The Royal Society of Chemistry 2019

peak at approximately 2.3 keV appeared, respectively. This
result indicates the successful adsorption of MO and MB on a-
Fe,03/g-C3N4-0.5. Thus, to further explore the potential
adsorption mechanism of dyes on the as-prepared sample, a-
Fe,05/g-C3N,-0.5 was measured by surface sensitive XPS spectra
before and after the adsorption of MO and MB. Besides, the
high-resolution XPS scans of C 1s and N 1s were also obtained.
As can be seen in Fig. 6a, there were four peaks in the XPS survey
spectrum of a-Fe,03/g-C3N,4-0.5, including N 1s, O 1s, Fe 2p, and
C 1s. After adsorption, the new peak S 2p was found on a-Fe,O3/
g-C3N,-0.5, which is attributed to the S element of MO and MB.
These results also demonstrate that MO and MB were success-
fully adsorbed on the as-prepared sample, which are consistent
with the EDS results. The O 1s spectrum of a-Fe,03/g-C3N4-0.5
showed a characteristic peak at 529.02 eV, which is ascribed to
the lattice oxygen in a-Fe,O;. However, the peak position of
lattice oxygen in pure a-Fe,O; shifted by ~0.63 eV (529.65 €V)
(Fig. S10t). This result suggests that o-Fe,O3; and g-C3N, are
bound by chemical bonds rather than a simple physical
mixture. Before and after adsorption, the C 1s and N 1s spectra
of a-Fe,03/g-C3N,-0.5 provide some evidence of the interaction
mechanism between the as-prepared sample and adsorbates.
The N 1s spectrum of a-Fe,05/g-C3N,-0.5 showed four peaks at
398.41, 399.70, 400.90 and 404.17 eV (Fig. 6¢). The peak at
398.41 eV is the prime binding energy, which can be ascribed to
the sp> N of the triazine ring (C3N;) or heptazine units (C¢N5),

RSC Adv., 2019, 9, 29109-29119 | 29115


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05100g

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 17 September 2019. Downloaded on 10/25/2025 8:29:54 PM.

(cc)

View Article Online

Paper

N 1s

Cls

400 200 0

«-Fe,0,/g-C,N,+MB «-Fe,0,/g-C,N,+MO

RSC Advances
(a)
— a-Fe,0,/g-C;N,-0.5
Py — 0-Fe,0,/g-C;N,-0.5+MO
= — a-Fe,0,/g-C;N,-0.5+MB
S
>
~—
©
»
= L
L
N \ g
= o‘*"\.—-‘ﬂ\
~ b aaae
1200 1000 800 600
Binding Energy (eV)
(b) 4 5] (c)

Intensity (a.u.)

Intensity (a.u.)

C1s (d) C1s

Intensity (a.u)

292 290 28 26 284 282 202 280

288 26 282 292 2% 28 288 284 282

Binding Energy (eV)

«-Fe,0,/g-C;N,
N1s

()

Intensity (a.u.)
Intensity (a.u.)

«-Fe,0,/g-C,N,+MB;

Binding Energy (eV) Binding Energy (eV)

«-Fe,0,/g-C,N ,+MO
N1s

9TV

Intensity (a.u.)

408 406 404 402 400 398 396 394
Binding Energy (eV)

408 406 404 402 400 398 396 394

408 406 404 402 400 398 3%

Binding Energy (eV) Binding Energy (eV)

Fig. 6 XPS spectra (a) and corresponding O 1s (b—d) and N 1s (e—g) spectra of a-Fe,Os/g-C3sN4-0.5 before adsorption (b and e), after MB

adsorption (c and f), and after MO adsorption (d and g).

while the peak at 399.70 is ascribed to the tertiary nitrogen N-
(C); and that at 400.90 eV is attributed the amine functions
(-NH,).** Furthermore, the peak at 404.17 eV may be related to
charging effects. In the C 1s spectrum of a-Fe,05/g-C3N,-0.5, the
four peaks observed at 285.04, 286.70, 287.94 and 289.27 eV are
ascribed to the sp* C-N, C=N groups, and N=C-N, of the
triazine ring (C3N;) or heptazine (C¢N,) units,®® and sp”
hybridized C atoms in C=O, respectively (Fig. 6b).** After
adsorption, the peak positions at 287.94 eV (C 1s) and 398.41 eV
(N 1s) for a-Fe,03/g-C3N,4-0.5 shifted for MO by ~0.36 eV (288.30
eV) and ~0.38 €V (398.79 eV) and for MB by ~0.29 eV (288.23 eV)
and ~0.26 eV (398.67 eV), respectively (Fig. 6d-g). The binding
energies of the various elements on a-Fe,03/g-C3N,-0.5 are lis-
ted in Table 2. The peak area ratio at 297.94 eV decreased from
64.70% to 57.12% for MB and 55.36% for MO. Similarly, the
peak area ratio at 398.41 eV also decreased from 54.20% to
43.13% for MB and to 41.96% for MO, which indicates the

29116 | RSC Adv., 2019, 9, 29109-29119

reduced electron density of the N and C atoms after adsorp-
tion.”” This can be due to the m-m electron donor-acceptor
(EDA) interaction between the 7 electron system of the hepta-
zine (Ce¢Ny)/triazine ring (C3N3) units and the electronic density
in the aromatic rings of MO/MB.* It is worth noting that the
changes in the binding energy (Eg) of 297.94 eV (C 1s) and
398.41 eV (N 1s) and peak area ratio of a-Fe,03/g-C3N,-0.5 + MO
were slightly more than that of a-Fe,03/g-C3N,4-0.5 + MB, sug-
gesting that the w-m EDA interaction between the as-prepared
sample and MO was more powerful than that for MB.*” This
also explains why the maximum adsorption capacity of a-Fe,O3/
2-C3N,4-0.5 for MO is higher than that for MB. Hence, the results
of this series of experiments and characterization effectively
demonstrate that the adsorption of MO/MB was mainly deter-
mined by -7 EDA interaction and electrostatic interaction,
respectively.

This journal is © The Royal Society of Chemistry 2019
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Table 2 Deconvolution of C 1s and N 1s spectra of a-Fe,Oz/g-C3N4-0.5 before and after the removal of MO/MB

a-Fe,03/g-C3N4-0.5 a-Fe,05/g-C3Ny-0.5 + MO a-Fe,05/g-C3N,-0.5 + MB

Peak position Peak position Peak position
Peak (eV) Area (%) (eV) Area (%) (eV) Area (%)
C1s 287.94 64.70 288.30 55.36 288.23 57.12
N 1s 398.41 54.20 398.79 41.96 398.67 43.13

3.8 Photocatalytic activity of o-Fe,0;/g-C3N,-0.5

To further investigate the maximum removal efficiency of the
target dyes by the as-prepared materials, photocatalytic experi-
ments of MO and MB on a-Fe,03/g-C3N,4-0.5 were performed. As
shown in Fig. 7a, the as-prepared sample showed excellent
photocatalytic capacity for MO with 79.49% removal after
150 min. The simulation of the photocatalytic experiments
indicates that the photocatalytic of MO fitted the first-order
kinetic model (Fig. S11af). The kinetic constants, ¥ (min~"),
for the photodegradation of MO by a-Fe,05/g-C3N,-0.5 was 3.13-
fold higher than that of g-C;N, (Fig. 7b). In addition to the
removal of MO, a-Fe,03/g-C;N,-0.5 also exhibited excellent
photodegradation ability for MB with 80.93% removed after
150 min (Fig. 7d). In addition, the first-order kinetic model was
also closer to the photocatalytic experiments of MB (Fig. 7e).
The k (min™') over o-Fe,03/g-C3N4-0.5 increased 1.14-fold
compared to that on g-C3N, (Fig. S11bt). Overall, the photo-
catalytic ability of a-Fe,05/g-C3N4-0.5 to remove dyes improved
greatly compared with that of g-C3N,. To study the photo-
catalytic performance of the composite materials over g-C3N,
for target pollutants, DRS and PL characterization of the two
materials were performed. Fig. S121 shows the UV-vis diffuse

reflectance spectra of g-C;N, and a-Fe,03/g-C3N4-0.5. Pure g-
C;3N, and a-Fe,03/g-C3N,4-0.5 have an absorption edge at about
440 nm. It is worth noting that a-Fe,03/g-C3N4-0.5 exhibited
enhanced light absorption in the visible region, and thus can
generate more photogenerated charge carriers to improve the
catalytic activity of the material.*®* Fig. S131 shows the room
temperature PL spectra of g-C;N, and a-Fe,03/g-C3N,4-0.5. The
emission peaks of the composite significantly decreased
compared with that of g-C;N,, indicating that the introduction
of a-Fe,0; significantly reduced the electron-hole recombina-
tion of the composite materials.” This is consistent with the
excellent activity of the composites from the catalytic data. To
study the photochemical properties of the materials, the time-
current curves of o-Fe,Oz, g-C3N; and o-Fe,03/g-C3N, were
measured (Fig. S14t). g-C3N; and o-Fe,O; showed a low
photocurrent density, which is attributed to the fast recombi-
nation of photogenerated electrons and holes in g-C3N, and a-
Fe,0;. The a-Fe,03/g-C3N4-0.5 composite showed the highest
photocurrent density, indicating the efficient photogenerated
charge transfer between g-C;N, and a-Fe,05.>°

Furthermore, similar to adsorbents, the stability of catalysts
is also a crucial factor for their practical and industrial
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applications. To evaluate the stability of the catalyst, a-Fe,05/g-
C3N,-0.5 was investigated in a four-cycle test (Fig. 7c and f). After
the fourth cycle, the MO removal rate decreased from 79.49% to
71.63%, while the removal rate of MB declined from 80.93% to
72.75%. The results show that the photocatalyst was stable and
reusable.

Finally, to investigate the photocatalytic mechanism with
respect to MO degradation over a-Fe,03/g-C3N,-0.5, TEOA, IPA
and SOD were added as scavengers of hydroxyl radicals (-OH),
holes (h"), and superoxide radicals (-O,”), respectively.” As
shown in Fig. S15,7 the photodegradation of MO by a-Fe,05/g-
C;3N,4-0.5 was significantly suppressed by 71.13% in the pres-
ence of TEOA, whereas a slight increase of 1.44% and 6.58% was
found after the addition of IPA and SOD, respectively. Hence,
the holes (h") played a significant role in MO photodegradation.
Besides MO, the degradation of MB by a-Fe,03/g-C3N4-0.5 was
drastically suppressed by 77.55% and 65.72% in the presence of
EDTA and IPA, respectively, whereas a weak inhibition of 3.57%
was obtained after the addition of BQ. These results show that
hydroxyl radicals (-OH) and holes (h') were the two most
important reactive species for the photodegradation of MB by a-
Fe,03/g-C3N,4-0.5.7 If the double charge transfer mechanism is
applicable, the photogenerated electrons on the CB (—1.27 eV)
of g-C;N, will transfer to the CB (0.32 eV) of a-Fe,O3, and the
photogenerated holes on the VB (2.52 eV) of a-Fe,O; will also
transfer to the VB (1.57 eV) of g-C3N, because of the low VB and
CB positions of o-Fe,Oj3 relative to that of the original g-C3N,.
However, OH™ cannot be oxidized by photogenerated holes on
the VB of g-C;N, to generate -OH because OH /-OH has
a relatively low standard redox potential (2.3 eV) (Fig. S161).>
Therefore, the Z-scheme mechanism may be more reasonable.

4. Conclusion

Novel o-Fe,03/g-C;N, composites were synthesized via a one-
step hydrothermal method to remove dyes from wastewater.
The results indicated that o-Fe,O;/g-C3N,-0.5 was the best
among the series with the maximum adsorption capacities of
69.91 mg g~ ' for MO at pH 3.0 and 29.46 mg g~ ' for MB at pH
8.0. The adsorption process was affected by ionic strength and
solution pH. Electrostatic interaction and m-m EDA interaction
were the dominant mechanisms involved in the adsorption of
MO/MB on a-Fe,05/g-C3N,-0.5, respectively. In addition, a-
Fe,03/g-C3N,4-0.5 exhibited excellent catalytic properties for the
photocatalytic degradation of MO/MB. Hydroxyl radicals (-OH)
and holes (h") were the main reactive species for the photo-
degradation of MB by o-Fe,03/g-C3N4-0.5, while holes (h')
played a significant role in the decomposition of MO. Hence,
the synthesized o-Fe,03/g-C3N, composite provides an efficient
method for removing dyes from wastewater and it has the
potential for practical application.
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