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Abstract: The disposal process of iron-containing sludge often leads to secondary pollution. Pyrol-
ysis of sludge appears to be less polluting than conventional methods. Herein, the heterogeneous
photo-Fenton catalysts were prepared using sludge generated in the dyeing wastewater through a
simple one-step pyrolysis route. The catalysts were characterized by XRD, FI-IR, XPS, EDS, BET, and
SEM. The batch experiments for methyl orange (MO) degradation were performed to evaluate the
efficiency and stability of the catalysts. Among the catalysts prepared, FeCN-300 exhibited the best
degradation efficiency with 92% removal of the pollutant and good stability, with approximately 90%
removal of the pollutant after five cycles. The €OH was identified as the dominant reactive species.
This work provides a reasonable resource utilization of iron-containing sludge.

Keywords: icon-containing sludge; photo-Fenton; methyl orange; resource utilization

1. Introduction

Dyeing wastewater has a complex composition, deep color, and high pollutant con-
centration [1-3], which is often pretreated using the Fenton method before biochemical
treatment, leading to a large amount of iron-containing sludge [4-6]. Iron-containing
sludge is a kind of solid waste, which is usually treated by processes involving landfill,
incineration, and other methods. However, dioxins, NOx, SOy, and heavy metals released
during the incineration of sludge can cause serious air pollution, and the landfill process
may cause secondary pollution of groundwater and soil [7-10]. Therefore, reasonable
resource utilization of sludge plays a critical role in environment treatment research.

In recent years, sludge pyrolysis has received extensive attention compared with
traditional methods since it can concentrate heavy metals into solid carbon-containing
residues, and convert around half of the organic matter into liquid fuels and chemical
raw materials [11-13]. Research on the preparation of heterogeneous Fenton catalysts
through the pyrolysis of sludge has been continuously reported. Yuan et al. [14] developed
5S-Fe-350, which exhibited an excellent degradation of Rhodamine B in a photo-Fenton
reaction. Huang et al. [15] produced sewage sludge biochar by using microwave pyrolysis
at different microwave powers and investigated their degradation of trichloroethylene in
heterogeneous Fenton systems. Gan et al. [16] prepared Fe-rich biochar with multivalent
iron compounds (Fe?, Fep.95Co.05, Fe30y, and FeAl,Oy) from sludge cake, which showed
remarkable catalytic efficiency for 4-chlorophenol degradation through both homogeneous
and heterogeneous Fenton reactions. Although a variety of catalysts have been prepared
from sewage sludge, as far as we know, the preparation of heterogeneous photo-Fenton
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catalysts using sludge from dyeing wastewater has not yet been reported. How to recy-
cle this iron-containing sludge to achieve the goal of treating waste with waste will be
described below.

MO is a typical azo dye that can be used for printing and dyeing textiles. It is classified
as an acutely toxic compound and a mutagenic substance in the GHS classification [17-20].
In previous studies on degrading dyeing wastewater, MO was often selected as the model-
ing pollutant for evaluation of catalysts [21,22].

In this study, the iron-containing sludge generated in the dyeing wastewater was
converted into a heterogeneous catalyst through a simple thermal treatment process, which
was applied to the study of photo-Fenton degradation of azo dye wastewater. The obtained
catalysts were characterized by X-ray diffraction (XRD), Fourier infrared spectrometer
(FT-IR), X-ray photoelectron spectrometer (XPS), energy dispersive X-ray spectrometer
(EDS), Brunauer-Emmett-Teller theory (BET), and scanning electron microscopy (SEM).
The parameters for the photo-Fenton process (catalyst type, pollutant initial concentration,
hydrogen peroxide initial concentration) were studied through the degradation of MO.

2. Materials and Methods
2.1. Materials

All reagents used in this study were analytical grade, and were used without further
purification. Methyl orange (MO) and hydrogen peroxide (H,O,, 30%, w/w) were pur-
chased from Shanghai Chemical Reagent Co. Ltd. Silver nitrate (AgNOj3); tert-butanol
(TBA), ethylenediaminetetraacetic acid disodium salt (EDTA-2Na), 1,4-benzoquinone (BQ),
and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) were bought from Shanghai Sinopharm
Chemical Reagent Co. Ltd. 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) was obtained
from Sigma-Aldrich (Saint Louis, MO, USA). Ultrapure deionized water (conductivity
~18.25 MQ)-cm) was used throughout the experiments.

2.2. Catalyst Preparation

The catalyst was derived from the iron-containing sludge from the sedimentation tank
of a chemical factory’s wastewater treatment facility in Anqing city. Firstly, the sludge was
dried in the oven at 80 °C for 12 h. Secondly, the dried sludge was ground into powder
and passed through a 100-mesh screen. Thirdly, 5 g of the obtained material was put in
a corundum crucible. Under the protection of a nitrogen atmosphere, the material was
heated to a certain temperature at a rate of 2.4 °C/min and maintained for 3 h in order to
obtain a stabilized material. Then, the material was naturally cooled to room temperature.
The catalysts calcined at different temperatures were marked with FeCN-0 (not calcined),
FeCN-300 (calcined at 300 °C), FeCN-400 (calcined at 400 °C), and FeCN-500 (calcined at
500 °C), respectively.

2.3. Catalyst Characterization

The morphology and element composition of the catalysts were studied using an
SU-8020 thermal field emission scanning electron microscope (SEM; Hitachi, Tokyo, Japan)
and an energy dispersive X-ray spectrometer (EDS; Hitachi, Tokyo, Japan). An X-ray
diffractometer (XRD; PANalytical X'Pert Pro, Almelo, The Netherlands) was used to analyze
the crystalline structure of the catalyst within the range of 5° to 90° at a step of 0.2. The
chemical bonds of the composite were determined by a Fourier infrared spectrometer
(FT-IR; Thermo Nicolet, Waltham, MA, USA) in the 4000-400 cm~! wave range with a
resolution of 2 cm~!. The surface chemical properties of the samples were studied by X-ray
photoelectron spectrometry (XPS; Thermo, Waltham, MA, USA). All XPS data analytics
were performed using dedicated code (PeakFit V4.12). The specific surface area and the
pore size distribution of the samples were obtained by Brunauer-Emmett-Teller analysis
(Autosorb-1IQ3, Quantachrome, Boynton Beach, FL, USA).



Water 2022, 14, 629

3of11

2.4. Photo-Fenton Experiments

The photocatalytic performance of the catalyst was evaluated by the degradation of
MO in an aqueous solution. The test tubes were evenly distributed in the grooves on the
turntable of the photoreactor (XPA-7; Xujiang Electromechanical Plant, Nanjing, China),
and rotated at a constant speed after the reaction started. The light source was in the center
of the turntable, and the distance to each test tube was 7 cm. To reduce iron leaching
and enhance catalyst stability, all experiments were conducted at a neutral pH. In the
experiment, 10 mg catalyst was added to a 50 mL MO aqueous solution with an initial
concentration of 50 mg/L. The sample was added to the solution and reacted in darkness
for 30 min to achieve adsorption-desorption equilibrium, after which the photoreactor was
exposed to a 300 W mercury lamp. A certain concentration of H,O, was added before
irradiation, 1 mL of the reaction solution was taken every 30 min, and a 0.45 mm filter
membrane was used to remove the catalyst.

The concentration of MO was measured by a UV-vis spectrophotometer (UV 2600;
Shimadzu, Kyoto, Japan) at Amax 465 nm. In this work, to ensure the accuracy of the
measurement results, we diluted the solution to be tested by 2.5 times and measured its
absorbance at the maximum absorption wavelength (in the comparison experiment of the
initial concentration of MO, the solutions with initial concentration of 10, 25, 50, 75, and
100 mg/L were diluted by 1, 2.5, 5, 7.5, and 10 times, respectively, and then measured). The
total organic carbon (TOC) in the samples was determined by a TOC/TN analyzer (Multi
N/C 3100). The presence of «OH was determined by electron spin resonance spectrometer
(ESR; JES-FA200, Tokyo, Japan), using DMPO as scavengers.

For the recycling test, the FeCN-300 catalyst was collected after each run of photo-
Fenton process, washed with ultrapure deionized water, dried for 8 h in an oven at 60 °C,
and then collected for the next run.

3. Results
3.1. Characterization of the Prepared Catalyst

The morphology of the FeCN-0 and the FeCN-300 catalysts are shown in Figure 1a,b.
The SEM micrograph demonstrates that the FeCN-300 is more compact and regular than
the FeCN-0. A micron-level structure with severe agglomeration on the surface is also
observed. The EDS analysis reveals the main elements of the FeCN-300 catalyst are Fe, C,
N, and O (Figure 1c).

C

25 25pm 25 25pm

Figure 1. SEM images of FeCN-0 (a) and FeCN-300 (b); Elemental mapping images of FeCN-300
(c) for (Fe), (C), (N), (O).
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The crystalline properties of the FeCN-0 and the FeCN-300 catalysts were analyzed
using XRD measurements. As presented in Figure 2a, the diffraction peaks of the FeCN-300
at 26 = 35.6°, 54.0° and 62.6° corresponding to the (222), (422), and (531) crystal planes,
which confirms the presence of Fe;O4 nanoparticles in the FeCN-300 catalyst (JCPDS
75-0033) [23].
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Figure 2. XRD patterns (a) and FT-IR spectra (b) of FeCN-0 and FeCN-300.

FT-IR spectra of the FeCN-0 and the FeCN-300 catalysts are shown in Figure 2b. The
wide absorption band of 3110-3340 cm ™! and the peak at 1640 cm ! can be attributed to the
O-H stretching vibration and bending vibration, respectively [24,25], which significantly
reduced after calcination. The peaks at 1600 cm~! and 1540 cm ™! are ascribed to the
stretching vibration of C=C [26]. The peak at 890 cm ™! confirms the aromatic ring structure
in the FeCN-0 [27], which decreased in the FeCN-300, indicating that the unsaturated
structure of the material disappeared during the pyrolysis process.

XPS analysis was used to determine the surface chemical properties of the FeCN-0
and the FeCN-300 catalysts, as illustrated in Figure 3. For Fe 2p spectra of the FeCN-300,
the main peaks appeared at 723.9 eV and 710.5 eV, corresponding to the Fe 2p1/2 and Fe
2p3/2 binding energy of Fe?" ions. The peaks observed at 726.2 eV and 712.3 eV can be
attributed to the Fe 2p1/2 and Fe 2p3/2 binding energy of Fe* ions [28,29]. Compared
with the FeCN-0, the content of Fe?* increased, while that of Fe3* decreased, indicating
the reduction of iron occurred in the calcination process under nitrogen atmosphere. This
might be the reason for the formation of Fe3O4 in the FeCN-300, which is consistent with
the results of the XRD analysis. The O 1s spectra of the FeCN-300 can be fit to three peaks
with binding energies of 529.8 eV, 531.5 eV, and 532.8 eV, which can be attributed to Fe-O,
C-O, and C=0, respectively [30]. Compared with the FeCN-0, the area of C=0 decreased,
while C-O increased in the FeCN-300 catalyst.

Figure 4 shows the N; adsorption/desorption isotherms of the FeCN-0 and the FeCN-
300 catalysts. According to the IUPAC classification of adsorption isotherms, both of them
exhibit the characteristic of type I, indicating the macroporous property of catalysts [31].
Table 1 shows the pore structure parameters of the FeCN-0 and the FeCN-300. After
calcination, the specific surface area, pore size, and pore volume of the catalyst increased by
43.4%, 5.3%, and 32.7%, respectively. The specific surface area and pore size of the calcined
catalyst increased, resulting in the improved adsorption efficiency of pollutants.
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Figure 3. High solution Fe 2p and O 1s of (a) FeCN-0 and (b) FeCN-300.
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Figure 4. The N, adsorption-desorption isotherm and the corresponding pore size distribution curves
(inset) of (a) FeCN-0 and (b) FeCN-300.

Table 1. The specific surface area and pore size distribution of FeCN-0 and FeCN-300.

Catalyst S/(m?/g) D/(nm) Vi(cclg)
FeCN-0 50.425 48.782 0.105
FeCN-300 72.331 51.391 0.156

3.2. Photo-Fenton Degradation of MO

A series of catalysts were prepared under different thermal treatment temperatures.
The degradation efficiency of MO during adsorption and photo-Fenton experiments was
investigated under different conditions, with the absorbance at the maximum absorption



Water 2022, 14, 629

60f 11

wavelength and removal results shown in Figure S1 and Figure 5, respectively. As shown in
Figure 5a, the four different catalysts have a certain adsorption effect on MO. After 30 min,
the adsorption effect decreased. Approximately 20% of MO was removed in 30 min and 30%
in 2 h. Therefore, the dark reaction time was set to half an hour in subsequent experiments.
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Figure 5. (a) Adsorption of MO under four different catalytic conditions ([Catalyst] = 0.2 g/L,
[MO] =50 mg/L). (b) Degradation of methyl orange under four different catalytic conditions and
H,0,/UV condition ([Catalyst] = 0.2 g/L, [MO] = 50 mg/L, [HyO;] = 3 mM). (c) Effect of methyl
orange concentration ([FeCN-300] = 0.2 g/L, [H,O;] = 3 mM). (d) Effect of H,O, concentration
([FeCN-300] = 0.2 g/L, [MO] = 50 mg/L).

The efficiency of the catalysts prepared at different calcination temperatures was
compared, and the results were shown in Figure 5b. We found that the addition of each
catalyst led to a significant improvement in the degradation of MO. The catalyst prepared
by calcination at 300 °C had the best MO degradation compared those prepared at 400 °C
and 500 °C. We suggested that the excessively high calcination temperature destroyed the
organic functional groups in the catalyst, resulting in the decline of catalytic efficiency. The
optimal catalyst (FeCN-300) was selected for the following experiments.

Keeping the HyO, concentration constant at 3 mM, the effect of the initial concentration
of MO was investigated. As shown in Figure 5c, with the initial concentration of MO
continuously increasing, the degradation of MO constantly decreased. When the initial
concentration of MO was 50 mg/L, the removal of MO reached 92%. When the increasing
the initial concentration of MO was maintained, the catalytic efficiency was significantly
reduced. Consequently, 50 mg/L was selected as the optimal initial concentration of MO.

The optimal H,O, concentration required to maximize MO degradation was also
evaluated. The results were shown in Figure 5d. The degradation of MO was increased,
with the H,O, concentration reaching an optimal value at 3 mM. When the H,O; concen-
tration increased further, the degradation efficiency decreased instead. Excessive hydrogen
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peroxide would act as photoelectron and free radical scavengers, affecting the degradation
efficiency [32,33].

According to above batch experiments, the optimal parameters were obtained
([FeCN-300] = 0.2 g/L, [H,O,] = 3 mM, [MO] = 50 mg/L). Compared with the previ-
ous study in Table 2, to obtain the high degradation efficiency, the amount of catalyst
and hydrogen peroxide used in our work was much lower with the same concentration
of the pollutants.

Table 2. Comparison of photocatalytic degradation performance.

Catalyst H,O, Contaminant/ Time/ References
Dosage Concentration Concentration Degradation Rate (%)
Methyl orange/ . o
05g/L 195.88 mM 327 mg/L 90 min/>90% [21]
Methylene blue/
50 mg/L 150 min/95%
25g/L 14.68 mM Methyl orange/ 60 min/99% (2]
50 mg/L
amaranth dye/ . o
0.75g/L 5.5 mM 50 mg/L 420 min/98% [34]
Methylene blue/ . o
1g/L 0.01 mM 10 mg/L 60 min/100% [35]
Methylene blue/ . o
1g/L 1.96 mM 50 mg/L 80 min/78% [36]
02g/L 3mM Methyl orange/ 120 min/93% This work
50 mg/L

In the process of photo-Fenton degradation experiments, photo-induced electrons (e™),
photo-induced holes (h*), hydroxyl radicals (¢OH), and superoxide anion radicals (6O, ™)
are considered to be the main active species [37]. To analyze their contribution, quenching
tests were conducted. As illustrated in Figure 6a, TEMPO, EDTA-2Na, AgNOs, TBA, and
BQ were used as scavengers of free radicals h*, e~, ¢OH, and eO, ", respectively. The
degradation of MO decreased sharply to 40.7% after TEMPO was added, indicating that
the degradation of MO was mainly caused by free radicals. When the e~ was scavenged
by AgNO;3, the degradation of MO was 73.7%, hinting at the limited contribution of e™.
Similarly, when the h*, ¢O,~ and eOH were captured, the degradations of MO were
65.3%, 59.1%, and 45.2%, respectively. Hence, the effect of these reactivity species on the
degradation of MO is «OH > O, >h* >e™.

The electron spin resonance (ESR) method with DMPO spin trap was used to identify
possible free radical species in the photo-Fenton processes [38]. As illustrated in Figure 6b,
four peaks with an intensity of 1:2:2:1 were observed in the photo-Fenton process, corre-
sponding to the generation of «OH, while no signal was found for the formation of «OH
under dark conditions. The results confirmed that, under the synergistic effect of ultraviolet
light and hydrogen peroxide, the FeCN-300 catalyzed the generation of hydroxyl free
radicals to achieve the degradation of pollutants.

The recyclability of catalysts is crucial for practical application [39]. As can be seen
from Figure 7, after five cycles, the degradation of MO and TOC decreased slightly, reaching
approximately 89.5% and 83.1% under identical conditions. The results demonstrated that
the FeCN-300 had good catalytic performance and stability under UV light irradiation.
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Figure 6. (a) MO removal in quenching tests ([FeCN-300] = 0.2 g/L, [MO] = 50 mg/L, [HyO,] = 3 mM).
(b) ESR spectra of reactive radicals.
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Figure 7. Five consecutive runs FeCN-300 catalyst. (Experimental conditions: [MO] = 50 mg/L,
[H207] = 3 mM, [Catalyst] = 0.2 g/L, and 300 W xenon lamp).

4. Conclusions

In summary, we utilized sludge generated in dyeing wastewater to prepare heteroge-
neous photo-Fenton catalysts through a one-step pyrolysis method at different tempera-
tures, and evaluated these catalysts with the degradation of methyl orange. The FeCN-300
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catalyst exhibited the best effect with 92% removal of pollutant under optimum conditions
(IMO] = 50 mg/L, [HO,] = 3 mM, 30 min adsorption, 2 h photo-Fenton). The catalyst
also showed good stability with approximately 90 % removal of pollutants after five cycles.
The main component of the FeCN-300 catalyst is Fe304, and the main free radical to de-
grade pollutants is €OH. This work provides new insights into the resource utilization of
iron-containing sludge.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w14040629/s1, Figure S1: (a) Adsorption of MO under four differ-
ent catalytic conditions ([Catalyst] = 0.2 g/L, [MO] = 50 mg/L). (b) Degradation of methyl orange un-
der four different catalytic conditions and H,O, /UV condition ([Catalyst] = 0.2 g/L, [MO] = 50 mg/L,
[H,O;] = 3 mM). (c) Effect of methyl orange concentration ([FeCN-300] = 0.2 g/L, [H,O;] = 3 mM).
(d) Effect of HO, concentration ([FeCN-300] = 0.2 g/L, [MO] = 50 mg/L).
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