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Abstract: In this study, the iron-based carbon composite (hereafter FCN-x, x = 0, 400, 500, and
600 calcination) was synthesized by a simple high-temperature pyrolysis method using iron-containing
sludge coagulant generated from wastewater treatment settling ponds in chemical plants. The FCN-x
was used for the adsorptive reduction of aqueous phase Cr(VI) effectively. The FCN-x was character-
ized by scanning electron microscopy (SEM), X-ray diffraction (XRD), Fourier infrared spectrometer
(FT-IR), X-ray photoelectron spectrometer (XPS), and Brunauer-Emmett-Teller theory (BET). FCN-x
adsorption of Cr(VI) was examined in batch experiments using CrO4>~ as a function of physico-
chemical parameters. The chemical kinetics of Cr(VI) adsorption by FCN-500 were modeled by 1st
and 2nd order empirical pseudo kinetics. Based on these experiments, FCN-500 has been selected
for further studies on Cr(VI) adsorptive reduction. The maximum Cr(VI) adsorption by FCN-500
was 52.63 mg/g showing the highest removal efficiency. The Cr(VI) adsorption by the FCN-500 was
quantified by the Langmuir isotherm. XPS result confirmed the reduction of Cr(VI) to Cr(Ill) by the
FCN-500. The iron-based carbon composites have high reusability and application potential in water
treatment. The electroplating wastewater with 117 mg/L Cr(VI) was treated with FCN-500, and
99.93% Cr(VI) was removed within 120 min, which is lower than the national chromium emission
standard of the People’s Republic of China. This work illustrates the value-added role of sludge
generated from dye chemical plants to ensure environmental sustainability.

Keywords: magnetic Fe-C-N composite; chromium; adsorption; reduction; coagulation sludge;
pyrolyzation

1. Introduction

The exponential growth of industrial production plants with a concomitant discharge
of hazardous wastes into the environment has required urgent attention by regulatory
agencies. Electroplating, tanning, painting, printing, textiles, and other industries produce
voluminous chromium-laden wastewater discharges [1-3]. As a heavy metal, chromium
will cause irreversible damage to human health and the ecological environment [4,5]. In wa-
ter, mainly trivalent and hexavalent chromium states are common [6,7]. Because Cr(VI) has
higher mobility than Cr(IIl), it is considered to have strong toxicity [8]. Chromium(VI) com-
pounds are potent human carcinogens and are highly genotoxic in bacterial and mammalian
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cells [9]. Several methods have been developed to remove Cr(VI) in water-based adsorp-
tion, biological processes, membrane separation, and advanced water treatment [10-12].
Among them, methods based on adsorption have been widely used due to their low cost,
convenient sampling, high removal efficiency, and easy implementation steps [13,14].

The common adsorbents used for chromium ions in water treatment are carbon-
based materials, metal-organic frameworks, biomasses, metal oxides, conductive polymers,
nanocomposites, and magnetic nanoparticles [5,15-18]. Among them, methods based on
magnetic nanoparticles are attractive because of their simple preparation, low cost, and
easy separation and recovery [19-22]. Magnetic Fe;04 without any modification has been
used to purify wastewater containing chromium (VI) [23]. However, the bare FezOy is
unstable and dissolved in complex environments, thus reducing surface-active sites [24,25].
Different carriers are proposed to fix the bare magnetic Fe3O4 to enhance its stability [26].
Wang et al. (2021) reported sludge as a carrier for Fe3O4 to produce sludge based magnetic
Fe304 microspheres. The sludge based magnetic Fe304 microspheres showed a 118 mg/g
maximum adsorption capacity at 323 K. Besides, sludge-based Fe3O4 microspheres are
environmentally benign and possesses excellent capabilities for magnetic separation and
reduction of Cr(VI) — Cr(Ill) [27]. Zhao et al. (2016) synthesized magnetic nanocomposites
by a single-step reaction using GO, diethylenetriamine, and FezO4. AMGO showed efficient
adsorption of Cr(VI) and the maximum adsorption amount of Cr(VI) was 123.4 mg/g [28].
Although magnetic nanoparticles have achieved excellent results in Cr(VI) adsorption,
the high cost of magnetic nanomaterials often limits their use in environmental remedi-
ation, thus requiring more effective and economically feasible production of magnetic
adsorbents [29].

Dye chemical wastewater which contains a variety of organic compounds, such as
azo, indigo, anthraquinone, aromatic methane, etc., is very complicated [30]. In the past
few decades, iron-based chemicals have been widely used as effective coagulants for the
purification of dye chemical wastewater and as catalysts for advanced oxidation processes,
resulting in the generation of large amounts of sludge containing iron, anthraquinones,
benzenes, naphthalenes, and other substances [31,32]. If this sludge is directly discharged
or disposed of as waste, it will not only easily cause secondary pollution to the environ-
ment, but also be a waste of resources. In this study, the iron-containing coagulant sludge
produced in industrial wastewater of a dye chemical plant was calcined at different tem-
peratures under inert conditions. The iron-based carbon material was obtained, which was
applied in the Cr(VI) removal experiment. SEM, FTIR, XPS, XRD, and so on were used to
characterize the surface structure, morphology, and chemical composition of iron-based
carbon materials. The Cr(VI) adsorption on FCN-x was examined as a function of pH, initial
adsorbent concentration, equilibrium time, and adsorbate loadings. Besides, an Cr(VI) ad-
sorption mechanism on FCN-500 was developed by coupling kinetic and equilibrium data
and spectroscopic measurements. Finally, FCN-500 was used to treat chromium-containing
wastewater from the electroplating wastewater plant with successful results.

2. Materials and Methods
2.1. Chemicals and Reagents

Analytical grade sulfuric acid (H,504), sodium hydroxide (NaOH), hydrochloric acid
(HCI), potassium dichromate (K,Cr,Oy7), phosphoric acid (H3POy), diphenylcarbazide
(C13H14N140), acetone (C3HgO) were obtained from Sigma-Aldrich (Burlington, MA,
USA) and used as received. Iron-containing coagulant sludge was collected from the
sedimentation tank of Changhong Chemical Co., Ltd. (Anging, China).

2.2. Preparation of Adsorbent

The iron-bearing sludge came from a chemical plant wastewater, treatment sedimen-
tation pond in Anging City. Firstly, the iron-containing coagulant sludge was placed in
an oven at 80 °C before being ground into a powder. The weighted amount of dried
composites was calcined in a tubular furnace, heated to 400 °C, 500 °C, and 600 °C at a
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rate of 2.4 °C/min under nitrogen purging, and kept at these conditions for three hours
(FCN-xx =0, 200, 400, 500, and 600 °C). Then the FCN-x composites were cooled to ambient
temperature in the furnace and used in the experiments given below.

2.3. Materials Characterization and Other Elemental Analysis

An X-ray diffractometer (PANalytical X'Pert Pro, Almelo, The Netherlands) was used
to analyze the crystalline structure of the FCN-x composites using 20 = 5° to 80° scan range
(40 kV and 30 mA applied current). Thermal field emission scanning electron microscopy
(FE-SEM; SU-8020-Hitachi, Tokyo, Japan) and energy dispersive X-ray spectrometer (EDS)
were used to study the morphology, microstructure, and elemental composition of the FCN-
x composites. X-ray photoelectron spectroscopy (XPS; model number Shimadzu, Kyoto,
Japan) was used to determine the atomic composition and valence states of Fe, C, N, O, and
Cr of the samples after Cr(VI) adsorption by FCN-500. All XPS data analyses were carried
out with dedicated data fitting code for processing code (Peak Fit V4.12, Systat Software,
Inc., Chicago, IL, USA). The FCN-x composites were examined under Fourier transform
infrared spectrometer to probe surface reactivities (FI-IR; Thermo Nicolet, Waltham, MA,
USA). The thermogravimetric analysis (TGA) curve of sludge was collected on a TGA8000
analyzer in high purity nitrogen from PE. The BET-specific surface area measurements of
FCN-x were carried out by Brunauer-Emmett-Teller (BET; Autosorb—IQ3, Houston, TX,
USA) method under liquid nitrogen temperature. The magnetic properties of the FCN-x
composites were measured by a vibrating sample magnetometer (VSM; 7307, Lake Shore
Cryotronics, Inc., Westerville, OH, USA). The content of Cr(VI) in solution was analyzed by
laser-plasma mass spectrometry (LA-ICP-MS, Coherent Inc., Santa Clara, CA, USA). An
X-ray fluorescence spectrometer (XRF; model number Shimadzu, Kyoto, Japan) was used
to determine the chemical composition of the FCN-x.

2.4. Batch Adsorption Experiments

A series of batch experiments were carried out to determine the efficiency of FCN-x
and the effects of pH, contact time, and adsorbate/adsorbent loading on Cr(VI) adsorption
by FCN-x. A typical batch solution was prepared as outlined below: A 0.04 g FCN-x
(0.4 g/L FCN-x) was mixed with 50 mL of a 20 mg/L Cr(VI) solution, and the final volume
was adjusted to 100 mL with distilled water. The effect of Cr(VI) adsorption by FCN-x as a
function of solution pH (pH 2 to 11), equilibration time (t 10 to 120 min), adsorbate dosage
(0.2 to 0.5 g/L), and adsorbent loading (10 mg/L to 50 mg/L) was examined using the
batch solution. At the end of a specific time of the reaction, the suspensions were filtered
using 0.45 um membrane filters, and the supernatant Cr(VI) concentration was determined
UV spectroscopically at 540 nm (Cary-5000, Agilent, Santa Clara, CA, USA). The adsorption
efficiency (H%) and amount of adsorbate are calculated as:

g =% 1009 1)
Co
(co—ct) Xv
q; = m (2)

where ¢y (mg/L) and c¢; (mg/L) are the concentrations of Cr(VI) before and after the
reaction, respectively.

To investigate the mechanism of the adsorption/desorption processes, kinetic adsorp-
tion experiments were performed with 40 mg/L of Cr(VI) at 35 °C. Samples were taken at
20 min intervals to determine the adsorption capacity.

2.5. Adsorption Regeneration Experiments

The iron-based carbon material in the recovered solution was mixed with an excess of
1 M NaOH and stirred for 24 h, then filtered and adjusted to pH~7.00 with the distilled
water. Then the substrate was dried in an oven at 80 °C for 4 h. The dried material was
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used to carry out the next Cr(VI) adsorption experiment, as detailed in Section 2.4. The
same process was repeated five times.

2.6. Treatment of Wastewater in the Electroplating Industry

The wastewater received from an electroplating wastewater plant was filtered to
remove suspended solids. The pH of the waste solution is then adjusted to about 2-3.
The Cr(VI) adsorption experiment at a specific pH value was carried out, as discussed in
Section 2.4.

3. Results and Discussion
3.1. Characteristics of the Materials

Figure 1 shows the scanning electron microscopic images (SEM) of the FCN-0 and
the FCN-500 composites. The two materials are morphologically flocculent aggregates
with non-uniform particle sizes. The pores of the FCN-0 are small in number and large in
size. The FCN-500 shown in Figure 1b is tightly aggregated and clustered; the number of
pores is significantly increased, and the particle size is smaller. The EDS data (Figure 1c)
confirms the four elements of C, Fe, N, and O with a weight ratio of 2.5:7.7:0.4:2.5 (right
top inset of Figure 1c) are uniformly distributed on the FCN-500. The Fe:O weight ratio
of the FCN-500 (2.264) is higher than that of the FCN-0 (2.125, Figure S1), which is mainly
caused by the decomposition of crystal water and some organic components during the
calcination process.

Figure 1. SEM images of the FCN-0 (a), FCN-500 (b), and elemental mapping images (c) of the
FCN-500.

Figure 2a shows the X-ray diffraction patterns of the FCN-0, FCN-400, FCN-500, and
FCN-600. The diffraction peaks of FCN-0 at 26 = 28.52°, 36.38°, and 52.81° correspond to
the (040), (031), and (151) planes of FeOOH (JCPDS NO.74-1877), respectively. The peaks of
FCN-400 at 26 = 33.2°, 49.5°, and 54.1° can be attributed to the (104), (024), and (116) planes
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of Fe; O3 (JCPDS 79-0007), respectively. While the other three diffraction peaks at 26 = 36.1°,
41.9°, and 60.7° corresponding to the (111), (200), and (220) planes of FeO (JCPDS 77-2355),
respectively. These results indicate that as the temperature rises, the FeOOH in the raw
sludge dehydrates to form Fe,O3, then reduced to FeO by the carbon in the sludge. The
intense peaks of FCN-500 at 26 = 30.2°, 35.5°, 43.1°, 53.5°, 57.1°, and 62.6° correspond to the
(220), (311), (400), (422), (511), and (440) planes of Fe304 (JCPDS NO.19-0629), respectively.
Therefore, it can be speculated that the sludge gradually agglomerated to form a Fe;O4
nanoparticle structure during the calcination process [33].
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Figure 2. XRD patterns (a), FI-IR spectra (b) of the FCN-0, FCN-400, FCN-500, and FCN-600.

Figure 2b shows the FT-IR spectra of the FCN-0, FCN-400, FCN-500, and FCN-600.
The broad band of FCN-0 in the range of 3110-3340 cm ™! is attributed to the stretching
vibration of O-H, which is caused by the adsorption of water molecules on the sludge
surface. However, the O-H absorption band in FCN-400, FCN-500, and FCN-600 became
flat, indicating that the pyrolysis process led to the disappearance of crystal water in
the sludge. The two bands at 1600 cm~! and 1540 cm~! belong to the C=C stretching
vibrations, and the IR band at 890 cm ™! confirms the aromatic ring structure in the FCN-0
composite [34-36]. The wide absorption band at 1110 cm ! indicates the presence of a
C-OH bond. The band at 554 cm~! of FCN-0 originated from the vibration of Fe-O, which
transformed into the Fe-O-Fe bond (476 cm ™! of FCN-500) after calcination at 500 °C,
suggesting that 500 °C is the optimal temperature for the crystallization of iron oxides.

Figure 3 shows the magnetization curves of the FCN-0, FCN-400, FCN-500, and FCN-
600 composites. The FCN-500 and FCN-600 exhibit typical ferromagnetic behavior, and the
highest saturation magnetization value of the FCN-500 is about 54.3 emu/g. This is mainly
because the organic components in the sludge are carbonized at high temperatures, and
the Fe-containing substances in it are converted into magnetic Fe3O4. The high saturated
magnetization of the FCN-500 facilitates its separation from the solution under an external
magnetic field.

The thermal stability and composition of iron-containing coagulated sludge were stud-
ied in the temperature range of 30-1000 °C (Figure 4). The DTG curve showed three obvious
weight loss stages during the heating process. The first stage occurred in the temperature
range of 30-150 °C, which was mainly due to the loss of crystal water. In the second stage,
in the temperature range of 150-350 °C, the weight decreased rapidly, mainly due to the
thermal decomposition of organic matter containing nitrogen, sulfur, oxygen, and other
elements in the coagulated sludge. The third stage of weight loss occurred at 350-500 °C,
during which organics were further carbonized. Combining the XRD results and the mag-
netization curves, it can be inferred that FeFOOH in iron-containing coagulated sludge was
dehydrated and transformed into Fe;Oj3 in the temperature range of 30-350 °C. When the
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temperature was higher than 350 °C, Fe;O3; was reduced to FeO by C in the sludge, and
gradually converted to Fe;O,.
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40-
Q.
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g 204 FCN-400
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g -20-
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Figure 3. The magnetization curves of the FCN-0, FCN-400, FCN-500, and FCN-600.
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Figure 4. DTG curve of the coagulated sludge.

The N, adsorption-desorption isotherms of the FCN-0, FCN-400, FCN-500, and FCN-
600 are used to estimate specific surface area and pore size distribution, as displayed in
Figure S2. Table S1 shows the pore structure parameters (specific surface area, pore volume,
and average pore diameter) of the FCN-0, FCN-400, FCN-500, and FCN-600. It can be seen
that calcination has little effect on the specific surface area and pore size of materials.

Table 52 shows the chemical properties of the FCN-0, FCN-400, FCN-500, and FCN-600.
According to the XRF results, as shown in the table below, the major metal element in the
FCN-x is iron, which is approximately 70%, and the content of each other metal element is
less than 1%.
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3.2. Parameters Optimization for Cr(VI) Adsorption

The parameters, viz., composite type, pH, reaction time, temperature, adsorbate,
and adsorbent loading on Cr(VI) adsorption, were optimized. The removal of Cr(VI) by
different composites was first investigated. As shown in Figures 5a and S3a, after 2 h of
reaction, the adsorption capacities of the FCN-0, FCN-400, FCN-500 and FCN-600 for Cr(VI)
were 2.5 mg/g, 15 mg/g, 37.4 mg/g and 37.5 mg/g, respectively. With the increase in
pyrolysis temperature, the adsorption performance of the prepared materials gradually
improved. Combined with the results of magnetization curve analysis, FCN-500 showed
the most efficient Cr(VI) adsorption capacity and good magnetic separation. This happened
because the complex organic matter in the sludge was not completely decomposed at lower
pyrolysis temperatures, while at a higher temperature, some functional groups on the
sludge surface disappeared, thereby reducing the adsorption effect of Cr(VI), which was
consistent with the FT-IR characterization results. Therefore, FCN-500 was selected for
further research.
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Figure 5. The removal of Cr(VI) by different adsorbents. (a) Effect of different adsorbents
(T =35 °C, pH=2, [Cr(VI)] = 30 mg/L, [Adsorbents] = 0.8 g/L). (b) Effect of the pH value
(T=35°C, [Cr(VI)] =30 mg/L, [FCN-500] = 0.8 g/L). (c) Effect of the temperature (pH = 2,
[Cr(VI)] =30 mg/L, [FCN-500] = 0.8 g/L). (d) Effect of the initial Cr(VI) concentration (T = 35 °C,
pH =2, [FCN-500] = 0.8 g/L).

The pH of the solution affects the adsorption of Cr(VI) mainly by changing the surface
charge and the degree of ionization of the material, as well as the morphology of Cr(VI) in
solution [37]. The adsorption of Cr(VI) by FCN-500 was investigated when the pH value
changed from 1.0 to 10.0. It can be observed from Figures 5b and S3b that the adsorption
of Cr(VI) reached its best effect at pH = 2, and the removal of Cr(VI) was 99.9%. When
the pH value increased, the removal of Cr(VI) started to decrease. The adsorption amount
of Cr(VI) by the FCN-500 after 2 h was 20.4 mg/g when the solution pH was 7, and the
removal rate dropped from 99.9% to 52%; further increased the pH to 8-10, the adsorption
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of Cr(VI) dropped sharply to 5 mg/g, and the removal rate decreased to 12%. We supposed
the reason for the change was as follows: Cr(VI) in solution mainly existed in the form
of HCrO,~ and Cr,O72~ at low pH, while the nitrogen-containing species contained on
the surface of the FCN-500 would be protonated under acidic conditions and converted to
positively charged nitrogen, thereby adsorbing negatively charged HCrO,;~ and CryO;2~
through electrostatic attraction and reducing Cr(VI) to Cr(Ill) by a redox reaction. With the
pH increasing, the high concentration of OH™ ions would compete with Cr(VI), resulting
in a decrease in the adsorption performance of the material. In addition, when the pH was
1, Cr(VI) mainly existed in the form of the H,CrO4 compound, which was not conducive to
the adsorption of the material [38,39].

The effect of temperature on Cr(VI) adsorption by FCN-500 was studied and shown in
Figures 5c and S3c. The removal of Cr(VI) was 76%, 89.5%, and 99.9% when the reaction
was carried out at 25 °C 30 °C, and 35 °C, respectively. The increase in reaction temperature
is beneficial for accelerating the diffusion rate of pollutant separation, resulting in a higher
adsorption capacity and the removal of Cr(VI).

The adsorption performance of FCN-500 at different initial concentrations of Cr(VI)
was investigated, as shown in Figures 5d and S3d. When the initial concentration of Cr(VI)
was 20 mg/L, the adsorption amount of FCN-500 was 25 mg/g at 2 h of reaction, and the
removal rate was 100%. When the concentration of Cr(VI) increased to 30 and 40 mg/L, the
adsorption capacity of FCN-500 also increased to 37.4 mg/g and 44.5 mg/g, respectively.
However, the removal rate began to decrease gradually. When the initial concentration of
Cr(VI) is low, there are many adsorption sites in FCN-500 that can adsorb and bind Cr(VI)
in a large amount; when the concentration of pollutants is too high, the material is close to
adsorption saturation, and the adsorption process tends to be stable [40].

3.3. Adsorption Isotherms

The adsorption isotherms are used to describe the distributed adsorbed molecules
between the liquid and solid phases under equilibrium conditions [41]. The Langmuir
model and Freundlich model were adopted to analyze the adsorption performance of
0.8 g/L FCN-500 at a reaction temperature of 35 °C, solution pH = 2.0. The two model
equations are shown as follows:

Langmuir model equation:

Ci — L + & (3)
de ImP  Im
Freundlich model equation:
1
Inq, = InK¢ + Hlnce 4)

where C. (mg/L) is the concentration of Cr(VI) in solution at the adsorption equilibrium;
dm (mg/g) is the maximum adsorption capacity; b is the Langmuir constant; K¢ and n are
the Freundlich constants.

The influence of the initial concentration of Cr(VI) on the equilibrium amount of
Cr(VI) adsorbed by FCN-500 was evaluated under the same experimental conditions.
The isotherms of Cr(VI) adsorption by FCN-500 were further fitted by Langmuir and
Freundlich models, and the results are shown in Figure S4. The correlation coefficient (R?)
of the Langmuir model and Freundlich model was 0.993 and 0.976, respectively. Therefore,
the Langmuir model was most suitable for describing Cr(VI) adsorption by FCN-500. The
Cr(VI) adsorption capacity with various allied substrates with the FCN 500 is shown in
Table 1. The initial conditions, such as pH value, adsorbate, and adsorbent loading, were
different. The FCN-500 showed the highest normalized Cr(VI) adsorption compared to
other substrates.
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Table 1. Comparison of Cr(VI) adsorption capacity using FCN-500 with other reported adsorbents.

Sorbent pH qm (mg/g) Ref.

Oxidized multiwalled carbon nanotubes pH=26 2.88 [42]

Activated carbon pH=4.0 1547 [43]

Fe304/GO pH=45 32.33 [44]

Magnetic cyclodextrin/chitosan/GO pH=3.0 21.6 [45]
FCN-500 pH=20 52.63 This work

3.4. XPS Spectra Analysis

XPS is a characterization analysis method to confirm Cr(VI) reduction on FCN-500
by measuring element species. As shown in Figure 6 of the scan spectra, the distinct
peaks observed correspond to Fe 2p, C 1s, N 1s, O 1s, and Cr 2p. Cr(VI) adsorption on
FCN-500 is confirmed by the presence of the Cr 2p peak (Figure 6a). In Cr 2p, the peaks at
576.6 and 586.5 eV were marked as Cr 2p3/2 and Cr 2p1/2 of Cr(III) (Figure 6b) [46,47]. The
presence of Cr(IlI) indicates subsequent Cr(VI) reduction. The Fe2p peak is mainly divided
into Fe2p3/2 and Fe2p1/2, which were located at 711.7 eV and 724.6 eV, respectively
(Figure 6¢). The Fe 2p3/2 peak is located at 711.7 eV, indicating Fe30,4 in FCN-500, which is
consistent with the results of the XRD analysis [48]. The peak corresponding to the C 1s
peak shows indifferent behavior in all samples. In the binding spectrum of C1s, the peaks
at 284.8 eV, 285.8 eV and 288.3 eV correspond to the C-C/CHx, -C-OR and N-C=N bonds,
respectively (Figure 6d) [49,50]. In the O 1s peak (Figure 6e), before Cr(VI) adsorption, Ols
has three XPS peaks with binding energies at 530.2 eV, 531.9 eV, and 532.8 eV, which are
assigned to Fe-O, C-O, and C=0 groups [51]. After Cr(VI) adsorption, the Ols spectrum
has fitted into three peaks with the binding energies at 530.2 eV, 531.5 eV, and 532.5 eV,
which are assigned to Fe-O, C-O, and C=0 groups. After adsorption, the peak intensity
of C=0 is decreased. The results showed that some of the C=O in FCN-500 had been
oxidized to C-O after the adsorption of Cr(VI), indicating that a redox reaction occurred
during the adsorption process [27]. The high-resolution spectrum at N 1s shows three
peaks at 398.7, 399.8, and 400.7 eV, attributed to =N—, -NH-, and N* (=N-* and -NH-%),
respectively. After Cr(VI) adsorption, the N* content increased significantly, whereas the
total amount of = N- and -NH- decreased. The results show that part of nitrogen on
FCN-500 is further protonated under acidic conditions, and the non-protonated nitrogen is
significantly reduced (Figure 6f) [27].

3.5. Adsorption Mechanism

As shown in half cell reactions (5) and (6), when the pH value of the solution increases
from 0 to 14, the oxidation potential of Cr(VI) decreases from 1.33 V to —0.13 V [52]. A
strongly acidic environment is conducive to the Cr(VI) species in solution. In the present
study, we used pH 2 to endow Cr(VI) in solution.

Cry072~ +6e~ + 14H" — 2Cr** + 7H,0,E* = 1.33 V (pH = 0) (5)

CrO4* +4H,O +3e~ — Cr’* + 80H, E* = —0.13 V (pH = 14) (6)

The reduction product was confirmed to be Cr(IIl) by XPS analysis. ICP-MS analysis
of chromium species noted a negligible proportion of Cr(Ill) in solution after adsorption-
reduction, indicating that the adsorbed Cr(III) was not released into the solution, but was
instead immobilized on the surface of the FCN-500. The nitrogen atoms in the PDA play a
key role in Cr(Ill) chelation [53]. However, protonated nitrogen atoms are not suitable for
chelating Cr(III) due to electrostatic repulsion. Therefore, non-protonated nitrogen atoms
may be the main reason for the fixation of Cr(Ill) after the redox reaction [27].

In summary, the reduction reaction is accompanied by the adsorption process, and
the reducing agent is the nitrogen atomic group on the FCN-500. After reduction, the
produced Cr(Ill) was immobilized on the adsorbent. It should be noted that the adsorption
mechanism for Cr(VI) involves several steps. (1) The adsorption of Cr(VI) occurred in
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an aqueous solution, resulting in the protonated nitrogen groups of the active site on the
FCN-500 at pH = 2; (2) The adsorption of Cr(VI) on the active sites was reduced to Cr(III)
by nitrogen groups on the FCN-500; (3) The reduced Cr(Ill) was immobilized in situ on the
adsorbent surface by chelating with aprotic nitrogen atoms.
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Figure 6. XPS spectra of FCN-500 before and after Cr(VI) removal: wide scan (a) and high-resolution
spectra of (b) Cr2p, (c) Fe2p, (d) C1s, (e) Ols and (f) N1s.

3.6. Adsorption Regeneration Experiments

After adsorption-reduction, chromium occurs on FCN-500 as Cr(IIl). The regeneration
of reactive sites was carried out using 1 M NaOH for 12 h (each cycle). After five adsorption-
desorption cycles (Figure 7a), the adsorption capacity of FCN-500 decreased slightly, reach-
ing about 80% optimal capacity. As the number of regenerations increased, the adsorption
capacity declined after the third regeneration step. The adsorption capacity of the regener-
ated FCN-500 remained unchanged after five cycles. The XRD patterns of fresh and used
FCN-500 were also collected as shown in Figure 7b. Results suggested that after five cycles
of adsorption-regeneration, the basic structure of FCN-500 was well maintained, proving
its good regenerative adsorption performance of FCN-500. In addition, a new peak near
42° was observed for the used FCN-500, which can be associated to the crystal plane of
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some Cr-N-Fe species, indicating that Cr interacted with nitrogen groups on FCN-500 [54].
This result also proved the proposed mechanism, that nitrogen-containing groups were the
active sites for Cr adsorption.
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Figure 7. (a) Experimental diagram of adsorption and regeneration. (b) XRD patterns of fresh and
used FCN-500.

3.7. Treatment of Wastewater in the Electroplating Industry

Electroplating wastewater discharged from electroplating production contains a large
amount of chromium, heavy metals, and organic matter. The pH of electroplating wastew-
ater is around 2-3, so the FCN-500 can be used to remove Cr(VI) without further ad-
justment. As shown in Figure S5, the removal of total chromium by FCN-500 reached
99.93% after 2 h reaction under the conditions of T =25 °C, pH =3, [Cr] = 117 mg/L, and
[FCN-500] = 2.4 g/L. The results showed that the FCN-500 magnetic material also had a
good adsorption effect on Cr in the actual wastewater.

4. Conclusions

In this study, the magnetic Fe-C-N composite was successfully prepared from the
coagulation sludge produced from dye chemical wastewater as a starting material to
develop a Cr(VI) removal substrate designated as FCN. The material obtained when the
pyrolysis temperature was 500 °C (FCN-500) performed the best adsorption performance
for Cr(VI). The maximum adsorption capacity for Cr(VI) by FCN-500 was 52.63 mg/g at
35 °C and pH = 2. The Cr(VI) removal from the solution by FCN 500 occurs due to the
adsorptive-reduction process. The Cr(VI) — Cr(III) reduction preferentially occurred at
hetero N sites, followed by Cr(III) adsorption on aprotic N on FCN-500. Besides, FCN-500
also showed good reusability, with approximately 80% removal of Cr(VI) after 5 cycles.
This work provides a new method for recycling chemical solid waste sustainably as a
value-added product.
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