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ABSTRACT

Tetracycline hydrochloride (TC-HCI) was harmful to human as well as ecology due to its persistence.
Layered double hydroxides (LDHs), granular activated carbon (GAC) and graphene oxide (GO) were
selected as the catalyst supporting materials for the three-dimensional heterogeneous electro-Fenton
(3D-EF) process. The three materials were then used to prepare catalyst particles of GAC@Fe,O,,
LDHs@Fe,O, and GO@Fe,0, to degrade TC-HCI. The characterizations of the LDHs@Fe,O, (8:2) par-
ticles were done by X-ray diffraction, Fourier transform infrared spectroscopy, scanning electron
microscopy, energy-dispersive X-ray spectroscopy, X-ray photoelectron spectroscopy and Brunauer—
Emmett-Teller. At pH of 3, the proper ratio of supporting materials (LDHs, GO, GAC) to Fe,O,
improved the removal efficiency of TC-HCl. GAC@Fe,O, (8:2), LDHs@Fe,O, (8:2) and GO@Fe,O, (2:8)
obtained better performance, LDHs and GO used as supporting material had better performance than
GAC. Further study on the effect of different pH values showed that the LDHs@Fe,O, (8:2) acquired
the highest chemical oxygen demand (COD) removal efficiency (63.03%) at pH of 7. LDHs@Fe,O,
(8:2) and GO@Fe,O, (2: 8) obtained similar COD removal efficiencies at pH of 3. The percentage of
Fe? leaching to solution was 2% for the LDHs@Fe,O,, which was 2.9% for the GAC@Fe O, and 5.46%
for the GO@Fe,O,. Experimental results showed that more H,0, and *OH were produced on the sur-
face of the LDHs with pH of 7. Finally, GC-MS was used to determine the degradation pathway of
TC-HCI. The LDHs had obvious advantages as catalyst supporting materials for the 3D-EF process.

Keywords: Tetracycline hydrochloride; Heterogeneous electro-Fenton; Hydrotalcite; Activated carbon;
Graphene oxide

1. Introduction

Antibiotics are one of the largest drug combinations
for livestock therapeutics and feed additives. Since anti-
biotics are poorly metabolized in the body and not eas-
ily absorbed, 30%-90% of the antibiotics remain active
after excretion [1]. The abuse of antibiotics can enhance
bacterial transcription. Therefore, the emergence of anti-
biotics worldwide has shown the urgent need to find sev-
eral effective and economical methods [2]. Tetracycline
hydrochloride (TC-HCI) is a kind of broad-spectrum anti-
microbial agent. Due to the tenacious nature of TC-HC], it
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is difficult to remove TC-HCI by conventional wastewater
treatment methods [3].

Current methods for TC-HCI removal are activated
carbon adsorption, membrane technology, chemical coagu-
lation, ion exchange, etc. [4], but these methods are often
ineffective and uneconomical in treating low concentration
of TC-HCI. The electrochemical advanced oxidation process
(EAQP) is considered as a suitable and effective technique
to achieve rapid removal and complete mineralization of
persistent organic pollutants [5]. Electro-Fenton (EF) is one
of the commonly used EAOP. However, homogeneous EF
is still limited due to the narrow pH range. Heterogeneous
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EF can broaden pH range, which generates a large number
of hydroxyl radicals, thereby improving the electrochemi-
cal performance without the need to add any reagents [6].
With the attention of scholars, catalyst particles are the
core of heterogeneous EF process.

Most of the researches on the 3D-EF process are primar-
ily focused on iron-active species and supporting materials.
Some iron minerals have been selected as catalysts for the
EF process because of their widespread distribution in nat-
ural soils and sediments. The common iron minerals used
in the EF process are pyrite, magnetite, hematite, goethite,
tungsten iron and siderite [7]. Due to wide range of sources,
low prices, and good stability, magnetite composites have
been considered as promising heterogeneous EF catalysts
to degrade organic pollutants in wastewater. Compared
with traditional iron-supported catalysts, magnetite com-
posites have a higher ability to degrade refractory organic
pollutants due to the octahedral position in the magnetite
structure. The octahedral position can easily accommodate
Fe? and Fe* ions, and Fe? can be reversibly redox in the
same structure [8]. In addition, being separated with a sim-
ple magnet, the magnetite used as catalyst in heterogeneous
EF could improve the reuse rate of magnetite and reduce
the processing cost [9]. Superior supporting materials gen-
erally have the advantages of chemical inertness, high spe-
cific surface area, good adsorption capacity, liquid—solid
phase separation. Supporting materials mainly include
neutral organic polymers, inorganic materials, ion exchange
membranes or resins, and nanoparticles. In recent years,
layered double hydroxides (LDHs) have shown a poten-
tial application as a catalyst supporting material. LDHs are
anionic polymetallic compounds with a layered structure.
More superior properties of the LDHs include high porosity,
facile synthesis, low cost and easily available [10]. Huang
et al. [11] used FeS@LDHs and Fe,O,@LDHs as catalysts for
heterogeneous Fenton-like system, and 57.54% of methoxy-
chlor removal was achieved after 120 min. In addition to
LDHs, other materials have also been used as supporting
materials in the EF process and achieved remarkable per-
formance. Graphene and activated carbon used as car-
bon-based materials are interesting catalyst supports due
to low cost as well as textural, chemical and morphologi-
cally tunable properties, which can play a significant role
during the degradation of organic pollutants. Fernandez-
Saez et al. [12] synthesized N-doped graphene aerogels
and further synthesized carbon-Fe O, catalyst, and 71%
of acetaminophen removal and 51.6% of mineralization
were obtained. Sun et al. [13] prepared Fe,O,/TiO,/reduced
graphene oxide composites as high-performance Fenton-like
catalyst that decolorized dye methylene blue within 20 min.

To the best of our knowledge, there are little previous
studies on exploring the effects of support types (GAC, GO,
LDHs), the ratios between supporting materials and Fe,O,
and pH of the three variables on TC-HCI removal in the
3D-EF system.

In this work, we attempted to study the TC-HCl
removal efficiencies and chemical oxygen demand (COD)
removal efficiencies in the influence of support types, the
ratios between supporting materials and Fe,O, and pH.
The important parmeters that effect the improvement of
the performance in 3D-EF system were discussed in detail.

MgAI-LDHs, GAC and GO were selected as supporting
materials in the experiments. Supporting materials@Fe O,
in the 3D-EF were prepared by hydrothermal synthesis
method. The modern characterization technologies of X-ray
diffraction (XRD), energy-dispersive X-ray spectroscopy
(EDS), scanning electron microscopy (SEM), X-ray photo-
electron spectroscopy (XPS), Fourier transform infrared
spectroscopy (FTIR) and Brunauer-Emmett-Teller (BET)
were used to confirm the excellent properties of the parti-
cles with the best performance and the dynamic changes of
structure and elements in the 3D-EF process. Moreover, the
intermediates during the removal of TC-HCI were analyzed
based on the results of GC-MS.

2. Materials and methods

2.1. Chemicals and reagents

GAC, GO, FeCl-6H,O, FeSO,7H,O, MgCl,-6H,0,
AICL-6H,O, Na,CO,, Na,50,, 25 wt.% of ammonia solution,
tetracycline hydrochloride, NaOH and H SO, were of ana-
lytical grade and used as received without further purifica-
tion. All the chemicals were supplied by Aladdin Industrial
Corporation, Shanghai.

2.2. Fabrication of LDH

MgAI-LDHs were synthesized by hydrothermal method
reported previously [11]. Mixed solution of 100 mL con-
tained 0.6 M MgCl,-6H,0 and 0.2 M AICL,-6H,O was named
solution A, and 100 mL mixed solution contained 0.12 M
NaOH and 0.04 M Na,CO, was named solution B. 100 mL
of distilled water was put into a 500 mL conical flask and
stirred at 700 rpm. Then, solution A and solution B were
dropped into the flask dropwise to make sure that the pH
of the solution was around 10. After dripping, the solution
was stirred for half an hour until the solution was fully
mixed; the flask was sealed and put into a constant tem-
perature water bath at 80°C for 24 h. Precipitate in solu-
tion was washed with distilled water until the pH of the
rinse became neutral. Finally, precipitate was dried at 65°C
and the MgAI-LDHs were obtained by centrifugation.

2.3. Fabrication of GAC@Fe.O

0, GO@Fe O, and
LDHs@Fe,O, particles

Supporting materials@Fe,O, were synthesized by co-
precipitation method reported previously [11,12]. Supporting
materials including GAC, GO, LDHs (4 g) and 100 mL
water were added into 500 mL flasks and then ultrasoni-
cated for 30 min, respectively. 250 mL mixed solution con-
taining 2.32 g of FeCl,-6H,O and 1.20 g of FeSO,7H,O was
slowly added into the flasks at 80°C under N, protection,
followed by stirring for 10 min. Afterward, the tempera-
ture was heated up to 85°C, 25 wt.% of ammonia solution
was added quickly to precipitate Fe*and Fe for synthesis
of Fe,O,. Then the solution was stirred for 45 min under N,
protection. After being cooled to room temperature, the pre-
cipitate was obtained by centrifugation, and washed with
distilled water until the pH of the rinse became neutral,
and finally dried at 65°C. The supporting materials@Fe O,
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composites with a mass ratio of 8:2 were prepared. The
composites with mass ratios of 5:5 and 2:8 were prepared
by the same method. In addition, pure Fe,O, was prepared
by the co-precipitation method as well. The chemicals used
to prepare LDHs@Fe O, were relatively inexpensive and eas-
ily available. In addition, LDHs and LDHs@Fe,O, could be
prepared in batches, and the utilization efficiency of hydro-
power was also greatly improved, so the LDHs@Fe, O, used
as catalyst for the 3D-EF to remove TC-HCI was economic.

2.4. Characterization

XRD (Bruker D8 Advance, Germany) analysis was per-
formed to analyze the crystalline structure of the particle
composites. The surface functional groups of the particle
composites were specified via FTIR (PerkinElmer spectrum
100, USA) analysis in the range of 400-4,000 cm™. The sur-
face morphology and elemental composition of the particle
composites were determined by SEM analysis equipped
with an EDS analyzer (Bruker Nano, Berlin, Germany). XPS
of the particle composites was carried out with a Thermo
Scientific K-Alpha+ (USA) to analyze the surface composi-
tion and electronic structures. The specific surface area and
pore volume of the particle composites were appraised by
the Brunauer-Emmett-Teller (BET) model using ASAP 2460
(Micromeritics, USA). The pore volume and pore distribu-
tion were calculated by the Barrett-Joyner-Halenda method.

2.5. Construction of the 3D-EF

This experiment only considered the effect of 3D-EF oxi-
dation on the removal of TC-HCL. Therefore, before begin-
ning the reaction, a preliminary experiment on the adsorp-
tion saturation of the catalyst was performed. The specific
steps were that putting the catalyst into a neutral solution
containing ultra-high TC-HC], after adsorption saturation at
rest, a magnet was used to suck the catalyst out. The 3D-EF
system consisted of four parts: power supply, air feeder,
mechanical agitator and reaction device. DXN-FAC power
supply (Jiangyin Daheng Electric Co., Ltd.) was used in the
apparatus. During the reaction, the air was injected into the
solution by an air pump (RS-510, Shanghai Hefan Instrument
Co., Ltd., China) and the flow rate was 0.1 L min™. TC-HCl
solution of 100 mg L™ was processed in a constant current
of 0.3 A, with 0.05 M Na,SO, as electrolyte. The mechani-
cal agitator was used with a speed of 80 rpm to ensure well
mixing between the reaction solution and the catalyst par-
ticle. 500 mL of 100 mg L TC-HCI solution was adjusted
to the target pH. TThe pH of the solution was adjusted by
H,SO, (1 M) and NaOH (0.5 M) solutions did not exceed 1%
of the total volume. Two prepared graphite electrode plates
(40 mm x 60 mm x 3 mm) were placed parallelly with a fixed-
plate spacing of 2.0 cm. The reaction time for each experi-
ment was 2 h. Samples were taken from the electrolytic cell
every half an hour. The collected samples were filtered. Three
parallel experiments were performed for each condition.

2.6. Analytical methods

The pH was monitored by a portable pH meter (Leici
PHS-25, China). The residual amount of TC-HCl was

monitored by ultraviolet spectrophotometer at 357 nm.
Full spectrum of remaining TC-HCI vs. reaction times was
shown in supporting data (Fig. S1) - when LDHs@Fe,O, (8:2)
was the catalyst at pH of 3; the standard curve of TC-HCl is
shown in Fig. S2. Iron ion (Fe*") concentration was measured
by O-phenanthroline spectrophotometry method. H,0O, con-
centration was measured by spectrophotometry method
[14], and *OH concentration was measured by salicylic
acid probe method [15]. COD was measured according to
fast-digestion spectrophotometry method [16].

3. Results and discussion
3.1. LDHs@Fe,0, (8:2) characteristics
3.1.1. Brunauer—Emmett-Teller

The specific surface area of the catalyst particles would
affect adsorption capability. It was reported that loading
Fe/Fe oxide on mesoporous materials had high adsorption
performance for some pollutants [17]. To compare the spe-
cific surface area of the LDHs@Fe,O, composites before and
after the reaction, the N, adsorption/desorption isotherms
and pore volume of the LDHs@Fe O, (8:2) are shown in
Figs. 1a and b. The clear hysteresis loops were observed in
the two composites in Fig. 1a. According to the International
Union of Pure and Applied Chemistry (IUPAC) classifi-
cation [18], the hysteresis loops of the LDHs@Fe, O, com-
posites corresponded to the type V adsorption isotherms.
Before reaction, the BET surface area was 43.3 m?*g™, and the
pore volume was 0.17 cm® g™, and the average pore diam-
eter was 14.57 nm. After the EF reaction, the BET surface
area was 57.4 m* g™, the pore volume was 0.18 cm®g™, and
the average pore diameter was 12.27 nm. The average pore
diameter corresponded to the mesoporous pore, agreeing
with the H.-type hysteresis loops, which was caused by
the presence of slit-type pores that were created from the
plate-like particles characterizing the feature of the layered
materials [19]. The results showed that the specific surface
area and the pore volume of the LDHs@Fe,O, compos-
ites increased after reaction, but pore diameter decreased.
The reason would be that Fe,O, on the surface of the LDHs@
Fe,O, gradually decreased with the progress of the EF pro-
cess. Similarly, the structure and surface morphology of the
MgAI-LDHs also changed and more cracks would emerge,
resulting in the increase of the specific surface area and
the pore volume.

3.1.2. X-ray diffraction

The XRD pattern of the LDHs@Fe,O, (8:2) before and
after the reaction with pH of 7 is shown in Fig. 2. The phases
were identified by comparing the measured patterns with
the reference patterns of magnetite and LDHs from the
JCPDS database (Fe,O, [JCPDS NO.74-0748] and MgAl-
LDHs [JCPDS NO.70-2151]) [20]. In the diffraction patterns
of the MgAl-LDHs@Fe,O,, characteristic patterns of LDHs
and Fe,O, were observed, indicating that both phases were
presented in the structure. Diffraction peaks indexed to
Fe,O, at 20 were 30.1°, 35.6°, 43.4° and 57.4°, which were
well consistent with the previous reports, corresponding to
(220), (311),(400), (51 1) [21]. MgAI-LDHs were also
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Fig. 2. X-ray diffraction of LDHs@Fe,O, (8:2).

evidenced by the characteristic peaks of 11.3°, 22.8°, 34.7°,
39.1°, 46.3° and 62.4° at 20, corresponding to (0 0 3), (0 0
6),(012),(015), (110)and (11 3), respectively [22]. The
characteristic peaks of the LDHs@Fe,O, before and after the
reaction were almost the same, indicating that the MgAl-
LDHs@Fe,0, had excellent stability. But the intensity of the
characteristic peaks before the reaction was higher than
that after the reaction, which might be that the EF reaction
affected the crystal structure of the MgAl-LDHs@Fe,O,.
Meanwhile, the peak of (3 1 1) lattice plane had a chemi-
cal shift, which illustrated that the decrease of Fe,O, would
change the interlayer spacing of the MgAl-LDHs.

3.1.3. SEM and EDS

The surface morphology of the LDHs@Fe O, (8:2) was
characterized by the SEM. Figs. 3a, and a, show the layered
structure and spherical crystals of the LDHs@Fe,O,. In Fig.

3a,, the LDHs@Fe,O, retained its original form after the
reaction, but the spherical crystals were reduced obviously.
The rough porous surface of the LDHs@Fe,O, showed that
the scale-like irregular and spherical crystals on the layered
surface were mainly caused by the synthesis of MgAl-LDHs
and Fe,O,. The Fe, O, existed on the surface of the LDHs and
entered the pores of the LDHs as well, ensuring good dis-
persibility. The EDS micrographs of the LDHs@Fe,O,, along
with corresponding quantitative results, are exhibited in
Figs. 3b, and b,. Before reaction, as shown in Fig. 3b,, the
atomic percentage (A%) of Mg was 3.03 times more than that
of Al. Based on the Mg/Al molar ratio, the value of x in the
common formal of MgAI-LDHs, that is, Mg, Al (OH),(CO,)
x/n-yH,O was obtained to be x = 1/(1 + 3.03) = 0.25. Hence,
the x/n value was calculated as 0.125, according to the
x and n values of 0.25 and 2, respectively. Then, the for-
mula of MgAI-LDHs was deduced to be Mg, Al , (OH),
(CO,) o105 VH,O [23]. Mg/Al molar ratio after the reaction
(Fig. 3b,) was only 1.88, indicating that some Mg and Al ele-
ments were dissolved from the LDHs@Fe O, during the EF
reaction. At pH of 3, more Mg?* and AI** were leached and
reprecipitated on the catalyst surface, and the active metal
sites of the catalyst were reduced, which affected the per-
formance of the 3D-EF system. In addition, the amount of
Fe on the surface of the particle changed a little illustrating
the good retention effect of the LDHs on the catalyst.

3.1.4. Fourier transform infrared spectroscopy

The FTIR results of the LDHs@Fe, O, before and after
reaction are shown in Fig. 4. The broad peak at 3,449 cm™
was attributed to the O-H stretching mode of the layer sur-
face and interlayer water molecules. The band at 1,635 cm™
could be assigned to the C-O bond and H,O bending
vibration of the interlayer water [24]. Water molecules could
also be confirmed by the presence of the band at 1,635 cm™,
which was attributed to the H-O-H deformation mode
[25]. An intense absorption at 1,366 cm™ was ascribed to
the asymmetric stretching of CO} in the interlayer, indi-
cating some CO? ions existed in the gallery of MgAl-LDHs
[26]. The weak absorption band at 1,070 cm™ was observed
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and corresponded to stretching vibration of carbonate.
The absorption bands in the range of low wave number
(400-800 cm™) were mainly caused by the AlI-O, Mg-O, O-
Mg-0O and O-Al-O, Fe-O in the metal hydroxide sheets in

the brucite-like lattice [27]. The peaks observed at 580 cm™
could be attributed to the vibration of Fe-O from Fe,O,.
Compared with the original LDHs@Fe,O,, some dominant
peaks of the LDHs@Fe,O, after reaction had slight shifts.
For example, the bending vibration of oxygen-containing
groups slightly shifted from 1,366 to 1,363 cm™. These obser-

vations were consistent with the results observed by XRD.

3.1.5. X-ray photoelectron spectroscopy

The surface chemical states of the LDHs@Fe,O, were
further analyzed by XPS spectra. The survey XPS spectra
show all elements of Mg, Al, C, O and Fe in Fig. 5a. The
peaks at 1,304.4 and 74.4 eV before reaction (Figs. 5b and c)
were assigned to the chemical elements of Mg 1s and Al
2p, respectively, which verified that Mg and Al existed as
the oxide/hydroxide chemical states. It was obvious that
Mg and Al shifted to higher binding energy after reaction,
but changes in binding energy were small, indicating that
the chemical bonds of Mg and Al did not change signifi-
cantly at pH of 7. Meanwhile, as observed from Fig. 5d, the
presence of C-C, C-O C=0 and O-C=0O was fitted by the
peaks centered at 284.8, 286.4, 288.9 and 289.9 eV, indicat-
ing indirectly that the reference carbon and the presence
of intercalated carbonate anions in the layered structure of
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the MgAI-LDHs [28]. The Ols peaks in Fig. 5e were fitted
with five peaks at 530.3, 531.5, 531.8, 532.2 and 533.3 eV.
The two peaks at 530.3 and 531.5 eV in Ols spectrum were
attributed to M-O (M was Mg, Al or Fe in this section) and
metal hydroxides or hydroxyl groups [29]. The other three

peaks at 531.8, 532.2 and 533.3 eV were attributed to O-C=0,
C=0 and C-O. The residual peak at 532.33 eV was attributed
to the chemical equivalent oxygen in the bidentate bond
(O-C=0) [30]. In the Fe2p spectra (Fig. 5f), the peaks located
at 710.8 and 725.1 eV of binding energy belong to Fe 2p,,
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and Fe 2p, ,, respectively, which illustrated the existence of
Fe,O, in the composite. The Fe 2p core level spectra showed
that the peaks of LDHs@Fe,O, before reaction at 709.3, 711
and 713.4 eV represented the Fe* in octahedral (Oh) sites,
Fe* in octahedral (Oh) sites, and Fe* in tetrahedral (Td)
sites [31]. The peak located at 709.3 eV shifted to 709 eV for
Fe? (Oh), and the peak at 711 eV transferred to 710.7 eV for
Fe* (Oh). The peak varied from 713.4 to 713.2 eV for Fe*
(Td), which could be attributed to the electron transfer
between Fe? and Fe** during the removal reaction.

3.2. Performance of the catalyst particles

The optimum pH for traditional Fenton process was
considered to be around 3 [5]. In order to analyze the influ-
ence of different kinds of catalyst particles on TC-HCI
removal in the 3D-EF process, the experiments were carried
out in the same conditions except for the different catalyst
particles. The initial pH value of the 3D-EF process was
adjusted at pH of 3.

TC-HCI removal performance with GAC@Fe,O, is
shown in Fig. 6. When the mass ratios of GAC and Fe,O,
were 2:8, 5:5 and 8:2, TC-HCI removal efficiencies were
82.58%, 83.06% and 88.89%, respectively. The 3D-EF sys-
tem obtained high TC-HCI removal efficiency at different
mass ratios. COD removal efficiencies with GAC@Fe,O,
are shown in Fig. 7a. COD removal efficiency was 5.0%
after reaction for 2 h in blank group. When pure Fe,O,
was added into the system, a significant increase in COD
removal efficiency was observed, COD removal efficiency
after 2 h increased from 5.0% to 31.0%, 6.2 times of that in
the absence of catalyst particles. COD removal efficiencies
were 33.09%, 36.68%, 41.96% with GAC and Fe,O, ratios of
2:8, 5:5 and 8:2, respectively. When the proportion of Fe,O,
decreased, COD removal efficiency increased gradually. The
reason might be that oxygen reacted on the surface of the
catalyst particles to generate H,O,, and then reacted with
Fe? to generate *OH, so the larger the specific surface area
of the support materials was, the more H,O, and *OH would
be generated. The concentrations of H,0, and *OH would be
shown later. Another reason was that *OH generated on the
surface of catalyst was consumed by excessive ferrous ions
when GAC@Fe,O, was coated with too much Fe,O,. Similar
trends were observed by Wang et al. [32]. Obviously, GAC@
Fe,O, at ratio of 8:2 obtained the highest COD removal effi-
ciency, because the content of Fe,O, coated on the surface of
GAC@Fe,O, at ratio of 8:2 was the least. At the same time,
the conclusion was verified by the COD removal efficiency
using the pure Fe,O,. Therefore, when the initial pH value
was 3, the best COD removal efficiency was achieved with
the mass ratio of the GAC and Fe,O, at 8:2.

The performances of the LDHs@Fe,O, on TC-HCl and
COD removal are shown in Figs. 6 and 7b. Different from
the GAC@Fe,0O,, TC-HCI removal efficiencies had some
differences with the variation of the mass ratios between
LDHs and Fe,0O,, and the minimum efficiency was 81.57%
with ratio of 2:8 while the maximum value was 93.28% with
ratio of 8:2. COD removal efficiencies varied from 35.56% to
60.93% with the increase of mass ratio. COD removal effi-
ciency of LDH@Fe,O, at a ratio of 8:2 was 12 times than the
black group. COD removal efficiencies gradually increased

100

72 SBER5:5=8:2 1

T

T

-

80 -

60 -

40 L

TC removal efficiency (%)

20

GAC@Fe,0, LDHs@Fe,0,

Catalyst

GO@Fe,0,

Fig. 6. TC-HCl removal efficiency with GAC@Fe,O,, LDHs@
Fe,O, and GO@Fe,O, (pH = 3, air flow rate = 0.1 L min’,
current =0.3 A, t =2 h, and catalyst dosage =1 g L.

as the proportion of Fe,O, content decreased, which were
similar with the GAC@Fe,O,. Therefore, the ratio of the
supporting materials and catalyst was 8:2 with pH of 3.

When GO was used as the supporting material, TC-HCI
removal efficiencies were 95.37%, 90% and 84.15% with the
mass ratios of 2:8, 5:5 and 8:2, respectively (Fig. 6). TC-HCI
removal efficiency of the GO@Fe,O, was the highest com-
pared with GAC and LDHs. Moreover, COD removal effi-
ciencies were 60.69%, 48.4% and 42.11% when the mass
ratios were 2:8, 5:5 and 8:2, respectively (Fig. 7c). Different
from GAC and LDHs, when the mass ratio was 2:8, max-
imum COD removal efficiency was obtained. The reason
may be that GO had rich functional groups on the sur-
face and excellent conductivity comparing with GAC and
LDHs [33], and the specific surface area of the supporting
material was not the limiting factor of H O, production,
so COD removal efficiency increased with the increase of
Fe,O,. Another reason might be that, enough H,O, reacted
with *OH and *OH lost its ability to act as an EF reaction
reagent [34]. Therefore, when the ratio of GO to Fe,O, was
8:2, the excessive H,0O, lacked sufficient iron source, and
a protonation reaction occurs instead. Obviously, when
the mass ratio of the GO and Fe,O, was 2:8, TC-HCI and
COD removal were the best at pH of 3.

Transition metal oxides had good catalytic activity in
catalytic reactions. With the help of layered structure of
LDHs, a kind of layered structured catalyst could be pre-
pared. GAC had large specific surface area and developed
pore structure. GO had huge specific surface area and good
conductivity [12]. However, carbon materials also had
shortcomings such as easy agglomeration and deactivation
after long-term use, and easy oxidation under high cur-
rent. Due to the dispersion of metal ions on the laminates
of LDHs, LDH@Fe O, used as catalyst had higher specific
surface area and more active sites compared with GAC
and GO. Therefore, compared with GAC and GO, LDHs
used as a carrier had better performance in 3D-EF reac-
tion. The ratio of supporting materials and Fe,0, also had a
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Fig. 7. COD removal efficiency with GAC@Fe

3

O, (a), LDHs@Fe,0O, (b) and GO@Fe,0O, (c) at different support materials/Fe,O,

ratios (pH = 3, air flow rate = 0.1 L min™, current=0.3 A, f =2 h, and catalyst dosage =1 g L™).

significant impact on the degradation effect. Theoretically,
supporting materials had larger surface area, H,0O, was eas-
ier to generate. Therefore, the larger the proportion of the
supporting materials was, the better the organic pollutant
removal performance would be. However, the iron content
was also an important parameter. When GO was used as
supporting material, due to its excellent electrical conduc-
tivity, the TC-HCI removal performance was better with the
increasing iron content. However, the generation of H,0,
would be suppressed with the increasing iron content,
and peroxide precipitation was prone to produce.

3.3. Effect of pH value

The pH value was a key factor affecting the performance
of the EF process at different levels of hydrogen peroxide
and hydroxyl radicals, thereby affecting pollutant removal
performance. Most of the studies on the EF process reported
that the process showed better performance with pH value
of around 3. However, the pH values of actual wastewa-
ter were always higher than 3, which had to be adjusted to
ensure good performance of the EF [35]. Therefore, it was of
great significance to study the effect of different pH values

on performance of the 3D-EF system. COD removal efficien-
cies at different pH values are shown in Fig. 8 using GAC@
Fe,O, (8:2), LDHs@Fe,O, (8:2) and GO@Fe,O, (2:8) as catalyst
particles.

As for GAC@Fe,O, (Fig. 8a), the highest COD removal
efficiency was achieved at pH value of 3, and the low-
est value was only 19.68% with pH of 9. In Fig. 8b, when
LDHs@Fe,O, was selected as catalyst particles, the maximum
COD removal efficiency of 63.03% was obtained with pH
of 7, which was slightly higher than the COD removal effi-
ciency at pH of 3. At different pH values, when LDHs@Fe O,
was used as catalyst, the system achieved excellent COD
removal efficiency. The results showed that the LDHs were
ideal supporting materials in the 3D-EF process. When the
GO@Fe,O, was used as support material, with the increase
of pH value, COD removal efficiency decreased obviously
(Fig. 8c). The maximum COD removal efficiency of 60.69%
was obtained with pH value of 3, which was still less than
63.03% of LDHs@Fe,O, at pH of 7. Obviously, using GAC@
Fe,O, (8:2) and GO@Fe,O, (2:8) as catalyst particles, COD
removal efficiencies of the 3D-EF system decreased as pH
values increased. The results were similar with the research
reported by Ganiyu et al. [36]. Under acidic conditions,
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Fig. 8. COD removal efficiency with GAC@Fe,O, (a), LDHs@Fe,O, (b) and GO@Fe,O, (c) at different pH values (air flow
rate =0.1 L min™, current=0.3 A, t =2 h, and catalyst dosage =1 g L).

there was more H* in the solution, which would generate
more H,0, and further more *OH. Using the LDHs@Fe,O,
(8:2) as catalyst particles, COD removal efficiency at pH
of 7 was higher than that at pH of 3. In fact, at neutral and
alkaline pH values, the solubility of most iron catalysts was
affected. The 3D-EF system could only be dominated by
heterogeneous catalytic activation on the solid-liquid sur-
face (Egs. (1)—(3)), which was induced by the =Fe™ and =Fe™
species of bound iron present on the particles [37].

=Fe" —~OH+H,0, »=Fe" —~OH+OH + "OH )
=Fe" —~OH +H,0, — = Fe" —OH + HO,+ H"' )
=Fe" ~OH+e” —=Fe" —~OH 3)

The reaction took place on the solid-liquid surface,
and the surface catalysis process expanded the pH values
range for the heterogeneous EF process without necessarily
reducing the final removal efficiency. Therefore, the hetero-
geneous EF also showed good organic pollutant removal

effects under neutral or alkaline conditions. In this experi-
ment, LDHs@Fe,O, (8:2) obtained the highest COD removal
efficiency at pH of 7, which was much higher than that
of GAC@Fe,O, (8:2) and GO@Fe,O, (2:8). The reason may
be the case that the LDHs had a unique layered structure
with large specific surface area. Fe,O, was embedded in the
surface layer of LDHs. It was an integral part of the 3D-EF
network. Compared with GAC@Fe,O, and GO@Fe,O,, the
surface of LDHs@Fe,O, provided more exposed bound
iron, which facilitated better COD removal performance.
Besides, COD removal efficiency with the LDHs@Fe,O, (8:2)
at pH of 7 was higher than that at pH of 3. This might be that
LDHs was less stable under acidic conditions. At pH of 3,
some Mg and Al were leached from the LDHs layered struc-
ture, and some Fe was leached from Fe,O,. Released ions
such as Mg?*, Al*, Fe*" and Fe® were reprecipitated into
LDHs possibly by reaction with intermediates. Therefore,
the surface of the particle catalyst would be covered with
some precipitates of impurities, and the active metal sites
would be reduced, and organic pollutant removal effi-
ciency would also be reduced. However, the dissolution
of the LDHs was slight under neutral conditions, which
was the reason that performance of LDHs@Fe,O, was the
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best with pH of 7. Studies obtained a similar conclusion
as well [38]. In summary, COD removal performance of
the 3D-EF system with GAC@Fe O, and GO@Fe,O, was
greatly affected by pH values while LDHs@Fe O, were less
affected, which was suitable for practical application.

Both LDHs and GO were excellent catalyst support-
ing materials. According to the results of TC-HCI removal,
LDHs@Fe,O, (8:2) and GO@Fe,O, (2:8) had better TC-HCI
removal efficiencies at pH of 3. However, LDHs@Fe O, (8:2)
were unstable under acidic conditions, which reduced the
active potential of the catalyst. As for GO@Fe,O, (2:8), at pH
of 3, the surface O, also had more four-electron transfer reac-
tions at the same time (Eq. (4)), which was not conducive to
the production of H,0,, so the removal efficiency was also
suppressed. Therefore, the performance of LDHs@Fe O, (8:2)
and GO@Fe,O, (2:8) was similar at pH of 3.

O, +4H' +4e” =2H,0 )

Under acidic conditions, there were plenty of H" in the
solution, and more H,0O, would be produced comparing
with alkaline conditions. More iron on the surface of the
catalyst could participate in the 3D-EF reaction in acidic
conditions, so the 3D-EF reaction was strengthened and
more ‘OH was produced. In addition, *‘OH had strong oxi-
dation potential and high oxidation efficiency under acidic
conditions. Under alkaline conditions, the amount of H,0,
produced was less than in the acidic environment, and
the produced H,0, was readily decomposed into H,O and
O,, which hindered the production of ‘OH. In addition,
under alkaline conditions, iron species were prone to pre-
cipitate in the form of iron hydroxide. Therefore, the per-
formance of the 3D-EF system under acidic conditions was
significantly better than in alkaline environment.

3.4. Ferrous iron concentration in the solution

The most important performance requirements of
efficient heterogeneous catalysts included that the cat-
alysts maintained catalytic activity and stability under
a wide range of experimental conditions. Studies have

pH=7 —=— GAC@Fc,0,(8:2)
(a) —e— LDHs@Fe,0,(8:2) A
—— GO@Fe,0,(2:8) /I/////
Tl e |
50
g 1
g
£ e
: -+
2 1k o
: VGl N S S
do %7
5%
0 " 1 . I " 1 " 1
0.0 0.5 1.0 1.5 2.0

Time (h)

337

shown that the most existing catalysts underwent obvi-
ous leaching under strong acid conditions, making the
system exhibit both homogeneous and heterogeneous EF
processes. But this situation should be avoided because it
would exhaust the active metal sites of the solid catalyst and
reduce repeatability [39]. Ferrous iron (Fe*) concentration
in the solution of the three catalyst particles at the optimal
mass ratio with pH of 7 is shown in Fig. 9a.

Fe* concentration in the solution followed the
sequence, LDHs@Fe,O, (8:2) < GAC@Fe,0O, (8:2) < GO@
Fe,O, (2:8). Fe** concentration in the solution of the GO@
Fe,O, was 2.62 mg L™, much higher than the other two,
which showed the iron loss of the GO@Fe O, (2:8) was
serious although the amount of Fe,O, on the GO was orig-
inally high. As was shown in Fig. 9b, the percentage of
Fe** leaching to solution of GO@Fe O, was 5.46%, which
was the highest. Therefore, using GO@Fe O, as the catalyst
particle, two processes, homogeneous EF in solution and
heterogeneous oxidation on solid-liquid surface, occurred
in the 3D-EF system. The contribution of homogeneous
EF decreased with the increase of pH values. In contrast,
when the LDHs@Fe,O, was used as the catalyst particles,
the iron loss was the least among the three particles after
the reaction, which indicated that the LDHs@Fe,O, was a
perfect support material for the 3D-EF process. Using the
GAC@Fe,0, as catalyst particle, the iron loss was also less,
so only heterogeneous oxidation on solid-liquid surface
happened in the system, and the homogeneous EF was neg-
ligible. Moreover, Fe** concentration in the LDHs@Fe,O,
supported 3D-EF increased first and then decreased as
the reaction proceeded. The reason might be that with the
removal of TC-HC], the iron ions in the solution returned to
the surface of the LDH@Fe,O,, or the oxidation of ferrous
ion by H,O,/*OH remaining in solution to ferric ions [40].
The results indicated that the LDHs had the best ability
to keep the catalyst among the three particles.

3.5. H,O, and *OH concentrations

H,0, and *OH concentrations were direct indicators
reflecting removal performance of the EF process. At pH of 7,

pH=7

L o)

2+

The percentage of Fe™ leaching to solution (%)

GAC@Fe,0,(8:2)  LDH@Fe,0,(8:2) GO@Fe,0, (2:8)

Catalyst

Fig. 9. Fe* concentration in the three catalyst particles supplied 3D-EF system at the best mass ratios (a) and the percentage
of Fe?" leaching to solution (b) (pH =7, air flow rate = 0.1 L min™, current=0.3 A, t =2 h, and catalyst dosage=1 g L™).



338 D. Lv et al. / Desalination and Water Treatment 213 (2021) 328-342

when the three catalyst particles were composed in differ-
ent ratios, COD removal efficiencies were mostly similar to
that at pH of 3. At pH of 7, the relationship between COD
removal efficiency and the H,O, and *OH concentrations was
studied. The H,O, and *OH concentrations in the solution
after 2 h of reaction are shown in Figs. 10a and b, respectively.

The results in Fig. 10 showed that H,0, and *OH con-
centrations were consistent with COD removal efficien-
cies. The higher the *OH concentration was, the greater the
COD removal efficiency obtained, indicating that *OH was
the main active species during the EF process. During the
Fenton oxidation process, H,0, played an important role in
the generation of *OH. In Fig. 10b, the results showed a pos-
itive correlation between *OH concentration and H,O, con-
centration. A large number of studies had shown that COD
removal efficiency increased with the increasing H,0O, con-
centration, but the efficiency would decrease after reaching
a peak value [41]. The maximum COD removal efficiency
was obtained with LDHs@Fe, O, (8:2) at pH of 7. Obviously,
the system of the LDHs@Fe,O, (8:2) had the highest H,O,
concentration (0.031 mol L) and °*OH concentration
(0.26 mmol L7). In fact, the MgAl-LDHs had required struc-
tural characteristics and elemental composition for promot-
ing heterogeneous EF reaction. The schematic representation
of the LDHs@Fe O, is proposed by Fig. 11. The LDHs@Fe,O,
maintained stability under neutral condition, the 3D-EF
could generate more “OH and achieve better catalytic effects.

3.6. Possible pathway of TC removal

The possible products during the degradation of TC-HCl
were identified by GC-MS. Fig. S3 shows the chromatogram
of TC-HCI degradation with GAC@Fe,O, (a), GO@Fe,O, (b)
and LDHs@Fe,O, (c). Table S1 shows the main intermedi-
ates during the 3D-EF process. The intermediate compounds
obtained by the three catalysts were similar. The results
indicated that the degradation mechanisms of the TC-HCI
were almost the same with different types of supporting
materials. O, obtained electrons on the surface of the cath-
ode, and reacted to produce H,0,. H,O, continued to react
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Fig. 10. H,0, concentration (a) and *OH concentration (b) of three proportion of GAC@Fe,O

with the iron ion to produce *OH. Finally, ‘OH reacted with
TC-HCI to generate various intermediate compounds, and
some intermediate compounds were completely degraded
into CO, and H,O.

The major intermediates were identified to be organic
acids, such as oxalic acid, acetic acid, which was consistent
with previous report [42]. High electron density would
make the functional group an easy target for *OH attack-
ing in the EF process. There were three typical functional
groups in TC-HCI, double bonds (C,, -C,, (higher) and C-
C,), amine group and phenolic group [43]. The structure
diagram of TC-HCl is shown in Fig. 12. The C, -C , double
bond has been reported to be the most reactive position to
be attacked by *OH. Next was C,—C, double bond. Then a
series of the ring-opening reaction (C,-C,) and alternate
attack reaction (C, C, C,—C, ) reacted to final production
of inorganic ions, CO, and H,0 [44].

4. Conclusions

Antibiotic pollution has become a focus of public
attention. Compared with GO and GAC, MgAIl-LDHs had
a more obvious advantage in removing TC-HCl in water
as a supporting material for the 3D-EF process. The COD
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Fig. 11. Schematic representation of the LDHs@Fe,O,.
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Fig. 12. Demonstration diagram of 3D-EF removal of TC-HCI.

removal efficiency of LDHs@Fe,O, (8:2) was the highest
under the three types of catalysts and the three ratios, which
was due to the higher specific surface area and more active
sites of the LDHs. When GAC@Fe,O, and LDHs@Fe O,
were used as catalysts, COD removal efficiency increased
as the proportion of support materials increased due to the
generation of H,0, on the surface of the supporting mate-
rials. Because of rich functional groups on the surface and
stronger conductive ability of GO, COD removal efficiencies
increased with the increase of the ratio of Fe,O,. In addition,
when GAC@Fe 0O, (8:2) and GO@Fe O, (2:8) were used as
catalysts, COD removal efficiency decreased with increas-
ing pH, this was because that more H,O, could be produced
under acidic conditions, more iron ion could participate in
the 3D-EF reaction, and *OH had stronger oxidation poten-
tial under acidic conditions. COD removal efficiency of
the LDHs@Fe O, (8:2) was the highest at pH of 7. This was
because LDHs rarely dissolved Mg, Al and Fe ions under
neutral conditions, which prevented these ions from react-
ing with some pollutant intermediates to form precipitate
and to cover the surface of the catalyst. The conclusion
could be demonstrated by the following aspects: (1) fer-
rous ion of the LDHs@Fe,O, had the least dissolution (2%)
under neutral conditions compared with the GAC@Fe,O,
(2.9%) and GO@Fe,O, (5.46%). (2) According to the char-
acterization results of the XRD, EDS, SEM, FTIR, XPS and
BET, the LDHs@Fe,O, had a layered structure and a larger
specific surface area compared with the other two materials.
(3) LDHs@Fe,O, (8:2) as the catalyst, the concentrations of H,O,
(0.031 mmol L) and *OH (0.26 mmol L™) were the high-
est under neutral conditions. Therefore, the LDHs@Fe O,
were high-quality catalyst particles for the 3D-EF process.
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Supplementary information:

Fig. S1. TC-HCl degradation with LDHs@Fe,O,
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Table S1
Possible degradation intermediates identified by GC-MS
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Fig. S2. Standard curve of TC-HCl by a UV-vis spectro-

photometer.

Compound Molecular Retention Molecular mass Molecular structure
formula time (min) (g mol™?)
1 CH,0 1.109 74 NN
2 CH, 0, 2.277 102 ~— O ~—=0
3 C,NH,O 6.055 59 /[]\
NH2
4 C,H,O, 15.424 60 /[]\
OH
5 CH,0, 18.081 104 o TN
O
6 C,.O0H, 19.461 166
O
=
7 CH,0 20.000 114 A(\/\O
8 CH, O 21.428 130 N\\i\
OH
9 CGH,0 21.556 142 NSNS0
10 CH,O 21.835 100 NN
11 C,0H, 27.866 90 0
OH
12 C,H, 0 28.535 134

97710
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Fig. S3. Chromatogram of TC-HCI degradation with GAC@Fe,O, (a), GO@Fe,O, (b) and LDHs@Fe,O, (c).
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