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This study explored the catalytic mechanism and performance impacted by the materials ratio of Fe304-
GOy composites in three typical advanced oxidation processes (AOPs) of O3, peroxodisulfate (PDS) and
photo-Fenton processes for tetracycline hydrochloride (TCH) degradation. The ratio of GO in the Fe304-
GOy composites exhibited different trends of degradation capacity in each AOPs based on different mech-
anisms. Fe304-rGOyowx exhibited the optimum catalytic performance which enhanced the ozone decom-
position efficiency from 33.48% (ozone alone) to 51.83% with the major reactive oxygen species (ROS)
of O,"~. In PDS and photo-Fenton processes, Fe304-rGOs, had the highest catalytic performance in PDS
and H,0, decomposition for SO4"~, and *OH generation, respectively. Compared with using PDS alone, PDS
decomposition rate and TCH degradation rate could be increased by 5.97 and 1.73 times under Fe304-
rGOswey catalysis. In the photo-Fenton system, Fe304-rGOsy With the best catalyst performance in H,0,
decomposition, and TCH degradation rate increased by 2.02 times compared with blank group. Meantime,
the catalytic mechanisms in those systems of that the ROS produced by conversion between Fe?* [Fe3*

were also analyzed.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Advanced oxidation processes (AOPs) could produce reactive
oxygen species (ROS) of hydroxyl radicals (‘OH), superoxide radi-
cals (0,°7), and sulfate radicals (SO4~) that with strong oxidation
capacity [1]. ‘OH has great oxidation power to degrade recalcitrant
organic contaminants, which has wide range of sources and can
be produced by Fenton, Fenton-like, ozone, photocatalysis and sul-
fate radical-based AOPs (SR-AOPs) [2]. O,*~ is generated by ozone
system, and SO, usually appears in persulfate (including perox-
odisulfate (PDS) or peroxomonosulfate (PMS)) system [3]. Various
AOPs have been widely studied and applied in wastewater treat-
ment for high effective degradation of toxic and biorefractory or-
ganic compounds [4].

To improve their efficiency and solve the drawbacks in practical
application of low utilization rate of O3, high energy consumption
for activation of SR-AOPs, and narrow pH limitation of Fenton, etc.,
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it is an urgent need to develop new catalysts. As the advantages
of high abundance, non-toxicity, and good interface electron trans-
fer ability of iron, iron-based materials have become commonly
used heterogeneous catalyst in AOPs. Jin et al. synthesized Cu sub-
stituted magnetic Fe30,@FeOOH to degrade ofloxacin in Fenton-
like process [5]. Fe304@hollow@mSiO, was used as catalyst to de-
grade sulfadiazine in ultrasound-assisted Fenton-persulfate system
[6]. Fe304@CuOx hollow ball activated PS can remove 95% of sulfa-
diazine [7]. Composite materials such as Fe304 nanoparticles are
used in various advanced oxidations, which can quickly remove
organic substances in wastewater. However, some catalysts have
complex synthesis processes and large ion leaching concentrations,
which are prone to metal agglomeration. Graphene oxide (GO) is
highly oxidized structure of grapheme, comprises high density of
oxygenated functional groups, which can effectively prevent the
agglomeration and corrosion of metal oxides, making it commonly
used as a support material in composite materials [8,9]. Therefore,
loading Fe304 on GO to form a metal composite as a catalyst for
AOPs can effectively degrade pollutants. rGO/Fe nanoparticles were
used as adsorbents and Fenton-like catalysts to remove 93.6% of
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Fig. 1. (a) SEM images of pure Fe;04 and Fe;04-rGOy samples. Catalytic degradation of TCH in (b) O3 system, (c) PDS system; (d) photo-Fenton progress. (e) UV-vis diffuse
reflectance spectrum of pure Fe;0, and Fe304-rGOx samples (Reaction conditions: [TCH] = 60 mg/L, [O3] =4.0 mg/min, [PDS]=0.1g, the temperature of PDS system =60 °C,

[H,0,]=0.2 mol/L, [UV]=200-400 nm, [catalysts]=0.5g/L, pH 4.6).

mitoxantrone from the wastewater [10]. NGO/Fe304 was used as
a catalyst to activate potassium persulfate to degrade norfloxacin
under the assistance of ultraviolet light [11]. GO-Fe;04 nanocom-
posites was used as catalyst for degradation of ofloxacin by pulsed
discharge plasma [12].

Although it is reported that Fe;04-GOx as a catalyst enhances
the degradation of certain organic pollutants in AOPs, the mecha-
nism of its catalytic degradation of pollutants is lack of in-depth
analysis. Tetracycline hydrochloride (TCH) as a broad-spectrum an-
tibiotic is widely used as an antibacterial agent and feed additive,
thereby we chose it as the target pollutant. Therefore, we studied
the catalytic mechanisms of Fe304-GOx synergistically catalyzed
oxidants decomposition and pollutant degradation in AOPs (includ-
ing ozonation, persulfate catalysis and photo-Fenton progress) that
based on different free radicals. In this paper, (i) the effect of
GO loading ratio on the morphology of the composites was ana-
lyzed by characterization; (ii) the effects of different proportions of
Fe304 and GO on the degradation efficiency of TCH in three AOPs
were systematically analyzed; (iii) the potential mechanism of TCH
degradation of the composites were clarified by detecting the ox-
idant concentration in the solution, and utilizing X-ray photoelec-
tron spectroscopy (XPS), quenching experiment and electron spin
resonance (ESR).

According to the published paper, using solvothermal process
synthesized Fe304 and Fe304-rGOx (Text S1 in Supporting infor-
mation) [12]. The morphology of Fe304 and Fe304-rGOx were ob-
served by SEM, which were shown in Fig. 1a. Fe304 exhibited ir-
regular rob shape, after loading Fe;04 on the GO layer, the par-
ticle size of Fe304 gradually decreased as the amount of GO in-
creased. This may be that the GO surfaces contain negatively
charged oxygen-containing groups which could be adsorbed on
the broadside of Fe;04 crystals, and imposed a certain strain on
them, thus limiting the growth of Fe304 [13]. Meantime, with the
increase of GO content, the main crystal surface of Fe nanopar-
ticles was affected, which made the larger crystal surface was
replaced by the smaller crystal surface [12]. Fig. Sla (Support-
ing information) was the X-ray diffraction (XRD) patterns of GO,
Fe304 and Fe304-rGOy. In the GO spectrum, an evident peak at
260 = 11.2° was consistent with previous research [12,14]. The
peaks of Fe304 and Fe304-rGOy located at 30.1°, 35.5°, 43.3°, 53.6°,

57.2° and 62.7° were accordance with the (220), (311), (400), (422),
(511) and (440) crystal faces of Fe;04 [15]. Moreover, the charac-
teristic peaks of rGO were observed at 21.2° and 26° in Fe304-
rGOx composites, indicating that GO had been reduced to rGO,
which also demonstrated the successful synthesis of composites
[16]. Fig. S1b (Supporting information) displayed the FT-IR pat-
terns of Fe304 and Fe304-rGOx. The absorbed H,0 molecule or sur-
face hydroxyl were detected the range of 3000-3500 cm~! [17].
The —CH,— was observed at 2800-2900 cm~! in Fe;304-rGOy, and
the peak shifted from 1633 to 1600 cm~! because of GO dop-
ing to form —COO- [3]. Besides, all samples had an obvious ab-
sorption peak at 570 cm~!, which was the Fe—_O—Fe stretching
vibration [18].

Figs. 1b-e depicted degradation rate of TCH with different ra-
tio of Fe304 to GOx in AOPs. All catalysts did not significantly ad-
sorb TCH during 30 min, indicating that catalytic oxidation domi-
nated the removal of TCH. The adsorption efficiency also increased
with the increase of GO loading. However, when the GO loading
increased to 30 wt¥%, the adsorption efficiency was only 3.6%. The
reason was that GO folding each other lead to a reduction in the
size and number of pores. The salient features and trends in TCH
degradation in AOPs, as evident from the results were presented
in Fig. 1. In Fig. 1b, the degradation rate was limited by the ozone
dissolution in catalytic ozonation stages. After 5min of treatment,
the efficiency of O3 to remove TCH alone was 9.31%, and it reached
57.93% after 15 min. After adding Fe;04, the removal efficiency of
TCH increased to 80.55%. Compared with Fe304, Fe304-rGOx en-
hanced the removal efficiency of TCH clearly. Because strong in-
teraction between Fe30,4 and GO could decompose O3 to produce
0,'~ and H,0,, and then H,0, reacted with O3 to produce ‘OH
[19,20]. Meantime, GO acted as a carrier to disperse the active sites
on its surface and expanded the contact area between oxidants and
contaminants. Fig. S2a (Supporting information) showed the tran-
sient photocurrent response of pure Fe304 and Fe304-rGOx. Com-
pared with Fe304, Fe304-rGOx composites exhibited a significantly
enhanced photocurrent density, which indicated that the electron
transfer was promoted between Fe304 and rGO. Meantime, the
higher photocurrent response of the sample was, the more effec-
tive separation of the photoelectron-hole pairs will be obtained,
which evidenced that Fe304-rGOyontx composite that with the
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most efficient separation were due to the strongest photocurrent
response. Therefore, with the increased of GO content, the removal
rate of TCH also increased. The degradation efficiency of TCH by
the Fe304-1GOygwi%z Was 100% and the reaction rate constant (k;)
was 0.017g mg~! min~! and higher than that derived from other
catalysts (the k, of other catalysts were 0.004, 0.005, 0.005, 0.006
and 0.002g mg~! min—!) (Text S2, Fig. S1c and Table S1 in Sup-
porting information).

As illustrated in Fig. 1c, the removal of TCH was observed about
52.17% in the blank group during 30 min reaction time, which may
be attributed that PDS under the heating condition produced ROS
to degrade TCH. Fe3O4 and GO activating PDS systems had only
76.51% and 26.13% removal ratio of TCH, respectively. Under the
support of GO, the catalytic performance of Fe;04-rGOx was re-
markably improved. From Fig. S1d and Table S1 (Supporting infor-
mation), TCH had a highest rate constant of 0.0052g mg~! min~!
(R?2 =0.954) in Fe304-rGOsy/PDS system, approximately 1.3 times
than that of Fe304/PDS system. The raised degradation efficiency
was obviously ascribed to the increase of available active sites for
PDS decomposition. When GO loading was 2.5 wt%, 10 wt%, 20 wt%
and 30 wt%, TCH removal rate and k, were both reduced. This was
mainly attributable to the enhancement of free radicals scaveng-
ing effect of reactive sites on Fe;04-rGOx surface, meantime, acidic
conditions will limite the produce of *OH [21].

In photo-Fenton system, as was displayed in Fig. 1d, TCH degra-
dation efficiency was less than 50% after 90 min without catalyst.
However, the degradation rate of pure Fe304 to TCH was 90.60%,
which was close to that of Fe304-rGOs,4 to TCH (98.11%). There-
fore, a pseudo-first-order model was used to compare the catalytic
activity of the two catalysts. In Fig. Sle and Table S1 (Support-
ing information), the rate constant of Fe304-rGOs,,¢ was 1.5 times
that of Fe30y4, so the catalytic activity of Fe304-rGOsyy was better
than Fe304. From the UV-vis diffuse reflectance spectrum of pure
Fe304 and GO, Fe304-rGOx composites, which can be seen that the
optical properties of materials. Fig. 1e showed that the Fe304-rGOy
composites exhibited stronger absorption throughout visible light
range than Fe304 and GO. This may be attributed to the specific
structure: GO sheets and Fe304 particles allowed multiple reflec-
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tions of light. According to the study of Moztahida et al. [15], and
the results of UV-vis diffuse reflectance spectrum and photocur-
rent (Fig. 1e and Fig. S2a in Supporting information) also showed
that the addition of rGO increased the light adsorption capacity
of Fe304-rGOy composites and provided more electrons and holes
(h*) for the production of ROS. However, by GO loading ratio from
5 wt% to 30 wt¥% increasing, its removal efficiency was diminished
from 98.11% to 60.37%. Because the increase of GO loading affected
the turbidity of solution, which lead the increase of the resistance
of UV to penetrate it and shielded light adsorption [22], even af-
fected charge separation [15]. Hence, the Fe304-rGOsyy had the
optimum catalytic performance.

To investigate the potential for recycling of catalysts, the tetra-
cycline oxidation testing was performed in 5 cycles in three AOPs,
respectively. As could be seen from Fig. S2b (Supporting informa-
tion), the removal efficiency of the TCH gradually decreased with
the increase of the number of times of use. The removal rate of
about 80% indicated that materials were stable and had a certain
reusability. Compared with the 1% run, TCH degradation rate de-
creased slightly in the 5™ which might be due to the surface ox-
idation of the catalyst and leaching of metal ions during the cat-
alytic process [20]. The leaching rate of metal ions was shown in
Table S2 (Supporting information). And the leaching amount of to-
tal iron and Fe?* was less than 0.1% with respect to the catalyst
dose of 500 mg/L. However, the temperature condition of PDS sys-
tem was 60 °C (O3 and photo-Fenton systems were carried out at
room temperature), which lead the increase of ion leaching rate
of catalysts. In addition, the leached Fe concentration at the end
of each round almost kept the same level, which satisfied the wa-
ter environment discharge standards (2 mg/L) imposed by the Eu-
ropean Union [23].

The proportion of GO in Fe304-rGOyx affected TCH degradation
in the three AOPs. Therefore, we conducted a series of experi-
ments to explore the effect of GO loading ratio on TCH degra-
dation and the mechanism of catalysts in AOPs. Fig. 1a showed
that GOy affected the morphology of catalyst, and further effected
TCH degradation (Fig. 1b). To verify that catalysts enhanced O3
decomposition, this experiment measured the ozone concentra-
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tion in liquid phase of each system, and the test results were
shown in Fig. 2a. The ozone concentration in the solution grad-
ually rose within 5min, because ozone undergo a mass transfer
process from the gas phase to the liquid phase [24,25], and TCH
degradation hardly changed within 5 min. The concentration of lig-
uid phase ozone reached 3.76 mg in 5min in blank group, and
then remained stable; after adding Fe30,4, the ozone concentration
reached 3.58 mg/L in 5 min, and Fe304-rGO5gy%/03 system reached
1.48 mg/L in 5min (other catalysts system reached about 3.5 mg/L),
and the solution ozone concentration finally reached 2.4, 1.33, 2.31,
1.73, 1.71, 1.54, 0.46 and 2.09 mg/L, respectively. It indicated that
the catalyst can accelerate ozone decomposition, reduce solution
ozone concentration, and thereby improve the utilization mass of
ozone. Eq. S3 (Text S3 in Supporting information) was used to cal-
culate the ozone utilization mass to better show the mechanism of
Fe304-GOy/03 system [26].

The ozone utilization mass was shown in Fig. 2b. According
to Eq. S3, it under those systems was 19.19, 25.31, 19.70, 27.2,
27.92, 28.46, 31.45 and 21.47 mg, respectively. Compared with con-
trol groups, Fe304-rGOy enhanced TCH degradation and O3 utiliza-
tion mass clearly. The reason was that strong interaction between
Fe304 and GOx could decompose O3 to produce O,'~ and H,0,,
and then H,0, reacted with O3 to produce ‘OH (Text S4 and Egs.
S4-S13 in Supporting information) [19,20]. Fig. 2c was XPS spectra
of Fe 2p before and after Fe304-rGOyqwt%, Which corroborated the
Fe2*[Fe3+ species participated in the electron-transfer processes
and contributed to the utilization of ozone (Fe2t changed from
51.87% to 42.90%). The fitting peaks at the binding energies of 710.7
and 724.3 eV belong to Fe?*+, while the fitting peaks at the binding
energies of 712.7 and 726.3 eV were Fe3* [27,28]. To explore ROS in
03 system, tert-butanol (TBA), benzoquinone (BQ), furfuryl alcohol
(FFA) and phosphate (KDP) were added in solution to quench *OH,
0,", 10, and surface of *OH, respectively Fig. 2d displayed the ma-
jor ROS in ozone system. After BQ injected, all the O,"~ generated
in Fe304-rGOygut%/03 system was nearly quenched and resulting
in a decrease in TCH removal from 100% (without quencher) to
23.35%. The addition of TBA, FFA and KDP reduced the TCH re-

moval rate to 78.46%., 90.52%. and 97.31%. Therefore, it was de-
duced that O,"~ was the main reactive oxygen species generated
in the Fe304-rGO5gy%/03 system, “OH and 10, had no significant
effects in the catalytic ozone system. However, 10, and 0,"~ were
the major ROS in GO and Fe304 system. ESR measurements were
carried out to further accurately elucidate the existence of ROS in
Fe304-rGO5w%/03 system (Fig. 2e). The O,"~ and *OH signals can
be observed in the Fe304-rGO4gwt%/O3 process in Fig. 2e indicated
that Fe304-rGO5giz can decompose ozone to generate O, and
*OH.

As shown in Fig. 1c, PDS as the main oxidant participating
of Fe304-rGOx/PDS process played an important role. In order to
explore catalytic mechanism in system, PDS concentration and
decomposition rate were measured and concluded in solution.
It can be seen in Figs. 3a and b, PDS decomposition increased
with the decreased concentration of that in solution. Compar-
ing with other catalysts, Fe304-rGOs,y had the lowest PDS con-
centration (45.63 mg/L) and the highest PDS decomposition rate
(54.37%). Therefore, Fe304-rGOsy,% had the highest TCH degrada-
tion in PDS system. As exhibited in Fig. 3¢, compared with fresh
Fe304-1GOs,,, it was found that the peak area of Fe2* decreases
and Fe3* increased after reaction, which indicated that the transi-
tion between Fe?* and Fe3+ during the reaction activated the de-
composition of PDS to produce ROS. Therefore, to further explore
the mechanism for Fe;04-rGOs,,y, We analyzed the type of ROS
in this system. It was reported that SO4*~ and *OH could be pro-
duced by the metal-based catalysts activated PDS [29,30]. As given
in Fig. 3d, the TCH degradation efficiency decreased from 90.4% to
24.38% and 57.3% with addition of methanol (MeOH) and TBA, re-
spectively. And adding BQ, the removal rate of TCH decreased to
64.16%. This result clearly indicated that the degradation process
was a pure radical-based oxidation process. Moreover, both SO4*~
and "OH occurred in the Fe304-rGOsy,%/PDS system and the lat-
ter one played a much more important role. Similarly, Chen et al.
[30] claimed that the sulfate radical was the dominating radical
species responsible for the degradation of norfloxacin by CoFe,04-
GO/PMS system. However, Fig. 3d results revealed that 105, 0,'~
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and SO4°~ were generated in PDS, GO/PDS and Fe304/PDS system,
in which 10, and 0,"~ were the dominant ROS [15]. Therefore, PDS
itself will produce a small amount of ROS to degrade TCH at 60 °C.
Meantime, in a review about the treatment of wastewater by the
sulfate-based AOPs, Fang et al. [31] have analyzed that SO4*~ dom-
inate the acidic pH conditions. According to study of Wang et al.
[32] and Jing et al. [3], a possible mechanism for PDS activation by
Fe304-1GOs,¢x Was proposed (Eqs. S14-S26 shown in Supporting
information Text S5). ESR signals of *OH, SO4"~ and O,'~ were ob-
served in the system (Fig. 3e), the results confirmed the previous
inference that SO4*~, O,"~ and "OH existed in Fe304-rGOsy,%/PDS
system. The increase of GO loading ratio expanded the reaction site
and produced a large amount of ROS. However, excessive SO4*~ will
quench each other. Therefore, Fe304-rGOs% had the best catalytic
performance compared with others.

About the difference of TCH degradation in photo-Fenton
progress, it was speculated that increase of GO loading lead the
turbidity of solution increased, which made high resistance for
light to penetrate solution, decreased H,0, decomposition and fur-
ther affected TCH degradation. To verify this hypothesis, the influ-
ences of those catalysts were tested on the concentration of H,0,.
In Fig. 4a, the H,0, concentration of blank, Fe304, GO and Fe304-
rGOx were 155.62, 104.53, 150.24, 100.77, 80.42, 129.41, 141.07 and
143.85 mg/L, which suggested that GO loading ratio affected H,0,
decomposition and TCH degradation. Compared with other sys-
tems, Fe304-rGOsyi%/UV-H,0, system had the lowest H,0, con-
centration. Moreover, using Fig. 4b analyzed the interfacial charge
transfer capabilities of Fe304 and Fe304-rGOsy,. The arc radius
of the Nyquist curve for Fe;04-rGOs, Was significantly smaller
than that of Fe304, which implied that the charge of the Fe304-
rGOs,t% at the interface migration resistance decreased and the
e~ mobility of the composite was enhanced. As shown in Fig. 4c,
supported by the fitting parameters, that of Fe2* and Fe3* for the
pristine Fe304-rGOs,x were 48.55% and 18.12%, respectively. Af-
ter the degradation reactions, the peak area of Fe?t slumped to
43.87%, while the peak area ratio of Fe3* went up to 22.80%, which
suggested that FeZt/Fe3* were involved in electron transfer pro-
cesses. And Fig. 4d illustrated ‘OH and h* were the main ROS in
Fe304-1GOs,%/UV/H,0, system (ethylenediamine tetraacetic acid
disodium (EDTA-2Na) quenched h*), O,"~, *OH and h* existed in

GO and Fe304 system, and the major ROS of blank group were
0,°~ and ‘OH (corresponding degradation mechanism was shown
in Eqs. S27-S34 and Text S6 in Supporting information) [15,33]. As
shown in Fig. 4e, characteristic ESR signals of *OH, 0, and 10,
can be observed in the catalytic system of Fe304-rGOs,o/UV/H,0,,
thus *OH, 0,"~ and '0, were existed in this system. Meantime,
researchers also observed the similar conclusion in the removal of
sulfamethoxazole in the Fe3S, derived from MIL-100(Fe)/Vis/H,0,
system.

In order to understand the source of O,"~ in three AOPs, ni-
trogen bubble was blown into the solution to further verify and
revealed degradation mechanism. In Fig. S3 (Supporting informa-
tion), the degradation rate of TCH in PDS system was 72.96%. Com-
pared with no N,, that of TCH decreased by 17.44%. However, in
Fig. 3d, the inhibition rate of TCH after adding BQ was 26.24%,
which indicated that the formation of O,"~ in PDS system was
attributed in dissolved oxygen in solution and the decomposition
of water molecules. However, none of the other systems were af-
fected, which indicated that O,"~ all came from the reaction be-
tween catalyst and substances in systems. And among these three
AOPs, O3 system completely removed TCH within 15 min, which is
far superior to the PDS and photo-Fenton systems. Therefore, O
system is an effective technology to treat TCH wastewater.

In conclusion, the content of GO in Fe304-rGOx composites
greatly affected the performance and mechanism of TCH degrada-
tion in three typical AOPs. In O3 system, Fe304-rGOq% exhibited
the best catalytic efficiency which could increase the degradation
rate of TCH from 57.93% (only O3) to 100%. The results showed that
the strong force between Fe;04 and rGO also improved the de-
composition rate of O3 by Fe304-rGO,gwt%, and the conversion be-
tween Fe2t and Fe3+ decomposed oxidant and produced 0,*~ and
‘OH to degrade TCH that detected by ESR spectra. For PDS oxida-
tion system, Fe304-rGOs,% showed higher catalytic activity com-
pared with others By detecting the concentration of PDS in the so-
lution, quenching experiment and ESR analysis found that Fe304-
rGOsy%x can effectively decompose PDS and produce SO4~ and
05", and PDS decomposition rate and TCH degradation rate were
5.97 and 1.73 times higher than those of the blank group. In the
photo-Fenton system, the rate of H,0, decomposition by Fe304-
rGOsyt, was higher than that of others. Meantime, the addition of
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rGO enhanced the corresponding light region of the composite and
separation of photogenerated electron-holes. However, increased
GO ratio also enhanced the turbidity of the solution and shielded
UV. Therefore, though Fe304-1GO1gy%-Fe304-rGO3quy With higher
photocurrent density, Fe304-rGOsy exhibited a higher rate of TCH
degradation in UV-H,0, system. In this system, multiple reactive
species including *OH, O,"~ and 10, were detected that responsi-
ble for the TCH degradation.
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