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Phenol pollution is widely environmental and health problems that require new insights and urgent attention. A
iron-bearing catalyst (FRM/2%A) was prepared with red mud by HCI dissolution, ascorbic acid reducing and
precipitation of filter liquor, and activated HoO» to degrade the phenol in synthetic wastewater. Results show
that FRM/2%A had the highest degradation efficiency (99.3 %) in the reaction time of 5 min among investigative
samples, due to the production of ferrous polymetallic oxides on the catalyst and the formation of mesoscopic
particles and microcellular structures. The optimal conditions were 1 g/L of catalyst dosage, 5 mM of Hy0y
concentration, 3-6 of initial pH and 100 mg/L of initial concentration of phenol in the FRM/2%A/H20 system.
The degradation data fit into the pseudo-first-order kinetics model and the reaction rate constant (k) of FRM/2%
A was 0.865 min~'. The removal efficiency (77 %) of COD below the value (99.3 %) of phenol degradation
implied the intermediates generating during the phenol degradation. The possible degradation pathway was
proposed as phenol — catechol — benzoquinone — muconic acid — small molecular organic acids - CO3 and
H>0. The findings suggested a new way for the synthesis of the efficient catalyst with RM and optimal operating

strategies for the treatment of phenol wastewater.

1. Introduction

Red mud (RM) is an alkaline solid waste generated during the
alumina production by Bayer process. Bayer process discharges 0.8-1.5
tons of RM per ton of alumina production (Wang et al., 2021b). About
120 million tons of RM are produced around the world, of which China
produces about 30 million tons per year (Das and Mohanty, 2019). At
present, 4 billion tons of RM have been accumulated approximately in
different parts of the globe and this accumulation is still expanding with
the rapid development of the alumina industry. The massively produced
RM has become a serious environmental liability due to its high toxicity,
strong alkalinity, complex composition and massive generation (Cho
et al., 2019). The problems of RM have confounded the development of
alumina production and alumina plants nowadays. Therefore, reliable
strategies for RM disposal without significant environmental burdens
are imminently desired. Up to now, the related researches of RM are
mainly found in three fields (Wang et al., 2021b; Agrawal and Dhawan,
2021). First, RM was applied to making the construction and chemical

materials (cement, concrete, glass, ceramics, geopolymers, composite
materials, etc), of which the advantages were economical and large in
scale to match the current production level of RM. This way has been
regarded as the most effective approach to consume RM. However,
valuable components of RM, such as compounds of Fe, Ti and rare earth,
were generally considered unnecessary and wasteful in these building
and most chemical materials. Second, RM was also applied to the
environmental protection (adsorbents, catalysts, sewage treatment, etc)
and soil improvement (the improvement of acid soil, the adsorption of
some elements, etc), which brought a lot of economic benefits and
achieved the purpose of “treat waste by waste”. But their potential scale
of industrial use of RM was limited. Third, the recycling of valuable
elements in RM was performed. The techniques included magnetic
separation, the wet method, the fire method and bio-metallurgy. The
innovation points were to smelt valuable elements and make fuller use of
the resources in RM. Deficiently, multitudinous researches on RM are
still in the experimental stage and found themselves struggling to be
employed in actual industrial production. Although much effort has
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been devoted to simply direct applications of RM, it is still stacked
abundantly in the slag gallery in recent years due to lacking deep pro-
cessing, thorough and high value utilization, which occupies multitudes
of invaluable lands and also results in severe pollutions to the environ-
ment (Agrawal and Dhawan, 2021). The deep process of RM with full
utilization of valuable metals is not only imperative but also highly
desired. Among various technical candidates, RM based catalysts have
an expectable performance in the degradation of refractory organics as a
result of the high content of iron oxides (Chen et al., 2022; Guo et al.,
2022; An et al., 2022). RM typically consists of iron oxide, aluminum
oxide, silicon dioxide and alkali or alkaline-earth metal compounds.
These compounds are advantageous for application to the fast degra-
dation of refractory organics, while realizing the utilization of wastes.

Phenol exists in the wastewater of various industries such as coking,
pharmaceuticals, petrochemicals, oil refining, etc (Liu et al., 2018). This
compound must be emphatically treated before the wastewater
discharge because of its high toxicity. Thus, phenol is considered as the
target contaminant in this study. The measures of phenol degradation
have been proposed including physical methods (Gao et al., 2022),
chemical oxidation (Yu et al., 2023) and biological treatment (Zhang
et al.,, 2022). But the scale and economy of the reaction limit their
development and application. Therefore, more researchers are focusing
on the catalytic degradation of phenol because of its utilization of
speediness, green and high efficiency. From this, seeking low cost and
efficient catalysts will be the emphasis and difficulty of subsequent re-
searches. Advanced oxidation processes (AOP), as promising approaches
to mitigate increasing demands on water purification and satisfy
correspondingly strict regulations, have attracted a considerable atten-
tion because of its high oxidation activity and good adaptability. Among
AOP, the Fenton reaction based on the generation of hydroxyl radicals
(-OH) is known as a non-selective reactivity, cheap and highly efficient
way for the degradation of refractory organics (Gao et al., 2018). Its
conventional version utilizes homogeneous Fe?t species as a HyO9
activator to evolve -OH, while involving the oxidation of Fe?* to Fe3*.
The generation of ferric hydroxide sludge is detrimental to retain Fe?t/
Fe3" redox cycle during the reaction and also regarded as a secondary
pollution. Given this, the heterogeneous Fenton process has been
developed because of its easy separation (Fenton-like reaction). While
there are two main drawbacks of current heterogeneous Fenton cata-
lysts: lower activities due to sluggish the rate of -OH production and the
poor stability of the catalysts because of serious leaching of active metals
ions. Therefore, it is indispensable to develop heterogeneous Fenton-like
catalysts with high activity and great durability.

In the recent decade, iron-bearing materials, including zero-valent
iron, pyrite and iron oxides, have been studied for the Fenton-like re-
action (Pouran et al., 2014) and had the great advantage to other ma-
terials in the specific surface area and range of pore size distribution.
Iron-bearing materials were widely used as catalysts for the high cost-
efficiency rate, easy reclaim ability, strong adsorbability and wide
applicable pH range. The relationship between the crystalline structures
of iron-bearing materials and catalytic activity has attracted the atten-
tion of researchers. The acceleration of doped manganese oxides on the
catalytic performance of iron components was investigated for the
phenol degradation. The results showed that the change of phase com-
ponents played an important role in the improvement of catalytic per-
formance (Wang et al., 2021a). MnO/Fe3C encapsulated in N-doped
carbon nanosheets could enhance the degradation of bisphenol A (Yang
et al., 2022). Mn — Fe layered double oxides promoted the Mn/Fe redox
cycle for electron transfer and contributed to a complete degradation of
bisphenol A and 72.0 % of COD removal (Li et al., 2021b). In consid-
eration of polymetallic oxides in RM and the low cost, it is a potential
way to use RM as the source of iron active phases to prepare the catalysts
of phenol degradation, which converts RM into valuable products. Thus,
RM is chosen as the precursor of catalysts. Yet it was found that insen-
sitive catalytic activity of raw RM was inefficient for the degradation of
phenol in our previous study probably due to improper valence states of
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metal oxides and coated active substances. Thus, efforts are ongoing to
change the phase components and structures for reinforcing the catalytic
activity of RM. Acids, including HCl, HNOg3, H2SO4, etc, were used to
increase active functional groups and microcellular structures of cata-
lysts under appropriate conditions (Nasuha et al., 2021; Xu et al., 2021).
In previous researches, RM was modified by a mass of reducing agents.
Meanwhile, a larger amount of catalysts were found during the degra-
dation of refractory organics compared with the results of this study
(Chen et al., 2022; Saputra et al., 2012).

This study focused on using the filter liquor of RM via HCI and
ascorbic acid disposing to make catalysts of the Fenton-like process for
the efficient degradation of phenol. Compared studies on multiple RM-
based AOP were carried out for the most efficient catalyst of phenol
degradation. The characterizations of prepared catalysts were investi-
gated to identify the active components by XRD, SEM-EDS, BET, ICP-
OES and XPS technologies. Phenol degradation under different reac-
tion conditions was studied to determine the optimal experimental
conditions and evaluate the potential application as a HyO» activator.
The influences of different anions on phenol degradation, COD removal
and Fe ions leaching were studied. The contribution of reactive oxygen
species (ROS) and the degradation pathways were measured and pro-
posed, respectively. The results are expected to benefit the further uti-
lization of red mud to construct a high-performance refractory organics
degradation catalyst.

2. Materials and methods
2.1. Materials

Phenol (Ce¢HeO), hydrochloric acid (HCl), hydrogen peroxide
(H205), tert-butanol (C4H;00) and ammonia (NH3) were purchased from
Shanghai Macklin Biochemical Co. Ltd., China. Ascorbic acid (CgHgOg)
was obtained from Xilong Scientific Co. Ltd., China. All used chemicals
and reagents were analytical grade, and deionized water was throughout
the whole experiment. RM, obtained from a residue storage facility of an
alumina refinery plant in Anshun city, Guizhou province, China, was
firstly washed using deionized water to remove soluble alkaline sub-
stances and oven-dried at 105 °C. Then the sample was crushed by a
high-speed universal pulverizer (FSJ-AO5N6, Bear, China) for 3 min. RM
powder was sieved under 80 mesh (0.180 mm), which was denoted as
WRM and collected for subsequent experiments.

2.2. Catalysts preparation

25 g WRM was added to a 1000 mL beaker with 500 mL of 2 M HCl
solution, which was brought to the boil on an electric furnace (FANAI,
China) for 30 min. After cooling, 1 %—4 % of ascorbic acid as a reductant
were added into the mixture and stirred for 10 min. After that, let the
mixture stand for 24 h at room temperature. Then, the filter liquor was
gathered by filtration through a 0.45 pm membrane filter and the filter
residue was removed. Whereafter, the pH of filter liquor was regulated
to 4.0 by 0.5 M ammonia (Chen et al., 2022) and the precipitate was
produced simultaneously. The precipitate was dried in a vacuum drying
oven (DZF-6050A, LICHEN, China) at 80 °C for overnight. The pre-
cipitates with 1 %, 2 % and 4 % of ascorbic acid disposing, denoted as
FRM/1%A, FRM/2%A and FRM/4%A, respectively, were collected for
the degradation of phenol. WRM was treated again by HCl with 2 % of
ascorbic acid under consistent conditions with FRM/2%A. After the pH
of mixture was regulated to 4.0, the residue was gathered and oven-
dried overnight in the vacuum oven at 80 °C (denoted as RM/2%A).
WRM was treated by HCI without ascorbic acid and the mixture pH was
increased to 4.0 by 0.5 M ammonia. The residue was gathered and dried
overnight in the vacuum drying oven, which was denoted as RM4. The
obtained samples were used as heterogeneous Fenton-like catalysts to
activate HyO5 for the degradation of phenol

Crystalline phases of the samples were identified by X-ray diffraction
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Fig. 1. Degradation of phenol by different samples within 5 min at 25 + 1 °C (a); Change of phenol degradation with reaction time in different systems (b); The k
values of pseudo-first-order kinetics of phenol degradation using FRM/x%A (x = 1, 2 and 4) (c) and the degradation efficiency of phenol in cycle tests using FRM/2%

A (d).

(XRD) (X’Pert PRO, Panalytical, Holland) with Cu Ka radiation. The
metal contents of WRM, RM4, RM/2%A, FRM/x%A (x =1, 2 and 4) and
FRM/2%A after the degradation were determined by an inductively
coupled plasma optical emission spectrometer (ICP-OES) (VARIAN,
710ES, USA). In addition, the surface morphology and elemental map-
pings of samples were measured by a scanning electron microscopy
(MIRA4-LMH, TESCAN, Czech Republic) equipped with an energy
dispersive X-ray spectroscopy (EDS) (One Max 50, Oxford, UK). Specific
surface area of samples was measured via the Brunauer-Emmett-Teller
(BET) method by a nitrogen adsorption apparatus (micromeritics,
ASAP2460, USA). The surface components and the chemical states of
composites were analyzed on X-ray photoelectron spectroscopy
(Thermo Scientific ESCALAB 250XI, USA). The zeta potential of the
samples was determined at different pH levels by a Zeta potential
analyzer. (Zetasize Nano ZS90, Malvern, Britain). ROS were monitored
by an electron spin resonance spectroscopy (ESR) (BRUKER A300,
Germany).

2.3. Investigation of catalytic activity

For the degradation experiments, batch experiments were carried
out in 250 mL conical flasks with 50 mL solution of phenol at 25 + 1 °C.
Subsequently, a certain dosage of catalyst was introduced into the re-
action solution. Once Hy0, was the reaction system, the flasks were
oscillated in a water bath shaker (SHZ-82A, Changzhou Saipu, China)
with a speed of 180 rpm. The pH of phenol stock solution was adjusted
by 0.1 M HCI (if needed) or 0.1 M ammonia (if needed). At certain time
(1-10 min), the experiments were quenched with 10 mL/L of tert-

butanol and the cleaning solution was collected from the suspension via
centrifugation for tests. The catalytic activity of different catalysts
(WRM, RM4, RM/2%A and FRM/x%A (x = 1, 2 and 4)) was explored to
gain the best catalyst. The influences of catalyst dosage (0.2-2 g/L),
H20; concentration (2-20 mM), initial pH (2.8-8) and initial concen-
tration of phenol (20-200 mg/L) on the degradation of phenol were
investigated for the optimal conditions. The influences of inorganic ions
(20-150 mg/Lof Cl ™, SO?{, NO3, HCO3 and HoPO4) were inspected. The
changes of COD and leaching concentration of Fe ions were detected
during the phenol degradation in the different catalyst/H2O4 systems.
ROS were identified by radical quenching tests and the ESR experiment.
Intermediates of phenol degradation were identified by a liquid chro-
matograph spectrometer (HPLC) (Agilent1260, USA) using a UV detec-
tor set at 214 nm. To evaluate the stability and reusability of catalyst, the
catalysts after the reaction were collected via the centrifugation, washed
3 times with deionized water, and dried overnight at 80 °C in a vacuum
drying oven for the cycle tests. The concentration of phenol was
measured by the Agilent1260 HPLC using the UV detector set at 280 nm.
The mobile phase was a mixture of 40 % CH3CN and 60 % ultrapure
water. All tests were repeated three times. Subsequently, the means
along with standard deviations were respectively shown in the spots and
error bars of following Figures.

The degradation efficiency of phenol (¢) was calculated using Eq.
(1):

f(%) =100(Co — C,)/Co (@)

where Cyp (mg/L) and C; (mg/L) are the initial and time-dependent
concentration of phenol, respectively.
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Fig. 2. X-ray diffraction patterns of WRM, RM4, RM/2%A and FRM/x%A (x = 1, 2 and 4). (A-Ca3Al,(SiO4)(OH)g, B-CazAlFe(SiO4)(OH)g, C-Nag(AlSiO4)e(CO3)
(H20)5, D-MnO,, E-Ca,Si0O4, F-FeNbO,4, G-CaTiOs3, H-Fe,03, I-AI(OH)3, J-FeMnOs3, K-NbFeOs, L-Fe304, M-(Lag 3Srq 7)FeOs).

3. Results and discussion
3.1. Catalytic activity

Phenol degradation results were surveyed by different catalysts
under the conditions of 50 mL of 100 mg/L phenol, 5 mM H30,, 1 g/L
catalyst, pH 5.5 and reaction time 5 min. As shown in Fig. 1a, only 4.8 %
of phenol was degraded in the WRM/H20;, system, while 6.9 % of
phenol was degraded in the RM4/H30; system within 5 min. The very
low degradation efficiency was probably due to the improper valence
states of metal oxides and the wrapped catalytic components of aggre-
gates in WRM and RM4. As expected, the catalytic performance of
modified RM was greatly enhanced via ascorbic acid reducing. 90.3 % of
phenol was degraded by H2O, via the activation of RM/2%A, foreboding

that the reduction reaction during the catalyst preparation increased
active components producing more ROS. FRM/x%A (x = 1, 2 and 4)
exhibited an excellent catalytic performance for the phenol degradation.
Within 5 min, about 93.3 %, 99.3 % and 99.3 % of phenol were removed
by FRM/1%A, FRM/2%A and FRM/4%A, respectively. It could be seen
that the solution after the catalysis degradation of phenol with the
higher degradation efficiency had a lower pH, probably insinuating that
acid intermediates came into being. The more the addition of ascorbic
acid was, the higher the degradation efficiency was, as shown in Fig. 1b.
Nevertheless, FRM/2%A and FRM/4%A contributing to the phenol
degradation had little difference. In consideration of the cost of added
ascorbic acid, FRM/2%A was employed as the heterogeneous catalyst
for HpO4 activation. Fig. 1b shows that HyO, alone led hardly to the
phenol degradation, indicating its own poor oxidative ability. A slight
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Table 1
The metal contents of different catalysts by ICP-OES analysis.
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Sample Element (%)

Ca Al Si Na Ti Fe Mn Sr Nb La
WRM 12.70 11.20 0.96 4.80 2.33 7.74 0.06 0.13 0.01 0.03
RM4 5.08 12.81 1.23 0.83 3.86 11.41 0.1 0.08 0.01 0.04
RM/2%A 2.06 5.19 0.74 0.90 1.19 4.11 0.03 0.03 0.007 0.006
FRM/1%A 3.29 8.87 1.63 0.32 5.61 9.86 0.08 0.06 0.02 0.009
FRM/2%A 2.02 8.63 0.70 0.95 5.33 9.33 0.06 0.02 0.024 0.003
FRM/4%A 1.86 7.61 0.42 0.71 5.11 8.48 0.03 0.03 0.01 0.005
FRM/2%A after degradation 0.03 14.49 0.95 0.09 4.92 6.23 0.0005 0.0004 0.014 0.0002

efficiency of phenol removal (7.2 %) was seen when only FRM/2%A was
added into the phenol solution, which was caused by the phenol
adsorption on the surface of FRM/2%A (Gao et al., 2018). The degra-
dation reaction fit into pseudo-first-order kinetics mode (Eq. (2)), and
the reaction rate constant (k), as shown in Fig. 1c¢, was in the order of
FRM/4%A (0.983 min~!) > FRM/2%A (0.865 min~!) > FRM/1%A
(0.531 min~1). These results indicated that an excellent synergistic ef-
fect might exist between polymetallic oxides from FRM/x%A (x = 1, 2
and 4) during H,05 activation.

In(Cy/C,) = kt )

The stability and reusability of the catalyst are important factors for
practical applications. Recycling tests of three times were conducted to
evaluate the stability and reusability of FRM/2%A. After each run, the
reaction solution was centrifuged to obtain the catalyst. Subsequently,
the collected catalyst was washed three times with distilled water. Next,
the catalyst was dried in the vacuum drying oven at 80 °C for overnight.
Finally, 0.05 g/L of the reused catalyst was used to catalyze the degra-
dation of the phenol. As shown in Fig. 1d, the degradation efficiency of
phenol of the three cycles was 88.6 %, 79.5 % and 71.8 %, respectively.
It could be noted that the phenol degradation efficiency visibly reduced

during the three cycles. It could be seen that the phenol degradation
efficiency after the 3rd cycle was down by 27.5 %. The results indicated
that the catalytic performance of FRM/2%A was affected by repeated
use, which was attributed to the dissolution of active components in
FRM/2%A. Thus, the drawback of the study was the decay of the cata-
lytic activity of 0.1 M/RM@G after manifold cycles.

3.2. Characterization of catalysts

XRD patterns of WRM, RM4, RM/2%A and FRM/x%A (x = 1, 2 and
4) are displayed in Fig. 2. The substances with potential catalytic activity
covered the composites or oxides of Fe, Mn and rare earths in RM
(Agrawal and Dhawan, 2021). The diffraction peaks of WRM matched
hlghly with Ca3A12(SiO4)(0H)8, Ca3AlFe(Si04)(0H)g, Nag(Al-
Si04)6(CO3)(H20)2, MnO,, CasSiO4, FeNbOy4, CaTiOs, etc. There were
the diffraction peaks of Fe;O3 and AlI(OH)3 in RM4 which were probably
from the decomposition of CagAlFe(SiO4)(OH)g of WRM. Although the
iron contents were relatively high in WRM and RM4 by ICP-OES analysis
in Table 1, improper compounds and oxides of iron led probably to the
poor phenol degradation. Fe;O3 possessed some ability to catalyze the
phenol degradation, but the efficiency wasn’t high (Wang et al., 2021a).

Fig. 3. Scanning electron microscopy images of WRM (a), RM4 (b), RM/2%A (c), FRM/1%A (d), FRM/2%A (e, e;) and FRM/4%A (f, f;); Energy dispersive X-ray
spectroscopy point scans of WRM (a;) and FRM/2%A (e,) as well as element mapping images of Fe (e3) and Mn (e4) for FRM/2%A.
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Table 2
Specific surface area of prepared samples.
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appeared in RM/2%A, indicating that new phases formed and came
most likely from the reduction of CagAlFe(SiO4)(OH)s, MnO; and

Sample BET surface area Langmuir surface area Total pore volume FeNbO, by ascorbic acid. FeMnOs, NdFeO3 and Fe30,4 had the excellent

(m?%/g) (m%/g) (cm®/g) catalytic performance for the phenol degradation (Wang et al., 2021b),
WRM 5.0 759 0.003 and RM/2%A gave rise to 90.3 % of phenol removal within 5 min. The
RM4 25.47 26.04 0.013 reason for the restricted removal of phenol is that the lower contents of
RM/2%A 2.53 2.62 0.001 Fe, Mn and Nb in RM/2%A compared with other samples. The charac-
FRAM/ 2% 308 3.78 0.002 teristic peaks of FRM/x%A were well indexed to the standard cards of

Nevertheless, AI(OH)s didn’t have the ability. This was why the effi-
ciency of RM4 was only 6.9 % for the catalytic degradation of phenol
within 5 min. Characteristic peaks of FeMnO3, NdFeO3 and Fe3O4
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Fig. 4. Total X-ray photoelectron spectroscopy survey of FRM/2%A (a); Deconvoluted O1s spectrum of FRM/2%A (b) and Fe2p spectra of WRM, RM4, RM/2%A and

FRM/2%A (c).

FEMIIO3 (75-0894), NdFeO3 (82-2421), F8304 (75-0449) and (Lao.3sr0,7)
FeOj3 (82-1964). In addition, it was noted that the larger the x of FRM/x
%A became, the better the crystallinity of main components was, which
probably contributed to the higher efficiency of phenol degradation and
indicated the synergistic effect among oxides of Fe, Mn, Nd, La and Sr.
Previous studies suggested that MnO/FesC, Fe3O4, Fe3O4/FeS, Fe;.
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Table 3
Comparison of relevant studies of phenol degradation.
Removal Catalyst Oxidiser Reaction Experiment condition Reference
efficiency time
99.3 % FRM/2%A H,0, 5 min 1 g/L catalyst, 5 mM H0,, 3-6 of initial pH and 100 mg/L of initial This study
concentration at 25 + 1 °C
82.6 % GCM-ZnCI2 Peroxymonosulfate 25 min 20 mg/L phenol, 2 mM PMS, 0.5 g/L catalyst and initial pH 7 at 25 °C (Li et al., 2022)
(PMS)
95 % C-MnO H,0, 6h 100 mg/L phenol, initial pH 5.8, 0.15 ml/L H205, 0.1 g/L catalyst and 333 (Kong et al.,
K 2012)
97.6 % y-Fe;03,MnO, PMS 80 min 35 mg/L phenol, 0.5 g/L PMS, 0.3 g/L catalyst, pH 6.4 and 30 °C (Wang et al.,
2021)
100 % Schwertmannite ~ Hy0, 5h 100 mg/L phenol, 1 g/L catalyst, 500 mg/L H,0, and initial pH 5 (Wang et al.,
2013)
99.96 % CuO4/GAC H,0, 4 min 400 W of microwave power, 100 mg/L phenol, 3 g/L catalyst, 500 mL/L (Liu et al., 2018)

H,0, and initial pH 4

xZnxS, Fe/Mn loaded sludge-based carbon materials, y-Fe;O3/MnOgy
nanoparticles, etc prompted oxidants degrade organic contaminants
(Cheng et al., 2022; Huang et al., 2022; Li et al., 2021a; Zhao et al.,
2023; Said et al., 2021). The higher content of Fe was accumulated in
FRM/x%A (x = 1, 2 and 4) by ICP-OES analysis in Table 1.

The surface morphology and element compositions of the as-
prepared WRM, RM4, RM/2%A and FRM/x%A (x = 1, 2 and 4) were
investigated by SEM-EDS technology. According to the SEM images
shown in Fig. 3, WRM showed largely and thickly agglomerated mi-
croparticles with 5.80 m?/g BET surface area in Table 2. Whereas RM4
showed smaller and equally uneven particles with enlarged specific
surface area (25.47 m2/g), suggesting that acid etch reduced the particle
size of RM and increased the honeycomb structure. RM/2%A had the
larger agglomerated particles than WRM and RM4, yet exhibited the
better catalytic performance for the phenol degradation compared with
WRM and RM4 due to generated active components (FeMnO3s, NdFeOs
and Fe304) on particles. As for FRM/x%A (x = 1, 2 and 4), The pre-
cipitates (FRM/1%A, FRM/2%A and FRM/4%A) from the reduced filter
liquor of RM by ascorbic acid took on the larger particles and less
cellular structure compared with WRM and RM4, meaning that the
mesoporous structure of the samples decreased. The BET surface area of
FRM/2%A was only 3.03 m?/g and slightly more than RM/2%A in
Table 2. Nevertheless, the characteristics of FRM/x%A would contribute
more surface active sites for activating HyO5 to degrade the phenol. It
was found that uniform Fe with high content was on the surface of FRM/
2%A in Fig. 3e3, while uniform Mn was detected via whole map scan in
Fig. 3e4. There was a higher content of Fe compared with WRM on the
surface of FRM-2 %A by the point scanning, as shown in Fig. 3al and
3e2. The higher content of Fe on FRM/2%A probably signified more
produced ferrous compounds on the surface of material, which pro-
moted the conversion of HyO5 to ROS and heterogeneous Fenton cata-
lyzing phenol degradation (Cheng et al., 2022; Huang et al., 2022).

In order to further clarify the property and the function mechanism
of FRM/2%A, The surface components and the chemical states of the
materials were detected by XPS technology and shown in Fig. 4. The
wide survey scan of XPS spectrum of FRM/2%A indicated the presence
of O1s, Fe2p, Cls, Si2p, Ti2p, etc. The O 1s XPS spectrum of FRM/2%A
in Fig. 4b was used to further investigate the surface oxygen-containing
groups. The binding energy of the peak was 531.9 eV and could be
assigned to the surface lattice oxygen of metal — O bond (Dong et al.,
2019). The high-resolution Fe 2p XPS spectra of WRM, RM4, RM/2%A
and FRM/2%A were shown in Fig. 4c. The Fe 2p XPS spectra of both
WRM and RM4 were deconvoluted into two peaks at 712.1 eV and
725.3 eV, ascribed to the Fe(III) 2p3/2 and Fe(Ill) 2p1/2, respectively.
The Fe 2p XPS spectra of RM/2%A, similar to those of WRM and RM4,
were distinctly divided into two peaks belonged to Fe(III) 2p3/2 and Fe
(II1) 2p1/2. Fe(II) 2p XPS spectra of RM/2%A were not found owing to
the low content of Fe shown in Table 1. The Fe 2p XPS spectra of FRM/
2%A were distinctly different from those of WRM, RM4 and RM/2%A,
and deconvoluted into four peaks. Fe 2p spectra at 710.5 eV and 723.8

eV indicated the generation of Fe(II) 2p3/2 and Fe(II) 2pl/2 peaks,
respectively. While, the peaks at 712.1 eV and 725.3 eV were corre-
sponded to Fe(IIl) 2p3/2 and Fe(Ill) 2p1/2, respectively. According to
the literature, the peaks 710.5 eV and 712.1 eV corresponded to Fe(II)
2p3/2 and Fe(Ill) 2p3/2 in Fe3O04 (Zhao et al., 2023). Atomic pro-
portions of Fe(II) 2p3/2, Fe(1ll) 2p3/2, Fe(Il) 2p1/2 and Fe(III) 2p1/2
were 24.06 %, 28.58 %, 21.65 % and 25.72 % respectively in FRM/2%A
by the fitting and calculation of Thermo Avantage. The peaks of Fe 2p
spectra of FRM/2%A supported probably the production of FeMnOs,
NdFeOs, Fe304 and (Lag 3Srg.7)FeOs by XRD analysis in Fig. 2.

3.3. Reaction parameters affecting phenol degradation

As shown in Fig. 5a, the influences of FRM/2%A dosage and HyO»
concentration were estimated on the degradation of phenol within 5 min
under 100 mg/L phenol and initial pH 5.5 in the FRM/2%A/H203 sys-
tem. When the concentration of H,O5 was certain, with the added
dosage of FRM/2%A increased from 0.2 to 2 g/L, the degradation effi-
ciency of phenol rose steadily. This was ascribed to more dosage of
FRM/2%A providing more active sites and the more release of =Fe%"
oxides from the FRM/2%A surface for HyO, activation (Liu et al.,
2022b), which accelerated the production of ROS. The degradation ef-
ficiency of phenol increased with an increase of the H,O5 concentration
at a given dosage of FRM/2%A. However, the degradation efficiency
decreased slightly when the HyO, concentration increased to 20 mM,
ascribed to the fact that the production of ROS was quenched by
excessive HyO5 in the FRM/2%A/H30- system (Li et al., 2021a). From
the analysis of the interaction between FRM/2%A dosage and H20»
concentration, the conditions were optimized at 1 g/L of catalyst dosage
and 5 mM of H5O concentration.

The influences of initial pH and initial concentration of phenol on the
degradation of phenol were investigated within 5 min under 1 g/L of
catalyst and 5 mM of Hy05 in the FRM/2%A/H505 system. As shown in
Fig. 5b, the solution pH had a strong effect on phenol degradation. When
pH was in the range of 3-7 at the fixed initial concentration of phenol,
the phenol degradation efficiency acquired the higher value and
exhibited a pH-independent catalytic activity. It was well known that
under the acidic condition, the surface of FRM/2%A was positively
charged by Zeta potential measurement (shown in Fig. 5¢) and would
reinforce the affinity for HoO,, leading to the generation of more ROS
(Yang et al., 2022). When pH of solution decreased from 3 to 2.8, the
degradation of phenol decreased distinctly. This might be due to the
formation of shell protonation of catalyst under low acidity, resulting in
the release of hydration shell water and thereby affecting the reaction
between the catalyst and HyO2 (Zhang et al., 2008). When the pH
increased from 7 to 8, there was an obvious decrease in the degradation
efficiency of phenol. At the alkaline condition, more hydroxyl ions
existed in the solution reduced positive charges on the surface of FRM/
2%A (in Fig. 5¢) and the contact of HyO5 and FRM/2%A. Moreover,
H30, would be decomposed quickly into water and oxygen molecules at
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alkaline conditions. The degradation efficiency of phenol could decrease
with increasing initial concentration at the fixed initial pH of solution.
Observably, at 20 mg/L of phenol, 100 % degradation of phenol was
achieved in the FRM/2%A/H204 system. As the initial concentration
increased from 20 to 200 mg/L, the degradation efficiency decreased to
90.8 %. Initially at low concentration, the interaction between the cat-
alytic sites and the molecules of HoO5 produced adequate ROS for the
degradation of phenol. Nevertheless, the decrease of degradation effi-
ciency for the higher concentration of phenol might be due to the
inadequate rate of ROS production at the fixed dosage of catalyst. In
addition, at the higher concentration, the phenol molecules probably
compete with HyO, for limited catalytic sites by adsorption, which
brought about the decline in percentage degradation of phenol (Nasuha
etal., 2021). Combining the actual phenol-contained wastewater, due to
the analysis of FRM/2%A dosage and H02 concentration, the optimal
conditions were 1 g/L of catalyst dosage, 5 mM of HyO» concentration,
3-6 of initial pH and 100 mg/L of initial concentration of phenol. The
degradation efficiency of phenol was 99.3 % under the optimal condi-
tions. This study had an advantage compared with experiment condi-
tions of relevant studies of phenol degradation shown in Table 3.
This finding suggested a new way for the synthesis of the efficient
catalyst with RM and optimal operating strategies for the treatment of
phenol wastewater.

The influences of different anions, including Cl~, SO?{, NO3, HCO3
and HyPOy3, on the degradation of phenol in the FRM/2%A/H505 system
are shown in Fig. 6(a). We chose Cl ™, SO‘Z{, NO3, HCO3 and HyPOy as the

co-existing inorganic ions refering to contaminants in industrial semi-
coking wastewater (Wang et al., 2022a). The degradation efficiency of
phenol of the highest concentration (150 mg/L) was slightly larger than
that of the lowest concentration (20 mg/L) for all investigative anions.
Overall the existence of different anions would not significantly reduce
the degradation efficiency of phenol, indicating that the FRM/2%A/
H0, system had good environmental applicability and could be prob-
ably applied to the phenol degradation of complex industrial
wastewater.

In order to explore the degree of mineralization of catalysts during
phenol degradation, the chemical oxygen demand (COD) was tested
under 1 g/L of catalyst, 5 mM of Hy02 and 50 mL of 100 mg/L phenol
within 5 min. The COD manifested the total oxygen quantity of waste
which is needed for the oxidation of organic molecules to CO; and Hy0
(Mohaghegh et al., 2015). As shown in Fig. 6b, the WRM and RM4
catalysts had a very low removal efficiency of COD. However, RM/2%A
had a significantly high removal efficiency of COD (46.8 %), implying
that modified RM which was reduced and structured by ascorbic acid at
700 °C improved the COD removal in phenol solution. For FRM/x%A (x
=1, 2 and 4), as the value of x increased, the COD removal efficiency
went up gradually. The COD removal efficiency of phenol was up to 77
% under the FRM/2%A catalyst. However, the difference of COD
removal increase was not glaringly obvious as for FRM/4%A. The
change of COD removal was consistent with the phenol degradation
(Fig. 1a), but the removal efficiency of COD was below the degradation
of phenol, which indicated the intermediates generated during the
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phenol degradation. Fig. 6¢ showed that the COD removal efficiency of
phenol was raised with the reaction time in the FRM/2%A/H30> system.
The difference of COD removal augment receded obviously after 5 min.

Fe oxides were main active components activating HoO» to degrade
the phenol (Wang et al., 2021a; Cheng et al., 2022). Loss of Fe ions gave
rise to the performance attenuation of the catalyst. The leaching char-
acteristics of Fe ions of different catalysts during the phenol degradation
were analysed and the results are shown in Fig. 6d. The leaching con-
centration of Fe ions of WRM and RM4 was tremendously low during the
degradation, attributed to the insolubility of FeoO3 in WRM and RM4.
The leaching concentration of Fe ions of RM/2%A FRM/1%A FRM/2%
A and FRM/4%A obviously increased during the degradation, probably
derived from the production of Fe?* compounds by ascorbic acid
reducing. Leached Fe ions (2.4 mg/L) resulted in the catalytic perfor-
mance of FRM/2%A attenuating in recycling tests. The Fe content of
FRM/2%A was only 6.23 % after the catalytic degradation reaction by
ICP-OES analysis shown in Table 1, significantly lower than that of
FRM/2%A before reaction.

3.4. Identification of reactive radicals

The degradation of phenol was achieved by hydroxyl radical (-OH),
which was produced from the decomposition of HyO3 in the system of
FRM/2%A/H304 (Pang et al., 2011), To confirm the presence of -OH,
radical quenching tests were carried out and the results are illustrated in
Fig. 7a. On the basis of the second-order rate constants of scavengers
with ROS (Wang et al., 2022b), tert-butanol could be served as an
scavenger of -OH (Martha et al., 2013), and methanol could be used to
scavenge SO4 and -OH (Xue et al., 2008). The degradation efficiency of
phenol decreased to 15.6 % and 46.9 % within 10 min by adding 1 mL/L
of tert-butanol and methanol, respectively. In addition, when the dosage
of added tert-butanol and methanol increased to 4 mL/L, the degradation
efficiency of phenol dropped further to 8.2 % and 11.9 %, respectively.
This indicated that -OH was the main active radicals. To identify further
-OH generated in the system of FRM/2%A/H30,, DMPO-trapped EPR
spectra were also used to monitor the generation of -OH (Fig. 7b). The
quartet peaks with an intensity ratio of 1:2:2:1 were the signals of
DMPO-OH adduct. These results suggested that FRM/2%A could pro-
mote the decomposition of HoO5 to generate -OH, while -OH was the
primary oxidative species in this Fenton-like system.

3.5. Possible degradation mechanism of phenol

Based on the results of above identification of reactive radicals,
combining the reported literatures (Liu et al., 2022a; McQuillan et al.,
2021), the mechanism of -OH producation was analysed as follows:
=Fe?' and =M>* (small traces of metallic oxides, including Mn and Nd
oxides) on the surface of FRM/2%A were important catalytic centers for
H»0; activation. They both provided electrons to HyO» and initiated the
decomposition of HyO5 to produce -OH (Egs. (3) and (4)). Then, the part
of generated =Fe>* and =M** could again react with HyO5 to =Fe?* and
=M>*, respectively. (Eqs. (5) and (6)). Significantly, =Fe?* also could
reduce =M*" into =M>*, which greatly promoted the circulation of
=M3t/=M** (Eq. (7)). Therefore, the redox cycles of =M>*/=M*" and
=Fe?"/=Fe>" caused the heterogeneous chain reaction, which acceler-
ated the formation of -OH. In addition, phenol could be adsorbed on the
surface of FRM/2%A by hydrophilic oxygen-containing groups and then
degraded into a series of small molecule products by the generated -OH,
which contribute to the degradation efficiency of phenol.

= Fe*" + H,0,—~ = Feé*™ +-OH + OH™ 3
= M**(Mn,Nd) + H,0,~ = M*"(Mn,Nd) +-OH + OH~ ©)]
= Fe’* + H,0,— = Fe** +-00H + H' 5)
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= M**(Mn,Nd) + H,0,— = M*" (Mn,Nd) +-OOH +H" (6)

= M*" (Mn,Nd)+ = Fe*'—» = M*"(Mn,Nd) + = Fe*" )

To realize the phenol degradation process in the FRM/2%A/H204
system, several intermediates probably existing in the reaction system
are shown in Fig. 8a based on the HPLC analysis. According to the
degradation products, a possible degradation pathway is proposed in
Fig. 8b. -OH radicals were generated from the Fenton-like process and
played a major role in the phenol degradation. Hydroxyl group belonged
to an electron donor group in the molecular of phenol and could increase
the electron density of adjacent carbon atoms on the benzene ring (Li
et al., 2022). -OH radicals with strong electron affinity could selectively
attack the electron rich site. Phenol was translated into catechol
simultaneously. Hydroxyl group on catechol could undergo dehydro-
genation and oxidation with -OH radicals in the system. After the O-H
bond was destroyed, the lone electron outside the O atom was trans-
ferred to the benzene ring carbon to form benzoquinone. Benzoquinone
had the function of capturing active substances. It would be attacked
easily by -OH radicals to lead to the rupture of benzene ring and generate
muconic acid. The muconic acid was further degraded into small mo-
lecular organic acids (maleic acid, oxalic acid, acrylic acid, etc) and
eventually mineralized into CO, and HO.

4. Conclusions

FRM/2%A was synthesized successfully with red mud by HCI
dissolution, ascorbic acid reducing and precipitation of filter liquor,
which was used for activating H,O5 to degrade the phenol in synthetic
wastewater. Ferrous polymetallic oxides, such as FeMnOs, NdFeOs,
Fe304 and (Lag 3Srg 7)FeO3, and mesoscopic particles and microcellular
structures in FRM/2%A were responsible for yielding -OH by Hy09
decomposition to degrade the phenol. FRM/2%A had the highest
degradation efficiency (99.3 %) among prepared samples in a pH range
of 3-6 at 25 + 1 °C. Cl, SO%’, NO3, HCO3 and HyPO3 anions hardly
affect the degradation of phenol, implying that the FRM/2%A/H30,
system had good environmental applicability. Like most heterogeneous
catalysts, FRM/2%A faced the decay of the catalytic activity after
manifold cycles. It is of practical significance to further anchor active
components onto the RM to improve the high stability and reusability.
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