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Abstract

Ferrous oxalate dihydrate (FOD) can be used as a photo-Fenton catalyst with remarkable photo-Fenton catalytic
and photocatalytic performances on organic pollutant degradation. Various reduction processes were compared
in the current study to synthesize FODs from ferric oxalate solution utilizing the iron source in alumina waste
red mud (RM), including natural light exposure (NL-FOD), UV light irradiation (UV-FOD), and hydroxylamine
hydrochloride hydrothermal method (HA-FOD). The FODs were characterized and employed as photo-Fenton
catalysts for methylene blue (MB) degradation, and the effects of HA-FOD dosage, H,0, dosage, MB concentration,
and the initial pH were investigated. The results show that HA-FOD has submicron sizes and lower impurity contents
with more rapid degradation rates and higher degradation efficiencies compared with the other two FOD products.
When using 0.1 g/L of each obtained FOD, 50 mg/L of MB can be rapidly degraded by HA-FOD by 97.64% within
10 min with 20 mg/L of H,0, at pH of 5.0, while NL-FOD and UV-FOD achieve 95.52% in 30 min and 96.72%
in 15 min at the same conditions, respectively. Meanwhile, HA-FOD exhibits strong cyclic stability after two
recycling experiments. Scavenger experiments reveal that the predominant reactive oxygen species responsible for
MB degradation are hydroxyl radicals. These findings demonstrate that submicron FOD catalyst can be synthesized
using hydroxylamine hydrochloride hydrothermal process from ferric oxalate solution with high photo-Fenton
degradation efficiency and reduced reaction time for wastewater treatment. The study also provides a new pathway
of efficient utilization for RM.
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Introduction

Advanced oxidation processes (AOPs) are chemical oxida-
tion methods for contaminant degradation by reactive oxy-
gen species (ROSs) (Miklos et al. 2018; Lin et al. 2022).
As one of the most cost-effective AOPs, Fenton process has
attracted great attentions in recent years for removing recal-
citrant compounds with ¢OH (hydroxyl radical) from sewage
and accomplishing high mineralization levels (Oturan and
Aaron 2014; Pliego et al. 2015; Mohadesi et al. 2021). How-
ever, the reduction of Fe** to Fe’™ remains the speed limit
step for producing ROSs in a heterogeneous Fenton system,
constraining the efficiency of the catalyst to oxidize the pol-
lutants (Lai et al. 2021). The efficiency of Fenton reaction
can be increased by combining with assistant approaches
like UV or sonic irradiation, in which process more eOH
is generated and the regeneration of the Fe?* catalyst from
Fe3+ is facilitated (Karimi et al. 2020; Ribeiro and Nunes
2021; Brillas 2022). Meanwhile, organic complexing agents
are commonly introduced to traditional Fenton system to
accelerate the catalytic process (Wang et al. 2016, 2019c).
For example, a multitude of organic pollutants can be rap-
idly degraded by adding oxalic acid as complexing agents
to form photosensitive complexes ferrioxalate with Fe™,
speeding up the generation of hydroxyl radical due to its
oxalate ligand and lower pH (Dias et al. 2014; Baba et al.
2015; Vorontsov 2019; Zhang and Zhou 2019).

Ferrous oxalate dihydrate (FOD) is the simplest
coordination polymer photocatalyst consisting of Fe?*
and oxalate ligand, which possesses the advantages of
oxalate complex in Fenton reaction and shows remarkable
photocatalytic and photo-initiated Fenton capacity in the
degradation of organic pollutants (Fan et al. 2016; Bi and
Dong 2021). As an efficient heterogeneous photo-Fenton
catalyst, FOD can activate hydrogen peroxide (H,0O,) or
persulfate and generate ROSs due to its high photosensitivity
and self-activation capacity as C,0,% in the catalyst can
reduce Fenton-generated Fe** to Fe?*, thus increasing the
reaction rate (Li et al. 2018; Hu et al. 2019; Chen et al.
2022; Wu et al. 2022). In addition, FOD is also used as
absorbents for the removal of dyes and heavy metals from
the contaminated systems (Dhal et al. 2015; Zeng et al. 2021;
Huang et al. 2022). Traditionally, Fenton catalyst FOD is
mainly prepared by mixing ferrous salts with oxalic acid or
oxalates (Hu et al. 2019; Wang et al. 2019a). Exceptionally,
Liu et al. (2016) synthesized FOD by direct ball milling of
iron with oxalic acid. The preparation of FOD as photo-
Fenton catalyst through the reduction of soluble ferrioxalate
complex has not been reported. It is of great significance
to investigate alternative techniques of preparing ferrous
oxalate ferrioxalate complex through reduction process for
further research and economic value.

Such a direct reduction process needs the soluble
ferrioxalate complex solution as reactant that can be
obtained using oxalic acid to extract iron from iron-rich
industrial solid waste. Red mud (RM) is an alkaline waste
by-product discharged during the alumina manufacturing
process (Agrawal and Dhawan 2021; Li et al. 2022c).
The enormous storage and annual discharge of RM have
exceeded 4.6 billion tons and 200 million tons worldwide,
respectively (Xue et al. 2019; Li et al. 2022c¢), which might
cause long-term environmental impacts. RM stockpiling
occupies considerable land areas and tends to produce dust
contaminating the air. The leachate with high alkalinity
will pollute groundwater and cause soil salinization,
posing a serious threat to the nearby ecosystem (Khairul
et al. 2019). Therefore, RM reduction, resourceful
utilization, and harmless treatment have become the
essential requirement for sustainable development. RM
contains high iron oxide concentration and can be recycled
and utilized as a potential iron resource (Bento et al. 2016;
Liu et al. 2021). It is proposed that oxalic acid leaching
is a promising process with a strong ability for selectively
extracting iron from RM to dissolve hematite as soluble
ferrioxalate complex solution (Agrawal and Dhawan 2021;
Samal 2021; Li et al. 2022a). The dissolved ferrioxalate
complex could catalytically be reduced to FOD under UV
(UV-FOD) or the natural light irradiation (NL-FOD) (Yu
et al. 2012; Gu et al. 2017; Tanvar and Mishra 2021). In
this economical pathway, FOD is precipitated and can be
applied as photo-Fenton catalyst to the degradation of
contaminants (Hu et al. 2019) and precursor to produce
iron oxide nanoparticle products (Angermann and
Topfer 2008; Liu et al. 2020). However, in addition to
the reduction by UV or the natural light irradiation, other
reduction of Fe** from ferrioxalate complex solution to
prepare FOD has not been reported. In the meantime,
using the obtained FOD products as iron-based Fenton
catalysts for the treatment of sewage might be a new value-
added application.

Methylene blue (MB) is an organic thiazine dye with
strong biological toxicity and poor biodegradability, pos-
ing a threat to environment and human health (Rahimi
et al. 2014; Tkaczyk et al. 2020; Sukhatskiy et al. 2022).
MB is difficult to be degraded from contaminated water
through traditional treatments, such as adsorption, coagu-
lation, and biochemical processes. AOPs, specifically,
photo-Fenton process is widely applied for the removal
of MB, which could rapidly produce ROSs and mineral-
ize refractory compounds in wastewater (Samsami et al.
2020). Therefore, employing FOD recycled from solid
wastes as Fenton catalyst to degrade MB is a promising
pathway to accomplish resource recovery and environmen-
tal remediation.
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The current work aims to provide a novel method via a
reductive hydrothermal process in the presence of hydroxy-
lamine hydrochloride (HA) to synthesize FOD (HA-FOD)
with enhanced Fenton catalytic performance on MB degra-
dation from RM leachate of ferrioxalate complex solution.
The catalytic performances of HA-FOD, NL-FOD, and UV-
FOD catalysts were compared. The effects of initial condi-
tions on the HA-FOD catalytic reaction were systematically
studied. The reusability of the catalyst and the dominant
ROSs contributed to MB degradation were also investigated
to further understand Fenton catalytic degradation mecha-
nism of HA-FOD.

Materials and methods
Materials and reagents

The RM sample used in this research was collected from an
alumina refinery in Qingzhen, Guizhou Province of China.
The main chemical components of RM sample were widely
reported as Al,O;, Fe,05, CaO, Na,O, K,0, and SiO, (Li
et al. 2022b; Hajjaji et al. 2016). The fresh RM contained
30% of water, and it was dried to a constant weight. Then
it was crushed and screened to less than 75 pm for further
use. Oxalic acid (>99.5 wt%) was applied to dissolve iron
in the leaching process. HA (>98.5 wt%) was used as a
reductant to synthesize FOD, and H,0, (=30 wt%) was
used to trigger the Fenton reaction. The reagents used in
this study were all of analytical grade, and all the solutions
were prepared with deionized water.

Preparation and characterizations of FOD catalysts

The scheme of catalyst preparation process is shown in
Fig. S1. The prepared RM was leached using 1 mol/L
oxalic acid with a liquid-solid ratio of 15:1 mL/g under
80 °C for 2 h, and Fe was enriched in the leaching solu-
tion according to previous report (Yu et al. 2012). Subse-
quently, Fe** in the solution was reduced in three path-
ways, and different FOD catalysts were obtained. The
filtrate was fully exposed to natural light until the pre-
cipitate did not further increase, and afterwards NL-FOD
was collected. UV-FOD was precipitated as the leachate
was irradiated under a 250-W UV light (365 nm, GY-250,
China) for 6 h. HA-FOD was synthesized via a hydrother-
mal treatment, in which process 0.35 g of HA was dis-
solved in 45 mL leached solution (HA: Fe=1:1), and then
the solution was transferred into a 100-mL Teflon-lined
stainless-steel autoclave and heated at 130 °C for 7 h. After
reaction, all the prepared FOD samples were separated by
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filtration, washed with deionized water and ethanol for
several times, and dried at 60 °C overnight.

The morphology features of FOD catalysts were
viewed by scanning electron microscopy (SEM, FEI
Scios, USA) equipped with an energy-dispersive X-ray
spectrometer (EDS). The particle size distribution was
determined by laser particle size analyzer (Mastersizer
2000, UK). The chemical components of the catalysts
were analyzed by X-ray fluorescence spectroscopy
(XRF, PANalytical PW2424, Netherlands). The phase
chemical compositions of catalysts were identified by
X-ray diffractometer (XRD, PANalytical Empyrean,
Netherlands) with a Cu Ka radioactive source scanning
at the 20 range from 4 to 70°. Fourier transform infrared
spectrometer (FTIR, VERTEX 70, Germany) was
employed to characterize variations of surface functional
groups of different FOD samples. The surface element
and valence of the catalysts were measured by X-ray
photoelectron spectrometer (XPS, Thermo Scientific
K-Alpha, USA) with Cls peak calibrating the binding
energy at 284.8 eV.

Photo-Fenton degradation experiments of MB

In a typical process, 0.02 g of FOD catalyst (0.1 g/L) was
dispersed in 200 mL MB solution (50 mg/L, pH=5.0)
in a thermostatic water bath (THZ-82A, China) with an
agitation of 200 rpm at 25 °C. The solution was stirred for
30 min in the dark to establish adsorption equilibrium. Then
the photo-Fenton degradation experiment was initiated
by adding 20 mg/L of H,0, into the suspensions, which
process was under a 250-W UV irradiation (365 nm,
GY-250, China). At a time interval of the process, 2 mL of
the solution was sampled at predetermined time intervals,
filtered through a 0.45-pm filter film and quenched by
0.1 mL of n-butanol for further analysis. The concentration
of MB was determined by UV-vis spectrophotometry
(UVI100C, USA) at the wavelength of 664 nm. The
concentrations of dissolved Fe after catalytic process were
determined by inductively coupled plasma optical emission
spectrometry (ICP-OES, Agilent 5110, USA). The effects
of various experimental parameters on MB degradation
efficiency were systematically explored, including
FOD dosage (0.025-0.125 mg/L), H,0, concentration
(5-25 mg/L), initial MB concentration (40-80 mg/L),
and initial pH (3, 5, 7, 9, and 11). The initial pH values of
MB solutions were adjusted by NaOH and HCI solutions,
and the pH values of the solutions were measured by a
pH meter (pHS-SC, China). All degradation experiments
were conducted in triplicate to effectively reduce the
experimental error.
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Kinetic constants of photo-Fenton experiments

MB degradation of FOD Fenton process was fitted by the
pseudo-first-order kinetic model as previous studies in
regard to FOD Fenton reaction (Chen et al. 2022; Wu et al.
2022). The model can be described as Eq. (1) (Zeng et al.
2020):

In(C/Cy)= —kt (1)

where C, and C (mg/L) are the MB concentrations during
the reaction at O min and a certain time ¢ (min), respectively,

3 e _3, S50pm

\

and k (min~') represents the rate constant of pseudo-first
order. The sampling time was set at 0, 3, 5, 7, 10, 12, 15, 20,
and 30 min in the photo-Fenton experiments.

Results and discussion
Characterization of FOD catalysts
SEM images (Fig. 1a—c) demonstrate the surface mor-

phology and particle size of the synthesized HA-FOD,
NL-FOD, and UV-FOD products. The comparison of
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Fig.1 a HA-FOD SEM image, b NL-FOD SEM image, ¢ UV-FOD SEM image, d particle size distribution, € XRD patterns, and f FTIR spectra
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particle size distribution of the prepared FOD samples is
depicted in Fig. 1d. These results implied that the parti-
cle size distribution of HA-FOD was more uniform than
those of NL-FOD and UV-FOD. It can be observed that
50% of HA-FOD, NL-FOD, and UV-FOD particles were
less than 6.303, 39.022, and 22.278 pm, respectively. The
particle size distribution of HA-FOD particles was tinier
than those of NL-FOD and UV-FOD.

Different from the results of particle size distribution,
the microstructure of the prepared HA-FOD was composed
of regular cuboid-like microrods from 100 nm to 1 pm in
diameter, which was smaller than FOD products synthesized
by directly mixing ferrous sulfate heptahydrate with potas-
sium oxalate monohydrate or oxalic acid dihydrate in the
previous studies with the cuboid particle sizes of 5-10 pm
(Hu et al. 2019; Kim et al. 2020). This is because the size
and structure of the synthesized materials can be precisely
controlled by the hydrothermal reaction (Wang and Tang
2021). Meanwhile, fewer impurities can be observed by EDS
spectrum (Fig. S2a). NL-FOD was comprised of complex
structures with around 50 pm in the size. The results shown
in Figs. 1b and S2b indicated that the particles of flakes
clusters and irregular block-shape were indicative of cal-
cium oxalate, and the rough rod-shape particles were FOD.
UV-FOD possessed regular rod shape with the lengths of
10-100 pm and widths of 5-10 pm. It was identified as FOD
particles, and the tiny clastic particles attached on its surface
were calcium oxalate (Fig. S2c¢).

The crystallographic structure and phase chemical com-
positions of the samples were confirmed using XRD analy-
sis as shown in Fig. le. The results confirmed that all the
FODs obtained through various reduction reactions were
the formation of f-FeC,0,02H,0, which was corresponded

with the previous study (Kim and Baek 2019). There were
nine prominent diffraction peaks for the prepared com-
posite at 18.09, 22.84, 29.13, 34.18, 37.33, 42.59, 44.79,
45.79, and 48.03°, which correspond to (202), (004),
(400), (022), (206), (224), (117), (602), and (026) planes
of p-FeC,0,02H,0. Particularly, the diffraction peak of
HA-FOD at 29.16° was broader compared to NL-FOD and
UV-FOD, which was attributed to its smaller crystallite size
according to the Scherrer’s equation (Wang et al. 2020),
and it is corresponding with the results analyzed from SEM
results. There was no characteristic diffraction peak of other
phase found in the XRD pattern probably because the impu-
rities were of low contents.

The FTIR spectra of the prepared HA-FOD, NL-FOD,
and UV-FOD are shown in Fig. 1f, which are all
corresponded with FTIR patterns of f-FeC,0,02H,0.
The stretching vibration of -OH was at 3336 cm™!
in the infrared spectrum (Liu et al. 2016; Zeng et al.
2021). The existence of C,0,>” was proved by the
primary peaks at 1625, 1361, 1315, 817, and 489 cm™!,
responsible for C =0 and C-O asymmetric stretching,
C-O symmetric stretching peak, and C-C-O and O-C=0
bending vibrations, respectively (Zeng et al. 2021). The
characteristic absorption peak of Fe—O vibration band was
at 527 cm™! (Huang et al. 2022).

The main chemical components of the FOD samples
were determined, and the results are presented in Table 1.
In comparison with NL-FOD and UV-FOD catalysts, HA-
FOD contained higher iron content and less impurity ele-
ments like Ca and Mg, which existed in the form of oxalates
with inferior catalytic ability. The impurity of Ti was slightly
higher, and it might enhance the photocatalytic capacity of
HA-FOD (Mohamed and Besisa 2022). The main chemical

Table 1 Chemical compositions

of the three prepared FOD Sample Al O, CaO Fe,0; MgO Na,O SiO, TiO, LOI

catalysts (wt %) NL-FOD 0.62 2.30 37.99 0.53 0.30 0.12 0.11 57.40
UV-FOD 0.56 0.53 40.26 0.49 0.26 0.05 0.09 56.90
HA-FOD 0.78 0.09 40.32 0.22 0.36 0.15 0.29 56.99

Fig.2 a Comparison of MB
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reaction for HA-FOD precipitation process can be summa-
rized by Eq. (2) (Peng et al. 2016). In the reduction process,
H* was generated, and the pH of the system was reduced,
and this is the probable reason why more Ca and Mg dis-
solved in the solution and less impurities of Ca and Mg in
the product of HA-FOD.

2Fe** 4+ 2NH,OH « HCI — 2Fe’* + N, 1 +4H" + 2H,0 + 2CI~
)

MB degradation with different FOD catalysts

The degradation of MB was evaluated under different exper-
imental systems, and the catalytic performance of the syn-
thesized different FOD catalysts was compared as shown in
Fig. 2a. MB could rarely be removed under UV irradiation or
HA-FOD +UYV system at negligible degradation efficiencies
of 0.09% and 1.83%, respectively. Notably, MB was continu-
ously degraded in the presence of HA-FOD under UV irradia-
tion, in accordance with the previous studies that FOD was
also functional as a photocatalyst without H,O, addition (Fan
et al. 2016; Li et al. 2018). In comparison, the MB degrada-
tion efficiency of H,O,+ UV system was marginally higher at
5.42% after 30-min reaction, which could be ascribed to the
weak oxidation capacity of H,0, on MB (Zhu et al. 2020).
In the FOD photo-Fenton systems, efficient MB degradation
processes were accomplished at the rates of 97.64% for HA-
FOD, 96.72% for UV-FOD, and 95.52% for NL-FOD, under
the conditions of 0.1 g/L catalyst, 50 mg/L of MB, 20 mg/L of
H,0,, and initial pH 5.0 at 25 °C. These results suggested the
high catalytic performances of all FOD catalysts on H,0, acti-
vation. The final MB degradation efficiency of HA-FOD was
slightly higher than those of UV-FOD and NL-FOD. Moreo-
ver, HA-FOD completed the MB degradation within 10 min,
much shorter than those of UV-FOD (15 min) and NL-FOD
(30 min) as shown in Fig. 2a. The degradation curves of MB
in FOD photo-Fenton processes were fitted by the pseudo-first-
order kinetic model (Fig. S3). The kinetic rate constants of
HA-FOD, UV-FOD, and NL-FOD were calculated as 0.4747,
0.2217, and 0.1008 min~", and the relevant R* were 0.9395,
0.9722, and 0.9687, respectively. The superior removal effi-
ciency of HA-FOD could be attributed to lower the impurity
contents and especially its smaller particle diameter as dis-
cussed, which provided more active sites and accelerated the
reaction.

Due to the high-efficient photocatalytic performance,
FOD could initiate a combined photocatalytic and photo-
Fenton reactions without the addition of H,O, (Fan et al.
2016). Therefore, we proposed a joint photocatalysis and
photo-Fenton process in which the MB solution was pre-
treated by photocatalytic reaction with FOD but without
H,0, introduction under the UV irradiation, and then the
photo-Fenton process was initiated by adding H,O,. The

photocatalytic ability of the three prepared catalysts is com-
pared in Fig. 2b. It can be seen that after 90-min UV irradia-
tion, HA-FOD showed the greatest photocatalytic ability on
MB degradation by the rate of 22.87%, while UV-FOD and
NL-FOD were at 16.94% and 9.52%, respectively. Subse-
quently, the reaction was greatly accelerated as H,0, was
added to the system at 90 min to provide abundant radicals
of eOH. This joint photocatalysis and photo-Fenton pro-
cess were capable to save more than 20% of the H,0,, thus
reducing the cost of reagent in practical sewage treatment
application.

Effects of reaction parameters on MB degradation
in HA-FOD Fenton process

Since HA-FOD exhibited the strongest photo-Fenton cata-
lytic performance in comparison with the other two FOD
catalysts, a series of comparative experiments were carried
out to obtain the optimal experimental parameters of HA-
FOD on the degradation of MB. The effect of HA-FOD
dosage on MB degradation was first investigated at the
conditions of initial MB concentration of 50 mg/L, H,0,
dosage of 20 mg/L, and initial pH of 5.0. The HA-FOD
dosage of 0.025, 0.050, 0.075, 0.100, and 0.125 g/L. were
employed, and the results are presented in Fig. 3a. With the
addition of HA-FOD increasing from 0.025 to 0.100 g/L,
the reaction time of achieving the degradation equilibrium
effectively shortened, and the kinetic rates largely enhanced
from 0.1172 to 0.4743 min~! (Fig. 3b). This phenomenon
could be ascribed to that the increasing quantity of catalysts
provided more active sites, which promoted the processes of
H,0, decomposition and therefore yielded more «OH. How-
ever, when the concentration of HA-FOD increased from
0.100 to 0.125 g/L, the rate constant of degradation on MB
enhanced slightly to 0.5100 min~". This could be assigned to
the fact that excessive ferrous ions could also capture «OH
(Niveditha and Gandhimathi 2020), resulting in an unobvi-
ous change of degradation on MB. Consequently, a com-
paratively minimal catalyst dosage at 0.100 g/L was chosen
as the optimum dosage.

The oxidation of MB with various H,O, concentrations is
illustrated in Fig. 3c. When H,0, concentration raised from
5 to 20 mg/L, the degradation rate increased from 46.49 to
97.64%, with the kinetic constant dramatically increasing
from 0.0263 to 0.4747 min~! (Fig. 3d), which proved the
critical role of H,0O, in photo-Fenton process. This could
be explained by the fact that the increasing concentration
of H,0, could generate more hydroxyl radicals with strong
oxidation ability on MB degradation. Nevertheless, further
addition of 25 mg/L H,0, could hardly enhance the degrada-
tion efficiency at 97.69% but hindered the degradation with
k falling from 0.4747 (20 mg/L) to 0.3567 min~! (25 mg/L).
The scavenging effect of «OH by H,O, might be responsible
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Fig. 3 Effect of the experimental parameters on MB degradation and
the corresponding kinetic curves: a, b HA-FOD dosage; ¢, d H,0,
concentration; e, f initial MB concentration; g, h initial solution pH;
and i pH and the concentration of Fe ions of the solution after reac-

for the phenomenon. Despite additional oxidants such as
HOOQe and O,e are produced, their oxidation potentials were
significantly lower than eOH and contributed far less to the
degradation of MB (Ferroudj et al. 2017).

Initial MB concentration was another significant factor
affecting the degradation process, and the results are shown
in Fig. 3e. With the decrease of initial MB concentration
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tion under different initial pH values. The experimental parameters
apart from the investigated parameter fixed on pH 5.0, H,O, 20 mg/L,
HA-FOD 0.10 g/L, MB 50 mg/L, and temperature 25 C

from 50 to 40 mg/L, the kinetic rate reduced from 0.4747
to 0.2782 min~! (Fig. 3f), and it might be ascribed to the
scavenging of oxidative radicals by the relatively excessive
dosage of HA-FOD and H,0, as discussed. However, as the
MB concentration increased from 50 to 80 mg/L, the degra-
dation rate decreased from 97.64 to 86.41%, and k reduced
from 0.4747 to 0.1742 min~!, respectively. This variation
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relatively insufficient with MB concentration rising, and
more MB molecules adsorbed on the active sites as the MB
. . . . OH™ +H,0, - «HO,” + H,0 4)
concentration rose, impeding the decomposition of H,0,
over the catalyst and reducing the production of ¢OH (Gan
et al. 2018). *HO,"~ + H,0, — O, + H,0 + OH (5

The Fenton process was greatly influenced by the initial
pH of the solution as illustrated in Fig. 3g. HA-FOD has a
wide operational pH value range of 3.0, 5.0, 7.0, and 9.0
with the corresponding product degradation ratio of 97.15,
96.88, 96.16, and 92.42%. In fact, MB was at a delayed
degradation under alkaline conditions, which was in good
agreement with the previous study (Hu et al. 2019). The cat-
alytic rate constant is shown in Fig. 3h varied significantly
from 0.4484 min~! (pH=3.0) to 0.0009 min~! (pH=11.0),
which suggested that the variation of pH might have a strong
impact on eOH generation. In an acidic environment, H,0,
was facilitated to produce eOH (Eq. (3)), but it preferen-
tially decomposed into H,O and O, rather than generating
hydroxyl radicals, which could hinder the Fenton degrada-
tion process (Egs. (4)—(5)) (Zhu et al. 2020; Nie et al. 2022).

The redox potential of «OH is+2.8 V in the acidic solu-
tion, higher than that of + 1.5 V in the basic solution with
stronger oxidation properties (Liu et al. 2022). However,
reaction rate increased inconspicuously as pH declined from
5.0 to 3.0, which might be ascribed to that superfluous H*
could consume eOH and Fe?* as shown in Eq. (6).

«OH + H' + Fe** - H,0 + Fe’* (6)

The variations of solution pH values before and after the
reaction are shown in Fig. 3i. The catalyst dissolved and
more iron leached into the solution at lower pH, participat-
ing in the homogeneous Fenton reaction and speeding up the
reaction. However, it resulted in the reduction of catalytic
performance and loss of iron species and may participate as
iron sludge that would cause a secondary pollution to the
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environment (Zhang et al. 2019). It can be observed that
while the starting pH ranged from 3.0 to 5.0, the pH after
treatment was from 3.3 to 5.3, and the final pH range was
from 5.8 to 9.3 with original pH value rising from 6.0 to 9.0.
This result might be attributed to H" consumption during
Fenton process as Eq. (5). While at a higher pH condition,
FOD is deprotonated due to its pH buffering ability in the
solution (Huang et al. 2022). Therefore, pH value of 5.0 was
chosen as the optimal condition.

The optimized conditions for the photo-Fenton degrada-
tion of MB by HA-FOD are shown in Table 2 and were
compared with other FOD catalysts in previous studies.
The results showed that the efficiency of dye degradation
by HA-FOD did not differ significantly from that of earlier
studies, while HA-FOD photo-Fenton reaction had the low-
est FOD and H,0, dosage and the shortest reaction time,
proving the high catalytic performance of HA-FOD on H,0,
activation. Moreover, HA-FOD was able to degrade higher
concentration of MB under neutral pH environment, which
was superior to previous FOD catalysts, indicating the high
photo-Fenton catalytic capacity of HA-FOD.

Contribution of ROSs

Quenching experiments were performed to evaluate the con-
tribution of ROSs on HA-FOD Fenton degradation of MB by
adding specific scavengers to eliminate the relevant ROSs.
Specifically, 0.3 mol/L of ethanol, isopropanol, and chloro-
form were used to track all of the ROSs, eOH, and ¢O,",
respectively (Guo et al. 2021; Nie et al. 2022). As shown in
Fig. 4a, a slight reduction of MB concentration was observed
as ethanol was introduced to the Fenton system with a degra-
dation rate of 7.44%, suggesting that ROSs played a promi-
nent part in the HA-FOD Fenton system. Isopropanol could
significantly slow down the breakdown of MB as its eventual
degradation rate at 10.71%. This phenomenon indicated that
MB degradation was predominantly ascribed to the «OH
radicals. Chloroform also slowed down the degradation of
MB, with a 55.26% drop of MB concentration. Although
¢0,” was a weak radical compared with eOH, it could con-
vert to eOH, hence participating indirectly in the Fenton
degradation of MB.

Cyclic stability evaluation for HA-FOD

To assess the cyclic stability of HA-FOD in photo-Fenton
degradation of MB, successive experiments were performed
as shown in Fig. 4b. The degradation rate reduced gradu-
ally during the three consecutive runs with the optimal reac-
tion parameters of HA-FOD 0.1 g/L, H,0, 20 mg/L, MB
50 mg/L, and pH 5.0. Whereas on the third cycle, the deg-
radation efficiency could still reach 82.04% as the reaction
time was increased to 45 min. This declined reaction rate
might be partly attributed to the deterioration of active sites
on the catalyst surface with a small amount of iron leached
into the solution. In addition, considering the tiny dosage of
HA-FOD in this research, the aggregation and the loss of
Fenton catalysts during the washing and recycling process
also have a partial effect on the reduction of catalytic perfor-
mance. Considering the low cost of HA-FOD recycled from
solid waste RM (Ma et al. 2020), the cyclic efficiency could
be improved by adding the dosage of the catalyst.

MB removal mechanism analysis

To investigate the mechanism of HA-FOD on Fenton deg-
radation of MB, the catalysts after successive reaction were
characterized by SEM (Fig. 4c), FTIR (Fig. 4d), and XPS
(Fig. 4e—f). The etch of HA-FOD microstructure after Fen-
ton reaction was observed in the SEM image, while most of
the HA-FOD particles maintained regular cuboid-like micro-
rod structure, indicating its stable catalytic ability. The EDS
spectrum in Fig. 4c showed the appearance of N and S sig-
nal with the content of 3.0% and 7.7%, respectively, which
inferred the adherence of MB on the surface of HA-FOD.
In comparison with the original HA-FOD, the FTIR
characteristic peaks of the recycled HA-FOD were obvi-
ously reduced to a certain extent, and the peak shape gradu-
ally approached that of MB (Fig. 4d). The vibrations of the
aromatic hydrocarbon ring skeleton characteristic peaks
were found at 1598, 1490, and 873 cm™', and the peaks of
C-N stretching vibration were observed at 1384 cm™! and
1354 cm™!. The peak at 1440 cm™! and 1176 cm™! were
assigned to CH; group and N=Q=N stretching vibration,
respectively (Wang et al. 2019b). The results indicated that

Table 2 The comparison of photo-Fenton catalytic capacity on dyes with different catalysts

Catalyst Optimal conditions Degradation Reaction time  Reference
efficiency

a-FOD photocatalysis ~ FOD 1 g/L, thodamine B 10 mg/L, natural pH 96.48% 50 min Fan et al. (2016)

a-FOD Fenton H,0, 333 mg/L, FOD 0.1 g/L, rhodamine B 200 mg/L, pH3.0  99.68% 10 min Wang et al. (2019a)

B-FOD Fenton H,0, 30 mg/L, FOD 0.5 g/L, MB 10 mg/L, pH 7.0 98.4% 10 min Hu et al. (2019)

B-FOD Fenton
B-FOD Fenton

H,0, 23 mg/L, FOD 0.5 g/L, MB 20 mg/L, pH 5.5+0.5 98% 3h
H,0, 20 mg/L, HA-FOD 0.1 g/L, MB 50 mg/L, pH 5.0

Kim et al. (2020)

97.64% 10 min This study
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«Fig.4 a Effect of radical scavengers on the degradation of MB cata-
lyzed by HA-FOD, b reusability of HA-FOD Fenton catalyst on MB
removal, ¢ SEM-EDS analysis of HA-FOD catalyst after MB degra-
dation, d FTIR spectra of fresh and reused HA-FOD catalysts, e XPS
spectral analysis of fresh and reused HA-FOD catalysts, and f XPS
peak fitting curves of Fe 2p spectra

MB was adsorbed on the surface of HA-FOD, and the bind-
ing site attributed to the N atom. With regard to these results,
the adsorption of MB could compete for the surficial active
sites with H,O,, thus inhibiting the decomposition of H,0,
and reducing the degradation rate on MB (He et al. 2016).
The results of full XPS scan of HA-FOD (Fig. 4e)
showed that C 1 s, O 1 s, and Fe 2p peaks were identi-
fied in the survey scan spectra at about 284.8, 533.1, and
712.1 eV, respectively (Wu et al. 2022). The characteristic
peak of N 1 s belonging to MB was observed at 401.1 eV.
Meanwhile, the intensity of C 1 s peak was significantly
increased, and the relative contents of Fe and O elements
decreased in the XPS spectra of the recycled HA-FOD
catalysts. These results further confirmed the adsorption
of MB on the interfacial active sites of HA-FOD. For the
Fe 2p spectrum (Fig. 4f), the main peaks of Fe2* were
located at 710.68 eV and 724.28 eV, while the satellite
peak was at 714.58 eV. After reactions, the peaks of Fe>*
were observed at the values of 713.81 eV and 726.95 €V,
and the satellite peaks were at 718.35 eV and 732.41 eV
(Yoo et al. 2017; Huang et al. 2022). The results proved
the transformation of Fe?* to Fe** during the Fenton deg-
radation process, which could explain the decline of MB
degradation efficiency after consecutive experiments.

Conclusions

In summary, hydroxylamine hydrochloride was employed to
reduce Fe*" in soluble ferrioxalate complex solution leached
from RM and could keep the system in a lower pH value via
a hydrothermal process. HA-FOD was synthesized with a
submicron size ranging from 100 nm to 1 pm with less impu-
rity contents. This catalyst could effectively remove MB
with improved photo-Fenton catalytic and photocatalytic
capacities in comparison with the other two FOD catalysts
obtained under UV or natural light irradiation. The com-
bined photocatalysis and photo-Fenton method could save
more than 20% of the H,0,, lowering reagent cost in prac-
tical sewage treatment process. The optimal experimental
variables of HA-FOD in photo-Fenton process on the deg-
radation of MB were as follows: catalyst dosage HA-FOD
0.1 g/, H,0, 20 mg/L, MB 50 mg/L, and pH 5.0, and under
the conditions, the final degradation efficiency of 97.64%
on MB was obtained in 10 min. Scavenger experiments

@ Springer

suggested that €OH was the major ROSs accountable for
MB degradation. Furthermore, the catalyst was cyclic stable
after two repeated experiments, and the adsorption of MB on
the surface of HA-FOD competed for the active sites with
H,0,, thus contributing to the further declined reusability of
the catalyst. This study provides a new method to synthesize
ferrous oxalate from red mud with high Fenton catalytic per-
formance and also provides a perspective on utilizing iron-
rich industrial waste to prepare HA-FOD mineral clusters to
remediate organically polluted wastewater through the novel
synthetic method.
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