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Abstract: Micro-electrolysis (ME) technology is investigated for improving the efficiency of removal of pentavalent antimony
(Sb(V)) from the environment. In this study, an ME system composed of scrap iron filings, waste manganese fillings, and activated
carbon (Fe-Mn-C ME) was used to efficiently remove Sb(V). The results proved that, compared with conventional iron-carbon
micro-electrolysis (Fe-C ME), Fe-Mn-C ME significantly enhances the removal rate of Sb(V) when the hydraulic retention time
is 10-24 h. The Fe-Mn flocs produced by this system were analyzed using X-ray diffraction (XRD), energy-dispersive X-ray
spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), and Brunauer-Emmett-Teller (BET) surface area analysis, which
revealed that the flocs were mostly Mn-substituted FeOOH and had a relatively larger specific surface area, providing better
adsorption performance. Furthermore, it was found that the removal rate of Sb(V) decreased as the iron-carbon mass ratio
increased, while it first increased and then decreased as the manganese content increased. The reduction of Fe(Il) was accelerated
with an increase in the addition of manganese, leading to an increase in the concentration of Fe(I). The electron transfer and the
formation of Fe(II) were facilitated by the potential difference between manganese and carbon, as well as by the formation of
microcells between iron and manganese, which improved the reduction ability of Sb(V). From our thorough investigation and
research, this is the first report that has proposed Fe-Mn-C ME for removing antimony. It provides a novel approach and

technological support for removing Sb(V) efficiently.
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1 Introduction

In recent years, the increasing use of antimony
(Sb) and its compounds in the textile and dyeing indus-
try has heightened societal concerns regarding anti-
mony pollution (Fei et al., 2017). Antimony and its
compounds exhibit toxic and carcinogenic properties
towards living organisms. As a result, the United States
Environmental Protection Agency (USEPA) and the
European Union (EU) have classified antimony as a pri-
ority pollutant for regulation (Ungureanu et al., 2015).
Despite these measures, antimony pollution remains a
critical issue. Under oxidizing conditions, antimony
primarily exists in the form of pentavalent antimony
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(Sb(V)) (Mitsunobu et al., 2010), which is more soluble
than Sb(IIl) (Ozdemir et al., 2004). This high solubility
makes it difficult to achieve the desired removal rates
using conventional water treatment processes (Kang
et al., 2003; Guo et al., 2009; Zhou et al., 2022). Conse-
quently, the need for a cost-effective method to remove
Sb(V) is urgent.

Sb(V) removal from aqueous solutions has been
studied using various methods, including adsorption
(Hasan et al., 2021), coagulation-precipitation (Gannon
and Wilson, 1986), ion exchange (Riveros et al., 2008;
Hasan et al., 2021), membrane separation (Saito et al.,
2004; Li et al., 2018), and electro-flocculation (Zhu
et al., 2011; Song et al., 2015). Among these, adsorp-
tion and coagulation-precipitation are the two most
widely used techniques. Adsorption techniques are
known to be highly effective for removing high con-
centrations of antimony from antimony-containing
wastewater. Coagulation-precipitation methods have
advantages such as low treatment cost and wide pH
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applicability (Cao et al., 2017); commonly used coag-
ulants include aluminum salts, iron salts, calcium salts,
and polymers (Wu et al., 2011). Ion exchange and
membrane separation technologies are highly efficient
for Sb(V) removal (Long et al., 2020) and are suitable
for industrial wastewater treatment (Nishad et al.,
2017). Electro-flocculation (EC) is a convenient and
low-sludge-volume technique (Meunier et al., 2004;
Holt et al., 2005; Kumarasinghe et al., 2009; Souza
et al., 2012; Huang et al., 2020; Prasetyaningrum et al.,
2021) with successful applications in treating various
wastewaters. Several studies (Song et al., 2014; Cao
et al., 2019; Zhou et al., 2022) have successfully applied
it. So, to achieve successful removal of antimony, it
is important to select the appropriate and economic
method depending on the specific wastewater charac-
teristics and treatment requirements.
Micro-electrolysis (ME) is one of the significant
electrochemical oxidation-reduction-based wastewater
treatment technologies (Xiao et al., 2021). The removal
principle of ME is based on the potential difference
between the anode and cathode, which forms numer-
ous small galvanic cells that treat the wastewater
through oxidation-reduction, flocculation, adsorption,
and co-precipitation (Li et al., 2015). This method
has the advantages of being economical, environ-
mentally friendly, and easy to operate (Li et al., 2013).
Many studies have shown that the performance of
ME depends directly on the type of filler used (Jiang
et al., 2017; Wang et al., 2018). Wu et al. (2007) in-
corporated manganese into the crystal structure of
goethite (FeOOH), resulting in a larger specific sur-
face area of the iron-manganese composite double
hydroxide and enhancing its adsorption capacity for
metal Cr(VI). Similarly, Yang et al. (2019) synthe-
sized iron-manganese composite oxides in research
on absorbents, and confirmed that their adsorption
capacity was higher than that of the iron-based oxidant
(FeOOH) or the manganese-based oxidant (MnO,).
Furthermore, Zhou et al. (2022) introduced an electro-
flocculation system employing a composite anode of
scrap iron and manganese filings, coupled with an iron
plate cathode, for the purpose of Sb(V) removal. The
results showed that this system formed iron-manganese
composite double hydroxides and had better removal
efficiency compared to conventional iron-based elec-
trocoagulation method. Therefore, the construction
of an electrochemical oxidation-reduction reaction
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system using the ME system composed of scrap iron
filings, waste manganese fillings, and activated carbon
(Fe-Mn-C ME) for Sb(V) removal has potential for
application.

The present study assesses the potential of an
innovative ME system comprising waste iron and
manganese fillers, in addition to active carbon, for the
removal of Sb(V) from aqueous solutions. The inves-
tigation pursues two objectives: firstly, to scrutinize
the impact of hydraulic retention time (HRT), iron-
carbon mass ratio, and manganese proportion on the
efficiency of Sb(V) removal; secondly, to perform a
microscopic structural analysis of the Fe-Mn-C ME
flocs to elucidate the mechanism underlying the re-
moval of Sb(V).

2 Tolerance fluctuation analyses
2.1 Experimental set-up

Fig. 1 shows the sketch of the ME experimental
setup employed in this study. The system includes the
inlet and outlet devices as well as the up-flow reactor.
The inlet and outlet device includes an inlet bucket, a
peristaltic pump, and an outlet bucket. The up-flow
reactor is a cylindrical organic glass vessel of 3.9 L
capacity, 10 cm diameter, and 45 cm effective height.
The packing layer of the Fe-Mn-C ME reactor is filled
with evenly mixed activated carbon particles (4—8 mm),
waste iron chips (4-8 mm), and waste manganese
chips (4-8 mm). Additionally, small quantities of
ceramic particles (1-3 mm) are included to strengthen
the mechanical stability. The intercept layer is filled
with ceramic particles (5—-8 mm) to retain flocculants.
A control iron-carbon micro-electrolysis (Fe-C ME)
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Fig. 1 Schematic diagram of the ME reaction device
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reactor without waste manganese chips was also set
up based on this configuration. Table S1 of the elec-
tronic supplementary materials (ESM) presents the
concentrations of pollutants in the artificially simu-
lated wastewater during continuous flow experiments
in two reactors.

2.2 Experimental procedure

To remove the oxide layer from the filler material,
a preliminary manual sanding of iron and manganese
shavings was performed using sandpaper, followed by a
10 min immersion in a 3% hydrochloric acid solution.
Concurrently, to mitigate the influence of filler adsorp-
tion on the reaction, the activated carbon and ceramic
particles were immersed in antimony-containing waste-
water for 72 h to achieve saturation adsorption. Subse-
quently, the activated carbon and ceramic particles were
rinsed with pure water. The pH was adjusted to 6.5
by adding synthetic wastewater and NaOH and HCl
solutions. Table S2 of the ESM displays the designed
working conditions, in which our analysis of the influ-
encing factors and mechanisms of Sb(V) removal by
Fe-Mn-C ME involved varying the HRT and altering
the ratios of iron, carbon, and manganese. In the pro-
posed experimental setup, Stage I is focused on inves-
tigating the impact of HRT, while Stage II aims to
examine the effects of varying Fe/C/Mn ratios.

2.3 Analytical methods

Samples were collected at scheduled time inter-
vals and analyzed immediately. To ensure statistical
reliability, three samples were collected for each sam-
pling event and filtered through 0.22 pm disposable
filters. The concentration of Sb(V) in the effluent was
measured using an atomic fluorescence photometer
(AFS-9320, Beijing Jitian, China) under the following
instrumental conditions: lamp current 75 mA, negative
high voltage 300 V, atomizer height 8 mm, furnace
temperature 200 °C, carrier gas Ar (99.99%) at a flow
rate of 400 mL/min, and shielding gas Ar (99.99%) at
a flow rate of 600 mL/min. The reductants used were
30 g/L KBH, and 5 g/LL NaOH solutions, with carrier
solutions of 50 g/L. HCL.

The concentrations of Fe(Il), Fe(Ill), and Mn(II)
were determined using an atomic absorption spec-
trometer (ICE3500, Thermo Fisher, USA). The instru-
mental conditions for Fe(Il) and Fe(Ill) measurements
were as follows: maximum lamp current of 15 mA,

burner height of 5 mm, slit width of 0.2 nm, air pres-
sure of 1.4 kg/cm’, air flow rate of 5 L/min, and acety-
lene flow rate of 1.1 L/min. For Mn(II) measurements,
the instrumental conditions included a maximum lamp
current of 12 mA and a burner height of 8 mm, with
all other conditions identical to those used for Fe(II)
measurements.

Furthermore, comprehensive characterization was
conducted on the generated Fe flocs and Fe-Mn flocs.
Phase analysis of Fe flocs and Fe-Mn flocs was
performed using powder X-ray diffraction (XRD)
(RIGAKU D/MAX 2550/PC, Rigaku, Japan) with Cu
Ka radiation (A=1.5418 A), an accelerating voltage of
40 kV, and an applied current of 180 mA. The scan-
ning range was set from 10° to 80° (26) with a scan-
ning speed of 10 (°)/min and a step size of 0.02°. The
elemental composition of the Fe flocs and Fe-Mn flocs
was determined using energy-dispersive X-ray spectros-
copy (EDS) with a voltage of 20 kV (FEI FEG650,
FEI Company, USA). The Brunauer-Emmett-Teller
(BET) specific surface area of the flocs was analyzed
using nitrogen adsorption and desorption measure-
ments at 77 K with a nitrogen adsorption apparatus
(ASAP 2020 HDS88, Micromeritics, USA). Finally,
X-ray photoelectron spectroscopy (XPS) was used to
determine the composition and chemical states of
the flocs (ESCALAB 250Xi, Thermo Fisher, USA)
(Yamashita and Hayes, 2008; Yang et al., 2019).

3 Results and discussion
3.1 Sb removal effect under different HRTs

Fig. 2 shows the variation in removal rates of
Sb(V) for the Fe-Mn-C ME system and the Fe-C ME
system with different HRTs.
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Fig. 2 Variation of Sb(V) removal rates by Fe-Mn-C ME
and Fe-C ME under different HRTs



The removal rates of antimony-containing waste-
water by Fe-Mn-C ME and Fe-C ME initially showed
an increasing trend. Specifically, when HRT increased
from 8 h to 16 h, the Sb(V) removal rate by Fe-Mn-C
ME rose from 65.51% to 88.53%, while that of Fe-C
ME increased from 66.00% to 80.13%. This can be
attributed to the longer contact time between the water
flow and the filler. Subsequently, no significant increase
in Sb(V) removal was observed even with an extended
HRT of 24 h. This is consistent with previous ex-
perimental results (Zhang et al., 2015; Wang et al.,
2018). Thus, the selection of a suitable HRT is crucial
to the effectiveness of the ME system for antimony
removal. In addition, when HRT was 8 h, Fe-Mn-C
ME and Fe-C ME systems had similar removal rates.
This phenomenon could potentially be attributed to the
relatively short HRT, resulting in insufficient contact
time between the water flow and the fillers (Sun et al.,
2019). As a consequence, both the Fe-Mn-C ME sys-
tem and the Fe-C ME system may encounter challenges
in fully harnessing the oxidative and reductive capa-
bilities of the fillers. However, with an extended HRT
of 10—24 h, the superiority of iron-manganese mixed
packing within the ME system became evident. The
efficiency of Sb(V) removal through Fe-Mn-C ME
exhibited an increment of 7.60%—9.67% compared to
that achieved by Fe-C ME.

3.2 Sb removal effect under different Fe/C mass
ratios

Fig. 3 depicts the variation in the removal rate of
Sb(V) by the Fe-Mn-C ME system under different Fe/C
mass ratios of 1:2, 1:1, 2:1, and 3:1. The results dem-
onstrate that the Fe-Mn-C ME system can maintain a
removal efficiency of over 80% for all Fe/C mass
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Fig. 3 Variation of Sb(V) removal rate by Fe-Mn-C ME at
different Fe/C mass ratios
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ratios tested. The average removal rate of Sb(V) de-
creases with increasing Fe/C mass ratio, which is con-
sistent with the findings of previous research (Zhang,
2015). This can be attributed to the optimal Fe/C mass
ratio where the total area of iron and carbon particles
are similar, which favors the formation of macroscopic
primary cells and electrode reactions that promote the
reaction of ME (Zhang, 2015; Chen et al., 2018). With
higher Fe/C mass ratios, insufficient carbon content in
the packing material diminishes native cell populations,
hindering optimal ME outcomes (Zhang, 2015).

3.3 Sb removal effect under different manganese
additions

Fig. 4 illustrates the influence of different amounts
of manganese on the removal rate of Sb(V) by the
Fe-Mn-C ME system. The removal efficiency of Sb(V)
showed an increasing and then decreasing trend with
the rise in added manganese. Remarkably, our results
demonstrate that at manganese loadings of 10.00%,
11.11%, and 14.29%, the removal efficiency of Sb(V)
remained consistently above 80%. However, increas-
ing the manganese loading to 25.00% resulted in a
significant decline in the removal efficiency of Sb(V).
This decline is probably due to alterations in floc char-
acteristics resulting from excessive manganese content,
as will be further analyzed in Section 3.4. In light of
the above, optimizing manganese addition levels is
critical for efficient operation of the Fe-Mn-C ME sys-
tem. Both excessive and insufficient manganese addi-
tions can impair removal performance.

100%

80%
60%
40%
20%

0%

10.00% 11.11% 14.29% 25.00%
Mass ratio of Mn

Removal rate of Sb(V)

Fig. 4 Variation of Sb(V) removal rate by Fe-Mn-C ME at
different Mn mass ratios

3.4 Characterization of Fe-Mn flocs and Fe flocs

Crystalline structure analysis was carried out using
XRD to compare the Fe-Mn flocs or Fe flocs produced
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by the ME systems under working conditions of
0%-Mn, 14.29%-Mn, and 25.00%-Mn. The results are
presented in Fig. 5.
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Fig. 5 XRD patterns of Fe-Mn and Fe flocs

The Fe flocs formed under the 0%-Mn experimen-
tal condition exhibited diffraction peaks around multi-
ple 260 angles, including 14.2°, 27.1°, 30.0°, 36.5°,
47.1°, 60.8°, 65.4°, and 68.6°, corresponding to the
FeOOH crystal planes. Additionally, a distinct diffrac-
tion peak was observed at 26=26.3°, indicating the
presence of Fe(OH), crystal planes, with precise align-
ment to the diffraction peak angles. Similarly, Fe-Mn
flocs produced under conditions of 14.29%-Mn and
25.00%-Mn exhibit the characteristic diffraction peaks
of FeOOH and Fe(OH),. The primary structures of
both Fe-Mn flocs and Fe flocs are in the conformation
of FeOOH.

However, we note that the angles of the diffrac-
tion peaks of FeOOH in the Fe-Mn flocs produced at
14.29%-Mn and 25.00%-Mn are smaller than those of
the standard card values. We also calculated the aver-
age grain size of the samples using Scherrer’s formula
(Muniz et al., 2016), finding that the average grain size
of floc obtained for the working condition of 0%-Mn
was about 5.7 mm, whereas that for the working con-
ditions of 14.29%-Mn and 25.00%-Mn it was approxi-
mately 5.2 nm and 4.8 nm, respectively. This suggests
that the addition of manganese to the ME system can
decrease the average grain size of flocs, which is con-
sistent with previous study (Liu et al., 2018). Sun et al.
(1999) demonstrated that manganese ions released
from the anode were incorporated into the FeOOH
crystal structure. Therefore, manganese incorporation
caused the FeOOH crystal structure to shift towards
MnOOH, which has the same lattice structure. Then,

through lattice substitution and doping with manga-
nese ions, the FeOOH underwent lattice distortion,
resulting in a reduction in the grain size and changes
in crystallinity (Stiers and Schwertmann, 1985). More-
over, the crystal size of Fe-Mn flocs acquired under
operational parameters of 14.29%-Mn and 25.00%-Mn
exhibits variation, attributed to the reduction in grain
size with the escalating manganese content within the
Fe-Mn flocs (Liu et al., 2018).

To further validate the incorporation of manganese
ions into the crystal structure of FeOOH, EDS analy-
sis was conducted on both types of flocs to investigate
the elemental composition and distribution within the
flocs. The results are presented in Fig. S1 of the ESM.

The elemental composition of the Fe flocs pro-
duced by Fe-C ME at 0%-Mn was mainly composed
of O and Fe. On the other hand, the elemental compo-
sition of the Fe-Mn flocs produced by Fe-Mn-C ME
at 14.29%-Mn and 25.00%-Mn included O, Fe, and
Mn. The absence of characteristic diffraction peaks of
Mn and its compounds in the XRD of the Fe-Mn
flocs suggests that lattice substitution of Mn occurred
on the surface of 6-FeOOH and Mn was incorporated
into the crystal structure of the Fe-Mn flocs. These
findings support the hypothesis that the addition of
manganese ions alters the composition of the flocs’
phases during Fe-Mn-C ME, resulting in the substitu-
tion of some iron ions on the surface of the iron flocs
with manganese ions (Scheinost et al., 2001; Wu et al.,
2007; Yang et al., 2019).

Based on the physical phase analysis and energy
spectrum analysis results, it can be inferred that the
Fe-Mn-C ME experiments resulted in the formation
of Fe-Mn composite double hydroxide flocs.

According to Table S3, the BET specific surface
area of Fe-Mn flocs produced under working condi-
tions 14.29%-Mn and 25.00%-Mn is significantly larger
than that of Fe flocs produced under working condi-
tion 0%-Mn. This phenomenon is due to the lattice
substitution of manganese, which breaks down FeOOH
crystals and generates microcrystals, leading to an
increase in the specific surface area of Fe-Mn flocs
(Gomes et al., 2007). This, in return, results in a higher
number of active sites for the adsorption of pollutants
and an increase in the removal rate of Sb(V) (Jiang
et al., 2019). Interestingly, the Fe-Mn flocs produced
at 14.29%-Mn had a larger specific surface area than
that of 25.00%-Mn, indicating that an excessive amount



of Mn reduced the specific surface area of the flocs
and made them less effective in the adsorption removal
of Sb(V), which is consistent with the variation of
Sb(V) removal efficiency at different manganese mass
percentages previously obtained (Fig. 4).

Fig. S2 illustrates the Fe 2p XPS spectra of
the flocs generated at working conditions 0%-Mn,
14.29%-Mn, and 25.00%-Mn. The peaks at 710.8 eV
and 724.4 eV corresponded to Fe 2p"* and Fe 2p*” states
of Fe*, while the peaks at 712.4 eV and 726.4 eV cor-
responded to Fe 2p'” and Fe 2p** states of Fe’". Table S4
presents the percentages of Fe(Il) and Fe(Ill) in flocs
under the three experimental conditions (0%-Mn,
14.29%-Mn, and 25.00%-Mn), confirming that the con-
tent of Fe(Il) initially increased significantly and then
slightly decreased, while the content of Fe(Ill) initially
decreased significantly and then slightly increased with
the increase in manganese content in the ME fillers.

In the XPS spectra of Fe-Mn flocs generated under
conditions of 14.29%-Mn and 25.00%-Mn, distinctive
peaks exclusively attributed to Mn*>* emerge at bind-
ing energies of 641.9 eV and 653.2 eV in the Mn 2p
high-resolution XPS spectrum. This observation un-
equivocally signifies the presence of Mn®" ions in the
Fe-Mn flocs formed under both conditions. In con-
trast, examination of the Sb 3d high-resolution XPS
spectra of flocs generated under conditions of 0%-Mn,
14.29%-Mn, and 25.00%-Mn reveals characteristic
peaks corresponding to Sb(IIl) and Sb(V) at binding
energies of 530.2 eV and 531.6 eV, respectively.

Table S5 summarizes the contents of Sb(IIl) and
Sb(V) in the flocs produced under the three working
conditions (0%-Mn, 14.29%-Mn, and 25.00%-Mn).
The Sb(III)/Sb(V) ratios of flocs obtained through the
ME reaction reduced as the amount of manganese in
the filler increased. This phenomenon indicates that
the Fe-Mn-C ME reaction promotes the reduction of
Sb(V) to Sb(Ill) more effectively than the Fe-C ME
reaction does. Meanwhile, the decrease in the Sb(III)/
Sb(V) ratio is consistent with the trend of Sb(V) re-
moval rate (Fig. 4), indicating the removal efficiency
is related to the reduction reaction. Therefore, opti-
mizing the manganese dosage can enhance the effi-
ciency of Sb(V) removal in the Fe-Mn-C ME reaction.

3.5 Discussion

On the one hand, in Fe-C ME, the electrode poten-
tial difference between non-active carbon functioning
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as the cathode and iron serving as the anode can extend
from 0.44 to 1.67 V. Conversely, manganese, when
employed as an anode, exhibits a lower standard elec-
trode potential (=1.18 V) compared to iron’s standard
electrode potential as an anode (-0.44 V), resulting in
an electrode potential difference between manganese
and carbon that reaches 1.18 to 2.41 V. This augmented
electrode potential disparity enhances the driving force
of the reaction and consequently elevates the effi-
ciency of electron transfer. Consequently, the poten-
tial differences between iron and carbon, as well as
between manganese and carbon, facilitate efficient
electron transfer and enhance the redox activity of the
electrolyte solution.

On the other hand, there exists a potential differ-
ence between iron and manganese (Huang and Zhang,
2020), which contributes to further improving electron
transfer efficiency and redox activity. As a result, the
Fe-Mn-C ME system constitutes Fe-C primary cells,
Mn-C primary cells, and Fe-Mn primary cells, increas-
ing the number of primary cells and promoting electron
transfer and the release of Fe(Il) and reduced hydrogen
(Duan et al., 2022). This is why the removal efficiency
of Sb(V) by the Fe-Mn-C ME system is higher than
that of the Fe-C ME system (Fig. 2). Moreover, as a
good conductor, manganese can facilitate electron trans-
fer between iron and carbon (Tan et al., 2016), which fur-
ther enhances the reduction and removal of antimony.

In conjunction with XPS analysis of the Fe-Mn
flocs in Fig. S2 and Table S4, it was found that the
Fe(Il) content in the flocs increases with increasing
manganese content in the ME reaction system, while
the Fe(IIl) content decreases. This suggests that fur-
ther redox reactions occur between Mn’ and Fe(III).

The Fe(Il) and reduced hydrogen produced by
the ME system exhibit strong reduction activity (Luo
et al., 2014; Zhang and Wu, 2017), which promotes the
reduction of some surface-bound Sb(V) to Sb(Ill), as
confirmed by XPS analysis of both the Fe-Mn and Fe
flocs. Due to low solubility and a propensity for hydro-
lysis and precipitation in aqueous solutions, Sb(III)
can be effectively adsorbed and removed by the flocs
(Wu et al., 2020).

Adsorption also plays an important role in the re-
moval of Sb(V). During the experiment, a large amount
of flocs was generated on the surface of the filler
and at the bottom of the reactor, due to the excellent
flocculation characteristics of the Fe(II) and Fe(IIl)
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generated by anodic ionization, which can hydrolyze
and form complexes to produce flocs such as Fe(OH),
and FeOOH. Furthermore, the robust redox capability
of the Fe-Mn-C ME system facilitates the transforma-
tion of Fe(OH), into FeOOH. XRD and EDS analyses
confirmed the formation of iron-manganese compos-
ite hydroxides, and BET analysis showed that iron-
manganese composite hydroxides have a larger specific
surface area and higher adsorption activity than pure
Fe(OH), or FeOOH. EDS images also revealed the pres-
ence of antimony ions on the surface of the Fe-Mn
flocs, corroborating the adsorption of Sb from waste-
water onto the flocs.

In summary, during the Fe-Mn-C ME reaction,
some Sb(V) is adsorbed and removed by the iron-
manganese composite hydroxide flocs with good ad-
sorption performance, while another portion of Sb(V)
is reduced to Sb(III) by Fe(Il) and generates Sb(OH),
precipitate during coagulation, which is removed by
adsorption and co-precipitation with the flocs. The
detailed chemical reaction equations involved can be
found in Section S1 of the ESM.

4 Conclusions

In this study, a composite material made of waste
iron scraps, waste manganese scraps, and activated
carbon was used to remove Sb(V) from synthetic waste-
water through ME. The results showed that the Fe-Mn-C
ME method significantly improved efficiency of re-
moval of Sb(V) compared to the conventional Fe-C
ME method. Under the experimental conditions of an
HRT of 10-24 h, pH of 6.5, iron-carbon mass ratio of
1.6:1, and initial Sb(V) concentration of 1 mg/L, the
average removal rate of Sb(V) by Fe-Mn-C ME was
7.60%—9.67% higher than that of Fe-C ME, reaching
a maximum of 91.85%.

The influence of iron-carbon mass ratio and
manganese content on Sb(V) removal were also fur-
ther investigated. The results showed that the removal
rate of Sb(V) decreased with increasing iron-carbon
mass ratio. However, the removal efficiency initially
increased and then decreased with increasing manga-
nese content, reaching a maximum value of 14.29% at
an iron-carbon mass ratio of 1:2.

XRD and EDS analyses indicated that the com-
position of the iron-manganese flocs was mainly

manganese-substituted FeOOH. BET surface area anal-
ysis confirmed that the iron-manganese flocs had a
larger surface area compared to iron flocs, which con-
tributed to their improved removal efficiency. XPS anal-
ysis showed that the presence of manganese in the ME
material increased the Fe(Il) content and decreased
the Fe(IIl) content in the flocs, promoting the forward
reduction of Sb(V). Mechanistic analysis suggested that
in the Fe-Mn-C ME system, part of the Sb(V) was
removed via adsorption onto the iron-manganese com-
posite hydrous oxide flocs, which had good adsorp-
tion properties, while the rest was reduced to Sb(III)
and precipitated as Sb(OH), during coagulation, which
was then removed via adsorption and co-precipitation
with the flocs.
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