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ABSTRACT

Hexavalent chromium (Cr(VI)) removal from aqueous solution with magnetic manganese ferrite has
been demonstrated to be an effective method, however, its wide application is restricted as manga-
nese ferrite was easy to aggregate by magnetism. Meanwhile, the effect of dissolved oxygen on the
performance of magnetic manganese ferrite was still unclear. Hence, this study aimed to investigate
the influence of ultrasound pretreatment and dissolved oxygen on Cr(VI) removal efficiency with
manganese ferrite nanoparticles. The characterization results of pristine manganese ferrite indicated
that the prepared nanoparticles were spherical with diameter around 200 nm, and the valence for
manganese and iron element were +2 and +3, respectively. Subsequently, we compared the removal
percentage of Cr(VI) in the presence or absence of dissolved oxygen with or without ultrasound
pretreatment, and the results demonstrated that ultrasound pretreatment and the presence of dis-
solved oxygen increased the Cr(VI) removal percentage to 100%. Moreover, the high-resolution
X-ray photoelectron spectroscopy (HR-XPS) results exhibited that the valence of Mn and Fe ele-
ment did not changed during the Cr(VI) removal process, suggesting that Cr(VI) was separated
from water via adsorption pathway. This deduction could be further verified by the HR-XPS spectra
of Cr 2p after the reaction in the Ar and air condition. This research revealed the effect of ultra-
sound pretreatment and dissolved oxygen on Cr(VI) removal with manganese ferrite and provided
fundamental theory for the wide application of magnetic manganese ferrite for water treatment.
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1. Introduction property [1,2]. Among those heavy metals, hexavalent chro-
mium ions generated in the industry of electroplating, steel
manufacturing, leather tanning, and textile production are
a serious threat to the environment and human health [3,4].

Heavy metals pollution in water and soil attracted much
attention due to its non-degradability and bioaccumulation
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The allowed maximum contaminant concentration regulated
by the World Health Organization for total chromium in
drinking water was 50 ug L™ [5], hence, separation of Cr(VI)
from wastewater is critical for the prevention of hexavalent
chromium pollution in water.

Plentiful methods were applied to repair the waste
water contaminated by hexavalent chromium, including
ion exchange [6,7], membrane filtration [8,9], chemical
reduction and precipitation [10], electrokinetic remediation
[11,12], photocatalytic reduction [13-16], and adsorption
[17-19]. Although ion exchange and membrane filtra-
tion techniques could separate dissolved heavy metal ions
from water, a major shortage for its wide application was
originated from its high operating costs [20]. Meanwhile,
the main disadvantage of precipitation method is the gen-
eration of sludge [21]. Adsorption has been developed to
be a cost-effective method to remove heavy metals, which
has been widely studied in decades. However, adsorbents
separation or recovery in heterogeneous systems remains a
great challenge. Compared with the traditional adsorption
separation methods, magnetic separation become attrac-
tive due to its benefits in separating pollutants and adsor-
bents from solution conveniently. For example, researchers
reported that magnetite (Fe,O,) coated by humic acid could
effectively remove Cr(VI) via adsorption and reduction
pathway [22]. Meanwhile, magnetic manganese iron oxide
also showed great prospect for environmental remedia-
tion [23-28]. Liu et al. [24] reported that magnetic zirconi-
um-doped manganese ferrite could activate persulfate to
generate hydroxyl radicals (*OH), sulfate radicals (SO;"),
and superoxide radicals (O;") for tetracycline degradation.
Meanwhile, manganese ferrite dispersed over graphene
sand could decompose methylene blue via photocatalytic
mechanism [25]. Zhao et al. [26] applied nanocrystalline
MFe,0O, (M = Mn, Fe, Co, Ni) materials to adsorb Congo
red, and the magnetic separation could be achieved with
high efficiency. Chen et al. [27] reported that magnetic
manganese ferrite (MnFe,O,) nanoparticles treated by con-
densed air and NaOH solution could remove Cr(VI) in
aqueous solution efficiently. Hamoudi et al. [28] reported
that MnFe,O, microspheres immobilized on the graphene
nanosheets provided an attractive adsorbent for efficient
glyphosate removal. Therefore, magnetic manganese fer-
rite materials exhibited promising performance for pollut-
ants removal.

However, the magnetic properties resulted in the easy
agglomeration property of its particles [29], which would
decrease the activity of MnFe, O, for pollutant removal.
Considering that ultrasound is an effective technique for
particles dispersion in aqueous solution via cavitation
phenomenon [30], we intend to use ultrasound to obtain
dispersed manganese ferrite. Meanwhile, the prepared
MnFe, O, may contain Mn(III) or Fe(II) in addition to Mn(II)
and Fe(III) [31], and Mn(II) could be fully oxidized to Mn(IV)
in a strong basic solution with oxygen added continuously
(Eq. 1) [27]. The oxidized products of Mn(III)/Mn(IV)
mineral could act as strong oxidants for the oxidation of
Cr(IlI)-containing solids in turn. Moreover, the removal
efficiency of Cr(VI) with zero-valent iron could be inhib-
ited by 3 times in the presence of oxygen [32]. Therefore,
it was speculated that the ubiquitous dissolved oxygen

might affect the Cr(VI) removal performance of MnFe,O,
via affecting the valence of manganese element.

2MnFe,O, + 2NaOH + O, = 2MnO, +Fe,O, + Na,Fe,O, + H,O
(1)

In this study, we prepared manganese ferrite via sol-
vothermal method by mixing MnClL,-4H,0 and FeCl-6H,0
in ethylene glycol solution with the addition of NaAc and
polyethylene glycol. And then, we compared the perfor-
mance of Cr(VI) removal in the absence or presence of dis-
solved oxygen with or without ultrasound pretreatment.
Meanwhile, the morphology and composition of manganese
ferrite before and after reaction were compared to illustrate
the mechanism for Cr(VI) removal. This research aimed to
provide fundamental theory for the wide application of
magnetic manganese ferrite for water treatment.

2. Materials and methods
2.1. Chemicals

In this study, ferric chloride hexahydrate (FeCl,-6H,0O),
manganese chloride tetrachloride (MnCl4H,0), polyeth-
ylene glycol 1000, sodium acetate (NaAc), ethylene gly-
col, and potassium dichromate (K,Cr,0,) were purchased
from Sinopharm Chemical Reagent Co., Ltd., (China).
All reagents employed in this study were of analytical
grade. The deoxygenated water was obtained through bub-
bling Ar gas (Ar = 99.9%, Hubei Minghui Gas Company,
China) into deionized water at least for 30 min.

2.2. Manganese ferrite preparation

Manganese ferrite were synthesized by dissolving 1.0 g
of MnCl-4H,0 and 2.7 g of FeCl,-6H,O in 80 mL of ethylene
glycol solution at 40°C. And then, 3.0 g of polyethylene glycol
1000, and 6.0 g of sodium acetate (NaAc) were added into
the ethylene glycol solution. The solution was stirred mag-
netically about 10 min until these reagents were dissolved.
Subsequently, the mixed solution was transferred into the
100 mL of hydrothermal reactor and reacted at 200°C for
8 h. After reaction, the reactor was cooled to room tempera-
ture, and the obtained black powders were separated by
magnet, washed by deionized water and absolute ethanol.
Subsequently, the black powders were dried in air dry oven
at 60°C. The detail preparation information was summa-
rized in Fig. 1. The obtained manganese ferrite powder was
grinded by agate mortar before use.

2.3. Batch experiments of Cr(VI) removal

In a typical Cr(VI) removal experiment, 0.05 g of man-
ganese ferrite was dispersed in 1 mL of distilled water via
ultrasound pretreatment around 30 s. Then, the obtained
manganese ferrite suspension was added into 100 mL round
bottom three-neck flasks containing 50 mL 2 mg L™ of
Cr(VI) solution to start the removal experiment. All exper-
iments were conducted in duplicate at room temperature
(25°C) in anoxic and/or oxic atmosphere. In detail, Cr(VI)
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1 g MnCl,-4H,0
2.7 g FeCly6H,0

3 g Polyethylene glycol,

6 g Sodium acetate

Stir for 10 minutes at 40 °C

The reaction was performed at 200 °C
for 8h, and then the obtained powder
was washed and dried at 60 °C.

Stir until polyethylene glycol
was completely dissolved (40 °C).

Fig. 1. Schematic diagram of manganese ferrite preparation procedure.

removal experiment under anoxic condition was conducted
in deoxygenated water, the oxic experiments were carried
out in deionized water open to air. During the removal
experiment, 1 mL of sample solution was withdrawn at cer-
tain intervals and filtrated by 0.22 um nylon filter. All the
experiments were conducted three times.

For the cycling stability test of hexavalent chromium
removal by manganese ferrite, we collected the particles
after Cr(VI) adsorption reaction in air condition, and dried
those powder in air dry oven at 60°C. And then, the col-
lected manganese ferrite particles (0.05 g) were used to
repeat the Cr(VI) adsorption experiment as we mentioned
above. It was worth to note that more parallel Cr(VI)
adsorption experiment by manganese ferrite should be
conducted in the first cycle as the weight of manganese
ferrite would loss during the recycle process.

2.4. Analytical method and characterization

Cr(VI) concentration in aqueous solution was analyzed
by 1,5-diphenylcarbazide method with UV-vis spectropho-
tometer. Total iron ions and manganese ions concentration
were monitored by atomic absorption spectrometry (200
Series AA, Agilent Technologies, USA). X-ray diffraction
(XRD) patterns were obtained by Bruker D8 Advance
X-ray diffractometer with Cu Ko radiation (A = 1.54178 A),
and the voltage and current were set at 40 kV and 40 mA,
respectively. Scanning electron microscopy (SEM) analysis
was recorded on JSM-7100F (JEOL, Japan). X-ray photo-
electron spectroscopy (XPS) was collected with ESCALAB
250 (Thermo Fisher, USA) and the binding energies
were corrected by referencing the C 1s line at 284.8 eV.

3. Results and discussion

3.1. Manganese ferrite characterizations

The composite and morphology of the synthesized
material were characterized with XRD, SEM and XPS.
The XRD pattern revealed that diffraction peaks of pris-
tine material with well crystalline structure could be
ascribed to manganese iron oxide (JCPDF file No. 89-2807,

Mn, .Fe, O,), and the strong peak at 35.3° corresponding
to the (311) crystal plane of manganese iron oxide (Fig. 2a).
Further SEM images (Fig. 2b) shown that the morphology
of manganese ferrite was of spherical shape in the diam-
eter ranged from 50 to 200 nm. Due to the magnetic and
electrostatic interactions, spherical particles of manganese
ferrite would form clusters. Moreover, to investigate the
chemical composition and valence state of the prepared
manganese ferrite, XPS survey and high-resolution X-ray
photoelectron spectroscopy (HR-XPS) of Mn 2p and Fe 2p
were collected for further analysis. As shown in Fig. 3a, it
could be observed that oxygen, manganese, and iron ele-
ments co-existed on the original manganese ferrite surface
apart from the adventitious carbon with peak at 284.8 eV.
Meanwhile, HR-XPS for Mn 2p shown that peaks located
at 641.1 and 652.8 eV corresponding to Mn 2p,, and 2p,,
(Fig. 3b), respectively, suggesting that presence of Mn*" on
the surface of manganese ferrite [33]. And the peak around
646.3 eV could be attributed to the satellite peak of Mn. For
the Fe 2p spectrum, it could be found that peaks located at
710.4 and 724.0 eV were assigned to Fe* of 2p, , and Fe 2p ,,
respectively (Fig. 3c). Meanwhile, two peaks located at
binding energies of around 718.5 and 732.5 eV could be
attributed to the satellite peak of Fe* [34]. This result sug-
gested the presence of Fe* on the surface of manganese
ferrite.

3.2. Cr(VI) removal experiments

Subsequently, we further evaluated the Cr(VI) removal
performance of the prepared manganese ferrite. As the
magnetic property of manganese ferrite would result in
particle aggregation, which would decrease the reactiv-
ity of manganese ferrite, ultrasound apparatus was used
to make manganese ferrite dispersed. And then, we com-
pared the Cr(VI) removal performance by manganese fer-
rite with or without ultrasound pretreatment. As shown
in Fig. 4a, ultrasound pretreatment enhanced the Cr(VI)
removal percentage with manganese ferrite from 33.6% to
100% within 120 min. It is well known that Cr(VI) could be
removed through reduction and adsorption mechanism.
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Fig. 3. Characterization of pristine manganese ferrite: (a) XPS survey, (b) HR-XPS spectrum of Mn 2p, and (c) HR-XPS spectrum

of Fe 2p.

If reduction pathway was involved in the Cr(VI) removal
process, the Cr(VI) removal efficiency in the aerobic atmo-
sphere might be lower than that in the anoxic atmosphere
as oxygen would compete with Cr(VI) for electron donated
by manganese ferrite. Therefore, we further compared
Cr(VI) removal efficiency in the aerobic or anoxic atmo-
sphere. It was interesting to found that the absence of oxy-
gen decreased the Cr(VI) removal percentage from 100%
to 44.6% (Fig. 4a), suggesting that Cr(VI) was not removed
through the reduction pathway. As pH value would affect
the Cr(VI) removal performance, we therefore monitored
the pH value variation during the Cr(VI) removal process.
As shown in Fig. 4b, it was found that there were no signif-
icant differences between the pH values in the manganese
ferrite/Air, manganese ferrite/US/Ar, and manganese fer-
rite/US/Air system, and all the pH value kept stable around
6 during the Cr(VI) removal process. Although Cr(VI)
removal efficiency would be affected by pH value, the pro-
moted Cr(VI) removal percentage in this study was not
attributed to the pH value. To further investigate the rea-
son for the promoted Cr(VI) removal in the presence of air,
we further monitored the concentration variation of total

manganese ions and iron ions. And the results elucidated
that the presence of air enhanced the release of manganese
ions and iron ions. As for the manganese ferrite/US/Air sys-
tem, the concentration of total manganese ions increased to
1.28 mg L™ in 20 min immediately, and then decreased to
0.85 mg L at 120 min. Meanwhile, the total iron ions con-
centration increased to 0.15 mg L™ within 120 min (Fig. 4c
and d). In contrast, the maximum amount of released total
manganese ion in the manganese ferrite/US/Ar and man-
ganese ferrite/Air system at 20 min were only 1.08 and
0.63 mg L7, respectively, which was obviously lower than
that in the manganese ferrite/US/Air system. Moreover, the
dissolved iron ions concentration in the manganese ferrite/
US/Ar and manganese ferrite/Air system were nearly not
detectable with AAS, indicating that the enhanced Cr(VI)
removal efficiency might be attributed to the flocculation
and precipitation process of Cr(VI) by the promoted total
manganese ions dissolution in the presence of dissolved
oxygen. However, considering that manganese ions was
regulated during water remediation, the released man-
ganese ions should be treated further when manganese
ferrite was applied in the practical application process.
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Fig. 4. (a) Cr(VI) removal by manganese ferrite with or without ultrasound pretreatment in the aerobic or anoxic atmosphere.
(b) pH value variation during the Cr(VI) removal process with or without ultrasound pretreatment in the aerobic or anoxic atmo-
sphere. (c) Concentration of total manganese ions vs. time determined by atomic absorption spectrum with or without ultra-
sound pretreatment in aerobic or anoxic atmosphere. (d) The concentration of total iron ions vs. time determined by atomic
absorption spectrum with or without ultrasound pretreatment in aerobic or anoxic atmosphere. Reaction condition: [manga-
nese ferrite], = 0.05 g; [Cr(VI)], = 2 mg L. Error bars represent + one standard deviation derived from triplicate experiments.

Some standard deviations were smaller than symbols shown.

3.3. Mechanism of Cr(VI) removal with manganese ferrite

As the HR-XPS spectrum revealed that only Mn?* existed
on the surface of pristine manganese ferrite, and the reduc-
tion of Cr(VI) by Mn* was infeasible in theory [35-37].
Moreover, the oxidation of Mn?" to Mn* would be acceler-
ated by oxygen in air, and the dissolved Mn* could be dis-
proportionated to generate manganese oxide (MnO,) (Eq. 2)
subsequently [38]. Hence, it was inferred that the generated
nascent MnO, colloid provided more adsorption site for
Cr(VI) removal in air condition than that in Ar condition.

Mn?** +0, +H,0 - MnO, +H* 2

To verify this assumption, pyrophosphate, a kind of scav-
enger which could stabilize Mn*" by avoiding Mn*" be dis-
proportionated [39], was added to the manganese ferrite/US/

Air system. The result suggested that 2 and 10 mmol L™ of
pyrophosphate could both totally inhibit the Cr(VI) removal
(Fig. 5a). However, as the pyrophosphate was a kind of
anion as well, which might compete the adsorption site with
Cr(VI), and thus the inhibited effect might be attributed to
the competitive adsorption process. Another kind of trap-
ping agent for Mn*, n-hexanol, which could not be adsorbed
on the surface of manganese ferrite, was therefore further
used as trapping agent. As shown in Fig. 5b, there was no
significant differences in the Cr(VI) removal efficiency with
or without the addition of n-hexanol. Based on the Cr(VI)
removal efficiency in the presence and absence of pyro-
phosphate and n-hexanol, it could be speculated that Cr(VI)
was mainly removed through adsorption process, and the
promoted Cr(VI) removal efficiency was not attributed
to the precipitation by MnO, generated by the oxidation
of Mn(II).
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Fig. 5. (a) Removal curve of Cr(VI) with manganese ferrite in the presence and absence of pyrophosphate. (b) Cr(VI) removal by
manganese ferrite with or without n-hexanol. Reaction condition: [manganese ferrite], = 0.05 g; [Cr(VI)], = 2 mg L. Error bars rep-
resent + one standard deviation derived from triplicate experiments. Some standard deviations were smaller than symbols shown.
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In order to characterize the composition and valence
variation of manganese ferrite before and after the
Cr(VI) removal, we further compared the HR-XPS spec-
tra of manganese ferrite for Mn 2p, Fe 2p, and Cr 2p. As
shown in Fig. 6a, it could be found that peaks attributed
to 2p3/2 and 2p1/2 of Cr(VI) around 578 eV appeared on
the surface of manganese ferrite after the Cr(VI) removal
experiment in air and Ar atmosphere [34], further con-
firming that Cr(VI) was removed via adsorption path-
way. Meanwhile, there was no significant differences
between the binding energies of HR-XPS spectra for
Mn 2p and Fe 2p before and after Cr(VI) removal pro-
cess (Fig. 6b and c), revealing that there was no valence
variation in the Mn and Fe element of manganese ferrite.

——— Manganese ferrite/after reaction/Ar
Manganese ferrite/after reaction/Air|
Manganese ferrite/before reaction

.
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Fig. 7. XRD patterns of manganese ferrite before and after the
Cr(VI) removal in the presence of air or Ar.

1-0'5[‘ —=—2 | —=—3
0.8
0.6 4

0.4 4

GIG,

0.2+

0.04

0 50 100 0 50 100 0 50 100
Time (min) Time (min) Time (min)

Fig. 8. Cycling stability test of hexavalent chromium removal
by manganese ferrite. Reaction condition: [manganese fer-
rite], = 0.05 g; [Cr(VI)], = 2 mg L. Error bars represent + one
standard deviation derived from triplicate experiments. Some
standard deviations were smaller than symbols shown.

To further confirm the adsorption mechanism, XRD was
utilized to characterize the composition of manganese
ferrite before and after the Cr(VI) removal. As shown in
Fig. 7, no obvious differences could be found between
manganese ferrite before and after Cr(VI) removal pro-
cess in the presence of Ar and air. Based on the above
characterization results, it could be concluded that Cr(VI)
was removed through adsorption pathway, and no reduc-
tion process was involved.

3.4. Cyclic experiment

To evaluate the stability of the prepared manganese
ferrite for Cr(VI) removal, we conducted the cycling exper-
iment, and the result was exhibited in Fig. 8. It could be
found that there was no significant difference between the
first and the second Cr(VI) removal curve, while the third
cycle result shown that the Cr(VI) removal percentage was
only 87%, suggesting the decreased performance of manga-
nese ferrite. Hence, further elution process was needed to
obtain better Cr(VI) removal reactivity.

4. Conclusions

In this study, the influence of ultrasound pretreat-
ment and dissolved oxygen on the Cr(VI) removal per-
formance with magnetic manganese ferrite were investi-
gated. Firstly, SEM, XRD, and XPS were applied to char-
acterize the morphology and composition of the synthe-
sized nanoparticles. The SEM results indicated that the
prepared nanoparticles were spherical in the diameter
ranged from 50 to 200 nm, and the XRD pattern matched
well with manganese iron oxide. Further Cr(VI) removal
experiments revealed that ultrasound pretreatment and
dissolved oxygen enhanced the Cr(VI) removal per-
centage from 33.6% to 100% within 120 min. Although
the dissolved manganese ion released under air atmo-
sphere was obviously higher than that at Ar atmosphere,
the enhanced Cr(VI) removal was not attributed to the
precipitation by MnO, generated by the oxidation of Mn(II).
This study revealed the effect of ultrasound pretreatment
and dissolved oxygen on the Cr(VI) removal efficiency
and provided fundamental theory for the application of
manganese ferrite for environmental remediation.
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