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• Incorporating  uranium  into  mag-
netite by  electrodepositing  method
was proposed.

• Process  parameters  were  investi-
gated.

• The  mechanism  of  incorporating  ura-
nium  was  discussed.

• Uranium-containing  precipitate  has
environmental  stability  and  can  be
used as resource.
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a  b  s  t r  a  c  t

Immobilization  of  uranium  into  magnetite  (Fe3O4),  which  was generated  from  metallic  iron  by elec-
trochemical  method,  was proposed  to  rapidly  remove  uranium  from  aqueous  solution.  The  effects  of
electrochemical  parameters  such  as  electrode  materials,  voltage,  electrode  gap,  reaction  time  and  pH
value on  the  crystallization  of Fe3O4 and  uranium  removal  efficiencies  were  investigated.  More  than  90%
uranium  in  the solution  was  precipitated  with  Fe3O4 under  laboratory  conditions  when  uranium  con-
centration  range  from  0.5  mg/L to 10 mg/L.  The  Fe3O4 crystallization  mechanism  and  immobilization  of
uranium  was  proved  by  XPS,  XRD,  TEM,  FTIR  and  VSM  methods.  The  results  indicated  that  the cationic
(including  Fe2+, Fe3+ and  U(VI))  migrate  to  cathode  side  under  the  electric  field  and  the  uranium  was
incorporated  or adsorbed  by  Fe3O4 which  was  generated  at cathode  while  the  pH  ranges  between  2-7.
The uranium-containing  precipitate  of Fe3O4 can  exist  stably  at the  acid  concentration  below  60  g/L.  Fur-
thermore,  the  precipitate  may  be  used  as  valuable  resources  for uranium  or  iron  recycling,  which resulted
in no  secondary  pollution  in  the  removal  of  uranium  from  aqueous  solution.

© 2017  Published  by  Elsevier  B.V.

∗ Corresponding author at: School of Environmental Protection and Safety Engi-
neering, University of South China, Hengyang 421001, China.

E-mail address: limi@usc.edu.cn (M.  Li).

https://doi.org/10.1016/j.jhazmat.2017.09.037
0304-3894/© 2017 Published by Elsevier B.V.

https://doi.org/10.1016/j.jhazmat.2017.09.037
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2017.09.037&domain=pdf
mailto:limi@usc.edu.cn
https://doi.org/10.1016/j.jhazmat.2017.09.037


256 B.-q. Lu et al. / Journal of Hazardous Materials 343 (2018) 255–265

1. Introduction

A large amount of uranium-containing wastewater were pro-
duced by activities associated with using of radioisotopes in
nuclear power plants, nuclear weapon testing, mining and med-
ical research. Uranium is a serious threat to the environment due
to its chemical toxicity and radioactivity. Uranium usually exist in
several oxidation states such as U(III), U(IV), U(V) and U(VI), among
which U(VI) and U(IV) are the dominant states in the environment
[1]. It is well known that U(VI) of high mobility and migration exists
in aqueous solutions causes serious pollution and harms to human
health unless it is absorbed or changed into immobile U(IV) by
reduction or precipitation methods. Therefore, it is imperative to
find an environment friendly and cost-effective method to treat
U-contaminated wastewater.

To date, several methods, such as ion-exchange [2], chem-
ical precipitation [3,4], reduction [5,6], membrane separation
[7], extraction [8], bioremediation [9] and adsorption have been
extensively applied for the removal of U(VI) from aqueous solu-
tions. Especially, adsorption is considered as an attractive method
because of its high adsorption efficiencies and available raw mate-
rials. Various materials such as organic materials [10–15], inorganic
materials [16–21] and biological materials [22–26] were widely
used to prepare adsorbents for the removal of uranium. How-
ever, the separation of adsorbents from aqueous solution, the
extraction of uranium from adsorbents, and disposal of used
adsorbents are difficult problems worth considering. Therefore,
magnetic materials are exploited to treat U-containing wastewater
by the mechanism of incorporation or adsorption. Incorporation
of uranium into iron oxide minerals gained more attention of
investigators to immobilize U(VI) in the environment due to its
simple treatment process. Derrell Hood [27] successfully incor-
porated U into hematite by injecting nitrogen into ferric chloride
solution under alkaline conditions. Timothy [28] have also incorpo-
rated U into hematite by using ferrihydrite crystallizes to hematite
under near-neutral conditions, but this method has limited effi-
ciency of uranium removal. For the adsorption methods, it can
obtain a high uranium removal ratio, but the preparation technol-
ogy of magnetic materials, such as magnetic Fe3O4 nanoparticles
[29], Core-Shell Magnetic Fe3O4@poly (m-Phenylenediamine) Par-
ticles [30], La-EDTA coated Fe3O4 nanomaterial [31], magnetic
Fe3O4/CNT nanoparticles [32], magnetic Fe3O4@SiO2 composite
particles [33], and novel floating macroporous alginate-agarose-
magnetite cryobeads [34], is complex. The combine of advantages
from incorporation and adsorption mechanisms may  be a promis-
ing approach to extract uranium from waste water by magnetite
materials.

Currently, electrochemical treatment is a notable clean tech-
nology, versatile and environmentally compatible for the removal
and recovery of inorganic pollutants from wastewater [35,36].
The Main electrochemical methods including electrocoagulation
[37,38], electroflotation [39], electrosorption [40,41] and elec-
trodeposition. The traditional electrodeposition mechanism mainly
refers to oxidation and reduction at the anode and cathode respec-
tively, when direct current is introduced to the electrodes. Heavy
metal ions in the electrolyte were reduced to their elemental forms
and deposited on the surface of the cathode due to the chemical
reaction. The researchers have successfully recovered nickel and
copper from the wastewater by electrochemical methods [42,43],
and K. Yuan [44] investigated the uranium reduction on magnetite
by electrochemical method, and U(VI) were reduced to U(V) on the
surface of magnetite electrode. However, it is difficult to change
uranium ions into metal uranium state from solution because of
the high oxidation properties of uranium. Thus, the best way is to
convert uranium into a precipitate and then separated from the
solution.

Based on this, an innovative U-containing wastewater treat-
ment method, incorporating and adsorbing U simultaneously to
magnetite generated in a simple electrodepositing process (EPP)
by using specific electrode, was  proposed in this study. Compared
with the traditional methods for U removal, the formation of mag-
netite and capture of uranium by using electrodeposition method
don’t need complex process for the preparation of adsorbent,
and the only raw material is iron. The uranium can be incorpo-
rated by Fe3O4 and the fixed uranium cannot be released again
unless at a high acidity conditions (above 60 g/L H2SO4), which
reduced the risk of secondary environmental pollution. Besides, the
uranium-containing magnetite can be simply separated from aque-
ous solution by magnetic separation and maybe used as resource
for uranium and iron recovery after treatment.

The primary objective of this study was  to investigate the effects
of electrode materials on uranium removal efficiency by con-
trolling main electrochemical parameters such as initial uranium
concentration, voltage, electrode gap and reaction time during elec-
trochemical process and the mechanism for uranium removal was
also discussed.

2. Material and methods

2.1. Materials

Stock solution of U(VI) (500 mg/L) was prepared by dissolv-
ing U3O8 (purity 99.99%) in concentrated nitric acid at 150 ◦C and
then diluted to the desired concentration. Iron(purity 99.999%) and
graphite sheet (purity 99.999%) were used as electrode materials.

2.2. Principle

The EPP was carried out by using iron as anode (AI), graphite (IG)
or iron (II) as cathode to remove uranium from acidic solution. The
AI was dissolved in acidic solution at the beginning of EPP with the
generation of Fe2+ or Fe3+ ions. These ions were then transformed
to Fe3O4 by adjusting the significant electrodeposition parameters
including voltage, electrode gap, reaction time and pH value. The
uranium was  synchronously incorporated into the crystal lattice or
adsorbed to the surface of Fe3O4 during its crystallization. The main
reactions occurred in the EPP may  be expressed by the following
equations:

Reactionsforanode : Fe − 2e− = Fe2+ (1)

4Fe2+ + O2 + 4H+ = 2H2O + 4Fe3+ (2)

Fe2+ + 2OH− = Fe(OH)2↓ (3)

Reactionsforcathode : 2H+ + 2e− = H2↑ (4)

Fe3+ + 3OH− = Fe(OH)3↓ (5)

Fe2+ + 2Fe3+ + 8OH− = Fe3O4↓ + 4H2O (6)

2.3. Batch experiment for U removal

500 mL  of predetermined uranium solution was  decanted
into a self-made electrolytic cell with dimensions are 25 cm
(length) × 10 cm (width) × 8 cm (height). The initial pH, current and
weight of the AI were recorded before the experiment started. The
EPP were subsequently initiated by controlling these main parame-
ters including initial uranium concentration, voltage, electrode gap
and reaction time. A certain amount of liquid from the electrolytic
cell was  taken out to measure the uranium concentration and pH
value at specific intervals, and the current was  recorded simultane-
ously. The residual liquid was  filtered and the precipitate was dried
under vacuum conditions at 80 ◦C for other analyses at the end of
the EPP.
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