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Abstract: The formation of a rust layer on iron and steels surfaces accelerates their degradation and eventually causes material failure. In addi-
tion to fabricating a protective layer or using a sacrificial anode, repairing or removing the rust layer is another way to reduce the corrosion rate
and extend the lifespans of iron and steels. Herein, an electrochemical healing approach was employed to repair the rust layer in molten
Na,CO5;—K,COs;. The rusty layers on iron rods and screws were electrochemically converted to iron in only several minutes and a metallic
luster appeared. Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) analyses showed that the structures of
the rust layer after healing were slightly porous and the oxygen content reached a very low level. Thus, high-temperature molten-salt electro-
lysis may be an effective way to metalize iron rust of various shapes and structures in a short time, and could be used in the repair of cultural
relics and even preparing a three-dimensional porous structures for other applications.
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1. Introduction

Iron and steels are the most widely used metals in modern
society [1]. Ideally, to achieve corrosion resistance, a dense
oxide scale is applied to the surface of metals. However, a
rust layer often appears on the surfaces of iron and steels
when they react with oxygen in natural or extremely corros-
ive environments, which causes the degradation of these
metals [2]. Conventional methods for dealing with corrosion
are to fabricate a protective layer, establish a connection with
a sacrificial anode, or modify the surface [3]. Although these
approaches can slow the rate of corrosion, corrosion is still
inevitable. Apart from corrosion protection, corrosion re-
mediation may offer an alternative approach to mitigating
corrosion by rehabilitating iron and steels. Derusting meth-
ods can be divided into two categories: chemical and physic-
al [4—7]. Chemical derusting methods remove rust by dis-
solving iron rust in acid solutions. This approach is facile and
low in cost, but generates secondary wastes and causes hy-
drogen embrittlement of the iron and steels. Physical meth-
ods remove rust by external physical forces such as polishing,
flame cleaning, grit blasting, sand blasting, ultrasonic clean-
ing, use of an abrasive water jet, and laser cleaning. Physical
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methods are easy to deploy, but they are constrained by the
thickness of the rust layer and the inevitable damage incurred
on the bulk metals.

Conventionally, rust layers are removed by polishing or
dissolving in acid solutions. However, the corrosion rate dif-
fers on different parts of the metal substrate, which results in
a rough metal surface underneath the rust layer. Moreover,
pitting corrosion can lead to a small hole in some local areas.
In this case, rust cannot be uniformly removed by mechanic-
al polishing or a deep hole will appear after dissolving the
rust by chemical etching. Rather than removing the rust from
the substrate, directly converting the rust to metal is another
way to rehabilitate the corrosion layer. In general, rust mainly
consists of oxides and hydroxides that can be reduced to met-
al by hydrogen, carbon, and reactive metals. However, hy-
drogen can dissolve in steel and cause hydrogen embrittle-
ment, and carbothermic reduction requires a high temperat-
ure and sufficient contact between the rust and carbon.
Moreover, carbon or reactive metals can change the compos-
ition of the metal substrate and thereby alter its physical
properties. Electrochemical deoxidation employs electrons to
reduce oxides to below a controlled potential, a technique
that has been used to extract metals/alloys from oxides and
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sulfides [8—17]. In an electrochemical cell, solid oxides in the
form of a porous pellet act as a cathode and are reduced to
metals/alloys, releasing oxide ions into the electrolyte. The
released oxide ions then transfer to the anode and are oxid-
ized to oxygen at an inert anode [18—20]. Since the reduction
of a solid oxide follows the principles of the three-phase in-
terline model [21-23], surface reduction is quite fast and the
rate-determining step is the diffusion of the oxide ions out-
ward from the oxide core to the pre-metalized shell.
Moreover, electrochemical reduction is not restricted by the
shape of the cathode because the reduction occurs wherever
the liquid electrolyte can reach. Therefore, this electrochem-
ical process could provide an effective method for convert-
ing rust layers back to metals/alloys, i.e., repairing rather than
removing the rust.

In other words, the electro-derusting method is a conver-
sion method. Taking advantage of the rapid reduction rate of
the thin oxide layer in molten salts [24—25], in this study, we
used the electrochemical method to convert thin rust scale to
metal, i.e., realizing electrochemical metalization of the rust.
The use of electrons introduces no contaminants and the elec-
trolyte is flowable, so the deoxidation process is not con-
strained by the shape of the object. For example, the rusty
metal parts like a screw can be easily restored. Moreover,
oxygen ions can be extracted from a tiny pitting hole because
the diffusion of oxide ions is enabled by cathodic polariza-
tion. In this study, we achieved the electrochemical conver-
sion of rust on the surface of iron/steels in molten
Na,CO;—K,CO; using a cost-effective Ni-based inert anode.
We used cyclic voltammetry (CV) to investigate the electro-
chemical reduction behaviors of the rust.

2. Experimental
2.1. Cyclic voltammetry

For this experiment, the electrochemical cell was placed in
an alumina crucible (inside diameter (ID): 9.4 cm, Height:
12.3 c¢m, Shanghai Shuocun Co., Ltd., China), which was
housed in a one-end-closed stainless steel (SS) test vessel
(ID: 12 cm, height: 60 cm). The test vessel was heated by a
vertical tube furnace. Granular Na,CO; and K,CO; were
mechanically mixed in a plastic bottle (Na,CO; : K,CO; =
59:41, molar ratio, analytical reagent grade, Kermel Co.,
Ltd., China). Then, the mixture was transferred into an Al,O,
crucible and vacuum-dried at 300°C for 12 h. Next, the Al,O;
crucible was placed into the SS test vessel while ramping up
the temperature and flow of Ar gas to maintain an inert atmo-
sphere for subsequent electrochemical measurements. After
the salt was melted, pre-electrolysis was initiated between a
nickel-sheet (2 cm X 2 cm) cathode and a Nil0Cul lFe an-
ode at a constant cell voltage of 1.8 V for 4 h. CV tests were
performed using a three-electrode setup to investigate the
electrochemical reduction behaviors of the iron rust. The
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working electrode was a rusty-iron wire (ID: 0.5 mm), the
counter electrode was a home-made NilOCullFe alloy (ID:
2 cm) [26—28], and the pseudo-reference electrode was an Ag
wire (ID: 0.5 mm, >99.99%). The CV measurements were
controlled by an electrochemical workstation (CHI 1140,
Shanghai Chenhua, Co., Ltd., China).

2.2. Electrochemical derusting

The drying and pretreatment steps used on the molten salt
were the same as those described above. The electrochemic-
al derusting of the rust layer on the surface of an iron rod was
performed in a two-electrode cell with the same molten
Na,CO;—K,CO; that was used in the CV measurement. The
electrochemical derusting process was conducted in a two-
electrode electrolytic cell with the molten Na,CO;-K,CO;
electrolyte (Fig. 1), with the rusty iron serving as the cathode
and a Nil10Cul1Fe alloy as an inert anode [26,29—-30]. Con-
stant cell voltages were supplied between the cathode and an-
ode via a battery testing system (Shenzhen Neware Co., Ltd.,
China, the maximum supply current and voltage for which
are 6 A and 5 V, respectively). At a constant potential, the
rust was electrochemically reduced to iron, releasing oxide
ions into the electrolyte, whereupon the oxide ions diffused
toward the anode where they were electrochemically oxid-
ized to oxygen gas. As Nil0Cul1Fe has been confirmed to
be a stable oxygen-evolution inert anode, the rust could be
electrochemically converted to metal and oxygen, i.e., the
rust was electrochemically converted to iron and oxygen in
the molten salt.

Screw Rusty screw Healed screw

Electrolytic cell

Fig. 1. Schematic of the electrochemical metalization of iron
rust in molten Na,CO;-K,COs.

2.3. Characterization

All the samples before and after electrolysis were charac-
terized by scanning electron microscopy (SEM, FEI
Quanta250FEG), energy dispersive X-ray spectroscopy
(EDS), and X-ray diffraction (XRD, Shimadzu X-ray 6000
with Cu K, radiation at 2 =0.15405 nm).

3. Results and discussion

To investigate the electrochemical reduction process, we
used a fresh and a rusty-iron wire, respectively, as working
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electrodes on which we performed CV measurements. Fig.
2(a) shows the deposition and stripping of Na from the fresh-
iron-wire working electrode. On the rusty-iron-wire working
electrode, two more reduction peaks appeared prior to the de-
position of Na due to the reduction of the iron rust. The re-
duction behaviors are similar to the electrochemical-reduc-
tion behavior of iron oxide in molten Na,CO;-K,CO; [31],
which indicates that the rust on the iron mainly consisted of
iron oxide. Note that the rust could contain some hydroxides
or oxyhydroxide, which can be converted to oxide in high-
temperature conditions. The reduction behaviors of iron ox-
ide in molten Na,CO;—K,CO; were studied [28,31]. As
shown in Fig. 2(a), redox peaks cl'/al' are attributable to the
deposition and stripping of Na, and redox peaks cl/al, c2/a2,

-0.2

and c3/a3 are correlated with the reduction of Fe,Os. Reduc-
tion peak cl can be attributed to the formation of NaFe,0;,
and redox peaks c2/a2 correspond to the reduction process
from NaFe,0; to NaFeO, and Fe, and reduction peak c3 cor-
responds to the conversion of NaFeO, to Fe. On the reverse
scan, the oxidation peaks could be due to the oxidation of Fe,
NaFeO,, and NaFe,O;. As shown in Fig. 2(b), the reduction
peaks decreased significantly in the second scan because
most of the iron rust had been reduced during the first scan.
In the third scan, no oxidation peak occurred due to the lack
of oxide ions in the vicinity of the working electrode, which
means that the oxide ions released from the working elec-
trode had diffused into the electrolyte and become oxidized at
the counter electrode.
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Cyclic voltammograms of (a) fresh-iron-wire (black line) and rusty-iron-wire (red line) working electrodes, and (b) a rusty-

iron-wire working electrode with multiple scans in molten Na,CO;-K,CO; at 750°C and a scan rate of 100 mV/s.

As shown in Fig. 3(a), iron rust mainly comprises Fe,Os.
In addition to oxides, some undetected hydroxides or oxyhy-
droxide could exist in an amorphous state. In molten
Na,CO;—K,COs, NiO [32] and Co;0, [30] have been suc-
cessfully reduced to Ni and Co, meaning that the electro-
chemical derusting method could be applied to various metal

(@) y ¥ Fe

O Fe,0,

5 v

s v

2| After

g Electrolysis ATRRNP | TS

£ v
Before v v
lectrolysis O O
Efcfo ysis 9 L o Ol 1

L = m 60 30 100
20/ (°)

Fig. 3.
constant cell voltage of 2.3 V in molten Na,CO;-K,CO; at 750°C.

oxides. For reactive metals, the molten salts from a much
wider electrochemical window could be applied, i.e., al-
kaline and alkaline-earth-based hydroxides [33—34], chlor-
ides [35], and fluorides [36]. Moreover, by engineering the
components of molten salts and controlling the applied po-
tentials, the morphologies and carburization of the metal sub-

1200

(b)
1000 |

Current / mA
D o0
) S
S S

IS

(=

S
T

2.3 V-30 min

(3]
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T
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(a) XRD patterns of a rusty iron rod before and after electrolysis, and (b) current profile of electrochemical derusting at a
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strate could be tailored [20].

Prior to electrolysis, the iron rust on the samples was yel-
lowish in color. After electrolysis, the yellowish samples be-
come gray with a metallic luster (Fig. 4). The yellowish rod
was observed to turn gray within 5 min, which indicates a fast
reduction rate. As shown in Fig. 4, the Fe content exceeded
94at% after 5 min of electrolysis. The Na content was less
than 1at% in all samples. We note that it is difficult to quant-
itatively measure the contents of C and O by EDS. From the
current plot, we can see that the reduction current decreased
to a plateau after 5 min (Fig. 3(b)).

As shown in Fig. 5, the iron rust layer was converted to in-
terconnected iron particles, which confirms that the electro-
chemical reduction of iron rust was complete. Since the
activity of iron increases with decreases in the size of the iron
particle, the electrolytically metalized layer should be post-
treated to form a perfect corrosion-resistant layer. In light of
the improved chemical activity of the electro-metalized iron,
this metalized layer could serve as a functional layer, such as
a gas diffusion electrode [37—38]. In addition, iron rust has a

(a) Rusty iron (b) 2.3 V-5 min
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rough surface with bract-shape particles ranging from 1 to 5
pm in size (Fig. 5(a)). After electrolysis, these bract-shape
particles are transformed into nodule-like particles, which are
identical to the electrolytic Fe particles obtained from the
electrolysis of solid Fe,O5 [28].

In general, the corrosion rate differs at different locations,
which results in corrosion areas of different depths in differ-
ent locations. Thus, the electrochemical approach is an ef-
fective way to restore a pitting point because the electrolyte
can reach the pitted area and the applied electric field can
drive the oxide ions from a deeply pitted hole. As shown in
Figs. 5(b)-5(e), the rough surfaces of the electrolytic iron rod
can be attributed to the different corrosion rates in different
areas. From the cross-sectional SEM image (Fig. 6(a)), we
can see that the thickness of the rust layer is ~100 pm. After
electrolysis, the oxide layer becomes porous due to its deox-
idation (Fig. 6(b)). The thickness of the resulting electro-
chemically metalized layer is almost the same as that of the
original rust layer.

The electrochemically metalized material can facilitate

() 2.3 V-15 min
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Fig. 4.

Digital photographs and EDS analyses of (a) the rusty iron rods and samples after being electrolyzed at a constant cell
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(@)

Substrate

100 pm

Metallized

100 pm

Fig. 6. Cross-sectional SEM images of (a) the rusty iron and (b) the rusty iron after being electrolyzed at a constant cell voltage of

2.3V for 30 min.

machining, heat treatment, electroplating, and coating of an
artificial corrosion-resistant layer. In addition, the reduction
of the rust layer provides a potential way of producing three-
dimensional porous structures for other applications.
Moreover, the metalization reaction takes place at the inter-

face of the metal electrode/oxide/electrolyte. Thus, the elec-
trochemical metalization technique could be applied in the
machining of an insulative oxide layer by selective electro-
chemical reduction in molten salts.

In addition to the metalization of a rusty iron rod, we elec-
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trochemically derusted a rusty screw in molten Na,CO;—
K,CO; (Fig. 7). The screw had a rough surface, with a thread
depth (Fig. 7(a)) and slot depth (Fig. 7(b)) of ~1 mm and ~3
mm, respectively. After electrolysis, the rust on the screw
was eliminated and, instead, a metallic luster appeared, which
means the rust layer on the screw surface had been reduced
back to metal (Figs. 7(c)-7(d)). Note that the rust in the slot
had fully converted to metal, demonstrating that electro-
chemical metalization is not limited by the object shape.
Hence, the electrochemical process can derust rusty objects
of different shapes and structures wherever the electrolyte
can reach. Although the electrochemical process is efficient,
the surface of the repaired iron is porous and can be reoxid-
ized. For objects with irregular shape and roughness, the dis-
tribution of current at the electrode should be considered. The
electrochemical derusting approach can be combined with
certain surface technologies to prevent further corrosion.

(€) (®)

Fig. 7. Digital photographs of the rusty screws before (a, b)
and after electrolysis (c, d) at a constant cell voltage of 2.3 V for
30 min in molten Na,CO;—K,CO; at 750°C.

4. Conclusion

This paper reported the demonstration of an electrochem-
ical derusting route in molten Na,CO;—K,CO;. Iron rust
primarily consisting of iron oxide can be electrochemically
reduced to iron via a two-step process. At a constant cell
voltage of 2.3 V, rust was electrochemically metalized in 5
min. This derusting process is applicable to rusty objects of
various shapes and structures. Moreover, the electrochemical
derusting reaction can be tailored by adjusting the applied
cell voltage and electrolyte. Note that the electrochemically
metalized iron is porous so a post-treatment is necessary to
prevent re-corrosion. This method could represent an altern-
ative way to repair specific metal objects and to recover their
original appearance rather than removing the rust layer.
Overall, the electrochemical metalization approach offers a
promising way to repair various rusty metals/alloys and cul-
tural relics.
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