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A B S T R A C T

The decontamination of noncompactable radioactive wastes, such as tools and equipment, aims to reduce the
waste volume to be conditioned and stored. The electrocoagulation (EC) application in the decontamination of
noncompactable radioactive waste from stainless steel containing uranium, was studied to evaluate its technical
viability. The first studies were carried out with stainless steel plates coated with WO3 to simulate a fixed
contamination and to determine the best tungsten removal conditions via EC considering pH, electrolyte sup-
port, distance between the electrodes, cell potential and counter-electrode material. The best removal conditions
for WO3 were applied to plates contaminated with UO2(NO3)2 to evaluate the viability of the EC decontami-
nation process. Uranium removal efficiencies of 90% were obtained in 1 h, at pH of 1, 2.4 V and 1 cm of distance
between anode / cathode in a circular array. The EC process, under the previously obtained conditions, was
applied to two metallic pieces contaminated with U. It proved feasible to decontaminate metallic pieces through
the EC process, thus being able to obtain up to 90% U removal efficiency; however, it is important that the
surfaces of the parts are free of grease and dust.

1. Introduction

Radioactive waste management aims to prevent the dispersion of

radioisotopes into the biosphere. Within the management of radioactive
wastes of noncompactable materials, such as equipment and tools,
treatment techniques focusing on their decontamination are used to
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reduce waste volume by removing the radionuclides present in the
materials. Surface contamination in these wastes can be in the form of
layers of oxides, adhered muds, salts or fats. Radioactive contamination
forms part of these layers, and, when removed by decontamination
techniques, radionuclides are also removed from these materials. The
selection of treatments or different decontamination routes depends on
the characteristics of the material to be decontaminated, such as com-
position, size, type of contamination and final use of the decontami-
nated material: reclassification, reuse or release as conventional waste
[1].

Electrochemical methods, such as electrocoagulation (EC), can be
applied in the decontamination of small-size stainless steel parts of
simple geometries that have fixed contamination. In principle, the
pieces are immersed in solutions, and a potential difference is applied.
These decontamination methods are efficient and generate low volumes
of secondary waste [2]. Electrocoagulation is a process of destabilizing
water pollutants through the action of low-voltage direct electric cur-
rent and metal sacrificial electrodes, usually aluminum/iron [3], where
a high ion charge is generated electrochemically to destabilize the
contaminants present.

In this work, the feasibility of the electrocoagulation process to
decontaminate stainless steel containing uranium on its surface was
studied. For this purpose, preliminary tests were carried out on stainless
steel specimens contaminated with tungsten (W) in order to determine
the conditions for the treatment of steel contaminated with uranium
(U), considering that tungsten has chemical properties analogous to U.
The decontamination treatment developed using the steel probes coated
with W was finally applied to metal parts contaminated with U, clas-
sified as noncompactable radioactive waste, contaminated with U.

2. Experimental

2.1. Preparation of stainless steel test pieces

Steel probes (SS alloy 304) of 2.5× 5 cm were used as working
electrodes, sanded on both sides, immersed in ethyl alcohol for 2min,
dried at room temperature for 1 day and finally weighed. These elec-
trodes were coated with WO3, 187WO3 or UO2 (NO3)2 dissolved in a
polyacrylate emulsion (EPA) to simulate a fixed contamination on the
surface of the stainless steel plates [4]. The mixture of tunsgene-poly-
acrylate oxide (W-EPA) was prepared with 1 g of WO3 in 3.5 mL of EPA
plus 200 μL of H2O2 at 70 °C with constant stirring. The 187WO3-poly-
acrylate (187W-EPA) blend was made with 100mg of 187WO3 (1.8 μCi /
mg) in 3.5mL of EPA and 200 μL of H2O2 at 70 °C. The uranyl-poly-
acrylate nitrate (U-EPA) mixture was prepared with 100 μL of 0.21M
UO2 (NO3)2 with a specific activity of 1.32 K Bq / mL and the same
volume of EPA and H2O2 as used for W-EPA. The test pieces (working
electrodes) were coated using the painting technique and allowed to
dry at room temperature.

2.2. Quantification of W, W-187 and U in electrochemical tests

The determination of WO3 during the electrochemical process was
performed by UV–vis spectrophotometry on a Perkin Elmer model
spectrometer (LAMBDA XLS) at 276 nm, taking aliquots of 250 μL every
15min throughout the EC process and dissolving the aliquots of WO3 in
5M H2SO4.

The 187WO3 was prepared by irradiation with thermal neutrons of
100mg of WO3 in the ININ Triga Mark III nuclear reactor. Irradiation
was performed in the SINCA system of the nuclear reactor for 3min at a
neutron flux of 1.4×1014 neutrons / s cm2, giving a specific activity of
1.8 μCi / mg of W-187. The process of removal of the 187WO3 surface
contamination, by the electrochemical methods studied, was de-
termined by a gamma spectrometry system, consisting of a coaxial
GeHp CANBERRA detector connected to a CANBERRA 2002CSL pre-
amplifier, a CANBERRA 3105 high-voltage spower supply, a Tennelec

TC 243 amplifier and a CANBERRA multichannel analyzer supported by
Maestro software. Samples (steel specimens, electrolytic solution and
precipitates) were quantified for 900 s, at an energy of 134.82 KeV,
corresponding to the W-187. The uranium contained in the stainless
steel specimens was determined with an Eberline SMR-200 monitor
attached to an HP-100 detector and gamma-spectrometric electrolytic
solutions based on the 92.6 or 1001 KeV gamma ray peaks corre-
sponding to Th-234 or Pa-234m, daughters of U-238 [5].

2.3. Determination of fundamental parameters of the electrochemical
process

The pH and potential to be used in the electrocoagulation (EC)
method were determined by cyclic voltammetry and chron-
oamperometry, following the procedure described below. Cyclic vol-
tammetries as a function of pH were performed in an Epsilon po-
tentiostat, using W-EPA |A, pure iron (Fe) and Ag |AgCl as working
electrode, counter-electrode and reference electrode, respectively,
where A refers to type 304 stainless steel. Tests were performed at
100mV / s at 24 °C, in a potentiostatic cell with a capacity of 10mL,
with stainless steel plates of 3 x 0.5 cm as working electrodes. The pH of
the carrier electrolyte was adjusted with concentrated H2SO4 and 1M
NaOH and measured with a HI 2550 pH / ORP digital potentiometer.
All tests were performed in duplicate. From the voltammetric tests, the
pH was chosen with the largest potential operating window. At this pH,
the chrono-amperometric tests were performed in duplicate, applying
different potentials, from 800 to 2800mV for 5min to complete
120min, with constant agitation at 800 rpm and 24 °C, using as anode
W-EPA |A and as cathode Fe. Plots (current vs time) were constructed to
determine the potential of the higher current. The wear of the working
electrode was determined by gravimetry, i.e., the electrode was
weighed before and after each process.

2.4. Electrocoagulation

In order to determine the best conditions for removal of U in
stainless steel by electrocoagulation, three parameters were studied: the
anode / cathode distance, the type of cathode material and the anode /
cathode arrangement in the electrochemical cell. These tests were first
performed with W-EPA specimens as describe in the following sections,
and then the best conditions were applied on the U-EPA specimens.

2.4.1. Removal of W on stainless steel plates
2.4.1.1. Effect of anode / cathode distance. The anode (W-EPA |A) /
cathode (Fe) distance was evaluated to determine the best conditions
for removal of WO3 from the surface of the electrodes in an acrylic
rectangular cell of 16×4 x 5 cm. Separation distances were tested from
1 to 5 cm anode-cathode, as reported in the literature [3,6], under
predetermined pH and potential conditions. The concentration of WO3

in the solution was monitored by UV–vis spectrophotometry, and the
weight of the W-EPA |A electrodes was recorded before and after the
electrochemical process. All tests were performed in duplicate.

2.4.1.2. Effect of the counter electrode material. Four types of counter
electrode materials, Ti, Fe, Al and C, were evaluated in order to obtain
the highest efficiency of the electrocoagulation process [6,7]. For these
tests, 3 x 0.5 cm type 304 stainless steel plates (304), coated with WO3

in polyacrylate (W-EPA |A), were used as anodes at the predetermined
pH, potential and distance conditions and as counter electrodes
(cathodes) plates of 3 x 0.5 cm. The parameter, sludge generation at
the end of the EC process (LW), was evaluated. The electrolytic solution
was filtered with filter paper, and the precipitate was dried in the oven
at 105 °C for 10min, allowed to cool in a desiccator and then weighed
to obtain the weight of the sludge. Each test was performed in triplicate.

2.4.1.3. Effect of the circular arrangement of the electrochemical

A.A. Pujol Pozo et al. Journal of Hazardous Materials 361 (2019) 357–366

358



cell. Eight anode / cathode pair configurations were studied. The anode
was a 0.5 cm diameter steel rod coated with W-EPA |A and the cathode
a Ti grid in cylindrical form. Both electrodes had a height of 6 cm. The
W-EPA |A anode was placed in the center of the Ti cylindrical mesh, as
shown in Fig. 1A. The effect of the anode / cathode distance was
studied, varying the cathode meshes diameter from 1 to 8 cm. The
conditions previously determined for pH (1), potential (2.4 V), support
electrolyte (0.1M H2SO4 at pH=1 adjusted with 1M NaOH) and
contralecter (Ti) material were used. The tests were performed in
triplicate, and the concentration of WO3 in the solution was monitored
by UV–vis spectrophotometry.

2.4.1.4. Distribution of W in the electrochemical system after the EC
process. The distribution of W in the different parts of the
electrochemical system (cathode, anode, electrolytic solution and
sludge) after applying the EC process, was studied. The
electrocoagulation process was performed using, as anode, a 187W-
EPA |A plate and maintaining the previously determined conditions:
support electrolyte 0.1M H2SO4 at pH=1, cell potential 2.4 V, anode /
cathode distance of 1 cm and Ti counter electrode. The W-137 activity
contained in the anode (before and after the process), cathode and
electrolytic solution and the precipitate formed at the end of the process
was determined by gamma spectrometry.

2.4.2. Removal of uranium from stainless steel
Two configurations of electrochemical cells were tested with the

objective of evaluating the efficiency of removal of U in each array: a
rectangular one with dimensions of 16×4 x 5 cm and a volume of

150mL, and a circular one of 5.5 cm of radium with a volume of
1000mL (Fig. 1) both were made of lab grade acrylic. The EC condi-
tions were as follows: support electrolyte 0.1M H2SO4 at pH=1, 2.4 V
and Ti counter electrode. The tests in the rectangular cell configuration
were performed in duplicate, and in the circular cell configuration, in
triplicate.

A.) Anode / cathode arrangement face to face

A configuration of 3 anode / cathode pairs, being the anodeU-EPA
|A and the cathode Ti (See Fig. 1B), was studied. The anodes were
consecutively placed to the left side of the cell, connecting to the
source’s positive terminal and the cathodes on the right side, connected
to the source’s negative terminal. The distance between electrodes was
set at 1 cm.

B.) Alternate anode / cathode arrangement

A configuration of 4 anode (W-EPA |A) / cathode (Ti) pairs, were
placed consecutively inside the cell, connected all the anodes to the
source’s positive pole terminal and the cathodes to the negative, as
shown in Fig. 1C. The distance between cathode / anode and between
electrode pairs was 1 cm.

C.) Anode / circular cathode arrangement

In the circular arrangement, the U-EPA |A anode of cylindrical
shape was placed in the center of the cell at 2 cm of distance from the
cathode, which was a Ti mesh of 4 cm in diameter (the optimal dia-
meter found during the W-Ti mesh test cycle) see Fig. 1A. The U activity
at the anodes was determined before and after each process, as de-
scribed in Section 2.2.

2.5. Decontamination of radioactive wastes of noncompactable materials
contaminated with uranium

The best conditions determined in the test studies of the EC for
removal of W and U in stainless steel plates were used in the decon-
tamination process of two actual metal pieces contaminated with ur-
anium, classified as radioactive waste. The pieces were first modeled in
Solidworks CAD software to track effectiveness of the decontamination
process. Levels of part contamination were noted in the models (by
letter) before and after the electrocoagulation decontamination process
to study its effectiveness on real parts in the nuclear industry, see Fig. 2.

The contaminated piece, designated "1" here, is a stainless steel ball
valve 8 cm long by 7 cm in height. It was necessary to disassemble it to
facilitate decontamination. The contaminated piece, here numbered "2",
is a 0.7 cm thick stainless steel bypass connector with four 5 cm (in-
ternal diameter) openings that has overall dimensions of 9.5 by 7.5 cm
weighing 990 g. The CAD drawings of both pieces were marked (by
letter) in various areas, in order to monitor contamination levels before
and after the decontamination treatment.

2.5.1. Determination of pollution levels of actual contaminated parts
Before and after decontamination treatment the pieces’ con-

tamination levels were tested with the Eberline SRM-200, taken in two
replicates. Both external and internal smears of the test pieces were
obtained, in order to determine if the contamination in the piece was
fixed or mobile. The smears were moistened in 50% Bx-40 deconta-
minant and quantified on the Eberline SRM-200 monitor. The con-
tamination levels (NC) were calculated for each zone using Eq. one (1)
[8]:

=NC
cps cps

A
s b

d s (1)

Where cpss = counts per second of sample, cpsb = counts per second of

Fig. 1. Electrochemical cell configurations in face-to-face (A), alternate (B) and
circular (C), anode (+) and cathode (-) separate of 1 cm (⇔).
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the background, A= contaminated area in cm2, εd = detector effi-
ciency (0.4819), εs = smear trailing efficiency (0.17), which was de-
termined experimentally [8]. It was difficult to assess the fixed con-
tamination on either the inside or the outer surface of the pipe [9].

2.5.2. Application of the EC process to actual pieces contaminated with U
The electrocoagulacion decontamination treatment by electro-

coagulation of the two U-contaminated pieces was carried out under the
following conditions: circular arrangement, cell potential of 2.4 V,
electrolytic solution of 0.1M H2SO4 at pH=1, cathode in Ti mesh form
and 1 h of process time. The mesh circular arrangement was selected in
this work, since it avoids the distribution of uneven current within the
process while increasing the active sites and allows the process to be
used for pieces of different geometries and shapes.

In the case of piece 1, the treatment was separately applied to the
two parts of the previously dismantled valve: the valve stem and
housing. The electrochemical cell was sized 500mL for the stem and 1 L
for the housing (anodes). These components (as anodes) were placed at
the center of the cell and the cylindrical Ti mesh of 4.5 cm in diameter x
6.0 cm high cathode, (in the case of the stem) and 8.5 cm diameter x
5.5 cm (for the housing) encirculing the anode. The anode-cathode
distance was approximately 2 cm. The process had a constant magnetic
stirring of 600 rpm and the total volume of supporting electrolyte was
200mL and 500mL for the stem and the housing respectively (Fig. 1A).

For piece 2, the connector (anode) was mounted to the center of the
2 L cell, and around this was a Ti (cathode) mesh 11 cm in diameter x
12 cm in height. The total volume of carrier electrolyte was 1800mL
(Fig. 1A). At the end of the EC treatment, both pieces were monitored
with the Eberline SRM-200 detector, using externally and internally
smears [9]. The cathodes, the filtered sludge resulting from the EC
process, and the supporting electrolyte from each test were also ana-
lysed after treatment using gamma spectrometry [5].

3. Results and discussion

3.1. Electrochemical system

The largest potential window, i.e., the highest I / E ratio of the
electrochemical system under study, was obtained at a pH of 1. It was
found that at pH of 14 the system required a higher current to reach a
small potential due to the formation of oxides on steel surfaces, corre-
sponding to the chemistry of solutions of this material as a function of
pH [10,11]. Therefore, to enhance effectiveness of the treatment, the
pH selected to carry out the electrocoagulation was 1. This pH was
obtained by addition of some μL of 1M NaOH to a solution of 0.1M
H2SO4 [11].

Fig. 3 shows the charge variation (Q) and the mass wear at the
anode as a function of the potential (E) using the pH 1 electrolytic
solution. The load (Q), due to the mass transport, increases slightly
from 1 to 5 C until reaching an Ecell of 1.6 V, and, at higher potentials,

the load increases significantly from 5 to 30 C until reaching a max-
imum at Ecell= 2.6 V.

The anode mass wear (W) increases as the Ecell increases; between 0
and 1.6 V, the wear is nearly asymptotic, at E > 1.6 V, W increases
continuously (See Fig. 3). Even when the anode continues to wear out
at Ecell > 2.4 V, the generated load is practically the same (Q=30C) so
that using potentials greater than 2.4 V does not improve the mass
transport of the process but would increases energy consumption.
Therefore, a potential of 2.4 V was used for subsequent studies [11].

3.2. Electrocoagulation

The working conditions used in these studies were: 0.1M H2SO4

solution at pH=1 and a potential of 2.4 V.

3.2.1. Effect of electrode distance on WO3 removal
The mass of WO3 removed by the electrocoagulation process as a

function of the anode (W-EPA |A) / cathode (Fe) distance is shown in
Fig. 4. The greatest removal of WO3 (0.7mg) from the W- EPA |A anode
was obtained when the anode and cathode were located 1 cm apart. The
decreasing behavior can be modelled by a function of the type R=
-0.185+1.189e(−0.269*d), with an R-squared of 0.9996, where
R=WO3 removed, and d= electrode distance. As the distance be-
tween the electrodes increases, the removal declined because the added
distance influences the resistance to the passage of the current [3,10].
Therefore, 1 cm distance between anode / cathode was observed to
perform the best and was selected for the rest of the tests when de-
termining the best conditions of W removal with other variables.

3.2.2. Effect of the counter electrode material on the removal of WO3
The generation of sludge (LW) after 1 h of the EC process was the

parameters evaluated during the tests with the various cathode

Fig. 2. Actual contaminated parts treated by electrocoagulation: (1) valve and (2) connector in Yee.

Fig. 3. Electrochemical system bias curve and electrode mass wear.
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materials studied. Fig. 5 shows the variation of LW as a function of the
type of cathode used in the EC process. The largest mass of sludge
generated (36mg), after 1 h under the EC process was obtained using Ti
while the lowest sludge generation (24mg) when found using C. These
results can be explained by the fact that oxides and hydroxides of ti-
tanium increase their solubility in reducing medium therefore, the
concentrate non-oxidizing acids as H2SO4 cause a dropping of the Ti
potential [12]. Thus, Ti cathode can accelerate the corrosion of W-EPA
|Fe electrode, and consequently increase its dissolution without affect
the Ti in most cases, due to formation of a very stable titanium hydride
film. This film allows the production hydrogen on its surface that is
proportional to the galvanic current flow [13]. The produced hydrogen
can rise and generate a flow able to remove the flocs that contain WO3

from the surface of the anode W-EPA |Fe during the EC process, that
sediment in the sludge [3,6,14].

In contrast, the lowest sludge generation during the EC of WO3 in
presence of the C counter electrode and W-EPA |Fe electrode, is caused
by the decrease of the hydrogen production in the system (which fa-
cilitates the removal of WO3 adhered to the anode W-EPA |Fe during
the EC process), as result of the overlap in the stability electrochemical
of carbon and the electrochemical reactions involving water to form H2

[15].
According to the results and the discussion showed before, Ti is the

most appropriate material to be used as a counter electrode (cathode) in

the EC process, thus it was selected as a cathode for the remaining tests.
A second alternative is Al, sludge generated with the Al acting as the
cathode were only slightly lower than those of Ti [3,7,16,17]. The team
selected a Ti cathode for further testing, because the current applied
during the process favors the electric field, and therefore the production
of metal ions in the solution to interact with WO3, when compared to
aluminum as a cathode.

3.2.3. Effect of electrochemical cell arrangement on the removal of WO3
In the design of electrocoagulation cell, the position of the elec-

trodes in the reactor can be optimized as a function of hydrodynamic
parameters, current density, electrode gap and operating conditions on
voltage [18]. In this way, the intensity of the electric field varies pro-
portionally with the distance between electrodes, producing a higher
intensity with smaller distance, as per Fig. 6 which shows the percen-
tages of WO3 removed by the EC process in the anode / circular cathode
array. The highest recovery percentage of WO3 was obtained using a Ti
(cathode) mesh with a 2 cm radius.

In general, in a circular arrangement, the current density distribu-
tion is uniform; however, it is evident that, at anode / cathode distances
less than and greater than 2 cm, rate of WO3 removal decreases. When
the electrodes are separated, the resistance increases, current decreases
and the potential becomes variable. In contrast, when the electrodes are
closer, the resistance decreases, the current increases by the WO3 re-
moved just to 2 cm and the voltaje is constant [3,19].

In this sense, the circular cell configuration was chosen for the de-
contamination of the actual contaminated parts, since it offers quanti-
tative potential with geometric flexibility when decontaminating parts
of diversive size and shape taken from an actual reactor in the field.

3.2.4. Distribution of W in the electrochemical system after the EC process
In order to quantitatively determine in which phases of the EC

processes the W is recovered, the electrolytic solution, the sludge, the
anode and the cathode were all tested with the W-187 radiotracer using
the previously established EC conditions (2.4 V, 0.1M H2SO4, Ti
cathode and 1 h of process). The removal efficiency of W-187 at the
anode was 88.93%; 11.07% remained attached to the anode, while
86.93% of the W-187 was recovered in the sludge, 1.65% in the elec-
trolytic solution and 0.35% in the cathode.

In the process of EC, the anode is known to be the sacrificial elec-
trode that dissolves, forms metal ions and hydroxyl ions, producing a
precipitate of iron hydroxide, which carry the contaminants away. This
mechanism was the same as observed during the team’s tests as the
highest percentage of W-187, at the end of the EC process, was found in
the sludge [3,7,14].

Fig. 4. Removal of WO3 as a function of the anode distance (W-EPA |A) /
cathode (Fe).

Fig. 5. Generation of sludge (LW) according to the type of counter electrode
applying the EC process for 1 h.

Fig. 6. Efficiency of removal of WO3 by EC as a function of the anode / cathode
arrangement type.
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3.2.5. Removal of U by electrocoagulation
The best conditions for the removal of WO3 by electrocoagulation,

i.e., 2.4 V potential, 0.1 M H2SO4 at pH=1, Ti cathode and 1 h process
time, were then applied to stainless steel plates contaminated with
UO2(NO3)2 bound in EPA (anode), in four electrochemical anode /
cathode (A/C) cell arrays: (1) an A/C pair face to face, (2) three A/C
pairs face to face, (3) four A/C pairs alternating and (4) an A/C pair,
whose anode is a cylinder and the cathode a cylinder mesh surrounding
the cathode offset by 2 cm.

Fig. 7 presents the percentages of U removal in the (A/C) face-to-
face and alternating configurations. In the case of the face-to-face
configuration, the flow of electrons follows a line, and there will be a
greater resistance to the passage of the current [6,7,19]; thus, the
percentage of U removed from the steel plate depends on the anode /
cathode distance (A/C). At the smallest A/C offset distance greater re-
moval of U was observed. It is, therefore, recommended that the A/C
offset distance be less than 2 cm, using up to two anodes per array to
removal more than 80% U.

In the alternating arrangement, the removal of U is similar in each
of the four A/C pairs; on average, 77.8% of U is removed in each A/C
pair, and the resistance to the current passage is lower than in elec-
trodes arranged face to face. In this case, the current is divided amongst
all electrodes with the same voltage [19]. In the ‘alternating arrange-
ment’, it should be feasible to change (decrease or increase) the number
of A/C pairs without significantly affecting the percentage of U

removed by the EC process. However, if the electrochemical array only
has a single A/C pair, the percentage of U removal is approximately
95%. These results clearly show that increasing the number of A/C pairs
in the electrochemical arrangement, either arranged face-to-face or in
the alternating configuration, lowers the percentage of U removed from
the anode stainless steel plate in the EC process by 18% (alternating
arrangement) and from 15% up to 40% in the face-to-face arrange-
ments, depending on the number of A/C pairs contained in the elec-
trochemical cell. That is, the presence of several A/C pairs in the same
electrochemical cell has an anti-synergistic effect, which was most no-
table in the face-to-face arrangement.

On the other hand, using the circular A/C configuration removes
91.4% of the U on the stainless steel rod, a percentage similar to that
obtained in the face-to-face arrangement using a single A/C pair.
However, the face-to-face configuration can only be used on plates,
while the circular arrangement, even though it removes slightly less U,
provides greater flexibility in the geometry of the parts that can be
decontaminated. It assures better agitation thus making the process
more homogeneous while the circular arrangement (in cathode mesh
form) avoids process dead spots by increasing active sites. In conclu-
sion, if the piece to be decontaminated is a plate, it is recommended
that decontamination by EC at 1 cmA/C distance should be employed,
but if the piece is irregular the team suggests that decontamination be
perform EC with a circular cathode with approximately a 2 cmA/C
offset.

The decontamination process of stainless steel by EC consists of the
following steps (See Fig. 8): at first, iron ions are generated in situ by
electrolytic oxidation of a sacrificial anode (contaminated metal) trig-
gered by an electric current applied through the electrodes, and, at the
cathode (Ti), water is reduced into hydrogen gas and hydroxyl anions
[3,7,14]. The iron ions generated by electrochemical dissolution of the
sacrificial anode tow the uranyl ions attached to the stainless steel and
form hydroxides by precipitation. It is also possible that uranyl ions are
able to be adsorbed on iron hydroxides [20,21]. Thus, the uranyl ions
detached from the metal surface by electric current applied through the
electrodes are removed and precipitate as hydroxides that settle on the
bottom of the cell [20].

3.3. Decontamination of radioactive wastes of noncompactable materials by
EC

Contaminated pieces numbered 1 and 2 (Fig. 2) were first inspected
to define their levels of internal and external surface contamination.
Following this initial characterization the EC process was performed
and the efficiency of decontamination was evaluated.

Piece 1
The surface contamination levels of Piece #1 were determined di-

rectly by both external and internal smears in two cycles. The smears
were taken in 8 lettered areas, shown in Fig. 9A, where the respective
contamination levels (NC) are designated. It took at least 3 smears, two
before EC treatment to establish initial NC levels, and a final one after
decontamination.

Because of their complex shapes, the contamination levels of some
zones on the piece could not be easily measured, for example at the C
point in the piece. By this raison swears were obtained in all piece, and
the contamination levels were only recorded in Bq. The external surface
of the piece was decontaminated after the second swear. All the pre-
process smears from inside of pieces showed higher levels of con-
tamination, upper the background (at the internal point C).
Consequently, to verify the internal contamination levels, the piece was
disassembled as shown in Fig. 10.

The seven parts that make up Piece #1 were monitored both di-
rectly and by local smears. The only contaminated components were B
(valve stem) and C (body) shown in Fig. 10. Smears were again taken,
in two stages pre-processing, to determine if the contamination was
fixed or removable. The initial contamination level of the stem was

Fig. 7. Efficiency of removal of U by EC as a function of the electrochemical cell
configurations, in face-to-face (A) and alternate (B).
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1232 Bq, then the second smears showed 653 Bq indicating that much
of the initial contaminates were easily removal as non-adhering sub-
stances (See Fig. 9B). Finally, after the EC process, smears showed only
62 Bq, indicating that 90% of adhering surface contamination was re-
moved by the EC process. As the approximate area of the stem of
25 cm2, its NC is of 2.48 Bq/cm2 after EC treatment.

In the case of the valve body shell (See Fig. 10 part C), the initial
levels of internal contamination ranged from 380 to 5800 Bq, and after
applying the EC process, they fell to between 277 and 2927 Bq; thus
using the estimated internal surface of 30 cm2, NC is between 19.23 and
97.57 Bq/cm2. As seen, the average percentage of uranium removal
from the shell was only 50%. It is important to note that when taking
the smear samples the presence of grease inside the shell was observed.
The exemption limits for the recycling of metallic waste, marked by
NOM-035-NUCL-2013, establish a maximum value of surface con-
tamination of the piece of 1 Bq/cm2 for the case of natural uranium
[22,23]. As reported, the NC of the valve stem and body, after the EC
process, are greater than this standard limit, so these parts could only
be reused in already contaminated areas [23].

Piece 2
The geometry of Piece #2 made it possible to directly determine

contamination level of the workpiece prior to smearing and the EC
process. Fig. 11A shows the division into zones of Piece #2 and Fig. 11B
the contamination levels (NC) in Bq /cm2 of these zones: initial, after
the first smear, after the second smear and after EC. The NCs of the
second process obtained after the EC process were on average less than
1 Bq/ cm2 (Fig. 11B); therefore, this part can be dispensed un-
conditionally for unrestricted reuse in any work area, based to the limit
established by NOM-035-NUCL-2013. In this case, 98% of the uranium
was removed from the piece by the EC process.

Natural uranium is composed of three isotopes, U-234 (2455×105
y), U-235 (7038×108 y) and U-238 (4468× 109 y), that emit alpha
particles as their primary radiation. Direct monitoring of alpha activity
is not easy in irregular pieces, so the use of smears allows access to
contaminated areas where it would be impossible to place conventional
detectors close enough to the surface, including curved surfaces, such as
the inside and outside of pipes or pumps. While, direct measurement
detects both fixed and loose contamination whereas smears measure
only “loose” contamination. On the other hand, the fraction of re-
movable contamination picked up on a swear on of a dirty or greasy

surface is difficult to quantify precisely [9], as is the case of the casing
of Piece #1. Smears from these parts included grease from the parts
interior, even after the EC process. Therefore, only 50% of the uranium
could be removed from this piece, whereas, for Piece #2, whose surface
had no grease, the EC process was able to remove up to 90% of the
uranium contamination. The surface condition of the part is a funda-
mental issue during decontamination using the EC process. The pre-
sence of grease or oily dirt/dust decreases the efficiency of the elec-
trochemical process, so it is recommended that the surface be free of
grease and oily dirt/dust before electrochemical treatment to improve
decontamination efficiencies.

The estimation of contamination levels through direct monitoring of
the piece is the most accurate method to determine the fixed and re-
movable contamination of the piece. However, when the contamination
occurs on irregular surfaces or on the inside surfaces of a workpiece,
direct monitoring is infeasible and smears should be used. It must be
noted, however that a smear only provides information on the re-
movable contaminates, but it can provide a reference for total con-
tamination levels of the piece allowing the facility manager to make
decisions related to disposal processes of used equipment.

4. Conclusions

The EC process can be an effective means to remove up to 90% of
the uranium contamination present in cylindrical pieces of stainless
steel, with contaminated steel parts: UO2(NO3)2 |A, acting as an anode,
under the following conditions: electrolytic solution of 0.1M H2SO4 at
pH=1, Ecell = 2.4 V, 1 h of process and cathode in the form of Ti mesh,
under a circular arrangement successful results at this level of removal
were observed. These processing conditions were obtained from tests
carried out, first with stainless steel plates contaminated with tungsten
oxide, considering that the W is an element with chemical properties
analogous to U, and later confirmed with materials contaminated with
uranium. These conditions were then applied to actual radioactive
waste. Two pieces, of irregular geometry, that had been contaminated
with U, were tested as the anodes in the electrochemical test lab.

The EC process was found to be a feasible solution for the decon-
tamination of U-contaminated steel metal parts. Using the conditions
determined by the research team, it was possible to remove up to 90%
of the U contamination and to reclassify certain products for

Fig. 8. Mechanisms of U decontamination by electrocoagulation process.
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unrestricted use. However, the presence of grease and oily dirt/dust on
the surface of the parts reduced the efficiency of electrochemical
treatment, so it is recommended that grease and oily dirt/dust be
cleaned from workpiece surfaces prior to treatment by the EC process.
The geometry, dimensions and surface conditions of the metal parts to
be decontaminated by the EC process directly influence the removal
efficiency of the contaminant present in the part.

The removal process of uranium attached to stainless steel (decon-
tamination) by electrocoagulation (EC) is done through the application
of an electric current between the contaminated metal (sacrificial
anode) and the cathode (Ti) in an aqueous medium. The anode is dis-
solved, towing uranyl ions to the solution and forming a precipitation of
iron and uranyl hydroxides.

Fig. 9. Division into zones of Piece #1 (A) and Contamination levels of Piece #1 in Bq during the decontamination process (B).

Fig. 10. Contaminated piece 1 disassembled into parts: handwheel (A1), packing (A2), wing bolt screw (A3), nut (A4), screw (A5), stem (B) and valve housing (C).
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