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Energy from Garbage: Recycling Heavy Metal-Containing
Wastewater Adsorbents for Energy Storage

Marcelo A. Andrade, Olivier Crosnier, Patrik Johansson, and Thierry Brousse*

1. Introduction

The presence of heavy metals in wastewater is a major environ-
mental concern. The terminology heavy metal normally refers to
metallic elements with atomic numbers higher than 20 that can
be toxic even in small doses.[1] Their accumulation in water bod-
ies can have significant implications for human health as well as
for the environment, coming from various sources, including
industrial effluents, agricultural runoff, and mining activities.[2]

The problem of heavy metal pollution in wastewater is
particularly critical in developing countries, where industrial

regulation is often weaker and wastewater
treatment facilities are inadequate.
Mercury is a particularly problematic heavy
metal from which human exposure can
have various adverse health effects, includ-
ing neurological damage, kidney failure,
and reproductive problems.[3,4] It can enter
wastewater and flow into rivers and
streams, where it can bioaccumulate in fish
and other aquatic life. Typically, this comes
from illegal mining activities. Mercury is
used in the artisanal and small-scale gold
mining (ASGM) sector to extract gold from
ore by forming an amalgam, which is then
heated to vaporize the mercury, leaving
behind the gold. According to the United
Nations Environment Programme, an esti-
mated 1220 tons of mercury are released
yearly from ASGM activities, more than
twice the amount released to water by other
sources.[5]

Furthermore, besides the critical envi-
ronmental problem, mercury pollution

can significantly impact wastewater treatment plants. Mercury
can bind to the active sites of enzymes in bacteria, disrupting
the biological processes widely used to treat wastewater. This can
lead to reduced treatment efficiency and the release of untreated
or partially treated wastewater into the environment.[6,7]

Wastewater treatment plants, hence, need to remove mercury
using different technologies, such as adsorption, ion exchange,
and reverse osmosis.[2,8,9]

Physical adsorbents typically have a high affinity for
heavy metal cations and are already widely used in wastewater
treatment.[10] Carbon-based adsorbents are among the most
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The global challenge of heavy metal contamination in wastewater necessitates
efficient adsorbents, which, while they can effectively remove contaminants, ulti-
mately become toxic waste themselves. Recycling wastewater adsorbents loaded
with heavy metals is an alternative to their disposal as toxic garbage. This study
presents a genuine recycling strategy for heavy metal-loaded adsorbents, repur-
posing them as electrode materials for energy storage applications, that is, elec-
trochemical capacitors, and thus synergistically tackles water purification and waste
valorization. Graphene oxide was prepared via the improved Hummers’ method,
and subsequently, a reduced graphene oxide (rGO) foam was hydrothermally
synthesized. This rGO-based foam adsorbed>95% of the Hg2þ ions in a 100 ppm
solution, using a dose= 500mg L�1, and up to 240mg of Hg2þ ions/g on average
at 25 °C, which are among the highest values reported so far. Electrochemically, the
Hg-loaded rGO (rGO/Hgads) exhibits mercury redox activity and a 15% increase in
capacity as compared to pristine rGO in an aqueous cell. Overall, this demonstrates
the potential of reprocessed wastewater adsorbents as efficient and sustainable
electrodes for high-power energy storage (time constant τ= 11 s), offering a
compelling solution to add more value and extend the life cycle of waste materials.
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popular solutions, given their low price, high availability, high
affinity for waste adsorption, and large surface area.[11,12] A pro-
posed adsorbent for heavy metal removal is reduced graphene
oxide (rGO)-based foams,[13–18] which present high surface areas
and pore volumes, which gives them a high adsorption capacity.
Once the rGO foam has reached its maximal adsorption capacity,
it can be regenerated a few times, but eventually, it becomes a
toxic waste itself.[19] Recycling adsorbents loaded with heavy
metal cations is one possible approach to reduce the environ-
mental impact of heavy metal removal/disposal.[20–22]

In the literature, Godiya et al. repurposed a carboxymethyl cel-
lulose (CMC) and polyacrylamide (PAM) hydrogel used to adsorb
Cu2þ, Pb2þ, and Cd2þ ions. Their spent Cu-loaded CMC/PAM
hydrogel adsorbents were used for rapid and efficient electro-
chemical reduction of toxic 4-nitrophenol to 4-aminophenol.[23]

A second example is incorporating spent adsorbents into ceramic
materials. Verbinnen et al. mixed zeolite or perlite-supported
iron-based adsorbents loaded with heavy metals such as molyb-
denum (Mo) and others (Cr, Ni, Cu, Zn, As, Cd, Pb) with indus-
trial sludge, followed by heating to 1100 °C. This process
effectively reduced the leaching concentrations of these contam-
inants, stabilizing them within the ceramic matrix.[24] However,
by far, most of the proposed recycled absorbents are electroni-
cally insulating or poorly conductive, which limits their reuse
in electrochemical applications.

One innovative recycling solution, aiming at our society’s
environmental and energetic demands, would be repurposing
the heavy metal-loaded adsorbents as active materials in energy
storage devices. Electrode materials for electrochemical
capacitors, for instance, must have high surface areas and good
electrical conductivities—exactly what rGO foams offer, and
they have previously been successfully used as performant elec-
trode materials for electrochemical double-layer capacitors
(EDLCs).[25,26]

The transformation of waste materials into suitable active
materials for supercapacitor application is indeed an evolving
area of interest in general.[27,28] Lei et al. developed a porous
N-doped banana flesh-derived carbon aerogel, through a straight-
forward process of carbonization and CO2 activation. The aerogel
was then used in the fabrication of a supercapacitor, rendering a
high specific capacitance of 178.9 F g�1 at 1 A g�1 from this low-
cost raw material and simple synthesis method.[29]

The use of wastewater absorbents specifically in energy stor-
age is, however, not yet widely explored. The limited research
available suggests that specific modifications are needed before
they can be effectively repurposed.[30,31] Wang et al. demon-
strated the reuse of nickel-loaded biochar sorbents derived from
dairy manure and sewage sludge. After undergoing microwave
treatments, these were used in supercapacitors, which showed
a doubled specific capacitance as compared to the original
biochar-based supercapacitors. This was primarily attributed to
the conversion of nickel into NiO and NiOOH. The specific
capacitance was maintained at >98% of the initial value after
1000 charge-discharge cycles.[32] However, the recovered resi-
dues must be highly processed and undergo high-temperature
treatments before being used as adsorbents, as well as an activa-
tion process using high-power microwave treatment to be used
as energy storage device electrodes.

Here, we demonstrate a novel, straightforward approach for
recycling wastewater adsorbents by directly repurposing them
as electrode materials for EDLCs, as schematically detailed in
Figure 1. An rGO foam was synthesized using a single-step
hydrothermal treatment and subsequently used as an adsorbent
for Hg2þ cations. Then, the Hg-loaded rGO foam (rGO/Hgads)
was repurposed as an electrode for an electrochemical capacitor.
Combined, we demonstrate the potential of recycled wastewater
adsorbents as efficient and sustainable electrodes for high-power
energy storage devices by both emphasizing the potential of such
materials, then practically creating the adsorbent and using it to
adsorb heavy metals, performing extensive characterization of
the pristine and spent adsorbents, and finally evaluating their
electrochemical performance using different protocols and
measures.

2. Results and Discussion

2.1. Basic Considerations

2.1.1. Design Criteria

Choosing suitable adsorbents requires to consider several crite-
ria: cost, density, availability, adsorption capacity and selectivity,
etc. When the final goal is to use the adsorbents as active materi-
als in supercapacitors, other intrinsic properties must also have

Figure 1. General scheme of the straightforward use of an adsorbent for mercury depollution and subsequent repurposing as an electrode for an energy
storage device.
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priority. The material’s specific surface area (SSA), porosity, and
conductivity must all be considered. Hence, the best adsorbents
here are those fulfilling the combined requirements optimally.

Literature reports must be carefully and critically analyzed
before choosing an adsorbent. The adsorption capacity normali-
zation, for instance, can give a false impression of a very high
total metal content after adsorption if it uses the mass of active
adsorbent material rather than the total adsorbent mass.[33]

The most critical property for repurposing is the latter, as it is
the content of metals that will contribute to the electrode’s final
capacity, without further purification or concentration.

Here, we have chosen a porous rGO foam as our proof-of-
concept platform. rGO foams are known to present good
electrical conductivity and capacitance,[26] besides being easy to
synthesize and have relatively low cost, high surface area, low
density, and finally, very good heavy metal adsorption capacity.[34]

In order to estimate the capacity improvement of the electrode, a
few assumptions have been made: a constant specific capacitance
over the whole potential window and that all adsorbed cations
undergo redox half-reactions, such as indicated in Reaction (1),
and thus contribute with 100% efficiency to the total capacity.
Calculations based on these assumptions and this reaction
(SI_2) were used to estimate the possible different charge storage
contributions as a function of the amount of adsorbed cations in
the rGO foam (M%, wt.)

Mxþ þ ne� ! Mðx�nÞ (1)

2.1.2. Capacity Estimation

Initially, the electrode of mass mT (g) is considered to be com-
posed of certain weight percentages of active material (A%),
binder (B%), and conductive additive (C%). The usually reported
capacity value in the literature is the active material capacity
(QAM, C g�1), obtained by normalizing the total electrode capac-
ity (qt, C) by A%.mT, as shown in Equation (2). In practice, the
electrode capacity is obtained by the integration of the discharge
current (I, A) over time (t, s) and can be described by two main
contributions, as indicated in Equation (3): qredox, coming from
the faradaic processes involving the adsorbed cations, and qEDLC,
which is the non-faradaic contribution to the energy storage,
coming from the electrochemical double-layer formation on
the carbon surface

QAM ¼ qt
A%:mT

(2)

qtotal ¼
Z

t

0
IðtÞ � dt ¼ qredox þ qEDLC (3)

qredox is directly dependent on the number of electrons (n) trans-
ferred in the half-reaction (Reaction (1)), as well as the Faraday
constant (F), and inversely proportional to the molecular weight
(Mw) of the adsorbed element (Equation (4)). Hence, the lighter
the metal and the higher its oxidation state, the larger its contri-
bution to qredox. It also depends on the mass of metal in the elec-
trode (mM, g)

qredox ¼ mM
nF
Mw

(4)

In a cyclic voltammetry experiment, the obtained current
(IEDLC) is dependent on the scan rate (dV/dt), with an ideally con-
stant capacitance (C). Using the first level approximation that the
capacitance will not change with the scan rate and that the scan
rate (or discharging current) is constant, the derivatives can be
considered as a potential difference ðΔVÞwithin the duration
of one whole cycle ðΔtÞ. Equation (5) expresses these consequen-
ces, arriving at the qEDLC contribution, which shows a direct
dependency on the capacitance of the electrode (C, F)

qEDLC ¼ C � ΔV (5)

Finally, the active material, binder, and conductive additive are
considered to be contributing to C proportionally to their mass
content ma, mb, and mc, respectively, according to Equation (6).
The capacitance contribution of the metal on the active
material is negligible, so this term can be expressed as a function
of the capacitance of the carbon foam (CrGO, F g�1) and its mass
(mrGO, g)

C ¼ mrGOCrGO þmbCbinder þmcCconductive additive (6)

Here, the chosen electrode composition was A= 70%,
B= 10%, and C= 20%, with Cbinder considered to be equal to
zero, thus treated as dead weight, while for other parameters, the
details are summarized in Table S1, Supporting Information. It
is important to note that what is here called “specific capacity”
refers to QAM (C g�1), obtained by normalizing the electrode
capacity qtotal by the contribution of active material according
to Equation (2). This value slightly overestimates the actual active
material capacity by neglecting the binder and conductive agent
contributions, which account for a capacity that is not coming
from the active material.

Examples for Cr6þ and Cu2þ cations (Figure S1, Supporting
Information) and charge contributions of Cr6þ, Cu2þ, Fe3þ,
Hg2þ, and Pb2þ cations (Figure S2, Supporting Information) out-
line the general prospects, while the calculated maximum
adsorption of Hg2þ cations in the rGO foam (Figure 2) provides
the more concrete picture.

The major finding is that even at contents as low as 10 wt% of
Hg2þ cations in the active material, the increase in the total
charge storage capacity of the electrode can be >30%.[35]

2.2. Characterization

2.2.1. Mercury (II) Adsorption

The adsorption of Hg2þ cations was performed both at 25 and
60 °C using a simple physical adsorption procedure at equilib-
rium time (teq; min), and the uptake per unit mass of rGO foam
(qeq; mg g�1) was calculated as the difference between the initial
(C0; mg L�1 ≈ppm) and the equilibrium (Ce; mg L�1 ≈ppm) con-
centrations, normalized by the dose of adsorbent (d; mg L�1)
(Equation (7))
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qeq ¼
ðC0 � CeqÞ

d
; where d ¼ madsorbent

V solution
(7)

The mercury adsorption capacities at 25 °C (298 K) and 60 °C
(333 K) as functions of the dose (a and b) and the pH (c and d) are
reported in Figure 3.

Mercury can apparently be efficiently removed from standard
solutions by the rGO foam at both temperatures; the
240� 15mg g�1 at 25 °C (Figure 3a) is among the highest
reported uptakes for this type of material,[10,15,16,18] which further
increases to 300� 30mg g�1 at 60 °C (Figure 3b), and by this, the
standard solution is almost entirely depleted onmercury. Using a
500mg L�1 dose of foam at 60 °C, the remaining concentration is
<5 ppm, which is beyond the detection limit, making it impos-
sible to obtain the average uptake capacity.

The cation uptake capacity increases proportionally with
the pH, reaching a maximum of 245� 5mg g�1 at pH= 5
(Figure 3c,d). As described in the literature,[36] a low pH, that
is, a high concentration of H3O

þ, can hinder metal cation adsorp-
tion by competition of sites. Therefore, increasing the pH favors
the adsorption of Hg2þ cations, but only until the point where
HgO(s) starts to precipitate (around pH= 7).[37] Hence, to avoid pre-
cipitation and maximize the mercury adsorption content, pH= 5
was chosen, and the recovered rGO/Hgads adsorbents selected for
further electrochemical studies were those used at 60 °C.
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Figure 2. Theoretical capacity (in C g�1) of an electrochemical capacitor
using a capacitive material with capacitance= 100 F g�1 within a voltage
window of 1.0 V. The contribution of mercury ions undergoing the half-
reaction shown in the right-bottom corner increases with the heavy metal
cation concentration (purple triangles, dashed line) as does the total
capacity (red circles, solid line), while the capacitive (non-faradaic) contri-
bution decreases (green squares, dashed line).
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(blue). c) Hgþ2 cations removal and d) qeq as a function of pH, varying from from 1 to 7. C0= 150 ppm, d= 500mg L�1, T= 298 K, teq= 150min.
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Comparatively, the adsorption of chromium (III) and
bismuth (III) cations (at 25 °C) is considerably lower (Figure S3,
Supporting Information), and these weaker interactions can be
explained by the hard and soft Lewis acids and bases theory,
given that a harder acid, such as the Cr3þ cation, would interact
better with a hard base, such as a hydroxide group, which are not
abundantly present in the rGO foam. In contrast, Hg2þ cations,
being soft acids, interact efficiently with the soft electron clouds
of the rGO foam graphene aromatic rings. Furthermore, Pb2þ

cations are considered intermediate/soft acids and Bi3þ cations
as intermediate/hard acids, which thus explains the trend:
qCr< qBi< qPb< qHg.

[38]

2.2.2. Morphological Characterization

The rGO foam was characterized before and after mercury
adsorption, as well as its graphene oxide (GO) precursor.
Gas adsorption experiments (BET) were conducted via adsorp-
tion isotherms to assess the SSAs and the pore size distributions
of GO, rGO, and rGO/Hgads (Figure S4, Supporting
Information). The largest SSA was obtained for the rGO foam
before mercury adsorption, up to 214m2 g�1, with an average
pore size of 5.4 nm diameter, in agreement with the literature
for similar materials.[14,39] After mercury adsorption, however,
the SSA decreased to ca. ¼: 51m2 g�1, which most probably
is a consequence of the closing of smaller pores upon drying,
as the new average pore size increased to 7.5 nm, indicating loss
of small pores.

Looking at the materials’ surfaces, scanning electron micros-
copy (SEM) of the GO (Figure S5, Supporting Information)
highlights the formation of aggregated layers of a 2D, poorly con-
ductive material (bright zones indicate charge accumulation
occurring at the edges of graphene sheets). Some GO sheets
can be seen on the edges of the aggregates, confirming the
2D character of the material and the proper exfoliation from
the graphite precursor. After hydrothermal reduction, the GO
sheets are rearranged into a porous 3D structure, forming the
self-standing rGO foam. Using a lower magnification
(Figure 4a), the overall highly porous branched morphology with
low density of the rGO foam is visualized, while the 2Dmorphol-
ogy and arrangement of the graphene sheets are revealed inmore
detail using a higher magnification (Figure 4b), including stack-
ing of several graphene layers as well as exposed rGO edges.
The lyophilized rGO foam after mercury adsorption exhibits a

very similar structure (Figure 4c), indicating no major effect
on either the shape or the size of the pores.

Moving to transmission electronic microscopy (TEM) images,
obtained using scanning mode at 80 kV beam voltage in order to
provide the highest resolution without damaging the GO, rGO,
and rGO/Hgads samples, the lowest magnification images
(Figure S6, Supporting Information) mainly confirm the SEM
microstructures: GO sheets in Figure S6a, Supporting
Information and the rGO foam microstructure in Figure S6b
and S6c, Supporting Information. Furthermore, the TEM images
reveal a highly isomorphic nature and intricate 3D configuration
of the rGO as well as verify, at lower magnifications, that both
rGO and rGO/Hgads foams possess the same general
morphology.

With increasing the magnification to 2.3Mx, and due to the
(very) high contrast given by the large atomic weight difference
between carbon and mercury, it is possible to distinguish shiny
white dots with a 300 pm average diameter, which we assign to
mercury cations adsorbed at the surface of and in the bulk of the
foam (Figure 5). To the best of our knowledge, this is the first
time ever that this kind of evidence of adsorbed cations at the
surface of a lighter adsorbent is reported. A more powerful
TEM microscope with temperature control and lower beam volt-
age could allow even better magnification and enable to locate the
adsorbed cations within the carbon structure more accurately.

2.2.3. Chemical Characterization

The effective reduction of GO to rGO was confirmed by energy-
dispersive spectroscopy (EDS) data (Figure S7, Supporting
Information) primarily by a 24% decrease in oxygen content
from GO to rGO (Table 1). The same 24% decrease in oxygen
content was evidenced by electron energy loss spectroscopy
(EELS) data (Figure S8, Supporting Information), which further
confirms the effective reduction. For both techniques, the oxygen-
to-carbon ratio was found the same for rGO and rGO/Hgads.

The EDS analysis also revealed the presence of small quanti-
ties of sulfur (<2% at.), which are traces from the use of sulfuric
acid in the GO synthesis, but these are washed away after reduc-
tion to rGO. The mercury content was on average 1% at. and 16%
wt., with significantly higher values for the most porous regions,
indicating a nonhomogeneous mercury distribution.

X-ray photoelectron spectroscopy (XPS) for binding energies
ranging from 0 to 1200 eV shows two prominent peaks

rGO rGO rGO/Hgads

(a) (b) (c)

Figure 4. a,b) SEM images of the pure rGO and c) rGO/Hgads.
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associated with O 1s and C 1s and distinctly no other elements for
rGO (Figure 6). The small peak at around 980 eV is related to the
O KLL emission, an energy of electrons ejected after the filling of

the O K shell by L shell electrons coupled with the ejection of an L
shell electron.[40] The spectrum of rGO/Hgads is very similar: the
presence of the O 1s, C 1s, and O KLL peaks. However, two new
peaks can also be observed: one is associated with Hg 4f at 101 eV
(Hg 4f7/2) and 105 eV (Hg 4f5/2) and the second with Hg 4d at
360 eV (Hg 4d5/2) and 380 eV (Hg 4d3/2). The absence of other
elements, such as nitrogen from NO3

� groups, is evidence for
proper adsorption of Hg2þ cations and effective washing to
remove the nitrate salt, as XPS is a very sensitive surface
technique.

The carbon, oxygen, and mercury peaks were further studied
using XPS high-resolution spectra. Peak deconvolution enabled
to determine the precise positions of the Hg 4f7/2 at 101.1 eV and
the Hg 4f5/2 at 105.2 eV (Figure S9, Supporting Information).
The fact that these energies are shifted as compared to metallic
mercury[41] can be an indication of the mercury being present in
a carbon-oxygen environment, such as oxalate (Hg 4f7/2 at
101.1 eV) or HgO,[42] but the chemical environment of mercury
cannot be unambiguously determined based only on this spec-
trum. Furthermore, the carbon 1s peaks were deconvoluted for
both rGO and rGO/Hgads (Figure 7, Table 2), and here we find
that the presence of mercury does not induce any appearance of
new peaks or substantial changes in the carbon-oxygen bonding
contributions.

Table 1. Elemental composition determined with different analytical techniques.

Element EDS EELS XPS TGA

Atomic [%] Weight [%] Atomic [%] Atomic [%] Weight [%] Weight [%]

GO C 61� 2 54� 2 75� 3 – – –

O 37� 3 42� 3 25� 1 – – –

S 2� 1 4� 1 – – – –

rGO C 72� 4 65� 4 80� 3 84.5 80 –

O 28� 4 35� 4 19� 1 15.5 20 –

rGO/Hgads C 72� 2 58� 2 84� 4 82.8 72.7 –

O 27� 2 26� 2 16� 1 15.6 18.3 –

Hg 1.2� 0.1 16.2� 0.3 – 0.6 9 16

Figure 5. High resolution scanning/transmission electronic microscopy (HRSTEM) images of rGO (left) and rGO/Hgads (right).
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Figure 6. Survey XPS spectra of the pure rGO (top, blue) and rGO/Hgads
(bottom, red) evidencing the presence of mercury.
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The spectra similarity can be tentatively explained by two main
factors: mercury concentration and physical adsorption. First, the
low concentration of mercury atoms in rGO/Hgads (1% at.) might
not be sufficient to induce a significant/observable change in the
carbon chemical environment. Second, the possibly purely elec-
trostatic interactions between the mercury cations and the carbon
matrix might be too weak to interfere with the C 1s core electron
binding energy.

The thermogravimetric analyses (TGA), performed under nat-
ural air, show a steep mass loss for GO at ≈150 °C, followed by a
plateau, and finally total oxidation at 600 °C (Figure 8). Both rGO
and rGO/Hgads have very similar behaviors both until 150 °C and
for oxidation at 600 °C. The main difference is the 16% wt. mass
loss from rGO/Hgads observed at ≈150 to 250 °C, which matches
the range of the mass spectrometry peaks tracking both 200Hg
and 202Hg. The release of mercury can be explained by the
formation of HgO and subsequent decomposition into Hg°
and O2, which indeed has been observed at these relatively
low temperatures on different solid substrates.[43]

Additionally, Fourier-transform infrared (FTIR) and Raman
spectroscopies were applied to gain further information on
the chemical composition and environment of the adsorbed mer-
cury. In the FTIR spectra, recorded in the 750–3650 cm�1 range
(Figure S10, Supporting Information), GO presents the charac-
teristic fingerprints: a C═C vibrational mode at 1616 cm�1 and a
strong peak at 1036 cm�1 related to the vibrational modes of
─COOH groups.[44] Overall, both rGO and rGO/Hgads present
very similar spectra, indicating little influence by the mercury,
but the slight increase in the peak intensity for rGO/Hgads at
around 1570 cm�1, which is related to the aromatic ring, can
be related to the presence of Hg, but this needs further verification.

It is, however, possible to confirm the reduction of GO to rGO,
simply by the decreased intensity of the peaks related to the pres-
ence of oxygen-containing groups, such as carboxyl groups
(─COOH) at 1036 and 1156 cm�1. Furthermore, the shift of

294 292 290 288 286 284 282
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 O C O
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Figure 7. Carbon 1s XPS peaks’ deconvolution for the rGO (left) and rGO/Hgads (right) samples.

Table 2. Deconvolution of the C 1s XPS peak for rGO and rGO/Hgads.

Position [eV] FWHM [eV] Attribution Contribution [%]

rGO 284.5 0.9 C sp2 49.7

285.4 2.0 C sp3 32.4

286.5 1.2 C─O 4.1

287.7 1.8 C═O 3.7

289.0 1.9 O─C═O 7.7

291.1 1.9 π–π* –

rGO/Hgads 284.5 0.9 C sp2 51.3

285.4 2.0 C sp3 30.7

286.5 1.0 C─O 2.9

287.8 1.9 C═O 6.9

289.2 2.0 O─C═O 5.6

291.2 1.9 π–π* –

Figure 8. Thermogravimetric analysis under air flow for GO, rGO, and
rGO/Hgads (straight lines) and mass spectrometry peaks for the
rGO/Hgads experiment for 200Hg and 202Hg (dotted and dashed lines)
evidencing the release of mercury at ≈200 °C.
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the peak at 1616 cm�1 (GO, aromatic ring)[45] to 1564 cm�1 (rGO,
aromatic ring)[46,47] indicates the removal of the oxygenated groups
and the restructuring of the sp2 configuration.[44] The Raman spec-
troscopy data (Figure S11, Supporting Information) confirms the
above analysis, but in addition, we can use five bands of rGO to
gain more information. The D band indicates lattice defects,
and the G band denotes in-plane sp2 carbon vibrations, and these
are complemented by three less intense bands: the D 0, D 00, and D*
bands, associated with intra-valley resonances, amorphous phases,
and sp3 hybridization orbital structures, respectively.[48,49] The ratio
between these intensities is detailed in Table S2, Supporting
Information. The defect-related ID/IG ratio is 1.38 and 1.35 for
GO and rGO, respectively, suggesting only minor changes in
the concentration of defects by the GO to rGO reduction, while
the IG/ID 0 ratio increased from 1.35 to 1.66, reflecting restoration
of sp2 carbon networks. The defects are attributed to functional
groups and the edges of graphene sheets, with the latter contrib-
uting more significantly to the slightly higher D band intensity.

2.3. Electrochemistry

The electrochemical behavior studies used an aqueous sulfuric
acid electrolyte to explore the redox activity of the adsorbed

mercury cations, together with the double-layer capacitance orig-
inating from the foam itself. The cyclic voltammograms
(Figure 9a) show the rGO foam to exhibit a standard
capacitive-like behavior, with a capacitance ranging from
200 to 250 F g�1 throughout the entire potential window, result-
ing in a maximum average capacity of 180 °C g�1 (per mass of
total active material) within 0.8 V at 1 mV s�1. The lower and
upper cutoff potentials were selected according to the expected
electroactivity region of the Hg2þ cations and the electrochemical
stability windows of rGO and the electrolyte.

In the case of rGO/Hgads, the typical EDLC box-type-shaped
envelope showed a similar behavior as rGO, that is, an average
maximum capacitance of 200 F g�1 over a 0.8 V potential
window, thus 160 C g�1. The electroactivity of Hg2þ was evi-
denced by the appearance of sharp oxidation and reduction peaks
centered at 0.62 V (0.65 and 0.59 V vs. SHE, respectively) associ-
ated to the proposed reversible electrochemical reaction
(Reaction (8)). The peaks present less than 10mV overpotential
compared to the standard redox potential for this reaction, which
can be due to the electrostatic stabilization of the mercury cations
adsorbed at the surface of the carbon

2Hg2þðaqÞ þ 2e� ⇌ Hg2
2þðaqÞ ðE° ¼ 0.63V vs: SHEÞ (8)
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Figure 9. Electrochemical analyses of rGO (blue) and rGO/Hgads (red). a) Cyclic voltammetry—reference electrodes of Hg/Hg2SO4 in sat. K2SO4

reported versus SHE. b) Charge and discharge cycles at a constant current density of 0.2 A g�1, c) Cyclic voltammetry current versus time.
d) Capacity retention upon galvanostatic charge/discharge cycles with potential limitation (GCPL) cycling.

www.advancedsciencenews.com www.advenergysustres.com

Adv. Energy Sustainability Res. 2025, 6, 2400195 2400195 (8 of 13) © 2024 The Author(s). Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH

 26999412, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aesr.202400195 by C

halm
ers U

niversity O
f T

echnology, W
iley O

nline L
ibrary on [30/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advenergysustres.com


The as-prepared rGO/Hgads electrodes present an open circuit
potential (OCP) about 50mV higher than the redox potential
shown in Reaction (8), which can be indicative of the presence
of Hg2þ in the non-cycled rGO. The first CV cycle does not pres-
ent any redox peaks; they appear after the second cycle when
cycling a new cell from OCP in both oxidation and reduction
directions (Figure S12, Supporting Information). This can be
due to the reduction of Hg2þ into Hg2

2þ species, which only then
become reversibly electroactive. To reach a deeper understanding
of the redox reaction, two rGO/Hgads electrodes with the exact
same mass were left overnight immersed in (A) deionized
(DI) water and (B) an H2SO4 0.5M electrolyte, respectively.
The cyclic voltammogram of the “A” treated electrode exhibits
the sharp redox peaks associated to Reaction (8), just like the
other freshly prepared cells with no resting time (Figure S13,
Supporting Information). The “B” treated electrode, however,
lacked the expected redox peaks, which tentatively can be
explained by either the adsorbed mercury cations reacting with
sulfuric acid, leading to the formation of HgSO4 and therefore
inhibiting Reaction (8), or by dissolution of the cations into
the electrolyte.[37] The second hypothesis is supported by the
cycling of rGO/Hgads in 1M HNO3 (Figure S14, Supporting
Information), which initially presented the redox peaks, followed
by their disappearance, which quite likely is due to the dissolu-
tion of the mercury cations into the acidic electrolyte, as this is
how rGO adsorbents usually are recovered.[10,15,50]

By merging Equation (2)–(6) (Calculations Development I in
the SI), the different contributions to the specific capacity (QAM,
C g�1) can be understood, and these are also correlated to the
experimental data (qtotal), as demonstrated in Figure S15,
Supporting Information. Equation (9) is the assembled expres-
sion that correlates the specific capacity of the active material
(QAM) as a function of the adsorbed mercury content (M%),
describing the curves in Figure 2 and S15, whose parameters
are summarized in Table S1, Supporting Information

QAM ¼ ΔV CrGO þ C%:Cconductive additive

A%

� �

þ nF
Mw

� ΔV :CrGO

� �
M%

(9)

The cyclic voltammograms show the effective coupling
between the capacitive contribution from carbon (double-layer
capacitance) and the faradaic contribution coming from the pres-
ence of mercury redox activity. Overall, this finding makes this
the first report of a heavy metal adsorbate that can be turned into
an electrode for an energy storage device and, furthermore, for
which the charge storage capacity can successfully be enhanced
compared to the pristine adsorbent foam.

In detail, at the beginning of cycling, the charge and discharge
cycles at a constant current density (0.2 A g�1) show overlapping
traces for rGO and rGO/Hgads. The capacity of rGO/Hgads then
increases, and the curves separate, when they reach the potential
at which mercury becomes electroactive (Figure 9b). This hap-
pens both for reduction and oxidation sweeps, in which the redox
activity of the mercury cations is almost superimposed on the
capacitive envelope of the rGO foam. The differences in capacity
between rGO and rGO/Hgads during the 50 cycles arise from the

adsorbed mercury’s reversible redox behavior contributing to the
electrode specific capacity during both oxidation and reduction
reversibly. This process is evidenced by the increased maximum
current of rGO/Hgads as compared to rGO, as shown in Figure 9c.

Furthermore, the adsorption of mercury leads to an increase
in the density of the foam, hence, one of their recycled electrodes.
Values of (0.72� 0.01) and (0.86� 0.03) g cm�3 were found for
the rGO and rGO/Hgads electrodes, respectively. With this aver-
age 20% density increase, the volumetric capacity difference is
even more significant between rGO and rGO/Hgads (Figure S15,
Supporting Information), with 89.3 C cm�3 without mercury and
98.6 C cm�3 with mercury. In practice, the volumetric energy
density is more appealing for potential applications of this tech-
nology, such as in stationary energy storage. The focus of this
work in describing the fundamental electrochemical approach
and mathematical description of this coupled system implies,
however, the calculations in gravimetric units.

The galvanostatic cycling with potential limitation (GCPL)
curves in Figure 9d show the capacity difference between rGO
and rGO/Hgads from the beginning of the cycling, with the rGO
capacity slightly increasing with time, while the rGO/Hgads capac-
ity fades. This can (again, see above) be due to the progressive
release of mercury cations into the electrolyte upon cycling, which
ultimately leads to a similar capacity as the rGO after
40 cycles at 1mV s�1 or 200mA g�1. Another hypothesis is the
passivation of mercury into a non-electroactive form, such as
the formation of HgSO4. The phenomena are under fundamental
investigation by, for example, post-mortem analysis, and among the
mitigation strategies, we speculate both on altering the electrolyte
composition and doing electrode surface engineering.

The GCPL data was further used to calculate the different
charge contributions of the rGO/Hgads electrode using
Equation (9) (Calculations Development II in the SI). The calcu-
lation using the second cycle capacity (QAM= 272 C g�1, as com-
pared to 231 C g�1 of rGO) indicates an equivalent M% = 14.5%
of mercury in the foam (Figure S15, Supporting Information),
which is in strong agreement with the material characterization
(≈16% wt. by both TGA and energy-dispersive X-ray (EDX)).
Following up the calculation to cycle no. 50, the obtained capacity
(228 C g�1) results in a 6.0% electroactive mass of Hg, consider-
ing that mrGO and CrGO are constants throughout the cycling.
If the capacity loss is purely associated with mercury release, that
indicates that the remaining mercury is still electroactive, as con-
firmed by the CV by the appearance of new redox peaks associ-
ated with Reaction 3.

The initial increase in capacity of rGO can be explained by the
progressive electrolyte access to the inner and smaller pores, taking
into account the high tortuosity of the rGO foammicrostructure.[51]

This effect can also be seen by the impedance decrease of the
electrodes after cycling (Figure S17, Supporting Information): for
rGO, from 11.2 to 6.1Ω, and for rGO/Hgads, 42.9 to 9.1Ω. The
fact that rGO/Hgads presents the largest impedance drop is thus
clearly not only related to the accessibility of the pores, as they are
fewer as seen by BET, but also to the nonmetallic characteristics
of the adsorbed species.

The power performance of the rGO/Hgads electrodes were
tested with a sequence of cyclic voltammetry experiments
(Figure 10). Coleman’s model[52] was used to fit the experimental
data according to Equation (10)
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Q
M

¼ QM½1� ðRτÞnð1� e�ðRτÞ�nÞ� (10)

The rGO/Hgads outperformed the rGO foam at higher scan
rates, presenting a time constant τ= 11.3 s, half of that of the
rGO, which is attributed to the fast mercury oxidation.
Furthermore, both materials have an n (Coleman’s exponent)
close to 1, which indicates a resistance limitation, as expected
for electrochemical capacitor materials.[52] As previously shown
by both CV and GCPL, the rGO/Hgads has a higher capacity at
lower scan rates, and at very slow cycling (0.1mV s�1), it presents
a further gain in capacity, indicated by the red dashed line in
Figure 10. Taken all together, the low value of the time constant
τ and the electrochemical capacitor behavior at high scan rates
are strong indications that the recycled adsorbent can be used
in high-power devices and furthermore provide an extra capacity
at lower scan rates, according to the demand, by effectively cou-
pling faradaic and non-faradaic phenomena.

3. Experimental Section

3.1. Synthesis Procedures

3.1.1. Synthesis of Graphene Oxide (GO)

GO was synthesized starting from 3.0 g of graphite powder
(TIMREX SFG6, S-154) via an improved Hummers’ method.
The graphite was added to 400mL of a 9:1 mixture of sulfuric

and phosphoric acids (H2SO4≥ 95% Fisher; H3PO4 extra pure,
85% Thermo) in a 500mL Erlenmeyer flask. After homogeniza-
tion, the flask was placed in an ice bath, and 18 g of KMnO4 (ana-
lytical grade, PROLABO) was slowly added under constant
stirring. After equilibration, the ice bath was removed, and
the mixture was continuously stirred at 50 °C for 3 h, followed
by stirring at room temperature for 3 days. After that time,
400mL of DI water was gradually added to the solution, followed
by 5mL of H2O2 (30% in water, Fisher) to consume the reminis-
cent permanganate. The solution was washed three times using
1% solution HCl (37% analytical grade, Fisher) and centrifugated
at 5000 rpm for 15min and three times with DI water with
repeating cycles of centrifugation (10 000 rpm, 15min) and dis-
card of the supernatant. Finally, the slurry was sonicated for 1 h
at 50 °C and centrifuged at 3500 rpm for 5min with the collection
of the supernatant, stored as a ≈10mgmL�1 GO aqueous
suspension.

3.1.2. Synthesis of Reduced Graphene Oxide (rGO)

The rGO foam was synthesized by diluting the GO suspension
with DI water to 1mgmL�1 and adding 35mL into 50mL Teflon
liners. The reactors were heated to 180 °C for 12 h. After the cool-
ing time, the self-standing rGO foam produced was thoroughly
washed with DI water and frozen using liquid N2 for the freeze-
drying process.

3.2. Adsorption Experiments

3.2.1. Standard Heavy Metal Cations Solutions

A standard 1000 ppm solution of Hg (II) cations was prepared by
dissolving 854mg of Hg(NO3)2.H2O (> 98%, Thermo Scientific)
in sufficient DI water up to a final volume of 500mL, assuming
1mg L�1 ≈ 1mg kg�1 in the case of DI water. A similar proce-
dure was used for the other studied cations, using Pb(NO3)2
(99%, Alfa Aesar), Bi(NO3)3.5H2O (98%, Alfa Aesar), and
Cr(NO3)3.9H2O (98%, Alfa Aesar) salts. Other concentrations
were achieved by appropriate dilutions with DI water.

3.2.2. Isothermal Adsorption

The adsorption experiments were performed by weighing
around 10mg of the dry rGO foam inside 25mL glass vials.
The foam was put under vacuum to properly impregnate the
adsorbate solution using a Schlenk-like system, and 20mL of
the concentration-adjusted Hg2þ cations solution was intro-
duced. The vials were added with a stir bar and left stirring in
a temperature-controlled water bath for a determined amount
of time. In the case of equilibrium time, teq was 150min.

3.2.3. Concentration Analysis

To recover the foam after adsorption and evaluate the remaining
Hg2þ cations concentration, the whole content of the vial was
vacuum-filtered through a glass fiber filter paper (Whatman
CAT no. 1823-070). The residue (rGO/Hgads) was taken for elec-
trode preparation, and the filtrate was collected in a clean vial for
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Figure 10. Power performance: Coleman plots of electrode capacities as a
function of the scan rate. The cyclic voltammetry experiments ranged from
0.1mV s�1 to 10 V s�1 in the potential range of �0.24 to 0.76 V (vs.
Ag/AgCl). One electrode was used for the whole rGO experiment, while
two different electrodes (cells) were required for the rGO/Hgads investiga-
tion, as the capacity fades quickly upon cycling. Capacity values were
calculated by the integration of the reduction current (I [mA g�1]) versus
time (t [s]) curves on every third cycle at a given scan rate. The table shows
the parameters derived from Coleman’s equation (Equation (10)), where
Qmax is the maximum capacity (C g�1), τ is the time constant (s), and n is a
constant related to the rate-limiting mechanisms.
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X-ray Fluorescence (XRF) analysis. The equipment (EDXRF
Epsilon 1, Malvern Panalytical) was calibrated for mercury detec-
tion in aqueous solutions using a calibration curve (Figure S18,
Supporting Information) with different known Hg2þ cation con-
centrations. The final remaining concentration and the adsorp-
tion capacity of the material were calculated in reference to the
concentration of the blank experiment, in which the same pro-
cedure was followed (vacuum, temperature bath, filtration), but
with no foam present.

3.3. Materials Characterization

3.3.1. Scanning Electron Microscopy and Energy-Dispersive X-ray
Spectroscopy

SEM images were obtained using a Zeiss Merlin instrument at
15 kV. EDX analysis using a 50mm2 X-Max detector at a working
distance of 8 mm was conducted on the same device using an
OXFORD Instruments detector.

3.3.2. High-Resolution Scanning/Transmission Electronic
Microscopy

HRSTEM was performed to locate the adsorbed mercury atoms
in contrast to the carbon matrix. rGO and rGO/Hgads powders
were dispersed in ethanol with the help of an ultrasonic bath
and then deposited on a holey carbon film-coated copper grid
before insertion in an aberration-corrected STEM Themis Z
G3 (Thermo Fisher Scientific). High-angle annular dark-field
(HAADF-STEM) images were acquired at 80 kV, with a
12.5mrad convergence angle and 63–200mrad collection angles.
A Super-X system (four EDX detectors) was used to obtain the
EDX spectra of the materials.

3.3.3. Thermogravimetric Analysis and Mass Spectrometry

TGA was performed under a constant airflow of 20 cm3min�1

from 30 to 1000 °C at 10 °Cmin�1 using an STA 449 F3
Jupiter NETZSCH instrument. Mass spectrometry was coupled
to the TGA using a QMS 403 C Aëolos device.

3.3.4. X-ray Photoelectron Spectroscopy

The XPS measurements were performed on a Kratos Axis Nova
using a monochromatic X-ray Al Kα source (1486.6 eV) at 20mA
and 15 kV. The surface analyzed was about 700 μm by 300 μm,
and the instrument base pressure was 5� 10�9 Torr. All samples
were maintained on carbon conductive adhesive double tape. A
pass energy (PE) of 80 eV was used to acquire wide-range survey
spectra with a resolution of 0.9 eV for metallic silver. A PE of
40 eV was used to acquire narrow spectra of the C 1s, O 1s,
and Hg 4f levels with a resolution of 0.55 eV measured on the
Fermi edge of the valence band for metallic silver. Charge com-
pensation has been used for every measurement. XPS data were
analyzed using the CasaXPS software (version 2.3.24) using
Gaussian/Lorentzian line shapes and Shirley background correc-
tion. All spectra were calibrated with hydrocarbon C 1s photo-
emission set to 285.0 eV binding energy.

3.3.5. BET

The carbon foams were characterized by gas sorption at liquid
nitrogen temperature (77 K) using nitrogen gas with an ASAP
2020 Micromeritics equipment.

3.3.6. Raman Spectroscopy

Raman spectra were taken from 100 to 3800 cm�1, using a reso-
lution of ≈0.5 cm�1 and excitation by a 532 nm laser with a power
P= 1.5mW, in a S1800 device T64000 (Jobin Yvon).

3.3.7. Fourier-Transform Infrared Spectroscopy

FTIR spectroscopy was performed using a PerkinElmer instru-
ment (Pike GladiATR) set to 1 cm�1 resolution and 12 scans.

3.4. Electrochemistry

3.4.1. Electrode Preparation

The recovered foam loaded with mercury cations (rGO/Hgads)
was washed with DI water after filtration and frozen using liquid
N2 for freeze-drying overnight. As a comparative material, pure
rGO foam was impregnated under vacuum with DI water, fil-
tered, and freeze-dried under the same conditions. The electrode
preparation followed the same procedure for both rGO and
rGO/Hgads by mixing the active material with carbon black
(PUREBLACK 205-110 Carbon Superior Graphite Co.,
Chicago, IL, USA) and a binder (PTFE 60% w/w aq. sol.,
Sigma-Aldrich) in the mass proportions 70:20:10, respectively.
The powder mixture was dispersed with ethanol, and the slurry
was stirred until the complete evaporation of the solvent. A self-
standing film with a controlled thickness of about 100 μm was
cold-rolled using a glass bar. Disk-shape self-standing electrodes
were cut from the film using 10mm punchers.

Thick activated carbon (AC) counter electrodes were prepared
by mixing the active material (activated carbon YP50) with carbon
black (PUREBLACK 205-110 Carbon Superior Graphite Co.,
Chicago, IL, USA) and a binder (PTFE 60% w/w aq. sol.,
Sigma-Aldrich) in the 85:10:5 mass proportions. The powders
were dispersed with ethanol, mixed, and dried, and the final mix-
ture was opened with a thickness of >1mm to ensure a mass of
the counter at least 15 times bigger than the working electrodes.
The self-standing AC electrodes were cut with a diameter of
12mm.

3.4.2. Cell Assembly

Swagelok-type cells were used for the electrochemical characteri-
zation. A three-electrode cell was assembled with the self-
standing working electrode, two glass microfiber separators
(1172-4113, Fisherbrand), and the counter electrode. The electro-
lyte (H2SO4 0.5M, Fisher) was added in excess to wet the
separators and cover the reference electrode (Ag/AgCl in 3M
NaCl or Hg/Hg2SO4 in sat. K2SO4), introduced on the third
aperture of the cell (Figure S19, Supporting Information).
A two-electrode cell configuration was used for the GCPL
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experiments, using the thick AC electrodes as both counter and
reference electrodes, as its potential was considered constant
throughout the whole experiment, given its capacitance being
more than 20 times bigger than that of the working electrode.

3.4.3. Measurements

Cyclic voltammetry and galvanostatic charge/discharge were
performed using a VMP3 potentiostat (BioLogic, operated
under EC-Lab software version V11.50) in an air-conditioned
room (22 °C).

4. Conclusions

This study proposes a pioneering pathway for repurposing waste-
water adsorbents into valuable materials for energy storage sys-
tems. It was demonstrated for the first time that recycling
wastewater adsorbents as energy storage materials is a promising
alternative to its treatment as solid waste. Using a single-step,
one-pot-synthesized rGO foam, it was possible to effectively
adsorb up to 240mg g�1 of Hg2þ cations from water at 25 °C uti-
lizing a material that is already known in both environmental
sciences as a suitable adsorbent and in electrochemical energy
storage as a performing electrode for electrochemical capacitors.
Combining both properties and the existing demands on each
field, a 15% specific capacity increase can be achieved by cou-
pling the non-faradaic contribution of the carbon foam and tak-
ing advantage of the redox reactions of the loaded mercury
cations, initially treated as waste. Moreover, the rGO adsorbent
was used as prepared as an electrode material without the need
for complex and/or costly additional processes.

Notably, further enhancing the cycling stability and capacity of
the recycled materials is required to ensure their efficiency in
practical applications. Furthermore, the development of such a
device may involve different adsorbed cations. Indeed, a genuine
choice of metal cations can provide two recycled electrodes with
complementary potential windows that can be coupled to form a
full cell configuration with both high capacity and efficiency.
Despite these remaining challenges, our approach stands as a
demonstration of the symbiotic potential between environmental
remediation and energy storage technology. It is a proof of con-
cept that applies a straightforward procedure to provide a second
life to the solid toxic waste by recycling it as an active material for
an electrochemical capacitor.

The use of recycled materials with direct application in
energy storage is definitely underexplored in the literature.
This research serves as a call to action for future work to bridge
the existing gap between energy and environmental sciences,
which must be filled with advanced, practical, accessible, and
impactful scientific research. It advocates for a shift in focus
toward utilizing readily available, recycled materials, which could
be just as effective—if not more—than their complex and costly
counterparts in energy storage applications. The pathway to
advanced energy solutions may well be paved with the repurpos-
ing of what was once considered waste, pointing to a new era of
innovation in material sciences within the framework of a circu-
lar economy.
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