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ABSTRACT: The widespread use of gadolinium-based contrast
agents for magnetic resonance imaging (MRI) in recent decades has
led to a growing demand for Gd and raised environmental concerns
due to their direct discharge into wastewater systems. In response, we
developed an electrochemical filtration method to recover Gd from
patient urine following contrast-enhanced MRI. This method involves
modifying a conventional vacuum filtration apparatus by introducing
electrodes into the filter membrane, creating a strong electric field of
∼5 kV/m and a steep three-zone pH gradient within the filter
membrane. These electric and pH fields facilitate the dissociation of
Gd-based contrast agents, releasing GdIII ions, electrophoretic
separation of GdIII and its ligand, and eventually precipitation and
trapping of GdIII as GdPO4 and Gd(OH)3 on the filter membrane.
Using gadopentetate dimeglumine (GdDTPA) as a model Gd-based contrast agent, we achieved a Gd trapping efficiency of ∼70%
for artificial and real urine samples. For macrocyclic Gd-based contrast agents such as gadoterate meglumine (GdDOTA), the Gd
trapping efficiency decreased to 25.4% due to the slow dissociation kinetics of macrocyclic contrast agents. However, the trapping
efficiency can be improved to ∼40% by allowing the macrocyclic contrast agent to predissociate in an acidic environment before
electrochemical filtration. The Gd trapped on the filter membrane can be recovered by thermal treatment in a muffle furnace. After
thermal treatment, the reclaimed Gd from the real urine sample was primarily identified as GdPO4. This electrochemical filtration
design offers a straightforward and practical approach to recovering Gd from contrast-enhanced MRI scans, addressing the increasing
demand for Gd and helping alleviate concerns about Gd contamination in surface water.
KEYWORDS: electrochemical filtration, gadolinium recovery, magnetic resonance imaging, rare-earth element, MRI contrast agent

■ INTRODUCTION
Gadolinium is a rare-earth element widely used to enhance
contrast in magnetic resonance imaging (MRI) due to its
paramagnetic properties associated with the 8S7/2 ground-state
electronic configuration of GdIII.1−3 The first commercial Gd-
based contrast agent for MRI, gadopentetate dimeglumine
(GdDTPA), was introduced in 1981.4 Then, Gd-based
contrast agents became the primary type of contrast agents
used in MRI. To date, the U.S. Food and Drug Administration
has approved 12 commercial Gd-based contrast agents.5,6

Approximately 30 million MRI procedures involving the use of
Gd-based contrast agents are performed annually.5 Over 450
million intravenous Gd-based contrast agent doses (approx-
imately 1.2 g of Gd per dose, totaling over 540 tons of Gd)
have been administered to millions of patients worldwide.7

The global demand for Gd has been steadily increasing,
reaching a market value of approximately US$5.3 billion in
2022, and it is forecast to grow to US$8.8 billion by 2032.8

The Gd-based contrast agents administered intravenously
are mainly removed from the body through the kidneys with a

large portion being excreted in the urine without undergoing
any chemical changes. In individuals with normal kidney
function, about 70% of the total injected Gd is excreted during
the first urination and over 90% is excreted within 24 h of
administration.7,9,10 These excreted Gd are mostly discharged
into hospital wastewater systems�only approximately 10% of
the Gd is removed during wastewater treatment11�posing a
growing environmental concern when they enter surface
waters.12−15 The total annual Gd emissions per MRI facility
were estimated to be between 2.1 and 4.2 kg per year, leading
to a potential Gd concentration of 8.5−30.1 μg/L in its
wastewater.16 A study of surface waters from various points in
San Francisco Bay revealed a consistent rise in Gd levels from
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8.27 to 112 pmol/kg (or 1.3 to 17 ng/L) between the early
1990s and now.17 The highest Gd anomalies were detected in
locations near hospitals and research facilities using Gd-based
contrast agents. Therefore, recovering Gd after MRI scans not
only addresses the increasing demand for Gd but also helps
address the pressing concerns about Gd contamination of
surface water, which are significant and of interest to society.
Our group previously developed a ligand-assisted electro-

chemical aerosol formation (LEAF) process to extract and
preconcentrate free Gd from hospital effluents containing a
ppb level of Gd.18 We engineered amphiphilic Gd-binding
ligands that spontaneously attach to the surfaces of gas
bubbles. During the LEAF process, these Gd-binding ligands
ride along with the electrogenerated rising bubbles and capture
free GdIII ions in solution. When gas bubbles reach the surface,
they burst to form aerosol droplets enriched with GdIII-
containing complexes through a process known as aerosol
enrichment.19−23 We demonstrated that the LEAF process
extracted ∼75% Gd from water samples containing a ppb level
of GdIII ions while preconcentrating Gd by up to ∼400-fold.
However, the efficiency of the LEAF process for extracting Gd
from real-world hospital effluents can be affected by other
metal ions, such as FeIII, ZnII, and CuII, that compete for Gd-
binding ligands.16,24,25

To overcome the limitations of the previous Gd recovery
workflow, we shifted our focus to an upstream source: the
urine of patients after receiving contrast-enhanced MRI scans.
Recovering Gd directly from the urine of MRI patients offers
two significant advantages. First, urine contains a high
concentration of Gd, measuring between 48 mg/L and 21.2
g/L on the first day after exposure to Gd-based contrast
agents.9 This concentration is considerably higher than the μg/
L levels of Gd typically found in hospital wastewater.16 Second,
the concentrations of multivalent metal ions, such as ZnII, NiII,
CuII, and FeIII, are generally below 1 mg/L in healthy human
urine.26 This lower concentration reduces the potential
interference from these metal ions, which have similar physical
and chemical properties to Gd. However, unlike Gd in hospital
effluents, Gd in fresh urine samples remains predominantly

(>99%) in its chelated form rather than as free ions.9,27

Consequently, the LEAF process, which relies on complexing
amphiphilic Gd-binding ligands with free GdIII ions in solution,
is not effective at recovering complexed Gd from the urine.
Here, we present an electrochemical filtration method

designed to directly extract Gd from patient urine following
an MRI scan (Scheme 1a). We utilized water electrolysis in
this electrochemical filtration system to create a significant pH
gradient and a strong electric field within the filter membrane.
This setup facilitates the demetalation of Gd-based contrast
agents, the following electrophoretic separation of GdIII from
its ligand, and eventually the precipitation and trapping of GdIII
as GdPO4 and Gd(OH)3 on the filter membrane. Using
GdDTPA as our model contrast agent, we demonstrated that
this electrochemical filtration process achieves a Gd trapping
efficiency of ∼70% for both artificial and real urine samples.
The filtration throughput, while maintaining optimal trapping
efficiency, was about 0.60 mL of urine per minute per cm2 of
the filter membrane’s cross-sectional area. The Gd trapped on
the filter membrane can be effectively recovered through
thermal treatment in a muffle furnace. Analysis of the
reclaimed Gd from real urine samples revealed that it primarily
existed as GdPO4, as determined by techniques, including X-
ray photoelectron spectroscopy (XPS), X-ray diffraction
(XRD), and scanning electron microscopy with energy-
dispersive X-ray spectroscopy (SEM/EDX).

■ RESULTS AND DISCUSSION
Electrochemical Filtration Device Design. According to

previous speciation analyses of Gd in MRI patients’ urine,9,27

Gd remains primarily (>99%) in its chelated form in fresh
urine samples. Gd-based contrast agent complexes generally
exhibit high thermodynamic stability at physiological pH levels
but dissociate in strong acids. For instance, the conditional
stability constant of GdDTPA at pH 7.4 is 10;7,17 however, its
dissociation half-life in 0.1 N HCl can be as short as 10
min.28,29 These Gd-based contrast agent complexes can
dissociate when a strong acid is added to urine, allowing
some Gd to precipitate as GdPO4 at the bottom of the

Scheme 1. (a) Schematic of the Proposed Electrochemical Filtration Method for Recovering Gd from Patient Urine after MRI
Scans.a (b) Flowchart Illustrating the Dissociation of a Gd-Based Contrast Agent, Gadopentetate Dimeglumine (GdDTPA), in
an Electrogenerated Low-pH Environment, Leading to Separation of GdIII and Its Ligand, Followed by the Precipitation of
GdIII in Two Different Forms, GdPO4 and Gd(OH)3, Based on Solution pH and Ksp Values.b

aThe electrochemical filtration setup uses two anodes, two cathodes, and multiple layers of chromatography paper to create a steep three-zone pH
gradient and a strong electric field that demetalates the Gd-containing complex in the urine and precipitates Gd for sustainable reuse. bThe blue,
red, brown, white, and silver spheres in the molecular structures represent Gd, O, C, H, and N atoms, respectively.
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container due to phosphate ions in the urine. The precipitated
GdPO4 can be reclaimed by filtration�however, the use of
strong acids and the resulting acidic waste present significant
drawbacks, making this recovering approach nonideal for use
in hospitals.
The electrochemical filtration design in Scheme 1a addresses

this limitation. In this design, we modified a conventional
vacuum filtration setup by introducing four porous carbon
cloth electrodes (from top to bottom: anode 1, cathode 1,
cathode 2, and anode 2) separated by filtering materials such as
chromatography paper. A voltage bias of 3 to 10 V was applied
between anodes and cathodes to drive water oxidation and
reduction to generate H+ and OH− locally (Figure S2),
establishing a three-zone pH gradient from low pH to high pH
and back to low pH within the filter membrane. Meanwhile, a
strong electric field of ∼5 kV/m is also created between the
anode and cathode due to their small separation of ∼2
mm.30,31 The steep pH gradient and strong electric field in the
filter membrane are essential for the removal of Gd from urine
by electrochemical filtration.
The low-pH zone generated by anode 1 drives the

dissociation of GdDTPA, to release GdIII ions and DTPA as
it passes through the filter membrane (Scheme 1b). Normally,
if the ligand releases GdIII ions, it would quickly rebind that
same ion as the pH increases. However, this issue is overcome
by the electrophoretic separation of GdIII ions and DTPA
enabled by the strong electric field between anode 1 and
cathode 1. Our previous study found that the electrophoretic
separation between GdIII and a DTPA derivative in a wet grade
1 chromatography paper channel could reach >7 paper layers
after 3 min in an electric field strength of ∼16 kV/m.18 As a

result, spatial separation between free GdIII ions and DTPA
inhibited their recombination as they entered the high-pH
zone produced by cathode 1 and cathode 2, enabling GdIII to
precipitate as Gd(OH)3 and GdPO4 due to their insolubility in
alkaline media (Ksp for Gd(OH)3 and GdPO4 are 1.8 × 10−18

and 4.06 × 10−26, respectively).32,33 Anode 2 was designed as
an auxiliary electrode for cathode 2 to sustain the high-pH
zone.
Extraction of Gd from Artificial Urine. We first tested

the electrochemical filtration performance using GdDTPA (1
mM, 0.16 g of Gd/L) spiked in an artificial urine solution.
Artificial urine was prepared following a reported procedure
and contained KCl (60.4 mM), NaCl (128.3 mM), NaH2PO4
(40.0 mM), and urea (60.1 mM).34 The pH of the artificial
urine samples was adjusted to ∼5, which falls in the normal pH
range of 4.5−8 in human urine.35 Trapping efficiency was
calculated from the remaining Gd in the filtrate and the total
Gd mass passing through the filtration setup; both were
measured by inductively coupled plasma mass spectrometry
(ICP−MS). The Gd trapping efficiency strongly depends on
the structure of the electrochemical filter membrane, which
determines the pH gradient, electric field, and flow rate. We
varied the arrangement and type of filter materials, including
grade 1 and grade 17 chromatography paper (thickness: 0.16
and 0.8 mm per layer, respectively), hydrophilic Nylon
membrane, and glass fiber membrane, as well as carbon cloth
electrode materials, including plain carbon and polytetrafluoro-
ethylene (PTFE)-treated carbon (Table S1). The optimal filter
membrane structure that provides the best balance between
trapping efficiency and flow rate is 15 layers of grade 1
chromatography paper between anode 1 (A1) and cathode 1

Figure 1. Photographs of (a) our electrochemical filtration system and (b) an expanded view of the optimal filter membrane structure of
A115C15C25A25, which has 15 layers of paper between anode 1 (A1) and cathode 1 (C1), 5 layers between cathode 1 (C1) and cathode 2 (C2),
and 5 layers after anode 2 (A2). (c) Comparison between the Gd trapping efficiencies at various operating voltages of 3, 5, and 10 V for GdDTPA
(1 mM, 0.16 g Gd/L) in artificial urine. Flow rate: 3 mL/min and filtration time: 10 min. (d) Time-dependent Gd trapping efficiency at 5 V. (e)
Current−time traces recorded during electrochemical filtration at 3, 5, and 10 V. (f) Gd mass balance analysis (left axis) and the Gd recovery (right
axis) for different filtration times from 10 to 60 min. The error bars for the mass balance study and trapping efficiency were obtained from the
standard deviation of three independent experiments, and the error bars for the Gd recovery were calculated from the mass balance results based on
the propagation of error rules.
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(C1), 5 layers between cathode 1 (C1) and cathode 2 (C2),
and 5 layers after anode 2 (A2) (denoted by A115C15C25A25,
Figure 1a,b). All the electrodes were plain carbon cloth, and
the filter material was grade 1 chromatography paper with a
total thickness of 6.05 mm (Figure S1).
Replacing the plain carbon cloth electrodes with PTFE-

treated carbon cloth electrodes reduced the trapping efficiency
and flow rate by 50% due to its hydrophobicity (entry 2 in
Table S1). Strong acid treatment of the PTFE-treated carbon
cloth electrodes using concentrated H2SO4 and HNO3
improves the hydrophilicity (Figure S3) but did not lead to
a better trapping efficiency than plain carbon electrodes
(entries 11 and 14−16 in Table S1). Neither a hydrophilic
Nylon nor glass fiber membrane did (entries 3 and 4 in Table
S1), despite the latter having a higher flow rate than grade 1
chromatography paper (10.3 mL/min vs 3.9 mL/min). Grade
17 chromatography paper improved the trapping efficiency
from 66% to 80% but sacrificed the flow rate from 3.9 to 0.5
mL/min by 87%, compared to grade 1 paper (entry 5 in Table
S1), which octuples the filtration time for processing the same
sample volume. Using one pair of anode and cathode instead
of two pairs compromised the trapping efficiency as well
(entries 9 and 10 in Table S1).
Figure 1c shows the Gd trapping efficiency after applications

of 3, 5, and 10 V for 10 min using the optimal filter membrane
structure. During the experiments, the flow rate was kept at ∼3
mL/min, so the average residence time of the Gd-containing

sample in the filter membrane was ∼1 min. We observed
trapping efficiencies of >50% at all three voltages and achieved
the highest efficiency of ∼70% at 5 and 10 V. The error bar at
10 V was larger than 5 V because the filter paper was burned
after operating for about 30 min at 10 V due to Joule heating
(Figure S7). Therefore, 5 V was used for all of the other
experiments. At 5 V, the Gd trapping efficiency of filtrations
performed for 10 to 40 min was ∼65 to 75%, with a slight
decrease to 60% afterward (Figure 1d). The efficiency loss is
possibly caused by the loss of mechanical integrity of filter
papers or Joule heating, both of which would increase the ionic
conductivity, lower the electric field in the filter membrane,
and comprise the trapping efficiency, as partially supported by
the gradually increasing electrical current passing between the
anodes and cathodes over time (Figure 1e).
We further conducted Gd mass balance analysis by directly

measuring the Gd mass in the initial artificial urine sample, in
the filtrate, on the filter membrane, and inside the glass frit
base of the filtration device (Figure S4). Figure 1f shows a
reasonable recovery percentage of 80%−120% for filtration
times from 10 to 60 min. Error bars represent the standard
deviations of three independent experiments. The Gd in the
filter membrane and glass frit has larger error bars than total
Gd and filtrates because they are solid samples that require an
extra step of Gd digestion in boiling nitric acid, resulting in
greater variations. A noticeable appearance of Gd in the glass
frit base from 40 min indicates the incomplete trapping of Gd

Figure 2. (a) Distributions of pH (top panel) and Gd (bottom panel) across each layer of the filter membrane after electrochemical filtration of an
artificial urine sample containing GdDTPA (1 mM) at 5 V for 10 min. (b) Distributions of pH (top panel) and Gd (bottom panel) across each
filter membrane layer without an applied voltage. (c) Gd distribution after electrochemical filtration of a modified artificial urine sample by
replacing NaH2PO4 with NaClO4 at 5 V for 10 min. The error bars are the standard deviation of the Gd content at different sampling locations of a
filter membrane layer (Figure S6).
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precipitates on the paper filter membrane, supporting the loss
of mechanical integrity of the paper filters. The throughput of
each electrochemical filtration setup is ∼3 mL/min, and it can
be scaled up by running parallel filtration. Figure S5 shows the
processing of up to 95 mL of artificial urine containing
GdDTPA in 10 min with an efficiency of ∼75% using three
parallel filtrations.
Next, we examined the distribution of Gd and pH across

each filter membrane layer to understand the electrochemical
filtration process better. We used a colorimetric assay with a
universal pH indicator to measure the pH immediately after
the filtration experiments, while the paper layers were still wet.
The top panel of Figure 2a clearly shows three pH zones in the
filter membrane after 10 min of electrochemical filtration at 5
V. Specifically, an acidic pH zone of 2 to 3 was present
between A1 and C1, a neutral to basic pH zone between C1
and A2 with the highest pH value of ∼13 on layer 22, and then
another acidic pH zone of ∼2 after A2. The transition from pH
= 2 to 13 occurred in only about 10 paper layers or ∼2 mm. It
is worth noting that the diffusion of protons after the electric
field and vacuum are removed should not significantly affect
our pH distribution measurements because the diffusion
coefficient of ions in wet filter paper is about 1/3 of their
diffusion coefficient in water.31 This means that the diffusion
coefficient of a proton in the filter membrane is around 3.1 ×
10−5 cm2/s.36 Using the 1D Einstein diffusion equation, the
average diffusion time for a proton to cross one layer of filter
paper with a thickness of 200 μm is estimated to be ∼6.5 s,
which is longer than the time it took us to open the layered
paper membrane.

Then, we used energy-dispersive X-ray fluorescence
(EDXRF) spectrometry to analyze the relative Gd content
on each filter membrane layer. The bottom panel of Figure 2a
displays the distribution of the average Gd Lα line intensity in
the filter membrane measured from at least three locations of
each layer (Figure S6). In addition to the expected Gd
deposition in the basic pH zone near C1, we also observed Gd
deposition near A1 and A2 in the acidic zones. The error bars
are the standard deviations of the measured Gd intensities at
different locations. The relatively large error bars are due to the
nonuniform pH distribution on each layer (Figure 2a) and,
thus, a large variation of Gd intensity at different locations. In
the absence of an applied voltage, the pH in the filter
membrane was constant at ∼5 across all of the layers, and no
Gd trapping was observed for any layers (Figure 2b). Note that
the carbon cloth electrodes were dark because of their native
color.
To understand the origin of the presence of Gd near the

anodes, we performed a control experiment using a modified
artificial urine formula, in which NaH2PO4 was replaced with
NaClO4 at the same concentration. Under the same electro-
chemical filtration conditions (5 V and 10 min), the Gd
trapping efficiency dropped to 27%, approximately one-third of
the efficiency in the presence of phosphate salts, and Gd only
appeared in the basic pH zone near C1 (Figure 2c). The
difference between Figure 2a and c indicates that the trapped
Gd near the cathode should be mostly Gd(OH)3, and Gd
found near the two anodes was caused by GdIII precipitating
with NaH2PO4 or its conjugate base. The inner-sphere water of
GdDTPA can be replaced with HPO4

2−,37 weakening the

Figure 3. (a) Comparison of the stability of linear and macrocyclic contrast agents in strong acid (pH = 1). (b) Distributions of Gd (top panel) and
pH (bottom panel) across each layer of the filter membrane after electrochemical filtration of an artificial urine sample containing GdDOTA (1
mM) at 10 V for 10 min. (c) Distributions of Gd (top panel) and pH (bottom panel) across each filter membrane layer for acidifying the artificial
urine containing GdDOTA to pH = 2 for 24 h.
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complexation and promoting the precipitation of GdPO4
driven by its low solubility in water (14 μM), even at pH =
2.38 We attempted to directly identify the presence of GdPO4
and Gd(OH)3 on the electrodes using XPS but did not obtain
reproducible Gd and P signals (Figure S8), possibly because of
the large excess of soluble phosphate salts.
Extraction of Gd from Macrocyclic Gd-based Contrast

Agent. In addition to the linear contrast agent GdDTPA, we
tested another contrast agent, gadoterate meglumine (GdDO-
TA). GdDOTA belongs to the macrocyclic category due to the
cyclic configuration of its 2,2′,2″,2‴-(1,4,7,10-tetraazacyclodo-
decane-1,4,7,10-tetrayl)tetraacetate (DOTA) ligand (Figure
3a). Compared with linear Gd-based contrast agents, macro-
cyclic agents are more stable in acidic environments and less
affected by the presence of phosphate because of the

macrocyclic effect.39 Figure 3a compares the dissociation rate
constant (kd) and the dissociation half-life (t1/2, defined as the
time associated with the release of Gd from half of a sample of
contrast agent) of the linear and macrocyclic contrast agents
tested in this report at pH = 1.40 The t1/2 for GdDOTA is 9 h,
∼60 times longer than GdDTPA’s. Due to the slow
dissociation of the macrocyclic complex in strong acid, the
Gd trapping efficiency was 25.4%, lower than the efficiency of
∼70% for the linear contrast agent under the same electro-
chemical filtration conditions (Figure 3b). In addition, the
trapped Gd was mostly present in the basic pH zone near C1,
suggesting it precipitated mostly as Gd(OH)3, consistent with
the reports that macrocyclic Gd-based contrast agents
exhibited greater stability than linear contrast agents in the
presence of phosphate.41 Despite GdDOTA’s moderate

Figure 4. (a) Photographs of the experimental setup filtering real urine spiked with GdDTPA and the recovered Gd-containing particles after
burning the filter membrane that trapped Gd in a muffle furnace at 1000 °C for 10 h. (b) Gd trapping efficiency and (c) mass balance analysis for
four independent electrochemical filtration experiments conducted at 5 V for 20, 40, 50, and 60 min. (d) Graph showing Gd distribution on each
filter membrane layer. (e) XRD patterns of the recovered Gd particles and GdPO4 and Gd2O3 references. (f) XPS spectrum and (g) SEM/EDX
mapping of the recovered Gd particles.
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trapping efficiency, we still want to highlight that GdDOTA
only experiences the electrogenerated acidic environment for
less than 1 min as it flows through the filter membrane, ∼500
times shorter than its t1/2 measured in solution at pH 1. This
difference indicates that the unique environment of a large pH
gradient and strong electric field inside the filter membrane
greatly accelerate the complex dissociation, which is currently
under further investigation. To address the limited trapping
efficiency due to slow dissociation, we adjusted the sample
solution pH to 2 and held it there to promote dissociation for
24 h before electrochemical filtration. The predissociation step
improved the trapping efficiency to 39.1% (Figure 3c). The
trapped Gd was also found in the basic pH zone after C2. The
shifted pH distribution downstream in the filter membrane is
caused by the initial low pH of the sample solution, requiring
OH− produced at both C1 and C2 to be neutralized.
Extraction of Gd from Real Urine Samples. We applied

our electrochemical filtration design to extract Gd from real
urine samples to test its practical use. We spiked a real urine
sample with GdDTPA (15 mM, 2.36 g Gd/L) to reproduce a
typically observed concentration of Gd (0.048−21.2 g/L) for
an MRI patient on the first day after imaging.9 This sample was
electrochemically filtered at 5 V for up to 60 min (Figure 4a).
Figure 4b shows the Gd trapping efficiency varies between 50%
and 80% for different filtration times with an average trapping
efficiency of 65% ± 13%, comparable to that for artificial urine
samples (∼70%). The mass balance analysis results in Figure
4c show a good Gd recovery of 71% to 108% for these
experiments. However, we noticed that the flow rate through
the filter membrane was not constant for the real urine
samples, causing a nonlinear increase in the total Gd amount
with the filtration time and an unexpected decrease at 60 min.
It was possibly due to the microbial growth in urine partially
blocking the flow through the filter membrane.
The Gd distribution pattern in the filter membrane was the

same as that in the artificial urine experiment (Figure 4d),
suggesting that Gd precipitated as Gd(OH)3 and GdPO4. After
burning the filter membrane that trapped Gd after 60 min of
filtration in a muffle furnace at 1000 °C for 10 h, we recovered
121.6 mg of powder (Figure 4a). We characterized the powder
using XRD, XPS, and SEM/EDX. Figure 4e illustrates that the
XRD pattern matched best with monoclinic GdPO4 (PDF card
# 01-084-0920), which is the most stable phase of GdPO4 after
thermal annealing at over 900 °C.42 Meanwhile, the SEM/
EDX images in Figure 4g show the colocalization of Gd and P.
The EDX elemental composition analysis shows a P/Gd ratio
of 1.18 ± 0.06, confirming that the recovered powder is
predominantly GdPO4. The XPS spectrum in Figure 4f shows
a Gd 4d peak at 145.4 eV and a P 2p peak at 137 eV. The
spin−orbit splitting was not observed for the Gd 4d peak
because the intra-atomic exchange interactions between the
seven unpaired 4f electrons of Gd and the photoholes created
by photoexcitation have similar energy as the spin−orbit
coupling for its 4d electrons.43,44 As a result, complex
multiplets were obtained, appearing as a broad wave in the
XPS spectrum rather than a typical doublet from spin-4d orbit
splitting. Analysis of the Gd 4d and P 2p peak areas in Figure
4f produced a P/Gd ratio of ∼2.11, a higher-than-expected
value, likely caused by the presence of a trace amount of other
phosphate salts such as sodium and potassium phosphates on
the surface of GdPO4. Therefore, to the first approximation, we
recovered 75.8 mg of Gd out of the total 101.5 mg of Gd (or

74.6% recovery efficiency, close to the trapping efficiency
measured by ICP−MS in Figure 4b).

■ CONCLUSIONS
We demonstrated an electrochemical filtration method for
recovering Gd from the urine. In this method, we modified a
conventional vacuum filtration apparatus by introducing
electrodes into the filter paper membrane to establish a strong
electric field of ∼5 kV/m and a steep three-zone pH gradient
inside the filter membrane. The electric and pH fields drive the
release of GdIII ions, electrophoretic separation of GdIII from
the ligand, and precipitation and trapping of GdIII as GdPO4
and Gd(OH)3 on the filter membrane. We demonstrated a Gd
trapping efficiency of ∼70% for artificial and real urine samples
spiked with GdDTPA. For the macrocyclic contrast agent
GdDOTA, the Gd trapping efficiency was 25.4%, which is
lower than that of the linear contrast agents due to the
macrocyclic effect. However, the trapping efficiency was
improved to ∼40% by adding an acidic predissociation step
prior to electrochemical filtration. The Gd trapped on the filter
membrane can be easily recovered by thermal treatment in a
muffle furnace. The reclaimed Gd from the real urine sample
was identified as primarily GdPO4. Our electrochemical
filtration design provides a straightforward and practical
approach to recovering Gd from urine, addressing the
increasing demand for Gd and helping address the pressing
concerns about Gd contamination of surface water.

■ EXPERIMENTAL SECTION
Chemicals and Materials. GdDTPA (research-grade; 97%) was

purchased from BenchChem. GdDOTA (research-grade; 95%) was
purchased from Aaron Chemicals. A 43 element calibration standard
for ICP (IV-ICPMS-71A, 10 ppm), urea (99%), potassium chloride
(99%), sodium chloride (99%), sodium phosphate monobasic
(>98%), nitric acid (67−70%), universal indicator solution, acetic
acid (99.7%), glass fiber membrane filter (0.7 μm pore size, 47 mm in
diameter), Whatman cellulose chromatography papers grade 1 and
grade 17 sheets (20 × 20 cm), and polypropylene XRF thin films
(1000, precut 3″ × 3″ sheets) and sample cups were purchased from
Sigma-Aldrich. Hydrophilic Nylon membrane filters (47 mm in
diameter) were purchased from Fisher Scientific. Plain and PTFE-
treated carbon cloth (26 × 50 cm) was purchased from the Fuel Cell
Store. Ultrapure water (18 MΩ cm, total organic carbon <3 ppb) was
used in all aqueous solutions. Real urine samples were provided by a
healthy group member.
Electrochemical Filtration. All electrochemical filtration experi-

ments were performed using a modified laboratory vacuum filtration
apparatus (see Supporting Information for details).
ICP−MS Analysis. All ICP−MS measurements were performed

on an Agilent Technologies 7700 series spectrometer. All glassware,
including the filtration setup, was washed in nitric acid (70% v/v)
followed by ultrapure water before each experiment to dissolve any
GdIII attached to the glassware. For real urine samples, all urine-
collecting containers were washed with nitric acid (5% v/v, 100 mL).
ICP−MS samples were prepared as follows:

All samples (10 mL) were digested in boiling nitric acid (10 mL,
70% v/v) for 1 h. Then, they were cooled to ambient temperature and
filtered by using a syringe filter (450 μm). Artificial urine samples
were diluted 10,000 times (100 times dilution twice). Real urine
samples were diluted 1,000,000 times (100 times dilution thrice).
Final diluted samples were prepared in 2% nitric acid (10 mL). High
matrix tune mode and the He gas mode were used for the analysis.

The calibration curve (eight points between 5 and 40 ppb) was
prepared by diluting multielement standards containing Al, As, Ba, Be,
Cd, Ca, Ce, Cr, Co, Cu, Dy, Er, Eu, Gd, Ga, Ho, Fe, La, Pb, Lu, Mg,
Mn, Nd, Ni, P, K, Pr, Rb, Sm, Se, Ag, Na, Sr, S, Tl, Th, Tm, U, V, Yb,
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Zn, Cs, B [IV-ICP-MS-71A in nitric acid (3% v/v), each of the 43
elements (10 ppm each), high-purity standards], Sc (10,000 ppm,
hydrochloric acid, 10%, high-purity standards), Tb in aqueous nitric
acid solution (100 ± 0.6 ppm, nitric acid, 2%, high-purity standards),
and Y (9.99 ± 0.06 ppm, nitric acid, 2%, high-purity standards).
Energy-Dispersive X-ray Fluorescence. A Shimadzu EDX-7000

EDXRF spectrometer was used to analyze the filter membranes after
electrochemical filtration and study the relative Gd distribution on
each layer. After the filtration experiments, four disk-shaped samples
(10 mm in diameter) were cut from each filter membrane and placed
in a polypropylene cup with the aid of two polypropylene XRF thin
films. The intensity (cps/μA) of the Gd Lα line was measured. Tube
voltage: 50 kV; tube current: 487 μA auto; collimator: 10 mm;
atmosphere: vacuum; integration time: 100 s; dead time: Max 30%.
Burning Filter Membranes Using a Muffle Furnace. After

electrochemical filtration, all filter membranes were burned in the
Thermo Scientific Lindberg/Blue M Moldatherm 1000 °C box
furnace under the following conditions: target set point = 1000 °C,
ramp rate = 10 °C/min, and dwell time = 10 h.
Powder XRD. A Bruker D2 Phaser diffractometer operated at 30

kV and 10 mA with Cu Kα radiation (λ = 1.5418 Å) was employed.
Patterns were collected in the 2θ range of 15−80° using a step size of
0.0125° and a step time of 0.5 s.
Chronoamperometry Analysis. A Riden DC power supply

(Model: RD6012P) supplied a constant voltage to the filtration
system. In-house software recorded the current variation at the
operating voltage.
X-ray Photoelectron Spectroscopy. High-resolution P 2p and

Gd 4d spectra were recorded by using a Thermo Scientific Nexsa X-
ray photoelectron spectrometer with a hemispherical analyzer and
monochromatic Al Kα (1486.7 eV) source. All scans were recorded
with a 50 eV pass energy, 0.1 eV energy step size, and 100 ms/step
dwell time. Recorded spectra were analyzed using Thermo Avantage
v5.9922 software. The C 1s peak at 284.8 eV was used as a reference
to determine the binding energies.
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