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ABSTRACT: Electrochemical methods are known to have attractive
features and capabilities when used for ion separations and water
purification. In this study, we developed a new process called shock
ion extraction (shock IX) for selective and chemical-free removal of
toxic heavy metals from water. Shock IX is a hybrid process that
combines shock electrodialysis (shock ED) and ion exchange using
an ion exchange resin wafer (IERW), and this method can be thought
of functionally as an electrochemically assisted variation of traditional
ion exchange. In particular, shock IX exhibits greater ion removal and
selectivity for longer periods of time, compared to the use of ion
exchange alone. The use of an IERW in shock ED also increases
multivalent ion selectivity, reduces energy consumption, and
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improves the hydrodynamics and scalability of the system.

KEYWORDS: water purification, selective separations, electrokinetics, ion exchange, heavy metals

1. INTRODUCTION

Toxic heavy metal contaminants in water represent a
significant hazard to human and animal health and to
environmental safety. Heavy metal pollution and its con-
comitant challenges are exacerbated by the large number of
candidate pollutants, many of which are extremely toxic and
difficult to selectively remove from water. These species
contaminate water by various means, such as erosion or
leaching of natural deposits (e.g, cadmium, selenium, and
radium), corrosion of plumbing materials (e.g, copper, zinc,
and nickel), and discharge from refineries and heavy industries
(e.g, chromium, arsenic, mercury, cobalt, and antimony).
Common methods for removal of heavy metals—often present
in trace quantities—from water include adsorption,"” coagu-
lation,>* filtration,”~” and ion exchange,g_12 though these
systems are costly and require either regular chemical
regeneration or frequent replacement of materials."”"> In
this article, we adapt an emerging chemical-free method for
electrokinetic deionization known as shock electrodialysis (or
shock ED)"*~"” and for the first time incorporate ion exchange
resin wafers (IERWs)—a recent innovation'®™?° in the
materials science of ion exchange—to selectively remove
heavy metal cations from contaminated water. We call this new
method “shock ion extraction” (shock IX) since it is a hybrid
process that combines shock ED and ion exchange. We
demonstrated in previous experimental'®'”*" and theoreti-
cal’*** work that shock ED is intrinsically selective toward
multivalent ions, and we show here that the use of an IERW—
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composed of a strong acid cation exchange resin and strong
base anion exchange resin—further increases this selectivity.
Moreover, the use of an IERW reduces energy consumption
and improves the hydrodynamics of the system by providing
regions of high fluidic permeability in a hierarchical pore
structure. Shock IX is similar in certain ways to the established
method of electrodeionization (EDI),** which is a continuous
process used to deionize and polish feeds that are typically
dilute to begin with. Unlike shock IX, however, EDI displays
limited multivalent selectivity, despite the presence of selective
ion exchange resins,”>~>” which makes it more appropriate
when the goal is to remove all dissolved species.

Separation of multivalent ions by shock ED, irrespective of
the kind of porous material used, relies on the action of a
deionization shock wave,”® which produces a sharp concen-
tration gradient near an ion selective surface such as a cation
exchange membrane'**” or a metal electrodeposits.”””" This
shock wave is generated when overlimiting current is applied
(i.e., when transport of ions is faster than by diffusion alone),
and it is sustained in the system due to the presence of a
charged porous material.””**** While overlimiting current in
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Figure 1. Schematic of the governing principles of shock ED and shock IX. (a) Rectangular cross section of the device shows water splitting at the
anode and formation of molecular hydrogen at the cathode (maintained under acidic conditions to prevent precipitation of metal hydroxides),
which are the primary electrochemical reactions that provide current to the cell. Contaminated water in the porous material is then subjected to an
electric field (E) that transports charged species (labeled as C* for cations and A~ for anions) perpendicular to the flow. Anions are blocked by
cation exchange membranes, and neutral species (labeled N) are unaffected by the electric field. For each stream, the flow rate is denoted by the
letter Q and concentration by the letter C; streams are colored based on the relative concentration of ions. (b) Scanning electron microscopy
images of the two porous materials used in this study, one of which is a borosilicate glass frit (shock ED) and the other is an IERW (shock IX).

Image of the IERW is adapted from the study by Palakkal et al."’

conventional ED can be achieved by a chemical process or by
hydrodynamic instabilities,”* surface conduction and electro-
osmosis are the two dominant mechanisms that enable
overlimiting current in shock ED.*”**** By promoting these
pathways for charge transfer, IERWs are more ionically
conductive and thus reduce the electrical resistance across
the device compared to borosilicate glass.36’37 In dilute
solutions, ion exchange resins generally prefer the ion with
the highest charge and lowest degree of hydration,®® which
makes these materials suitable for applications that require
multivalent selectivity. As shown in Figure 1, the deionization
shock in shock IX splits the contaminated feed into depleted
and enriched product streams, which are continuously
separated by driving a flow perpendicular to the applied
electric field."****

2. MATERIALS AND EXPERIMENTAL METHODS

2.1. Device Design and Fabrication. The two devices
used here (one for shock ED and the other for shock IX),
shown schematically in Figure la, are based on a design
previously published by our group.">”' The only difference
between the two devices is the type of porous material used
(Figure 1b). Both devices consist of three inlets (two to
transport the electrode streams and the third to deliver
contaminated feed) and four outlets (two to transport the
electrode streams and two to generate depleted and enriched
product streams at the splitter). All fluids are transported
through 1/8th-inch Tygon tubing (Saint-Gobain) glued onto
portplates made of cast acrylic. These portplates seal liquids
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inside the device and support the rubber tubing through which
fluid flows. Moreover, four 1/16th-inch Viton rubber gaskets
(DuPont) are used to seal the device and simultaneously
provide channels for the electrode streams. The electrodes are
made of platinum meshes (Sigma-Aldrich) which are
connected to the Gamry Reference 3000 potentiostat/
galvanostat using titanium wires (Alfa Aesar). The electrodes
and wires are secured in place by compressible Viton gaskets.
Cation exchange membranes (Nafion N115, Ion Power) with a
thickness of approximately 130 ym and an area of 1.0 cm” are
used as fluidic barriers between the electrode channels and the
porous material. The porous materials are glued onto acrylic
frames using the Devcon 2 Ton Epoxy (McMaster-Carr). The
splitter (placed midway down the outlet for ease of assembly)
is made of cast acrylic and is sealed against the top face of the
porous material using 0.04-inch GORE expanded polytetra-
fluoroethylene (PTFE) gasket tape. During assembly, holes in
all of the acrylic slabs and rubber gaskets are formed using a
laser cutter (Universal Laser Systems) and refined with a drill
press (Palmgren ten-inch, five-speed bench model). These
layers are then stacked and held together with nuts, bolts, and
washers made of 316 stainless steel.

2.2. Porous Materials. The first porous material used in
this study is a borosilicate frit (Adams & Chittenden Scientific
Glass) with ultrafine pores (nominally ranging from 0.9 to 1.4
um in size), an internal surface area of 1.75 m* g”' based on
Brunauer—Emmett—Teller theory, a mass density of 1.02 g
m™, a porosity of 0.31, and an approximate dimension of 0.5
cm X 1.8 cm X 0.6 cm (x X y X z). The other material is an
IERW, specifically a conventional polyethylene resin wafer,
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synthesized by mixing the polyethylene binder (Microthene
MN71120), ion exchange resin, and sodium chloride in a ratio
of 2:1:0.5 by mass. The ion exchange resin blend is produced
using a cation exchange resin (Purolite PFC 100E, which is
sulfonated sodium polystyrene crosslinked with divinylben-
zene; capacity is 1.9 Eq L' and density is 1.27 g cm™) and
anion exchange resin (Purolite PFA400, which is quaternary
benzyl trimethylammonium chloride polystyrene crosslinked
with divinylbenzene; capacity is 1.3 Eq L' and density is 1.07
g cm ™) in a ratio of 1:1.3. The mixture is packed into a foil-
lined mold and hot pressed to >109 °C with two metric tons of
force for one hour. The resin wafer is cooled to room
temperature under load and then immersed in deionized (DI)
water three times for 20 minutes to dissolve the sodium
chloride porosigen. This IERW has a capacity of 0.93 EqL ™, a
porosity of 0.27, and the same dimensions as the borosilicate
frit.

2.3. Preparation of Feed and Electrode Solutions. In
previous work by our group, we demonstrated the ability of
shock ED with a borosilicate frit to selectively separate
multivalent ions in the presence of excess competing
sodium,'®*" and we proposed several possible mechanisms
for this selectivity in a theoretical study.”’ To simplify the
processing and analysis of samples in this study and to isolate
the role of the porous material on selectivity, we use an
artificial wastewater solution in which all dissolved cations are
present in approximately equal proportions, as shown in Table

Table 1. Summary of Results Obtained from Static Ionic
Conductivity Measurements

conductivity (mS cm™)

spacer material DI water 0.5 g L' NaCl
borosilicate frit 0.42 + 0.03 84 +£02
IERW 0.56 + 0.06 8.7 £ 038
solution only (0.81 + 0.02) x 1073 0.946 + 0.001

2. This solution is prepared by first formulating stock solutions
with 1000 times the target concentrations made from cobalt
sulfate heptahydrate (CoSO,-7H,0), copper sulfate pentahy-
drate (CuSO4-SH,0), zinc sulfate heptahydrate (ZnSO,
7H,0), mercury chloride (HgCl,), cadmium chloride
(CdCl,), nickel sulfate heptahydrate (NiSO,-7H,0), man-
ganese sulfate monohydrate (MnSO,H,0), and sodium
sulfate decahydrate (Na,SO,-10H,0). (All reagents were
obtained from Sigma-Aldrich.) Appropriate volumes of these
solutions are then diluted in DI water. In preparing the
artificial wastewater, the contaminated feed and analyte are

identical in composition, whereas the catholyte includes an
additional dose of hydrochloric acid with a concentration of 10
mM. This dose of acid is added to prevent precipitation of
metal hydroxides that could form as a result of hydrogen
evolution in the otherwise basic catholyte.

2.4. Experimental Procedure. Experiments begin by
setting the flow rates of all streams: 7 X 0.21 mL min™" for the
electrode streams and n X 0.065 mL min~' for the
contaminated feed, where n = 1, 3, 6, or 9. These streams
are transported using peristaltic pumps equipped with Tygon
Chemical tubing (Saint-Gobain), and the flows are made
smooth by incorporating hydraulic accumulators (i.e., glass
vials). The accumulators are left to pressurize and the system
to equilibrate overnight, after which the Gamry is set to
operate in galvanostatic mode with periodic polarity reversal
(see Section 1 of the Supporting Information). The measured
voltage is allowed to stabilize for at least one hour until it
reaches a steady state. Samples are collected directly from the
device in graduated cylinders and stored in centrifuge tubes for
analysis, which include measurement of volume, conductivity,
pH, and composition of cations. Conductivity and pH are
measured using the Mettler Toledo analytical instruments
(SevenCompact pH/Cond S213), and the composition is
determined using inductively coupled plasma mass spectrom-
etry (Agilent 7900 ICP—MS). The plasma in ICP—MS is made
from argon gas and is supplemented by helium, and we add an
indium internal standard at 100 ppb to all of our samples.
Quantitative analysis requires calibration of the measurements,
which is achieved by processing a set of reference standards
and producing a calibration curve. (All standard solutions were
obtained from Sigma-Aldrich.) Samples and standard solutions
are diluted in 2 vol % nitric acid, prior to analysis by ICP—MS.

2.5. Static lonic Conductivity of Porous Materials.
Electrochemical impedance spectroscopy (EIS) measurements
are conducted on the Nuvant Systems EZstat Pro operated in
galvanostatic mode. A two-point probe method is used with a
cell consisting of two platinum foil working electrodes adhered
to two adjustable stainless-steel collectors in a PTFE housing.
A stainless-steel screw is used to adjust the distance between
the electrodes to the thickness of the material. EIS is
performed with a perturbation of 1 mA in the frequency
range of 100 kHz—1 Hz. The high-frequency resistance from
the Nyquist plot is used to calculate the (ionic) conductivity x
as

AR (1)

Table 2. Composition of Artificial Wastewater Comprising Seven Divalent Heavy Metal Cations and One Monovalent Cation

(This Mixture is Used as Feed, Anolyte, and Catholyte)

concentration, Céj)

species, j (mg L) potential health effects from ingestion*>™*
cobalt (Co**) 12.97 nausea and vomiting
copper (Cu®*) 11.17
zinc (Zn®") 10.95 damage to nervous system, dermatitis
mercury [Hg(1I)] 9.61 damage to nervous system, toxic to kidneys
cadmium (Cd**) 9.78 renal dysfunction, lung disease, bone defects
nickel (Ni**) 11.82 dermatitis, allergic reaction
manganese (Mn“) 10.62 damage to nervous system, toxic
sodium (Na*) 35.39
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. 42-45
sources of contaminant

coal-fired power plants, mining, erosion of natural deposits

gastrointestinal distress, liver and kidney damage  corrosion of pipes, erosion of natural deposits

refineries, electroplating, metals manufacturing
batteries, paper industry, erosion of natural deposits
welding, electroplating, pesticides

corrosion of pipes, erosion of natural deposits

welding, chemicals manufacturing, erosion of natural
deposits

https://doi.org/10.1021/acs.est.2c05042
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Figure 2. Quantitative analysis of selective ion removal using shock ED and shock IX. Normalized concentration of the cations in the depleted
stream (eq 2) versus the dimensionless current (eq 4) using (a) borosilicate frit and (b) IERW. Markers are used to designate different species and
colors to designate different productivities (feed flow rate, Q', per unit projected active area). Black circles represent the normalized (total)
concentration of all dissolved cations, and the solid lines are guides to the eye. (c) Total mass balance (black circles, eq 3) and mass balances of
individual species (colored markers, obtained by omitting the summations in eq 3) versus dimensionless current using the IERW. The total and
species mass balances in each of the product streams are shown in Figure S4. A value of one for the mass balance implies no accumulation. Water
recovery and energy demand are analyzed in Section 2 of the Supporting Information.

where t is the material thickness, A is the material surface area,
and R is the measured resistance. Conductivity is measured in
DI water with a 0.5 g L™ solution of NaCl as the supporting
electrolyte. The results of these measurements are summarized
in Table 1.

3. RESULTS AND DISCUSSION

To compare the performance of the original shock ED method
(with borosilicate glass) with that of the new shock IX process,
we used an artificial multicomponent mixture comprising seven
divalent heavy metal cations and one monovalent cation as the
feed. Table 2 shows the composition of this mixture and the
potential health effects from ingestion and sources of each
contaminant. (We note that the speciation of mercury(1l),
which includes Hg(OH),, HgOH", and Hg** as prominent
species, depends on its concentration and on pH.) In all
experiments, we operated the system at constant current
because it facilitates the formation of a stable deionization
shock wave at overlimiting current.'> (In contrast, operating at
a constant voltage can cause overshoot and oscillation about a
desired overlimiting current and is associated with variability in
the shock wave''). As explained in Section 1, we employed
polarity reversal in all experiments in this study to reduce the
formation of metal hydroxides and deposits at the electrodes.
Our results for selective separation of heavy metals from this
multicomponent mixture are presented in Figure 2, where the
normalized concentration of species j in the depleted stream is
defined as

o Z C_1(>’)
D™ -0
Cy (2)
total mass balance as
T ey + e - ) + (cf + c)Ql
U= X ; N
¥, c(Q +2Q)
Y
Q ®3)
(y is water recovery), and dimensionless current as
f= L
Ilim (4)
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values of C§ are provided in Table 2; values of cP, c, c@,
and C{) are measured experimentally. In eq 4, I is the applied
current, and I, is the flow-limited current

WMehrQ
; M(J) (5)
where v is valence (charge), C is the mass concentration, F is
Faraday’s constant, Q’ is the volumetric flow rate of the feed,
M is molar mass, and the sum is taken over all cations as j. This
definition of limiting current can be interpreted as the rate of
forced convection of positive charge carriers into the device,
and it is assumed that the flux of anions is zero at the steady
state in the presence of ideal cation exchange membranes.

Figure 2a shows that the concentration of ions in the
depleted stream decreases with increasing current when using
the borosilicate frit. (Ion removal that occurs when no current
is applied is due to exchange of H' in the catholyte with
cations in the feed channel across the bottom membrane.)
This material, however, provides only limited selectivity toward
the multivalent ions, relative to sodium (Figure 3a), where
selectivity becomes prominent at high current. In this study,
(retention) selectivity is defined as

Ilim =

c®/cd  cPre el

S-k= N = - N = -
c®rcd ~ e T &P

]

(6)

which may be interpreted as the ratio of the concentration of
species k to that of species j in the depleted stream, scaled by
the corresponding ratio of feed concentrations (if S;; > 1, then
species j is selectively removed, relative to species ks. Figure 2b
shows that the concentration of ions in the depleted stream
decreases with increasing current when using the IERW,
though, in contrast to the borosilicate frit, the IERW provides
massive selectivity toward the multivalent ions (Figure 3b),
where little to no sodium is removed in the process. The total
mass balance in Figure 2c¢ indicates that the system was
operated at the steady state, with no accumulation of mass in
the device (# = 1). We note, however, that there may be
accumulation of individual species (primarily the multivalent
ions, 4 < 1) due to their exchange with other previously
adsorbed species (primarily sodium, x™¥ > 1),

Multivalent ion selectivity in shock ED was observed in our
previous experimental work,"®'”?! and its mechanisms were

https://doi.org/10.1021/acs.est.2c05042
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Figure 3. Comparison of multivalent ion selectivity (eq 6, with
species k taken as sodium) versus dimensionless current using (a)
shock ED and (b) shock IX. The lower two panels represent a
magnified view of the upper two. Markers are used to designate
different species and colors to designate different productivities.

examined in our subsequent theoretical studies.””*” In this
paper, we demonstrate for the first time that multivalent ion
selectivity in shock ED (or shock IX when using an IERW) can
be significantly boosted by using a class of porous materials
with known selective properties. Figure 3a shows that retention
selectivity is small (near one), except at high currents, when
using the borosilicate frit, even though the fraction of ions
removed is large (Figure 2a). On the other hand, Figure 3b
shows that retention selectivity is large, especially at low flow
rates, when using the IERW. A lower flow rate increases the
contact time between solution and resin, which likely leads to
more favorable jon exchange kinetics (e.g, diffusion of ions
toward and within resin beads and adsorption of ions) and
greater transport of divalent species by surface conduction in
the direction of the applied current. The mechanism
underlying the sharp increase in selectivity in Figure 3b is
undetermined, but we suspect that selectivity should increase
monotonically with the applied current, as shown in the case in
Figure 3a. This observation suggests that the values of
selectivity at dimensionless currents of 2 and 3 are oddly
low, which could be due to disproportionate accumulation of
the multivalent cations in the enriched stream, as shown in
Figure S4 (top right panel).

The selectivity we obtained using shock IX is large even
when compared to specialized capacitive deionization (CDI)
systems that use intercalation electrodes, such as Prussian blue
analogues. For example, Singh et al. developed a CDI system
with two identical nickel hexacyanoferrate (NiHCF) electrodes
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Figure 4. Quantitative analysis of the dynamics and time dependence of ion removal by shock IX. (a) Normalized concentration and (b) retention
selectivity (relative to sodium) of the cations in the depleted stream versus time. The dashed line in (a) represents the maximum ion removal
achieved by ion exchange alone (I=0; see Figure S3). (c) Total mass balance and mass balances of individual species versus time; balances in each
of the product streams are shown in Figure SS. One bed volume equals the total volume of the porous IERW multiplied by its porosity (see Section
2.2). Markers are used to designate different species, and black circles represent the normalized (total) concentration of all dissolved cations.
Regions colored green correspond to a feed of 0.1 M NaCl (I=0and Q' =111 Lh™' m™2), and the region colored red corresponds to the feed in

Table 2 (I=2and Q' =37 Lh™! m™2).
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to selectively separate sodium (monovalent) from magnesium
and calcium (divalent).*® In one experiment, the concentration
of sodium was reduced from 20 mM to approximately 12 mM,
and the concentrations of magnesium and calcium were
reduced from 20 mM to approximately 19.6 mM,* which
corresponds to a retention selectivity of Sxumg ¥ Sna:ca = 16
In another example, Singh et al. developed a CDI system with
two identical vanadium hexacyanoferrate (VHCF) electrodes
to selectively remove divalent cations from water.*” In one
experiment, the concentration of sodium was reduced from 10
mM to approximately 7.2 mM, and the concentration of
calcium was reduced from 10 mM to approximately 5.1 mM,*’
which corresponds to a retention selectivity of Sc,n, = 1.4
These results are representative of the extent of cation
retention selectivity that can be achieved using CDI and
intercalation technologies.%’49 Also, while multivalent selec-
tivity by shock IX is comparatively large, the values shown in
Figure 3 can be increased further for instance by using
advanced electrodes to drive current by divalent ion
intercalation.*”**>

Since ion exchange resins have inherent loading capacities
and ion affinity orders, we expect there to be non-steady
substitution of adsorbed ions on the IERW, as suggested by
Figure 2c. In particular, the overall mass balance shows that
more sodium exits the system than is fed, whereas all divalent
cations exhibit the opposite trend. It is known in the EDI
literature that ion exchange resins are at least partially
regenerated by the action of H* and OH™ produced via
water splitting at bipolar junctions,”' ~>* and we expect this to
be the case in shock IX as well. To study the dynamics and
time dependence of ion separation by shock IX in greater
detail, we performed a continuous experiment spanning one
week, and the results are shown in Figure 4. We began the
experiment by feeding a 0.1 M NaCl solution at 111 L h™" m™
(T =0) for two hours to preload the cation exchange resin with
sodium. After that, the multicomponent mixture shown in
Table 2 was fed at 37 L h™ m™ for 6 days (with either I = 0 or
I = 2), and samples were collected periodically to quantify
performance. When no current was applied, we observed ion
exchange with replacement of the preloaded sodium with
divalent cations, as shown in Figure 4a. We note that the
hydrochloric acid in the catholyte (see Section 2.3) partly
contributes to transport of ions out of the feed when no
current is applied. To further quantify the extent of ion
removal by ion exchange alone, we repeated the experiment
shown in Figure 4 but without applying the current, as
explained in Section 3 of the Supporting Information. Figure
S3a shows that ion removal by ion exchange was in the range
of 60—75% for the divalent cations, and breakthrough (or resin
exhaustion) was reached at approximately S00 bed volumes.

Figure 4ab shows that the applied current significantly
increased both ion removal and retention selectivity—with
over 99% removal of four out of the seven divalent cations—
and delayed the onset of breakthrough compared to ion
exchange alone. However, both ion removal and selectivity
decreased to steady values over time, which suggests that the
electroregeneration of resin surfaces by protons produced at
the anode may not be sufficient to operate the system
continuously over long periods of time. These results imply
that stable, long-term operation can be achieved either by
optimizing the rate at which protons are produced via
electrolysis or by introducing a brief, periodic cleaning step
using a benign solution such as 0.1 M NaCl (regions colored

green in Figure 4).>%> In mixed-ion exchange resin beds and
wafers, it is known that hydroxide is generated via water
splitting in regions of ion depletion at the interfaces between
oppositely charged surfaces (e.g, cation exchange membrane
and anion exchange resin).’*>” The results in Figure 4c show
accumulation (u < 1) of species in the device, which may be
explained by the fact that heavy metal cations react with these
hydroxide ions to produce insoluble metal hydroxides.*® This
observation is supported by the measured increase in the
hydrodynamic resistance (and, in turn, pressure drop) in our
device, and it implies that the metal hydroxides form films*® on
the resin beads and physically plug the compartments of the
wafer. This phenomenon also occurs in EDI systems when
used to remove heavy metal cations from water,”*"*" and one
proposed solution is to design a vertically layered bed of
cation, anion, and mixed-ion exchange resins to better manage
ion removal and prevent precipitation reactions.’®*” This kind
of system requires complex stack design and operation,
whereas shock IX can potentially achieve the same device
durability by using a homogeneous cation exchange resin wafer
with cation exchange membranes. Future work will thus focus
on designing homogeneous and layered IERWs to reduce
water splitting and prevent precipitation of metal hydroxides in
shock IX.

4. ENVIRONMENTAL IMPLICATIONS

Metals and metalloids exist in virtually all ecosystems, and their
natural concentrations vary depending on the local geology.
Occurrences such as a land disturbance in metal-rich areas can
lead to erosion and mobilization of these elements into nearby
water streams. Similarly, human and industrial activities may
redistribute and concentrate metals in areas that are not
naturally enriched in these species, and often there is no visible
evidence of water contamination. While some metals are
essential as nutrients (e.g., iron), all metals are toxic above a
certain level, and in fact, some are toxic even in trace quantities
(e.g, lead, mercury, and cadmium). In this study, we
demonstrated that systems based on deionization shock
waves can efficiently and selectively remove toxic metal cations
from dilute feeds. This capability often cannot be economically
achieved using membrane technologies which have an energy
requirement that scales with the volume of water treated, as
opposed to the amount of salt removed.”* We also showed that
the use of shock IX with an IERW is a viable approach to
electrify traditional ion exchange and eliminate the need for
frequent regeneration using strong acids. The hybrid shock IX
method exhibits greater ion removal and selectivity, for longer
periods of time, compared to the use of ion exchange alone.
Shock IX also displays greater multivalent ion selectivity
compared to other electrochemical methods such as EDI
(which actually comprises selective ion exchange resins) and
CDI with intercalation electrodes. These attractive properties
make shock IX a viable method for tackling heavy metal
pollution and a suitable technology in general for selective ion
separations.
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