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ABSTRACT: Selective ion separations are increasingly needed to combat water scarcity,
recover resources from wastewater, and enable the efficient recycling of electronics waste.
Emulsion liquid membranes (ELMs) have received interest due to rapid kinetics, high
selectivities, and low solvent requirements but are too unstable for industrial usage. We
demonstrate that polymeric microcapsules can serve as robust, solvent-free mimics of
ELMs. As a proof of concept, we incorporated the copper-selective ligand Lix 84-I in the
walls of microcapsules formed from a commercial polystyrene-b-polybutadiene-b-
polystyrene triblock polymer. The microcapsules were formed from a double-emulsion
template, resulting in particles typically 20−120 μm in diameter that encapsulated even
smaller droplets of a dilute (≤0.5 M) H2SO4 solution. Batch experiments demonstrated facilitated-transport behavior, with
equilibrium reached in as little as 10 min for microcapsules with 1% ligand, and with ∼15-fold selectivity for Cu2+ over Ni2+.
Furthermore, the microcapsules could be packed readily in columns for flow-through operation, thus enabling near-complete Cu2+
removal in ∼2 min under certain conditions, recovery of Cu2+ by flowing through fresh dilute H2SO4, and reuse for at least 10 cycles.
The approach in this work can serve as a template for using selective ligands to enable robust and simple flow-through processes for
a variety of selective ion separations.
KEYWORDS: selective ion separations, facilitated transport membranes, resource recovery, wastewater treatment, hydrometallurgy,
microcapsules, extraction

■ INTRODUCTION
Climate change and challenges at the water−energy−food
nexus require innovations that help build sustainable, circular
economies.1 Water and natural resources like metals are
increasingly important. Our use of metals has also grown
increasingly complex. For example, a single mobile phone
today likely contains >70 different elements, most of which are
metals.2 This complexity hinders responsible life-cycle manage-
ment; many metals have near-zero rates of recycling, while
many others are not produced domestically, putting supply
chains at risk.3 Additionally, aqueous solutions of metal ions
are often toxic (e.g., those containing lead or mercury).
Wastewater from the mining sector, for example, must be
managed to limit environmental exposure to toxic ions, while
treatment processes with limited ion/ion selectivity and high
energy needs, such as reverse osmosis, are typically used for
these applications.4,5 Improved processes for selective ion
separations are needed to address these challenges.5,6

The premier technology for separating dissolved ions of
similar size and charge density is currently liquid/liquid
extraction�also called solvent extraction (SX)�which is used
in industrial hydrometallurgical operations.7,8 In SX, a
lipophilic ligand (also called an extractant) dissolved in an
organic phase selectively complexes a target metal ion at or
near the solvent/water interface, extracting the ion from the
aqueous phase. The metal-ion-loaded organic phase is then

contacted with a secondary aqueous strip solution to recover
the ions and regenerate the free ligand. In many processes,
aqueous solution pH is used to drive extraction and stripping,
with metal ions being exchanged for protons in the stripping
process. While SX enables highly selective separations, it has
several important drawbacks, including a large solvent
inventory, potential for environmental release of solvent,
phase-separation issues (e.g., emulsion formation), and the
required stoichiometric binding of ligands with ions.9 The
latter can be costly when using complex, extraordinarily
selective ligands such as the macrocyclic calixarenes used in SX
to remove radioactive cesium from legacy nuclear-industry
waste by the US Department of Energy.10

To address these issues, liquid-based facilitated transport
membranes were explored extensively in the 1980’s and 1990’s,
with research continuing to the present.9,11−13 In these
membranes, the ligand-containing organic phase is placed
between the aqueous feed and strip solutions, coupling the two
steps, with the ligands serving as carriers to shuttle ions
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between the two aqueous solutions. Critically, the membranes
break the stoichiometric relationship between ligands and
extracted ions in SX, as the driving force for transport of ions
instead becomes related to differences in co-ion (especially H+

for many cations) or counter-ion concentrations in the
aqueous feed and strip solutions; the membrane ligand content
instead mostly impacts the transport kinetics.9,13 In other
words, dramatically reduced ligand amounts are required for
facilitated transport membranes compared to SX. At the same
time, the selectivity of facilitated transport membranes
approaches that of SX with the same ligand,9 enabling ion/
ion selectivities that cannot be achieved using conventional
size-based and charge-based membranes.
Liquid-based facilitated transport membranes can be formed

as either planar membranes (supported liquid membranes) or
dispersed droplets. The dispersed form, called emulsion liquid
membranes (ELMs), received substantial academic and
industrial interest, largely owing to their rapid kinetics.13−16

In this format, a water-in-oil-in-water (W/O/W) double
emulsion is formed, with the oil phase forming a heteroge-
neous membrane separating the outer feed solution from the
encapsulated strip solution (often a solution of sulfuric acid).
The double emulsion would be formed and broken with every
extraction/stripping cycle. While the high surface areas of
ELMs enable rapid extraction kinetics, the complex processing
and instability of the system have hindered industrial adoption.
Other capsule-based approaches that have been explored (e.g.,
liposomes) are also unstable.17,18

Polymeric systems offer the potential for enhanced robust-
ness while essentially eliminating solvent usage.13,19,20 For
example, there has been substantial interest in planar polymer
inclusion membranes (initially called gelled supported liquid
membranes21), which are typically mixtures of glassy polymers
(e.g., cellulose triacetate or polyvinyl chloride), plasticizers, and
extractants.19,20 The plasticizers are needed, often at high levels
(20−70%), to increase diffusivity.19 Recently, the triblock
polymer polystyrene-b-polybutadiene-b-polystyrene (SBS) was
used as the base material for a polymer inclusion membrane in
the absence of a plasticizer.22 Although not discussed in that
work, we expect that the low glass-transition temperature (Tg)
of polybutadiene (∼−90 °C for a mostly 1,4 microstructure
sample23) would enable paths of increased diffusivity, with the
polystyrene blocks providing physical cross-links to enable
robustness. While SBS is a promising material for polymer-
based facilitated transport membranes, the planar format
hindered kinetics, with several hours required for complete
separations�even for membranes with high levels of ligand
(e.g., 30 wt % Lix 84-I).22

In this work, we use double-emulsion templating to form
SBS microcapsules that serve as robust, polymeric mimics of
ELMs, which we also refer to as dispersible polymeric
facilitated transport membranes. To demonstrate this
approach, we incorporated Lix 84-I�a phenolic oxime that
selectively extracts Cu2+�into the microcapsule walls while
encapsulating sulfuric acid at concentrations up to 0.5 M.
Crucially, the system is essentially solvent-free with the
exception of a small amount of hydrocarbon diluent present
in the Lix 84-I reagent. Batch experiments demonstrated rapid
kinetics, with steady state reached in ∼10 min for micro-
capsules with 1 wt % Lix 84-I in the walls. These experiments
demonstrated selective uptake of Cu2+ over Ni2+ and facilitated
transport of Cu2+ to the microcapsule interior, with a total
uptake up to 77-fold greater than expected for direct ligand/

ion extraction alone. The polymer microcapsule approach also
enables regenerable column operation, with Cu2+ able to be
selectively taken up and then fully recovered in at least 10
cycles. While this proof-of-concept study targeted Cu2+ uptake,
the approach should be modifiable to target a variety of
aqueous metal ions, simply by changing the incorporated
ligand.

■ MATERIALS & METHODS
Materials. The polystyrene-b-polybutadiene-b-polystyrene

polymer D1157 was kindly supplied by Kraton. Lix 84-I was
kindly supplied by BASF. Polyvinyl alcohol (M ∼ 13−23 kg/
mol, 87−89% hydrolyzed) was purchased from Sigma-Aldrich.
The monomer n-propyl styrene sulfonic ester (SSE) was
synthesized according to literature procedures.24,25 The chain
transfer agent 2-(Dodecylthiocarbonothioylthio)-2-methylpro-
pionic acid (DDMAT) was synthesized according to literature
procedures.26,27 All other chemicals were purchased from
Sigma-Aldrich.

Synthesis of PI-PSSA. Polyisoprene-b-poly(n-propyl styr-
ene sulfonic ester) (PI-PSSE) was synthesized through
reversible addition/fragmentation chain-transfer (RAFT)
polymerization as a precursor to the amphiphilic diblock
polymer polyisoprene-b-poly(styrene sulfonic acid) (PI-PSSA),
which was used to stabilize water-in-oil emulsions during
microcapsule preparation. Polyisoprene (PI) was first synthe-
sized following literature procedures.26,28 In short, 0.625 mmol
DDMAT (1 molar equiv), distilled isoprene, and 0.125 mmol
tert-butyl peroxide (0.2 equiv) were charged into a 150 mL
pressure vessel, sparged on ice with Ar for 25 min, and quickly
capped. After sparging, 27.2 g (400 mmol, 640 equiv) isoprene
remained. The pressure vessel was then placed in a preheated
125 °C oil bath for 22.5 h, with magnetic stirring. The reaction
was then cooled and precipitated 2× from dichloromethane
(DCM) into methanol. A small amount of butylated
hydroxytoluene (BHT) was added to prevent cross-linking,
after which the polymer was dried overnight in a vacuum oven
at 60 °C to yield 4.8 g of yellow, viscous liquid.
Using polyisoprene as a macro-chain transfer agent (macro-

CTA), PI-PSSE was synthesized based on literature
procedures.24 PI macroCTA (1 g, 0.089 mmol, 1 equiv) and
SSE (2.67 mmol, 30 equiv) were dissolved in 4 mL of
tetrahydrofuran (THF) and passed through a basic alumina
plug to remove stabilizers, with the solution collected in a 2-
dram septum vial. Azobisisobutyronitrile (AIBN, 0.018 mmol,
0.2 equiv) was then added, and the reaction was sparged with
Ar for 20 min. The vial was then placed in a 60 °C aluminum
well, with magnetic stirring, for 7 days. The polymer was
purified by precipitating twice from THF into methanol. A
small amount of BHT was added, and the polymer was dried in
a vacuum oven overnight to yield 929 mg of yellow solid.
PI-PSSE was converted to PI-PSSA by reaction with an

amine,24 for which we used butylamine. PI-PSSE (855 mg) was
dissolved in 5 mL of THF in a 2 dram septum vial. The
solution was sparged with Ar for 5 min on ice, then butylamine
(1.5 mL) was added by a needle through the septum, and the
solution was sparged for 1 additional min. The vial was then
allowed to mix at room temperature for 24 h. Residual
butylamine and solvent were evaporated off, resulting in 845
mg of an orange, waxy solid.

Preparation of Microcapsules. An example microcapsule
preparation procedure is described here. Lix 84-I (5.4 mg), 18
mg of PI-PSSA, 4 mL of 10 wt % SBS in DCM (∼520 mg of
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SBS), and 1 mL of 0.5 M H2SO4 in water were added to a 50
mL polypropylene centrifuge tube. The tube was vortexed for 2
min to form a coarse emulsion, after which the solution was
placed on ice and then probe sonicated with 10 s on/10 s off
for 10 min total time using a QSonica Q55, a 50 W sonicator
with a CL-188 horn and a 1/8” probe tip diameter. After
sonication, this water-in-oil (DCM) emulsion was thick
(viscous), white, and opaque. A 20 mL solution of 2% (w/v)
PVA and 0.4 M NaCl was then poured into the centrifuge
tube, which was then homogenized for 1 min at room
temperature to form a water-in-oil-in-water double emulsion
using a Fisher Sci Powergen 125 homogenizer with 5 mm
generator (probe) operating at 8000 rpm. The solution was
then poured immediately into a 500 mL solution of 0.1% (w/
v) PVA and 0.4 M NaCl preheated to 30 °C and mixed using a
magnetic PTFE stir bar. DCM was allowed to evaporate for ∼1
h, after which 1.4 g of white microcapsules were recovered by
vacuum filtration through a qualitative (1 μm pore size) paper
filter (Fisher P5). Microcapsules were used immediately or
stored in 0.5 M H2SO4 for later use. The NaCl concentration
was chosen to roughly balance the osmotic pressure with the
internalized H2SO4 solution. For 0.1 M H2SO4 and 0.02 M
H2SO4, NaCl concentrations of 80 and 16 mM were used,
respectively.
Ion Uptake Experiments. In batch experiments, a given

mass of microcapsules was mixed with 15 mL of ion-containing
solution. For each timepoint, 0.3 mL of the suspension was
removed using a micropipette and filtered immediately
through a glass wool plug to remove microcapsules. The
filtrate was analyzed colorimetrically for ion concentration. For
column experiments, 400 mg of microcapsules were dispersed
in 0.4 M NaCl and flow packed into a glass Pasteur pipet
plugged with glass wool. After flow-packing, glass wool was
added to the top of the column bed to minimize disruption of
the column packing during liquid changes. The column was
then connected to a syringe pump to enable consistent flow
rates. Solutions in the syringe pump were changed manually,
and the effluents from the columns were collected in vials or
tubes for later analysis. Columns were stored in 0.5 M H2SO4
between runs, matching the inner solution for the relevant
microcapsules.
Ion Quantitation. Copper and nickel were quantified

colorimetrically using a UV/vis spectrophotometer (Shimad-
zu), loosely following literature procedures.29,30 For Cu2+
measurements, Cu2+ concentrations were quantified at 272
nm using polyethyleneimine (PEI) as a reagent. Immediately
before absorbance measurements, 1 mL of phosphate buffer
(0.1 M KH2PO4, 0.18 M Na2HPO4, pH 7.0), 50 μL of 10 wt %
PEI, 200−950 μL of sample, and deionized water were added
to make a 2 mL total volume. For Ni2+ measurements, 100 μL
of sample, 100 μL of deionized water, 200 μL of 3% (w/v)
dimethylglyoxime in 1 M NaOH, and 800 μL of 2 M NaOH
were mixed and allowed to complex for 3 h at room
temperature. Sonication was not found to affect color intensity,
in contrast to literature claims.30 Immediately prior to
absorbance measurements, 1 mL of this mixture was mixed
with 1 mL of deionized water. Absorbance was quantified at
466 nm. Both of the above procedures produced linear
relationships between absorbance and concentration in the
range of interest. For some column runs, samples were
analyzed using inductively coupled plasma-optical emission
spectroscopy (ICP-OES), using an iCap 7600 Duo or an
Agilent 720 series instrument.

Other Characterization. Small angle X-ray scattering
(SAXS) was conducted on a Xenocs Ganesha LabSAXS
instrument. Nuclear magnetic resonance (NMR) spectroscopy
was conducted on a Bruker Advance III HD 500 spectrometer.
Chemical shifts are reported in δ units, expressed in ppm
downfield of tetramethylsilane, using the residual CHCl3 peak
as an internal standard (CDCl3, 1H: 7.26 ppm). Size exclusion
chromatography (SEC) was conducted in THF at 25 °C, 1
mL/min on an Agilent Infinity 1260 HPLC system equipped
with three Waters Styragel HR columns in series, a Wyatt
DAWN HELEOS-II 18-angle laser light scattering detector,
and a Wyatt Optilab T-rEX differential refractive index
detector. The dn/dc was estimated using the total mass
recovery method. Differential scanning calorimetry (DSC) was
conducted on a TA Instruments Discovery DSC using
aluminum T-zero pans with hermetic lids. Infrared spectros-
copy was conducted on a Bruker Alpha Platinum ATR
spectrometer with a diamond ATR crystal. Optical microscopy
was conducted using an Amscope B120C-E5 microscope with
a digital camera. Scanning electron microscopy (SEM) was
conducted on a Hitachi SU8230 instrument at an acceleration
voltage of 5 kV. Prior to SEM, samples were coated with 3 nm
of Ir using a Leica ACE600 coater.

■ RESULTS & DISCUSSION
Design Criteria for Microcapsules as Dispersed

Facilitated Transport Membranes. Before designing our
system, we needed to determine the required properties to
enable robust, rapid, and high-capacity ion separations.
Ultimately, the design criteria for this system include (i)
high acid stability, (ii) resistance to rupture under osmotic
pressure differences, and (iii) maximal uptake kinetics. We
discuss each criterion below.
Acid stability is needed to enable high concentrations of

protons in the encapsulated strip solution, particularly if the
driving force for metal ion uptake is ion exchange (i.e., Mx+/H+

exchange). Disregarding the small quantity of ligand in the
walls, the molar uptake of the target metal ion, nMx+, has an
upper limit:9

+ +n
x

c V
1

M H ix
(1)

where cH+ is the initial internal strip solution concentration of
H+ and Vi is the total internal volume of encapsulated strip
solution. High concentrations of H+ are therefore desirable to
maximize the total uptake capacity of the system.
The second criterion�resistance to osmotic rupture�

stems from this need for high acid concentrations in the
encapsulated strip solution. For example, a 0.5 M H2SO4
solution has an osmotic pressure of 25 bar, calculated using the
Pitzer model.31 If a microcapsule that encapsulates 0.5 M
H2SO4 is placed in a solution with low osmolarity, inward flow
of water would eventually create a pressure difference, Δp, that
matches the osmotic pressure difference. The maximum
pressure, Δpmax, of spherical shells is given by the Laplace
pressure:

=p
r

2
max

R
(2)

where τR is the rupture tension of the wall material and r is the
shell radius. Small internal cavities and high-strength shell walls
are therefore important.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.2c07242
Environ. Sci. Technol. 2022, 56, 17352−17363

17354

pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c07242?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The third criterion is to maximize kinetics, for which we first
need to consider the expected transport paths. Two
possibilities exist: (i) ion transport while complexed to freely
diffusing ligands and (ii) ion hopping between fixed ligands.11

For the fixed-ligand scenario, ligands are only able to move on
the nm-scale; the ligand sites must overlap to enable ion-
hopping between sites or ions must be able to passively diffuse
through the material to some extent.11,32 The most common
fixed-ligand scenario involves covalently tethering the ligand to
the membrane matrix.
In the case of low concentrations of untethered ligand and a

hydrophobic low-Tg (rubbery) matrix, the likely scenario is for
ligands and ligand/ion complexes to freely diffuse through the
wall material. This transport behavior should mirror that of
liquid (carrier-based) facilitated transport membranes, which
have been modeled extensively.9,11,13 In these membranes,
interfacial complexation/de-complexation reactions of ligands
with the ions lead to sorption and desorption into and out of
the membrane phase. Transport is then diffusive, with ligand/
ion complexes diffusing from the feed side to the strip side, and
free ligands diffusing the other direction. For a ligand/metal
complexation such as the Cu2+/Lix 84-I system in this study,
the complexation reaction is described by:14

+ ++ +Cu 2RH CuR 2H2
2 (3)

where RH is the free ligand and CuR2 is the ligand/Cu2+
complex at a ratio of 2:1. The free ions are in the aqueous
phase, while the free ligand and ligand/ion complexes are in
the membrane phase. The resulting equilibrium constant, K,
is:14

= { }{ }
{ }{ }

+

+K
CuR H
Cu RH

2
2

2 2 (4)

where K is a product of the activities. Assuming local
equilibrium is reached at each interface,33eq 4 would apply
for both the outer (feed) and inner (strip) sides of the shell.
Rearranging eq 4 gives the relation

{ }
{ }

= { }
{ }

+

+K
CuR
RH

Cu
H

2
2

2

2 (5)

wherein the ratio of complexed ligand activity to the square of
the free ligand activity is given. For a microcapsule system at
steady state, the activities of free ligand and ligand/ion
complexes are uniform in the membrane, giving us the
relation:9

{ } = { }
{ }

{ }+
+

+
+i

k
jjjjj

y
{
zzzzzCu

H
H

Cu2
S

S

F

2
2

F
(6)

The subscripts F and S refer to the feed and strip solutions,
respectively. Following eq 6, if the steady-state pH of the strip
solution is 1 pH unit lower than the feed solution, then the
Cu2+ activity in the strip solution is expected to be 100-fold
greater than that in the feed. This result is similar to that for
Donnan dialysis,33 except that in facilitated transport, the
ligands (carriers) enable sharply enhanced ion selectivity.
Following the solution-diffusion model,34 if we assume that

diffusion in the membrane is rate-limiting�a common
assumption for liquid membranes9,13,33�and the activity
coefficient for the ligands and ligand/ion complexes are
constant in the membrane, then we can write the flux of Cu2+
across the wall, J, as:35

= [ ] [ ]J D( / )( CuR CuR )2 F 2 S (7)

where [CuR2]F and [CuR2]S are the ligand/ion complex
concentrations in the membrane at the feed and strip interface,
respectively, D is the mutual diffusion constant for the ligand/
ion complex in the membrane phase, and δ is the local
thickness of the capsule wall.
Based on eqs 4−7, we can qualitatively analyze system

properties that would maximize flux. High diffusivities for the
ligand/ion complex are clearly desired, which is challenging
due to the relatively large size of most complexes (≫100 g/
mol) and the need for high τR to maximize resistance to
rupture. Small wall thicknesses are desired, which again is
contrary to rupture resistance. The third component to
increasing flux is to increase the gradient of ligand-ion complex
within the capsule wall. Based on eq 5, increasing the total
quantity of ligand (i.e., 2[CuR2] + [RH]) would increase the
concentration of ligand/ion complex and the resulting gradient
in eq 7. That said, given that one of the main advantages of the
approach is to minimize the amount of required ligand, it may
be more beneficial to keep the ligand quantity low, particularly
for costly, highly selective ligands.8,10

Choice of Materials and Proposed Transport Path.
Based on the above design criteria, we chose SBS as the base
polymer to form the walls of the microcapsules. SBS is a
commonly used thermoplastic elastomer that self-assembles
into ordered nanoscale domains, with the polystyrene end-
blocks forming glassy polymeric domains that physically cross-
link the material.36 SBS is also relatively acid-stable and highly
hydrophobic, which should minimize permeation of free
(uncomplexed) ions. The material we used (Kraton D1157)
is 70 wt % polybutadiene (equivalent to 82% of monomer units
and a volume fraction of 0.73), with the remainder polystyrene
(Figure S1). The polybutadiene was predominantly (87%) a
1,4 microstructure based on NMR analysis and we expect the
glass transition temperature to be low (Figure S2).23 The low
Tg of polybutadiene should contribute to high diffusivities with
a relatively weak dependence on molar mass of the
permeant,33,37 which is especially important given the large
size of ligand/ion complexes.7

In principle, the microcapsule approach could target a wide
variety of metal ion species, with the selectivity of the system
determined by the ligand choice.9,19 We chose the Cu2+-
selective ligand Lix 84-I for our proof of concept,7,14,22 as
previous work had demonstrated that SBS and Lix 84-I were
miscible up to high levels (∼30 wt % Lix 84-I)22 and copper
could be readily quantified using colorimetric techniques
(Figure S3).29 The active (Cu2+-binding) component of Lix
84-I is 2-hydroxy-5-nonylacetophenone oxime (HNAPO),
with the remainder of the Lix 84-I mixture proprietary but
largely comprising a hydrocarbon diluent.7,38 Purification of
HNAPO38 from the Lix 84-I led to a 57% reduction in protons
corresponding to the aliphatic region by NMR analysis,
consistent with removal of a hydrocarbon diluent (Figure
S4). Solvent extraction tests performed using Lix 84-I in
CHCl3 suggested that HNAPO comprises 45 wt % of the Lix
84-I mixture (Figure S5), assuming 1:2 coordination of
Cu2+:HNAPO.14 We used the Lix 84-I mixture directly, as
previous work with Lix 84-I and SBS suggested that the
unpurified mixture had better performance compared to
HNAPO.22

To determine the equilibrium morphology of the system, we
performed small-angle X-ray scattering (SAXS) on solid SBS
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films with Lix 84-I content varying from 0−20 wt % (Figure
1A). The scattering pattern observed was characteristic of
hexagonally packed cylinders for all samples, with minimal
change in scattering behavior. Based on the principal scattering
peak, the center-to-center spacings of adjacent cylinders
remained relatively invariant, with ∼39 nm spacing for pure
SBS and ∼38 nm for SBS with 20 wt % Lix 84-I. Small
reductions in domain spacing are expected to occur for certain
block polymers as solvent content increases.39

Based on this cylindrical morphology, Figure 1B depicts the
expected transport behavior for the system. As described in the
next section, the microcapsules formed contained multiple
inner droplets of encapsulated strip solution. Cu2+ ions are
transported through the membrane walls into these inner
droplets, with H+ transported in the opposite direction. Within
the walls itself, the polystyrene end-blocks form cylindrical
domains that physically cross-link the system, enhancing

mechanical robustness. Polystyrene is glassy (Tg ≈ 100 °C)
and highly impermeable to solutes with sizes similar to
HNAPO;35 any ligand that is dissolved in the polystyrene
phase likely contributes minimally to Cu2+ flux. The
polybutadiene phase, in contrast, would enable high diffusivity
and, critically, should be continuous throughout the material
(Figure 1B). Transport continuity is often a technical challenge
for porous materials derived from block polymers, given that
pores must typically be formed from the minority phase.40 In
this system, using polybutadiene as the majority phase enables
continuity while also retaining 73% of the volume as the
desired diffusion path. It is worth emphasizing that the self-
assembly behavior of the triblock polymer SBS is essential to
simultaneously enable physical robustness and fast transport�
two properties that would be difficult to achieve in a
homopolymer system without post-modification (i.e., cross-
linking).

Figure 1. Polymer nanostructure and schematic of ion transport. (A) Small angle X-ray scattering of a poly(styrene)-b-poly(butadiene)-b-
poly(styrene) (SBS) block polymer mixed with the copper-binding ligand Lix 84-I, showing a scattering pattern characteristic of cylindrical
microphases. (B) Schematic of the expected ion transport behavior in metal-selective SBS microcapsules. During extraction, Cu2+ is transported to
inner droplets, while H+ is transported the reverse direction. Free ligands and ion/ligand complexes diffuse through the rubbery polybutadiene
phase.

Figure 2. Preparation of ligand-containing polymeric microcapsules encapsulating dilute sulfuric acid. (A) Schematic showing formation of water-
in-oil-in-water (W/O/W) emulsions, with subsequent removal of the DCM solvent to form microcapsules with solid walls. (B, C) Optical
micrographs of the (B) W/O/W emulsion and (C) microcapsule, with 0.5 M H2SO4 as the internal solution and 1 wt % Lix 84-I, relative to the
capsule wall. (D) Electron micrograph of dried microcapsules.
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Preparation of Acid-Filled, Ligand-Containing Micro-
capsules. Polymer microcapsules encapsulating aqueous
solutions can be formed in a variety of ways. A common
approach in the literature is through microfluidics, which
enables precise formation of microcapsules with nearly uniform
capsule diameters and typically a single aqueous cavity.41−43

The most industrially scalable approach is through bulk
double-emulsion templating, in which a W/O/W double
emulsion is first formed through homogenization, after which
evaporation of the solvent leaves behind the polymeric
shell.44,45 This approach typically results in microcapsules
with varying diameters and multiple internal aqueous cavities.
For simplicity and given our need to produce relatively large
quantities of microcapsules for metal uptake experiments, we
elected to use the bulk double-emulsion templating approach.
The procedure used to prepare the polymeric microcapsules

is shown in Figure 2A. We first formed a water-in-oil (W/O)
emulsion through probe sonication on ice of dilute H2SO4
solutions in a solution of DCM, SBS polymer, and Lix 84-I.
The organic:aqueous volumetric ratio was fixed at 4:1. To
stabilize the W/O emulsion, we synthesized amphiphilic
polyisoprene-b-poly(4-styrene sulfonic acid) (PI-PSSA) di-
block polymers using RAFT polymerization, building on
strategies we have previously explored.24,26 The reactions are
described in Schemes S1 and S2, with polymer characterization
shown in Figures S6−S11. The chemistries were chosen due to
the expected compatibility of PI with the polybutadiene in the
SBS shell, the relative acid stability of PI and PSSA, and the
water solubility of PSSA. Additionally, we did not expect the
protonated (uncharged) or deprotonated (negatively charged)
PSSA to significantly hinder Cu2+ transport, while deproto-
nated PSSA could even contribute to the total Cu2+ uptake.
The number-average molar mass (Mn) for the PI and PSSA
blocks were 11 and 4.6 kg/mol, respectively (Table S1). The
greater chain length for PI compared to PSSA was chosen to
facilitate the inward curvature of water droplets and thereby
stabilize the W/O emulsion (Figure 1A), analogous to
surfactants with a low hydrophilic−lipophilic balance
(HLB).46−48 The PI-PSSA was highly effective at stabilizing
the W/O emulsion, with ∼20 mg of polymer used for 1 mL of
aqueous solution and 4 mL of organic solution. The emulsion
did not separate after several days at room temperature. In
contrast, >200 mg of small-molecule surfactant with low HLB
(Span 85) was needed to stabilize the equivalent system, with
some emulsion breakage occurring within hours. Based on
analysis of the W/O/W droplets (Figure 2B, Figure S12), the
water droplets in the PI-PSSA-stabilized W/O emulsion had
diameters mostly <6 μm (Figure S13).
To form the W/O/W emulsion, a 20 mL solution of 2% (w/

v) PVA with NaCl was added to the W/O emulsion, followed
by homogenization at 8000 rpm. PVA is an acid-stable
polymeric surfactant, while NaCl was added to balance
osmotic pressure with the internal droplets. This procedure
resulted in large W/O/W double-emulsion droplets, which we
visualized using optical microscopy (Figure 2B, Figure S12).
To form solid microcapsules, the solvent must be removed. W/
O/W emulsions are intrinsically unstable;48 for our system,
despite the highly stable initial W/O emulsion, the loss of
inner droplets to the continuous (outer) aqueous phase could
be observed in real-time via optical microscopy. More
quantitatively, we found through preliminary experiments
with CuSO4-filled microcapsules that rapid removal of DCM
by diluting the W/O/W emulsion into a 500 mL solution

sharply reduced ion leakage to 20%, compared to 70% for a
W/O/W emulsion allowed to evaporate DCM overnight
without the dilution step (Figure S14). The dilution step
rapidly extracted DCM from the microcapsules,44 given the
solubility of DCM with water (16 g/L at 30 °C). After filtering,
this procedure resulted in solid microcapsules with encapsu-
lated aqueous droplets of dilute H2SO4, as visualized by optical
microscopy (Figure 2C, Figures S15 and S16) and SEM
(Figure 2D). Microcapsules were heterogeneous in size, with
most having diameters of 20−120 μm (Figure S17), and
remained well-dispersed if mixed in solution. If stored dry in a
capped vial, microcapsules would agglomerate; they were
therefore used immediately or stored in a dilute H2SO4
solution with H2SO4 concentration matching the internal
solution. Measurement of the filtrate pH during microcapsule
recovery enabled an estimation of the encapsulation efficiency
of H2SO4, which was typically ∼30%. To determine
encapsulation efficiency, the filtrate pH was compared with a
titration curve for the outer solution with increasing additions
of H2SO4. Given that the outer volume and total H2SO4 added
to the system were known (e.g., 520 mL outer volume and 1
mL of 0.5 M H2SO4), comparison of the filtrate pH with the
titration curve enabled estimation of H+-leakage and, in turn,
H+-encapsulation. Encapsulation of H2SO4 was lower than for
CuSO4 (∼80% encapsulation, Figure S14), possibly due to
differing emulsion stabilities as PSSA is largely neutrally
charged at pH < 1.

Batch Experiments Show Internalization of Metal
Ions Driven by Outward Proton Gradient. To demon-
strate facilitated transport with the microcapsules, we
recovered microcapsules by filtration and mixed 50−200 mg
of microcapsules with 15 mL of 1 mM CuSO4 and 20 mM
NaMES, with a pH of 5.6. The results of these model
experiments are shown in Figures 3A and 4. Uptake was very
rapid, with steady-state uptake achieved in as little as 10 min.
Additionally, uptake remained relatively stable over 120 min of
mixing. In other words, the Cu2+ that was taken up by the
microcapsules was stably removed, with only relatively minor
levels of Cu2+ leakage from the particles. The minimal leakage
is notable, given the up to ∼24 bar osmotic pressure difference
between the encapsulated strip solution (up to 0.5 M H2SO4)
and the buffered CuSO4 solution. The general profile of ion
uptake is similar to those for the most successfully
demonstrated ELM systems, with similar kinetics for our
samples with 1 wt % Lix in the microcapsule walls (Figure 4)
as a Lix-based ELM with a 10 wt % Lix reagent that was also
targeting copper uptake.14

Figure 3B shows a comparison of the total Cu2+ uptake with
the expected uptake for extraction with an equivalent mass of
Lix 84-I that was present in the walls of the microcapsules,
based on solvent extraction experiments done under the same
conditions (Figure S5). The uptake increases proportionally
with the mass of microcapsules added and was consistently
16−20-fold greater than the expected uptake based on
extraction alone. These results strongly support facilitated
transport to the inner droplets.
In further experiments, we varied the contents of the

microcapsules, particularly the concentration of Lix 84-I in the
capsule walls and the acid concentration in the inner droplets
(Figure 4). The effect of ligand concentration on ion uptake is
shown in Figure 4A. Capsules with no ligand showed minimal
uptake, with a small (∼0.02 mM) drop from the initial
concentration occurring immediately and no further uptake

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.2c07242
Environ. Sci. Technol. 2022, 56, 17352−17363

17357

https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c07242/suppl_file/es2c07242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c07242/suppl_file/es2c07242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c07242/suppl_file/es2c07242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c07242/suppl_file/es2c07242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c07242/suppl_file/es2c07242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c07242/suppl_file/es2c07242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c07242/suppl_file/es2c07242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c07242/suppl_file/es2c07242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c07242/suppl_file/es2c07242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c07242/suppl_file/es2c07242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c07242/suppl_file/es2c07242_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c07242?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


over 120 min. This small Cu2+ uptake is likely due to
electrostatic binding with sulfonate groups in PI-PSSA that are
exposed to the outer solution (buffered at pH 5.6), possibly
through defects formed during microcapsule preparation.
These “defects” likely formed through the merging of inner
droplets with the outer solution, as observed by optical
microscopy. As the Lix 84-I concentration increased to 1%, the
rate of Cu2+ uptake increased linearly (Figure S18), in
accordance with eq 5. The microcapsules reached their
steady-state values at approximately 10, 30, and 120 min for
1, 0.5, and 0.1 wt % Lix 84-I, respectively. The total amount of
Cu2+ taken up was similar between the three samples, with the
microcapsules with 0.1 wt % Lix 84-I taking up 4.0 μmol Cu2+
compared with 5.2 μmol Cu2+ for microcapsules with 1 wt %
Lix 84-I. The total Cu2+ uptake for the samples with 0.1 wt %
Lix 84-I was 77-fold greater than expected for ligand extraction
alone.
The effect of internal acid concentration is shown in Figure

4B. In contrast to ligand concentration, the internal acid
concentration impacted the total uptake, while the rate of Cu2+
uptake�particularly the initial slope�was unaffected. The
total uptake increased nonlinearly with acid concentration,
with the 5-fold concentration increase from 100 to 500 mM
H2SO4 only increasing uptake 1.8-fold (Figure S19). The
nonlinear response is likely partially due to the PSSA lining
internal droplets contributing to Cu2+ uptake. The estimated

maximum Cu2+ binding (i.e., 1 Cu2+ per 2 sulfonates) to
internalized PSSA would contribute to ∼0.14 mM Cu2+ uptake
in these experiments, which is comparable to the drop for the
sample prepared with 20 mM H2SO4.
The batch experiments show Cu2+ uptake in line with the

facilitated transport mechanism: greater ligand concentration
resulted in faster kinetics with small changes in total uptake,
while greater internal acid concentrations during preparation
led to greater uptake with no change in kinetics. To further
analyze kinetics, we modeled the results using eqs 4 and 7 and
some simplifying assumptions, as described fully in the
Supporting Information, with the facilitated-transport model
depicted as solid lines in Figure 4. The model fit the data well,
using a common SBS wall thickness and a common ligand
diffusivity for all curves and adjusting the starting internal
H2SO4 concentration for each curve to account for variability
in the encapsulation efficiency. For the samples formed with
0.5 M H2SO4, the model suggests that initial H2SO4
concentrations were ∼40 mM H2SO4, corresponding to an
encapsulation efficiency of ∼8% (Table S4), which is less than
the ∼30% efficiency estimated using pH measurements during
microcapsule preparation. While the cause of this discrepancy
is unknown, one possibility is acid being released during the
copper uptake experiments (e.g., due to osmotic bursting of
some of the cavities).

Microcapsules Show Selective Metal Ion Uptake. The
above experiments targeted Cu2+ uptake in the presence of just
a buffer solution. To demonstrate ion/ion selectivity, we

Figure 3. Batch uptake of Cu2+ into microcapsules. (A) Transient
curves of Cu2+ concentration in the feed (outer) solution. (B) Cu2+
uptake into microcapsules, with total uptake based on [Cu2+] at 0 and
120 min. The squares refer to the expected Cu2+ uptake for extraction
using the mass of Lix 84-I present in the microcapsules, based on SX
experiments (Figure S5). For each batch experiment, microcapsules
with 0.5 wt % Lix 84-I in the walls were mixed with 15 mL of 1 mM
CuSO4 and 20 mM NaMES, with a pH of 5.6. All experiments were
done in duplicate, with error bars depicting the range of data. Each
replicate used a freshly prepared batch of microcapsules.

Figure 4. Batch uptake of Cu2+ into microcapsules for varying (A)
ligand content as wt % of microcapsule walls and (B) internal acid
content. For each experiment, microcapsules were mixed with 15 mL
of 1 mM CuSO4 and 20 mM NaMES, with a pH of 5.6. All
experiments were done in duplicate, with error bars depicting the
range of data, except for the 1 wt % Lix 84-I, 500 mM H2SO4 sample,
which was run in triplicate, with error bars depicting standard
deviation. Each replicate used a freshly prepared batch of micro-
capsules. The solid lines depict model results, as described in the
Supporting Information. Model parameters are listed in Tables S3 and
S4.
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performed similar experiments with mixed solutions of 1 mM
CuSO4 and 1 mM NiSO4, buffered at pH 5.6 as in Figures 3
and 4 and at pH 4.0 (Figure 5). Lix 84-I binds Cu2+ more

strongly than Ni2+, with Cu2+ extracted preferentially,
especially at lower pH (Figure S20). Cu2+ and Ni2+ were
again quantified colorimetrically, with relatively small interfer-
ences for mixed solutions in the assays (Figures S21−S23).
The presence of Ni2+ did not affect Cu2+ quantitation (Figure
S21), while minor adjustments were made for Ni2+
quantitation based on the independently measured concen-
tration of Cu2+ (Figure S23).
As shown in Figure 5, Cu2+ was selectively taken up by the

microcapsules, with the Cu2+/Ni2+ selectivities being 15 and
5.8 for pH 5.6 and 4.0, respectively, when comparing
concentrations at 0 and 120 min for the mixed feeds. The
Cu2+ uptake curves for mixed feeds mirrored the uptake curves
for solutions with just Cu2+ and buffer, except that the total
Cu2+ uptake was slightly lower for mixed feeds, possibly due to
Ni2+ uptake, leading to H+ loss to the outer solution. The total
Cu2+ uptake was also similar between the two pH levels.

Interestingly, the mixed and individual Ni2+ uptake curves
were similar at pH 4.0, with a 0.05−0.07 mM decrease in Ni2+
concentration immediately upon microcapsule addition,
followed by minimal further uptake. Considering that Ni2+
extraction by Lix 84-I is minimal at pH 4.0 (Figure S20), the
rapid uptake and leveling off suggests that Ni2+ is binding
nonspecifically to the microcapsules, likely through interactions
with PSSA that is exposed to the outer solution. This suggests
that employing an uncharged surfactant to stabilize the inner
droplets would increase the selectivities even further. The Ni2+
uptake behavior of the mixed feed at pH 5.6 was also indicative
of interaction with PSSA, while the Ni2+ uptake for 1 mM
NiSO4 without Cu2+ showed a consistent and slow rate of
uptake with final levels similar to the Cu2+ uptake experiments.
This behavior can be rationalized by the partial (∼80%)
equilibrium extraction of Ni2+ by Lix 84-I at this pH level
(Figure S20), in contrast to the essentially complete extraction
of Cu2+. The partial extraction would result in lower
concentrations of ligand/ion complexes in the membrane
phase, thereby decreasing flux (eq 7).

Column Packing Enables Near-Complete Metal
Removal. While the batch experiments enabled insight into
uptake kinetics and selectivity, the batch format was difficult to
use in a process, especially at a lab scale. Filtration of the
solution to separate the microcapsules from the outer solution
inevitably led to microcapsule loss, which prohibited
regeneration and recovery of the captured metal ions. One
can imagine the large-scale use of the microcapsule format in
suspension, with submerged porous ultrafiltration or micro-
filtration membranes retaining the microcapsules in the vessel,
similar to how microbes are retained in a membrane
bioreactor.49

The other scaled-up format for which microcapsules could
be readily employed is a packed bed (i.e., a column), which
could be readily cycled to enable metal ion uptake and
regeneration, similar to conventional ion exchange and
emerging nanomaterial-based adsorbents.50,51 The packed-
bed format is also easily reproduced at a lab scale. We prepared
packed beds by flow packing 400 mg of freshly prepared
microcapsules�with 1 wt % Lix 84-I and 0.5 M H2SO4
internal solutions�into glass pipets that were plugged with
glass wool. We then flowed 1 mM CuSO4 and 20 mM NaMES,
pH 5.6, solutions through the columns at a controlled flow rate
(0.1 mL/min) using a syringe pump. Using dye as an indicator,
we estimated the void volume of the column to be 0.1−0.2 mL,
suggesting a residence time of <2 min for a flow rate of 0.1
mL/min. After a certain feed volume was loaded, the columns
were washed using 20 mM NaMES, with a pH of 5.6, and then
the loaded Cu2+ ions were recovered by soaking the columns
overnight in fresh 0.5 M H2SO4.
As shown in Figure 6 and Figure S24, the column format

enabled essentially complete removal of Cu2+ from the
buffered solution before break-through, despite the short
residence time of <2 min. We normalized the feed volume to
the expected extraction based on the amount of ligand in the
microcapsules, which we did to emphasize the enhanced
capacity conferred by the microcapsule approach. For 1 mM
CuSO4 feeds, breakthrough occurred at a normalized load of
7−8 relative to ligand (Figure 6A), which approached the 8.8-
fold increase in uptake obtained for the same microcapsules in
batch experiments (Figure 3B). Below breakthrough, Cu2+
concentrations were below the limit of detection of the
colorimetric method (∼0.006 mM). As shown in Figure 6B,

Figure 5. Selective Cu2+ uptake from mixed feed solution.
Microcapsules (200 mg) were mixed with 15 mL of 1 mM CuSO4
(open squares), 1 mM NiSO4 (open circles), or a mixed solution of 1
mM CuSO4 and 1 mM NiSO4 (closed symbols). Solutions were
buffered at (A) pH 5.6 using 20 mM NaMES and (B) pH 4.0 using
20 mM NaAcetate. Cu2+ was selectively removed at both pH levels
(solid symbols). All experiments were done in duplicate, with error
bars depicting the range of data. Each replicate used a freshly prepared
batch of microcapsules, which were prepared with 1 wt % Lix 84-I and
internal solutions of 0.5 M H2SO4.
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when the columns were soaked in fresh 0.5 M H2SO4,
essentially all loaded Cu2+ could be recovered. Runs were also
conducted with 0.1 mM CuSO4 feeds, showing slightly
diminished uptake capacity but otherwise similar behavior.
For the 0.1 mM CuSO4 experiments, a small elution volume (2
mL) was used, enabling a ∼30-fold concentration factor for
Cu2+ (Figure 6C).
In principle, the recovery of loaded metal ions with fresh

strip solution should simultaneously regenerate the encapsu-
lated strip solution (i.e., replace Cu2+ in the inner droplets with
H+), enabling reuse of the columns. To test reusability, we ran
10 cycles with a column, wherein the column was loaded in
each cycle with a normalized load of ∼5-fold greater than
would be extracted using the column ligand content. We chose
this level to be sufficiently below breakthrough to enable near-
complete Cu2+ removal, based on Figure 6A. Load flow rate
was set to 0.1 mL/min, while the strip/regeneration time
varied from 100 min (10 mL at 0.1 mL/min) to overnight.
Cycles with 100 min strip times were run the same day, while 1
day strip times were due to the column being stored in strip
solution overnight before the next cycle.
As shown in Figure 7, the column was able to be effectively

reused, maintaining near-complete Cu2+ removal over 10
cycles. The amount of Cu2+ extracted remained relatively
constant, with slight fluctuations owing to variability in the
mass of Cu2+ that was loaded onto the column. The recovered
Cu2+ was slightly more variable, with the recovered amount
exceeding the amount extracted in certain cycles and the
opposite result in other cycles. This variability in Cu2+ recovery
was due to the varying strip/regeneration time, which again
varied from 100 min to 1 day. The data suggests that 100 min
was not enough time for complete Cu2+ recovery. For example,
cycles 5, 7, and 8 were stripped for 100 min, after which cycles
6, 8, and 9 were started immediately. The incomplete Cu2+
stripping led to decreased effective capacity for Cu2+ uptake in
the next cycle, resulting in partial breakthrough and removals
of 98.3, 99.3, and 97.3% for cycles 6, 8, and 9, respectively.
While these removal rates remained high, they were the only
cycles above the detection limit for the colorimetric assay
(Table S2). Higher Cu2+ recovered masses were achieved in
these cycles due to the inadequate stripping in the previous

cycle. While we did not fully explore the kinetics of stripping, it
is notable how much slower stripping is than for Cu2+ uptake
at pH 5.6, which is complete within 2 min. The slower kinetics
of stripping/regeneration are likely due to the low pH on both
sides of the capsule walls, leading to a relatively low proportion
of ligand being complexed to Cu2+.
To assess the absolute levels of Cu2+, the raffinates (i.e., the

flow-through during the feed step) from the reuse study were
analyzed by inductively coupled plasma-optical emission
spectroscopy (ICP-OES) for Cu2+ and Na+ concentrations,
where the sodium came from the NaMES buffer. The low Cu2+
levels in these samples led to imprecise measurements in the
colorimetric assay, which is not as sensitive. The ICP-OES
measurements found that cycles 1−4 and cycle 10 were below
the effective limit of detection for Cu2+, which was 0.0006 mM
(Table S2). This equates to >99.95% removal. The ICP-OES

Figure 6. Uptake and recovery of Cu2+ using columns packed with microcapsules. (A) Cu2+ removal as a function of feed volume, which was
normalized to the ligand mass present within the column. Unnormalized curves are presented in Figure S24. Each trace represents a unique
column. Column residence time was ∼2 min. Feed solution was 20 mM NaMES, pH 5.6, with 0.1 mM or 1 mM CuSO4. (B) Total Cu2+ extracted
from the feed and recovered in fresh 0.5 M H2SO4 strip solution. (C) Cu2+ concentrations in the feed and elution solutions for the 0.1 mM CuSO4
runs. Columns contained 400 mg of microcapsules with 1 wt % Lix 84-I and 0.5 M H2SO4 internal solution. Error bars reflect the range of values for
duplicate samples or standard deviation of four replicates. Flow rate was 0.1 mL/min. Copper was recovered by flowing 2−10 mL of fresh 0.5 M
H2SO4 through the column, with an overnight pause halfway through the elution.

Figure 7. Reuse and regeneration of a column packed with
microcapsules. The column contained 400 mg of microcapsules
with 1 wt % Lix 84-I and 0.5 M H2SO4 internal solution. The column
was fed with 1 mM CuSO4 and 20 mM NaMES, pH 5.6, at 0.1 mL/
min (∼2 min residence time), washed with ∼3 mL 20 mM NaMES,
pH 5.6, and then stripped/regenerated using fresh 0.5 M H2SO4.
Regeneration time varied between 100 min (cycles 5, 7, 8, and 10)
and 1 day (cycles 1−4, 6, and 9). Prior to cycle 1, the column was
used for breakthrough analysis as a column in Figure 6.
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measurements also found that Na+ concentrations were
unchanged going from the feed to the raffinate, suggesting
that Cu2+/Na+ selectivities are extremely high.
Outlook for Microcapsules as Dispersible Facilitated

Transport Membranes. In this work, we demonstrated that
polymeric microcapsules with selective ligands dissolved in the
capsule walls could enable highly selective and rapid ion
separations. For expediency, we chose Cu2+ as a target metal
ion to be transported using a commercial ligand from
hydrometallurgy (mining), but we envision the main
application of this approach to be resource recovery of high-
value metals from dilute wastewaters, particularly using
complex, costly, and highly selective ligands. The ability to
break the stoichiometric relationship between the ligand and
ion is particularly valuable in that respect. The 1% ligand
capsules that we used most frequently increased uptake 9-fold
over pure ligand/ion extraction, while the 0.1% ligand capsules
enabled a 77-fold increase in uptake, albeit with slower
kinetics. The other main benefit of this approach is the ability
to conduct solvent-free processing in column formats or
dispersed in vessels. The increased safety and flexibility offered
by solvent-free processing is advantageous.
Going forward, it will be valuable to explore even greater

internal acid concentrations and optimize encapsulation
efficiencies to further increase the metal uptake capacity. The
uptake capacity of ∼0.02 mmol Cu2+/g wet beads for our
microcapsules is lower than common ion exchange resins that
bind ∼3 meq/g wet beads.52 Given that our encapsulation
efficiencies were ∼8% based on modeling and ∼30% based on
pH measurements, sharply improved uptake capacities are
likely possible with improved microcapsule fabrication and
higher internal sulfuric acid concentrations (e.g., >1 M). In
terms of fundamental behavior, ion-uptake kinetics matched a
facilitated-transport model for mobile carriers. While sorption
and diffusion of similar solutes in similar polymers have been
measured,37in situ measurements of ligand diffusion in SBS are
needed to confirm the diffusive transport behavior.
For the system we explored with Lix 84-I, Cu2+ uptake in

columns was rapid (complete in <2 min), but the
regeneration/stripping step was slow due to lower ion/ligand
complex concentrations at low pH. Increased uptake capacity
would decrease the frequency needed for regeneration, and
applications with dilute feeds (e.g., resource recovery from
wastewater) that do not need frequent regeneration should be
prioritized. Systems should also be explored for which
regeneration can be done more rapidly. Lastly, exploration of
alternative emulsion-stabilizing polymeric surfactants will be
useful, particularly using neutrally charged (yet acid-stable)
hydrophilic blocks, to eliminate nonspecific binding of ions to
exposed internal cavities.
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