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Aqueous phosphate pollution can dramatically impact ecosys-
tems, introducing a variety of environmental, economic, and
public health problems. While novel remediation tactics based
on nanoparticle binding have shown considerable promise in
nutrient recovery from water, they are challenging to deploy at
scale. To bridge the gap between the laboratory-scale nature of
these nanostructure solutions and the practical benchmarks for
deploying an environmental remediation tool, we have devel-
oped a nanocomposite material. Here, an economical, readily
available, porous substrate is dip coated using scalable, water-
based processes with a slurry of nanostructures. These nanoma-
terials have tailored affinity for specific adsorption of pollutants.
Our Phosphate Elimination and Recovery Lightweight (PEARL)
membrane can selectively sequester up to 99% of phosphate
ions from polluted waters at environmentally relevant concentra-
tions. Moreover, mild tuning of pH promotes at will adsorption
and desorption of nutrients. This timed release allows for phos-
phate recovery and reuse of the PEARL membrane repeatedly for
numerous cycles. We combine correlative microscopy and spec-
troscopy techniques to characterize the complex microstructure
of the PEARL membrane and to unravel the mechanism of phos-
phate sorption. More broadly, through the example of phosphate
pollution, this work describes a platform membrane approach
based on nanostructures with specific affinity coated on a porous
structure. Such a strategy can be tuned to address other environ-
mental remediation challenges through the incorporation of other
nanomaterials.

eutrophication | nutrient pollution | nanotechnology | electron
microscopy | adsorption

In many ecosystems, phosphates and nitrates are the limiting
reactants for growth, so small changes in ion concentrations
can have profound effects. Through a variety of human activi-
ties, phosphates are being extracted for use and flushed away,
releasing excess nutrients into ecosystems (1). This process of
nutrient buildup in natural bodies of water, which is referred to
as anthropogenic hypereutrophication, causes a variety of eco-
nomic, environmental, and public health consequences around
the globe due to the sensitivity of systems to these essential
anions (2-5).

Although a myriad of municipal and industrial processes con-
tributes to hypereutrophication, nutrient pollution is most often
associated with agriculture (5). Phosphates and nitrates are
essential for plant growth, but when added to fertilizer at an
industrial scale, large volumes of unused nutrients run off into
natural bodies of water. The release of excess phosphates and
nitrates makes blue-green algae more liable to bloom. In addi-
tion to blocking sunlight and producing toxins, these algae lead
to the proliferation of bacteria following the end of their life
cycle. As these bacteria break down dead matter, they consume
oxygen, leading to hypoxia and prompting a positive feedback
loop (6).
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Natural systems are incredibly sensitive to these nutrients,
as pollutant concentrations as low as single-digit micrograms
of phosphorus per liter (mg of P/L) can alter a biosphere.
Depending on the ecosystem’s chemistry, either phosphorus
or nitrogen is the most troublesome anion (7, 8). This prob-
lem is projected to get worse with climate change, contribut-
ing to the call to action to remediate both phosphates and
nitrates with selective, sustainable, cost-effective methods (9,
10). We demonstrate an efficient strategy toward recovering
dissolved phosphates that has the potential to meet practi-
cal considerations demanded by environmental remediation
challenges.

Challenge of Phosphate Pollution: An Unmet Critical Need

Water treatment plants remove phosphates through a com-
bination of chemical, physical, and biological methods, which
traditionally have focused on phosphate elimination rather than
recovery. Phosphate fertilizers are usually produced from phos-
phate rock, a nonrenewable natural resource of limited supply
(10, 11).

Chemical methods, such as precipitation with metal salt, work
only at high concentrations, create secondary pollution, and
remove but do not recover phosphates (12). Some facilities
have demonstrated phosphate recovery through precipitation of
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struvite, a fertilizer, but these methods operate best at concen-
trations exceeding 50 mg of P/L (12). Physical methods, such as
ion exchanges and membranes, can be expensive to implement
and require additional chemicals for membrane regeneration
(12). In biological processes, phosphate-accumulating organ-
isms are used to remove anions, but these methods require
the addition of organic carbon and result in the creation of
waste sludge. New processes are being employed to recover
phosphate from this biomass (11, 13). Recent pilot studies
have shown algae or other plants themselves can be grown
in a controlled manner to sequester nutrients while removing
atmospheric carbon dioxide and creating a biomass with other
industrial applications (13, 14). These concepts can be com-
bined to form a constructed wetland approach to remediate
water (15). Although there are many promising removal meth-
ods, there still lacks an efficient, scalable approach for phosphate
recovery, especially in the critical concentration range of 1 to
10 mg of P/L.

A Nanotechnology-Based Solution: Advantages and
Opportunities for Inprovement

The tunability of nanoparticles, as well as their high surface
area to volume ratio, makes nanostructured media a promising
and novel approach to both nutrient remediation and recov-
ery of other dissolved pollutants (16-18). However, there are
several practical drawbacks to using many nanomaterials for
large-scale phosphate remediation. In order to treat a problem
of this magnitude, the solution must be easily manufacturable,
which challenges a number of complex nanostructures (19-21).

The proposed use of iron oxide nanoparticles for phosphate
remediation begins to address some practical environmental
stewardship considerations. These structures are scalable and
have shown incredible promise for phosphate sequestration (22—
26). Even with these cost-effective and easily manufacturable
nanomaterials, it can be challenging to use them in practice.
Studies rely on centrifugation (22), magnetic fields (23), or fine
filters (22, 24-26) to separate the nanoparticles from the aqueous
solutions after remediation. These processes sacrifice efficiency
and require the introduction of an additional onerous treatment
step.

The PEARL Membrane

In order to overcome the challenges with typical nanoparticle
remediation strategies, we have developed a platform approach.
A hierarchically porous substrate, such as a sponge or mem-
brane, serves to anchor multifunctional nanostructures (MNS) in
the form of a thin coating. Thus, an MNS-laden sponge or mem-
brane acts as a carrier to deploy nanostructures for capturing
specific analytes or toxins.

This strategy makes efficient use of resources, as even a very
thin coating layer (5 to 10 wt %) can transform this cheap, read-
ily available sponge into a targeted sorbent. Moreover, we utilize
water-based processes with earth-abundant elements that are
compatible with industrial processes, making this an even more
appealing approach.

We demonstrated such an architecture with the Oleophilic,
Hydrophobic, Magnetic (OHM) sponge, which is used for
oil spill remediation (27, 28). For this material, polyurethane
was carefully chosen as the backbone due to its intrinsic
hydrophobic properties. This sponge was coated with carbon-
based substrates and metal oxide nanoparticles that imparted
oleophilic/hydrophobic and magnetic character, respectively. In
addition to being a remarkably efficient oil remediation tool,
the OHM sponge is economic and eco-friendly, making it a
promising emerging technology.

A similar approach (Fig. 1) can be employed for targeted
recovery of excess dissolved ions, and herein, we demonstrate

20f8 | PNAS
https://doi.org/10.1073/pnas.2102583118

how our Phosphate Elimination and Recovery Lightweight
(PEARL) membrane is used for the capture of nutrients.

Although other nanoparticle composite materials (nanocom-
posites) have been reported (29, 30), the hydrophilic character
and high surface area to volume ratio of cellulose make it espe-
cially apt for facilitating phosphate-nanoparticle interactions.
Moreover, cellulose is highly versatile, so the PEARL membrane
can be deployed in a number of configurations including sorbent
pads, booms, and fixed bed reactors.

The PEARL membrane is not only an efficient phosphate
sequestration tool, but also, tests have demonstrated that it does
so in a selective manner. Because we also observe that the degree
of analyte binding is quite tunable, we can use mild conditions for
at will adsorption and desorption, which allows for the recovery
of phosphate and reuse of the membrane.

There are deliberate and designed similarities between the
PEARL membrane and our previously reported material the
OHM sponge (27). As a platform technology, we aim to develop
a remediation approach that is multiplexed and anchored on
key concepts of performance, scalability, reusability, and cost-
effectiveness. Other than these core considerations, there is a
clear differentiation between the OHM sponge and the PEARL
membrane, including hydrophilic/hydrophobic character, use of
a carbon-based substrate in addition to the MNS, and mech-
anism of pollutant sequestration and desorption. Thus, the
OHM sponge and PEARL membrane are distinct yet enjoy
the core advantages of a flexible and porous membrane coated
with tailored nanostructures to create a scalable, cost-effective,
and reusable remediation tool, made from earth-abundant and
often-discarded precursors.

Moreover, the success of our PEARL membrane as a sec-
ond construction of this platform has spurred us to continue
a similar strategy for remediation of other pollutants, expand-
ing the broader implication of this report. Other nanostructures
have been reported for remediation, such as zinc oxide for
Zn (II), Cd (II), and Hg (II) remediation (31) and CuO nanos-
tructures for Pb (II) remediation (32), that when decorated
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Fig. 1. The PEARL membrane is made by coating cellulose with MNS using
a scalable, water-based process. The nanomaterials are tailored for selective
phosphate binding. Using mild conditions, the phosphate can be adsorbed
and desorbed, allowing for reuse of the PEARL membrane and recovery of
anions.
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on a porous structure would be consistent with our platform
membrane approach.

This paper will provide details on the structure of the PEARL
membrane, demonstrate its efficacy for phosphate remediation,
study the molecular scale nanoparticle-phosphate interactions,
and highlight how this approach can be extended to other
pollutants.

Results and Discussion

The Architecture of the PEARL Membrane. Like its predecessor the
OHM sponge (27, 28), the platform membrane consists of two
key components, a membrane and a nanoparticle coating, each
of which can be tuned to the specific water remediation chal-
lenge. Cellulose was chosen as the platform for the PEARL
membrane because of its hydrophilic character, large surface
area to volume ratio, and hierarchical structure. These features
enable it to facilitate large flow rates and necessary nanoparticle-
dissolved pollutant interactions. It is also widely commercially
available, biocompatible, and affordable.

Iron oxide nanoparticles have shown promise in phosphate
remediation and display many promising qualities that could
make them a deployable technology, such as scalability and
natural chemical abundance (22-26). This architecture, where
the nanostructures are anchored on the cellulose, turns this
promising nanostructure into a realizable solution.

Moreover, our synthesis method makes use of scalable,
water-based processes using naturally abundant precursors. This
facile yet effective dip-coating method is quite tunable, open-
ing up the possibility of introducing other nanostructure on
the same structure for targeted recovery of other dissolved
analytes.

In order to understand the performance of the membrane, it
is important to study the properties of the structure. However,
there are significant intrinsic challenges in characterizing such a
membrane due to its porous, hierarchical structure and its hybrid
composition of soft (cellulose) and hard (iron oxide) struc-
tures. Nevertheless, using a correlative microscopy approach, we
are able to describe the structure of the PEARL membrane
at multiple length scales to help understand its remediation
behavior.

100 pm

As shown in the scanning electron microscopy (SEM) image in
Fig. 24, the cellulose exhibits a hierarchical structure with pores
at multiple length scales, including at the macro scale, as shown
in Fig. 2 4, Inset. The coating is made of magnetite nanoparticles,
whose FezO4 chemical composition is confirmed by powder X-
ray diffraction (SI Appendix, Fig. S1). Fig. 2 B, Inset shows the
PEARL membrane, which retains the structure of the cellulose
while anchoring the nanostructures.

To better understand the properties of the coating, we
employed an ultramicrotome to prepare cross-sections of the
sample. The PEARL membrane (Fig. 2B) shows expected fea-
tures: coating, resin, and cellulose. The iron oxide nanoparticle
coating is not entirely uniform, but it is possible to see that
it is covering most outer surfaces. The cellulose sponge with-
out coating (SI Appendix, Fig. S2) imaged in the same mode
shows that the coating process modified only the surface of
the membrane. Because the molecular scale interactions of
the membrane happen at its solid—fluid interface, these scan-
ning electron microscopy images suggest that the nanocoat-
ing was successfully applied, as the functional component is
present across the entire surface, without intercalating within the
membrane.

A multimodal approach was employed to investigate more
closely regions with low levels of coating. The bright-field (BF)
image (Fig. 2C) shows that the nanoparticles on the sponge are
approximately 10 nm in diameter. The dark-field (DF) image
(Fig. 2D) suggests the coating is made of heavy elements. The
energy-dispersive X-ray spectroscopy (EDS) map (Fig. 2E) con-
firms as expected that the coating is composed of iron. SI
Appendix, Fig. S3 shows the full EDS spectra. In this region,
the coating is incredibly thin, even on the order of a single
nanoparticle.

From our electron microscopy analysis, we observe that there
is some degree of agglomeration, which is expected from a
scalable coating method that avoids complex processes and
toxic chemicals. Nonetheless, areas that appeared dim in other
images may in fact have an ultrathin coating contributing to the
functional performance of the PEARL membrane.

Thermogravimetric analysis (TGA) and surface area analy-
sis can provide correlative estimates of nanoparticle loading.
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(A) Cellulose imaged at the microscale. Inset shows bulk cellulose. (B) A scanning electron microscopy image of the cross-section of the PEARL

membrane reveals the nature of the coating. Inset shows the PEARL membrane. (C) BF, (D) DF, and (E) EDS map from the area marked in yellow in B show an
ultrathin iron oxide nanoparticle coating. (F) TGA quantifies the mass loading of MNS on the PEARL membrane. (G) N, adsorption isotherm reveals surface
area and porosity profile of the PEARL membrane, cellulose, and nanoparticles. (Scale bars: A, Inset and B, Inset, 2 cm.)
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The TGA curve of a typical PEARL membrane is shown in Fig.
2F,where the remaining mass indicates the nanoparticle loading,
information that is used in determining adsorption in Fig. 3. In
our studies of various shapes and sizes of the PEARL membrane,
the coating consistently represents 5 to 10% of the structure
mass, underscoring that only a very small degree of coating
is needed to transform cellulose into an effective remediation
tool.

The linear isotherms displayed in Fig. 2G reveal the sur-
face area of the nanoparticles alone, cellulose alone, and the
nanocomposite structure. The Brunauer—-Emmett-Teller (BET)
surface areas are 179.5, 5.2, and 12.0 m?/g, respectively (S
Appendix, Table S1). After surface area analysis, the same sam-
ples were estimated to have a nanoparticle loading of 6.5% with
TGA.

Using a linear combination of the surface areas, we would then
expect the nanocomposite to have a surface area of 16.5 m?/g.
This theoretical result is close to our experimental value of 12.0
m?/g and suggests that only some of the loaded nanoparticles are
not accessible to the surface. In short, the characterization shows
most nanoparticles in the system comprise a thin surface coating
that is actively involved in sorption.

The linear isotherm plot can also be used to show how
the membrane takes on the characteristics of the nanostruc-
tures. As shown in Fig. 2G, the PEARL membrane and
the nanoparticles have similar hysteresis loops, which suggests
analogous porosity in the mesoporous (2- to 50-nm) region.
This mesoporosity comes from small intrinsic agglomeration
of nanoparticles. The cellulose itself has a small degree of
porosity in this region as well, but based on the isotherm
analysis, this contribution is little compared with that of the
nanoparticles. Overall, we observe that the synthesis process
allows cellulose to take on the characteristics of the tailored
nanostructures.

PEARL Membrane Performance: Efficient Phosphate Recovery.
Adsorption and desorption studies were performed to under-
stand how the PEARL membrane interacts with phosphate.
As shown in Fig. 34, a comparable dose of MNS alone or
anchored on the cellulose membrane adsorbs 98% of phosphate
in a 10-mg P/L sample. The nanocomposite, however, avoids
any additional centrifugation, magnetic separation, or filtration
steps, making the PEARL membrane a more efficient and easy
to use approach. Moreover, this comparison underscores that the
majority of the nanostructures are actively involved in binding
when anchored on a membrane.

The sponge itself does not participate in phosphate sequestra-
tion, so mechanism characterization can focus on nanostructures
alone. Additionally, greater than 99% remediation is observed
in Fig. 3B by using multiple, short passes (between one and four
treatment steps).

The composite material itself is very stable, and nanoparticles
are anchored by strong chemical affinity between MNS surface
hydroxyl groups and cellulose surface moieties. There is no vis-
ible change to the solution after remediation. Across multiple
experiments with various conditions, we observe iron concentra-
tions in solutions after treatment that correspond to a 0.2% mass
loss of nanocomposite (SI Appendix, Table S2). This result con-
firms that the hydrogen bonding that holds the nanoparticles to
the cellulose is strong and makes a robust composite material
that can be used over multiple cycles.

Fig. 3C shows the pH dependence of adsorption. There are
small changes to the pH of the solution with treatment, as illus-
trated in SI Appendix, Fig. S4. The mechanism of desorption
can be explained by the change in pH and surface charge of the
material. OH~ competes with PO?™ at basic conditions, and the
surface potential of the iron oxide changes from positive to neg-
ative as shown in SI Appendix, Fig. S5 and in the literature (23).
The pH dependence can be exploited for desorption.
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Fig. 3. (A) A control study demonstrates that the MNS are the sole contributors to the performance of the PEARL membrane. (B) After multiple treatments,
more than 99% of phosphate can be captured. (C) Removal is pH dependent, so phosphate can be (D) recovered using basic conditions. (E) The PEARL
membrane can be used for multiple cycles, and after the first cycle, 95% of phosphate can be recovered. (F) Kinetic study of phosphate adsorption.
(G) Isotherm study of phosphate adsorption. (H) Tests on POTW effluent samples show selective binding.
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After a PEARL membrane was used for phosphate removal, it
was transferred to an aqueous solution of varying pH. As shown
in Fig. 3D, when the conditions are basic, the phosphate can be
captured for reuse.

Here, up to 58% of the phosphate removed from the solu-
tion was recovered. As shown in S Appendix, Fig. S6, up to 74%
of the phosphate can be recovered when the time is extended.
Nonetheless, this result suggests that a small fraction of the
phosphate is irrevocably bonded to the nanoparticles, an obser-
vation that correlates well with electronic-state studies in The
Origin of the PEARL Membrane Performance. At extremely acidic
or basic conditions, the nanomaterials are liable to breakdown.
Ideal sequestration occurs at acidic conditions (pH = 3 to 6) and
release at basic conditions (pH = 8 to 11).

Because this technology is pH dependent, it can be reused for
multiple cycles. Fig. 3E shows adsorption behavior for the first
five cycles (data are also listed in SI Appendix, Table S3). In
this test, a PEARL membrane was moved between acidic solu-
tions containing approximately 10 mg of P/L to basic solutions.
In the first cycle, 93% of the phosphate was removed. In sub-
sequent cycles, the performance slightly decreases, which can
be attributed to residual basic solution being transferred as the
membrane is cycled. Ten cycles are shown in ST Appendix, Fig. S7,
where the pH was adjusted after each transfer; the performance
is consistent across cycles.

The recovery results in Fig. 3E show the same behavior as
described in Fig. 3D initially. However, after the first cycle, 95%
of the phosphate can be recovered. These data suggest that
after some initial preconditioning of the nanomaterials, the sys-
tem reaches an equilibrium state in which ions can be more
easily removed and recovered. Exceptional performance in nutri-
ent recovery makes this nanocomposite a promising tool for
phosphate remediation.

To understand the kinetics of sorption, phosphate adsorption
on the membrane was stopped at various stages between 5 min
and 24 h. As shown in Fig. 3F, although we see a slight increase
in adsorption over a longer time horizon, after the first hour,
the majority of the phosphate has been removed. Moreover,
even within the first 5 min many anions have been recovered
from solution. The short reaction times further highlight the
technological relevance of the PEARL membrane.

These data were fit using first- and second-order models as
shown in Egs. 1 and 2, where ¢. is the amount of phosphate
adsorbed, K; and K> are rate constants, and ¢ is time:

g =qe(1—e 511 1]
Kaqit
a 14+ Kaget 21

The results in Fig. 3F show better agreement with the second-
order results. Fit parameters are listed in SI Appendix, Table S4,
and the agreement with the second-order model suggests that
chemisorption contributes to the binding mechanism.

Sorption data can be fit with equilibrium isotherm models
for more insight into interaction between nanoparticles and
analytes. Langmuir describes a monolayer of noninteracting ana-
lytes that adsorb onto active sites. Alternatively, the Freundlich
model, based on experimental results, is often more applicable
when multiple types of sorption sites exist in parallel with differ-
ent free energies and site abundances. The data were fit with the
Langmuir (Eq. 3) and Freundlich (Eq. 4) models:

o QmaxKLCe
Qe = 1+ K,C. (3]
ge=KrC'", [4)

where C. is the equilibrium concentration after treatment, ¢. is
the amount adsorbed, K, is the Langmuir constant related to
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binding affinity, g.. represents the number of surface sites, Kr
is the Freundlich capacity factor, and n is the Freundlich expo-
nent. The sorption data in Fig. 3G suggest that the Langmuir
isotherm may be more appropriate at this concentration range.
Fit parameters are listed in SI Appendix, Table S5.

Other factors can also influence performance, such as the
addition of other ions changing the ionic strength of the mate-
rial. Given the complex interplay between pH, ionic strength,
interaction time, and concentrations of various competing ions,
the performance of nanomaterials will be hindered or enhanced
by the introduction of salts (33, 34). SI Appendix, Fig. S8
shows remediation results with solutions that have higher ionic
strengths.

The selectivity of the PEARL membrane was further tested
with real water samples from the Metropolitan Water Reclama-
tion District of Greater Chicago (MWRD), operator of seven
treatment plants, including one of the largest in the world. Efflu-
ent samples taken after secondary treatment from this publicly
owned treatment works (POTW) were tested in a batch setup
with the PEARL membrane.

These water samples have many dissolved ions that could
potentially interfere with nanoparticle-phosphate binding. The
samples had approximately 2 mg of PO37/L, and the PEARL
membrane could nonetheless reduce the phosphate concentra-
tion below 20 pg of PO3™/L (>99% remediation), without
adsorbing other anions as shown in Fig. 3H. We tested up to 1
L of sample bringing the concentration from 2.3 mg of POZ’/L
to below 20 ug of PO3™/L (>99% remediation), illustrating
the possibility of scaling this method beyond the bench top
(81 Appendix, Fig. S9).

Crucially, the PEARL membrane did not alter the concentra-
tion of nitrates. As both nutrients contribute to hypereutroph-
ication and the ratio of N to P is essential for maintaining
ecosystem homeostasis, it is important to be able to capture
anions independently.

The Origin of the PEARL Membrane Performance. X-ray photo-
electron spectroscopy (XPS) is a powerful tool to be able to
probe the electronic structure of materials. Because this tech-
nique provides optimal interpretability with materials of flat,
uniform geometry, nanoparticles without cellulose were investi-
gated using this method. Three samples were prepared: 1) MNS,
MNS alone; 2) adsorb, MNS after adsorbing phosphate; and (3)
desorb, MNS after phosphate has been desorbed with an NaOH
solution. As a control, KH2PO4: potassium phosphate monoba-
sic and NaOH: sodium hydroxide were also tested. For reference,
the carbon peak is shown in ST Appendix, Fig. S10.

As shown in Fig. 44, comparing the MNS-only sample and the
adsorption sample, we observe a shift in iron toward a more oxi-
dized state, which is expected if iron atoms bind with phosphate
(35). After the phosphate is removed, the iron peak shifts to a
slightly lower binding energy than its original state. This suggests
an irrecoverable change to the material after the first cycle. In
Fig. 3E, we observed higher phosphate recovery efficiency (95%)
of the PEARL membrane after the first cycle, which correlates
with this XPS result.

The changes to the phosphate peak (Fig. 4B) correspond with
the changes to the iron peak. Compared with pure KH2P Oy, the
phosphorus moves to slightly lower energy when adsorbed on
iron. After phosphate is desorbed, there nonetheless remains a
small phosphorus peak, suggesting that some phosphorus cannot
be removed with a basic solution. This phosphorus peak has a
lower binding energy, which is a shift toward binding energies of
phosphide compounds. This suggests that the phosphorus that is
not recoverable has some degree of bonding that is more char-
acteristic of phosphide complexes. The signals from the oxygen
peak (Fig. 4C) are as expected summations of the FezO4, NaOH,
and KH2POy signals.
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Fig. 4. XPS curves showing (A) iron (2p orbital), (B) phosphorus (2p orbital), and (C) oxygen (1s orbital) electronic state of nanostructures before interaction
with phosphate (MNS), after adsorption (adsorb), and after desorption (desorb). NaOH and KH,PO, are shown as reference. The line in A is added to aid
the eye. (D) The high-resolution TEM (HR-TEM) image and the corresponding (E) SAED pattern show MNS structure and composition. (F) Iron (M edge or 3p
orbital) and (G) phosphorus (L edge or 2p orbital) EELS edges confirm binding on the nanoscale.

One limitation of XPS is that the spot size is on the microm-
eter scale, while the binding mechanism of interest occurs on
the molecular scale. Scanning transmission electron microscopy
(STEM) is a promising correlative technique, as it collects chem-
ical and physical information about the sample on the atomic
and nanoscales. Fig. 4D shows a typical area of interest for study.
The selected area electron diffraction (SAED) pattern from that
region (Fig. 4E) confirms the Fe3O4 structure.

Such an area’s electronic state can also be probed on the
nanoscale with electron energy loss spectroscopy (EELS). Given
the intrinsic challenges in observing phosphorus’s EELS edge
and the beam sensitivity of nutrients, it can be difficult to charac-
terize this system (36). To gain sufficient spatial information and
signal to noise from a low-dose acquisition, we employed a direct
electron detector to acquire EELS spectra.

In this study, a sample of nanoparticles after phosphate bind-
ing was studied (adsorb sample from XPS) with EELS. As shown
in Fig. 4F, we observed the iron M edge (3p orbital) from the
nanoparticles. Despite the significant challenges in characteriz-
ing phosphorus, we were able to observe its L edge (2p orbital)
as shown in Fig. 4G. This edge corresponds with other studies of
iron oxide—phosphate complexes (37).

In addition to successfully confirming iron—phosphate bonding
on the nanoscale, we can map the phosphorus distribution in the
sample as shown in S Appendix, Fig. S11. There are some subtle
differences between the dark field, Fe, and P maps, which are
worth future study to truly understand the binding mechanism.

Summary and Outlook

Phosphate pollution, as with many environmental challenges,
requires a remediation strategy that is effective, economically
viable, and environmentally friendly. When developing a tool to
sequester phosphate, the PEARL membrane, as with its pre-
decessor the OHM sponge, was designed with these practical
priorities in mind.

This work demonstrates how the PEARL membrane can
effectively remove up to 99% of phosphate from aqueous media.
We tested this material on complex POTW effluent samples to
show the practicality and selectivity of this technology. More-
over, we can reuse the PEARL membrane for multiple cycles to
recover, not just eliminate, phosphate. The PEARL membrane
is especially effective in the single-digit mg of P/L concentra-
tion range where conventional technologies fall short, which

60of8 | PNAS
https://doi.org/10.1073/pnas.2102583118

would make it a useful complementary remediation tool for point
sources and natural systems with high nutrient concentrations
(11-13).

Given the promising performance of the PEARL membrane,
this work demonstrates that this technology is ready for scale-
up and further development. In addition to maintaining the
fidelity of the material, there are additional challenges in fur-
ther developing a membrane such as mass transport, biofouling,
and competition from pollutants with orders of magnitude higher
concentration. There are many promising solutions being devel-
oped that could help alleviate these problems, such as reactors
to facilitate increased residence time for nanoparticle—pollutant
interactions, chemical and physical cleaning of membranes, addi-
tion of antimicrobial nanoparticles on the platform membrane,
and multistage treatment systems (38—40).

More broadly, this study serves as a demonstration of how a
nanocomposite can bridge the gap between nanostructure solu-
tion and the scope of environmental problems. This unique
approach transforms a cheap, biocompatible, readily available
porous material into an effective, deployable technology. Our
approach makes efficient use of materials, as it requires only a
thin (5 to 10 wt %) coating of nanomaterials applied using water-
based and scalable processes. Because this platform technology
is quite tunable, a similar cost-effective and sustainable approach
can be employed to address other stewardship challenges.

Experimental

PEARL Membrane Synthesis. Iron precursors and NaOH were
bought from Sigma-Aldrich and used as received. Iron oxide
(Fe3O4) nanoparticles were prepared using a batch coprecipi-
tation method. FeClz-4H;0 and FeClz-6H,O were dissolved in
deionized (DI) water with a 1:2 ratio. Excess NaOH was sepa-
rately dissolved in DI water and subsequently added to the iron
solution. Nanoparticles were washed thoroughly with magnetic
separation followed by decanting until the pH of the slurry was
stable.

Cellulose sponges were acquired from Thermo Fischer Scien-
tific. Sponges were cut to size with a razor blade. After thorough
washing with DI water, they were dip coated with an aqueous
slurry of nanoparticles and then dried at 60 °C in a box furnace.
The membrane was washed in DI water until the coating was sta-
ble and then returned to the box furnace for drying. The PEARL
membrane was allowed to cool to ambient temperature.
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Adsorption Studies. Phosphate samples were made by dissolving
potassium phosphate monobasic (Sigma-Aldrich) in DI water.
Sorption was tested in 30-mL batch processes using falcon tubes.
Adsorbents were added to the falcon tubes and placed on an
orbital shaker for test duration. All experiments were done
in triplicate. Unless otherwise noted, two PEARL membranes
were used for each experiment. Each PEARL membrane weighs
approximately 135 mg with 5 to 10 wt % active material. Initial
concentrations of phosphate solutions are 10 mg of P/L except
where noted. Adsorption and desorption experiments were 1 h
long unless otherwise noted. In the multipass test (Fig. 3B), only
one membrane was used for each pass for a shorter (45-min)
adsorption treatment with a higher concentration (20 mg P/L).
For the cycle test (Fig. 3E), both the adsorption and desorption
times were only 20 min. To show the impact of ionic strength,
additional NaCl (ACS reagent; Thermo Fisher Scientific) was
added.

The Orion Star A111 Benchtop pH Meter (Thermo Fisher Sci-
entific) was used for pH determination calibrated with buffers at
pH 4, 7, and 10 (Thermo Fisher Scientific). Adjusting of pH was
done with HCI (36.5 to 38.0%; Thermo Fisher Scientific) and
NaOH (Sigma-Aldrich) solutions.

Samples from Terrence J. O’Brien, water reclamation plant
(WRP), Skokie, IL were tested after secondary treatment
(MWRD POTW). These complex aqueous samples have a num-
ber of dissolved ions that compete against phosphate for binding.

Phosphate Concentration Determination. Quantification of P and
Fe was accomplished using inductively coupled plasma opti-
cal emission spectroscopy (ICP-OES) of acid-digested samples.
Samples were digested in concentrated trace nitric acid (>69%;
Thermo Fisher Scientific) and placed at 60 °C for at least 30 min.
Ultrapure H»O (18.2 MQ2-cm) was added to produce a final solu-
tion of 3.0% (vol/vol) nitric acid in a total sample volume of 10
mL. Quantitative standards ranging from 160 to 0.05 pg/g P or
Fe were made using a 1,000 pg/mL P or Fe standard (Inorganic
Ventures) in 3% (vol/vol) nitric acid. ST Appendix, Table S6 lists
the concentrations used for each experiment.

ICP-OES was performed on a computer-controlled (QTE-
GRA software) Thermo iCap7600 ICP-OES (Thermo Fisher
Scientific) operating in axial view (phosphorus) and radial view
(iron) and equipped with a CETAC 520 autosampler. Each sam-
ple was acquired using a 5-s visible exposure time and a 15-s
ultraviolet (UV) exposure time, running three replicates. The
spectral lines selected for analysis were P = 177.495 nm and
Fe = 259.940 nm.

Ion chromatography (IC) was performed using a Thermo
Scientific Dionex ICS-5000+ equipped with a Dionex AS-DV
autosampler and using a Dionex IonPac AS22 column (product
no. 064141; Thermo Scientific). The analysis was run using an
eluent of 4.5 mM sodium carbonate and 1.4 mM sodium bicar-
bonate (product no. 063965; Thermo Scientific) and a Dionex
AERS 500 Carbonate 4-mm Electrolutically Regenerated Sup-
pressor (product no. 085029; Thermo Scientific). A mixed ele-
mental standard containing 1,000 pug/mL each F—, ClI, Br™,
NO»~,NO3~, PO}, and SO;~ (IV-STOCK-59 from Inorganic
Ventures) was used to make quantitative standards consisting of
25,5,1,0.5,0.1, and 0.5 ug/mL each anion in ultrapure H>O.

Recovery data were collected with ion chromatography
instead of ICP-OES. When more basic conditions were used,
the IC data showed nonstandard peaks and drifting of expected
peaks, which suggest breakdown of the PEARL membrane and
phosphate as shown in SI Appendix, Fig. S12. This information
is not accessible in a typical ICP-OES measurement, where sam-
ples are digested. Results were qualitatively confirmed with the
ascorbic acid method as recommended by the Environmental
Protection Agency (EPA) (41).
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Electron Microscopy. Cross-sectional samples for scanning elec-
tron microscopy and STEM were prepared by embedding mem-
branes in resin and cutting with the Leica UC7/FC7 Cryo-
Ultramicrotome. Nanostructures were prepared for transmission
electron microscopy (TEM) analysis by drop casting on a lacey
carbon grid.

Images were collected with the Concentric Backscattered
Detector on the scanning electron microscopy (SEM) FEI
Quanta 650 operated at 20 kV in low-vacuum mode to minimize
charging artifacts. Scanning electron microscopy images of the
sectioned samples were acquired with the Retractable Backscat-
tered Electron Detector on the JEOL 7900FLV operated at 5 kV
in low-vacuum mode. The image was taken in backscatter mode
in order to emphasize the compositional contrast of the material.

STEM images of the sectioned samples were acquired using a
Hitachi HD-2300 operated at 200 kV. EDS was collected using a
dual-detector system. The results were summed across 120 frames.

TEM imaging of the nanoparticles was performed at 300
kV with the JEOL ARM300F GrandARM. STEM imaging
of the nanoparticles was acquired on the JEOL ARM200CF
Aberration-Corrected TEM operated at 200 kV. EELS data
were taken in EELS acquisition mode with a Gatan K2 Sum-
mit direct electron detector mounted on a JEOL ARM200CF.
The instrument was operated at 200 kV in STEM mode with a
camera length of 2 cm. The convergence angle of the probe was
27 mrad, and the spectrometer was operated with a dispersion of
0.1 eV per channel.

EELS spectra were aligned to the zero-loss peak, and back-
ground of edges was subtracted using a power law fit algorithm.
Phosphate ions are strongly susceptible to beam damage; thus, a
noisy EELS dataset was acquired, and nearest neighbor averag-
ing in real space and Gaussian smoothing in energy space were
used to boost signal to noise. To keep our dispersion low, we
quantified iron using its strong M peak. It is well known that
phosphorus is a difficult element to quantify due to the over-
lap in its L (2p orbital) signal (132 eV) with the plasmon edge
(36). Nonetheless, the L edge was chosen for its superior sig-
nal to noise over other phosphorus edges, and its shape could
be revealed with proper background subtraction.

Surface Area Determination. N> adsorption and desorption
isotherms were obtained at 77 K by a 3Flex analyzer (Micromerit-
ics). Measurements were performed on nanoparticles alone,
cellulose alone, and the composite structure. Pore character-
istics were calculated using a cylindrical porous oxide surface
area density-functional theory (DFT) model for monolayer
adsorption. Surface area was determined using the BET method.

TGA. TGA was conducted using a Mettler Toledo combined
TGA/differential scanning calorimetry (DSC) 3+ to confirm
nanoparticle mass loading and to observe the effects of the
nanoparticle coating on the thermal properties of the sponge.
TGA experiments used a temperature profile from room tem-
perature to 800 °C. The temperature was held at 40 °C for 3
min, then increased to 150 °C at 10 °C/min to capture the loss of
water weight, and subsequently increased to 800 °C at 20 °C/min,
capturing the total combustion of the sponge and allowing for
determination of the mass of the iron oxide coating. A similar
process was employed using a conventional furnace and bulk
sponges. Tests were performed on typical PEARL membranes
of various sizes.

XPS. XPS was conducted using a Thermo Scientific ESCALAB
250Xi system with charge referenced to adventitious carbon 1s
orbital, carbon—carbon peak at 284.8 eV. Samples were prepared
for analysis by vacuum drying to avoid any change in oxidation
state that can occur with heating.
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X-Ray Powder Diffraction. X-ray diffraction measurements were
taken on powder samples using Rigaku SmartLab with Cu-Ka
(copper 2p orbital) radiation (A = 1.5418 A). Patterns were
background subtracted. Results were plotted against patterns
simulated in Vesta from a computed structure (42).

Surface Charge. A Malvern Zetasizer Nano ZS90 with a 633-nm
laser was used to conduct the zeta potential measurements. Mea-
surements were performed in a clear disposable cuvette at room
temperature.

Data Availability. All study data are included in the article and/or
SI Appendix.
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