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Introduction

Metallopolymer-based block copolymers for
perfluorinated substances (PFAS) and ion removalf
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Similar to the efforts made to combat standard (transition)metal-ion pollution in drinking water, such as
chromate or lead, a significant endeavor has been directed towards removing perfluorinated organic
substances (PFAS), typically found in very low concentrations. In this study, we have developed
asymmetric membranes based on cobaltocenium-containing block copolymers (BCP) that selectively
target PFAS but can also be utilized in metal ion removal. These membranes, prepared via the self-
assembly and non-solvent-induced phase-separation process (SNIPS), offer a practical and crucial
solution to water pollution. Their versatility is demonstrated by their ability to customize the surface and
pore size to meet specific filtration requirements and their effectiveness in targeting different pollutants.
The metallopolymer membranes we have produced have been tested for applications in a water
filtration system and demonstrate a high permeance of 521 + 49 L h™! bar™ m™2. Furthermore,
depending on the settings used for the perfluorooctanoic acid (PFOA) retention experiments, a stable
permeance of 48 + 2 up to 171 + 26 L h™! bar t m~2 as well as a PFOA retention decrease of 99.3% at
lower and 96.6% at higher water flux was found. The PFAS and metal ion retention capability is followed
by ion chromatography (IC) and liquid chromatography coupled with mass spectroscopy (LC-MS). In
addition, the ion-capturing is investigated for sodium chromate and lead nitrate for these porous BCP
membranes. Here, remarkable retention for both anionic and cationic metallic pollutants of 46.4% and
99.8%, respectively, is verified by inductively coupled plasma mass spectrometry (ICP-MS). For porous
membrane recycling, the selective solubility of the cobaltocenium BCPs is furthermore utilized to form
new membranes from recycled material. Finally, by up-cycling the used membranes via calcination
under reductive or oxidative conditions, we can prepare porous cobalt-containing ceramics with
tailorable ceramic composition and well-defined porous architectures, offering a sustainable solution to
material utilization and ceramic production.

regulations rise." However, due to the overall low aqueous
concentrations of these chemicals of single digit up to several

Complementary to the established elimination of harmful
(transition)metal contaminants from drinking water, the
removal of per- and polyfluorinated substances (PFAS) is gaining
ever-increasing attention as health concerns and governmental
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hundreds of nanograms per liter, concentration before a (selec-
tive) removal and controlled destruction is necessary.” For the
most prominent compounds, perfluorooctanoic acid (PFOA) and
perfluorooctane sulfonic acid (PFOS), conventional wastewater
treatment with low-cost adsorbers was initially performed.’
Here, materials like granular activated carbon, silica, or others
were used, resulting in large amounts of contaminated material
leading to an expensive PFAS removal and regeneration
process.”® To reduce the environmental impact, significant
effort towards developing systems based on renewable or natural
resources is made.® On the other hand, polymer-engineered
activated carbon was presented as a higher-performing
alternative.” Lately, carbon-based micro architectures like carbon
nanotubes (CNT), carbon microspheres, or molecular imprinted
polymers are being investigated.® ' Costly but even more effective
are polymer-based adsorbents.™ These, mostly cationic polymers
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show excellent performance and can be turned into hydrogels or
resins for convenient applications.’* For short-chain PFAS, ion
exchange resins have proven quite successful in single-use applica-
tions but show drastically lower efficiency after regeneration.'®
Eliminating these major problems, membrane-based removal
strategies present a suitable alternative.>'*'> In contrast to pre-
viously discussed methods, membranes are less susceptible to co-
contaminants and fouling due to the selectively tuned membrane
parameters like porosity, material, and pore size. Furthermore, a
great benefit of membranes is the possibility of using tailored
materials for the target application. Several crucial and beneficial
influences have been identified for the concentration, capture, and
removal of PFAS. The most prominent are ionic interactions.'®*”
The negatively charged PFAS are strongly attracted and interact
with cationic material via electrostatic interactions, resulting
in large cluster formation. Ionic surfaces are additionally utilized
for reduced fouling and antimicrobial benefits.'® Furthermore,
a hydrophobic and aromatic environment has been shown to
be beneficial for PFAS removal by stronger interaction with, for
example, the membrane surface.'>*® Here, especially polymeric
materials are highlighted due to the advantages in processing,
robustness, and their low cost compared to inorganic
competitors.”> Moreover, interesting intrinsic polymer properties
can be used to improve the membrane formation and its perfor-
mance further. One of these techniques is the self-assembly and
non-solvent-induced phase separation (SNIPS) technique.*'
Here, the selective solubility of polymer or polymer segments
can be exploited to generate asymmetric membranes with (highly)
porous surfaces and porous sublayers by self-assembly and intro-
ducing a polymer solution to a non-solvent. This intricate process
can be influenced by a wide range of factors, opening
the possibilities for selective membrane manufacturing.***> One
additional benefit is demonstrated by the wide range of homo-
polymers and block copolymers or combinations thereof, which
can be utilized. Here, especially, smart polymers that change their
properties upon a specific (external) stimulus are of ever-growing
interest.”*”” In literature, this upcoming class of functional poly-
mers is known to be affected by a range of external triggers such as
temperature, pH value, ion content, and external fields. By includ-
ing these responsive polymeric materials in membrane formation,
a new class of switchable smart membranes has evolved.”® >
Within this field, temperature-responsive polymers have especially
been used for flux control and PFAS removal.**** In contrast to
thermally switchable polymers, redox-active polymers emerged as
interesting alternatives. In a recent study, different metallocene-
containing polymers were compared in terms of PFOS and PFOA
adsorption.* Surprisingly, not only excellent adsorption but also
desorption upon electrochemical switching could be demon-
strated. The electrochemical addressability is introduced to the
polymer by the metallocene motive, fusing inorganic metal atoms
like iron and cobalt with the organic cyclopentadiene ligands.*¢"”
The formed complexes form a highly stable and redox active
complex, which can be switched within polar and non-polar states
on demand. For the iron-containing ferrocene polymers, a range of
applications from controlling surface wettability over battery and
sensor interfaces,”**° to catalytic, preceramic materials,*** and
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ion-selective chromatography®® are described in the literature.
Ferrocene can chemically or electrochemically oxidize to the
cationic ferrocenium, which is required for adequate PFAS adsorp-
tion and is prone to auto-reduction in an aqueous environment if
no permanent current is present.*>™** By using cobalt instead of
iron, the isoelectronic cobaltocenium polymers feature a perma-
nent cation compared to the uncharged ferrocene.*® In addition to
antimicrobial effects and use in ion exchange resins,” ™’ cobalto-
cenium polymers presented the optimal desorption of PFAS for all
metallocene-containing polymers tested.”> On the one hand,
cobaltocenium-based applications benefit from the chemical inert-
ness; on the other hand, cobaltocenium-containing material and
polymers are challenging to prepare because of the intrinsically
lower reactivity compared to the ferrocene motive. Due to the
increasing interest in cobaltocenium-containing polymers, new
approaches and strategies for introducing metallocene into a
polymer backbone or side-chain have been developed.’>" Further-
more, due to the difficulty of preparing metallocene-containing
monomers in high purity required for controlled polymerization
methods, new post-modification methods have been developed.
By this, the polymer, bearing a convertible functional group, can
be adjusted to the required properties before introducing the
metallocene. Recently, a post-modification method using amine-
containing methacrylate block copolymers was developed.® Here,
the cobaltocenium moiety was introduced to form metallocene-
containing block copolymers with strong microphase-separation
features, ideally to control such block copolymers for applications
for convenient membrane formation strategies. Although a series
of ion-exchange membranes containing cobaltocenium are known
in the literature,*’ to our knowledge, no block copolymer-based
functional membrane formation by the SNIPS process has been
attempted so far. Furthermore, PFAS removal using a metallocene-
based membrane has not been investigated yet. By using a hydro-
phobic polystyrene-based polymer with a second ionic cobalto-
cenium-containing methacrylate block segment, resulting mem-
branes should combine key features required for PFAS removal. In
this work, we aim to fabricate novel metallocene BCP-based
membranes with ionic and hydrophobic cobaltocenium units at
the interface. For this reason, the membrane formation via the
SNIPS process of cobaltocenium-containing block copolymers is
investigated, and relevant molecular and membrane formation
parameters, like the cobaltocenium content, solvent, and non-
solvent combinations, are explored. The applicability of the final
membranes is tested for PFAS retention, evaluating the optimal
configuration that balances retention and permeance. Chromate
and lead retention experiments were performed to gain further
insight into the membranes’ properties. Lastly, to extend the life-
time of the synthesized material after application, template-based
calcination of the used membranes is investigated.

Results and discussion
Polymer synthesis

As the introduction briefly addresses, two major factors play a
crucial role in addressing the hydrophobic and oleophobic
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Fig. 1 Possible interaction between the synthesized cobaltocenium-containing block copolymer polystyrene-b-(polycobaltoceniumethyl tert-butyl
aminoethyl methacrylate-co-polymethyl methacrylate) (PS-b-(PCoEtBAEMA-co-PMMA)) and perfluorooctyl acid (PFOA) and resulting secondary

interaction effects.

nature of the class of PFAS: (i) hydrophobic, aromatic interac-
tions with the perfluorinated carbon chain and (ii) ionic inter-
actions respecting carbon or sulfonic acid. Cobaltocenium-
containing polymers show unique adsorption and desorption
properties for PFAS removal. Here, not only is the adsorption
promoted compared to other metallocenes, but upon electro-
chemically switching of the cobaltocenium to cobaltocene, the
desorption proceeds readily.® It is assumed that the combination
of the hydrophobicity and ionic character of the metallocene is
one major factor playing a crucial role in balancing different types
of interactions. The increased hydrophobicity with increasing
cobaltocenium content could be demonstrated in our recent
study.> By taking advantage of the ionic character of the cobalt™
as part of the sandwich complex, this unique property can be
achieved. An overview of possible interactions of PFOA with the
specialized cobaltocenium-containing BCP is given in Fig. 1. For
our system, the ionic interactions are prosed to initiate the PFAS
adsorption. By Coulomb interactions between the positively
charged cobaltocenium complex and the generally negatively
charged acid group of the PFAS, a concentration of the pollutant
at the membrane’s interface is proposed. Furthermore, due to the
hydrophobicity of the metallocene and aromatic environment of
the polymer backbone, a further increase beyond the charge effect
of capacity is anticipated. This influence on different aromatic
environments is known from the literature.”®®* After initial
adsorption and with higher concentrations, the oleophobic nature
of the PFAS becomes more prominent. In this regard, PFAS are
known to form selective secondary fluorine-fluorine interactions,
leading to second-layer formation. This minimizes other hydro-
phobic interactions but increases PFAS adsorption.®*®° Due to the
high local concentration, further diffusion of PFAS through the
membrane is osmotically unfavoured, which should result in a
significant decrease in PFAS.

19118 | J Mater. Chem. C, 2024, 12, 19116-19129

Within this work, BCPs were synthesized by living anionic
polymerization followed by quantitative and block-selective
cobaltocenium post-functionalization. In our approach, poly-
styrene was utilized as the major hydrophobic building block
segment to form the membrane matrix. The second minor
polymer segment features the ionic cobaltocenium, enabling
selective adsorption. At the interface, the cobaltocenium
should be utilized for its hydrophobic and ionic interactions.

To evaluate the effect of the cobaltocenium content on
membrane formation, BCPs with 5 to 40 wt% and one copoly-
mer with 95 wt% CoEtBAEMA with M,, of 90 to 120 kg mol "
were synthesized according to the literature. In more detail,
after an initial polystyrene block, a second mixed methacrylate
block consisting of methyl methacrylate and tert-
butylaminoethyl methacrylate was prepared by living anionic
polymerization in THF at —78 °C. After workup and analysis,
the cobaltocenium was introduced via post-modification. For a
more detailed description, the reader is guided to our recent
work regarding this topic.>®> An overview of the synthesized
polymers, the dispersity, and the resulting weight percent
(Pxxwto) Of cobaltocenium block (PCoEtBAEMA) is presented
in Table 1. Additional detailed data on the BCPs used for this
study can be found in the ESI} (Fig. S1-S10). As described in
previous work, the synthesized polymers excel in high cobalto-
cenium content, quantitative block functionalization, and
resulting self-assembly in the bulk state. They are, therefore,
ideal candidates for membrane formation.*>

Membrane formation

For membrane formation, the self-assembly and non-solvent-
induced-phase separation (SNIPS) process was chosen. The
general procedure is shown in Fig. 2: to summarize the process,
first, the homo- or block copolymers were dissolved in a solvent

This journal is © The Royal Society of Chemistry 2024
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Table 1 Summarized molar masses and block segment content (weight content (wt%), Pxxwis, Of PtBAEMA and PCoEtBAEMA) of synthesized polymers

calculated by SEC measurements and *H NMR spectroscopy

Sample Poly mer Mn,NMRa Db wt% OPCOEtBAEMA(UV—vis)C
Pe.» PS,q,-b-(PCOEtBAEMA,-c0-PMMAg) 87.8 1.08 6.2

Pao1 PS,,3-b-(PCOEtBAEMA;1-c0-PMMA, ;) 98.7 1.08 20.1

Pyys PSogg-b-(PCOEtBAEMAg5-c0-PMMA ) 134.4 1.10 27.5

| PS,,5-b-(PCOEtBAEMAs,-c0-PMMA,,) 114.4 1.11 31.1

Pis PSg,4-b-(PCOEtBAEMAgg-co-PMMA 45) 143.3 1.10 33.3

Pao PS,,¢-b-(PCOEtBAEMAg-c0-PMMA;,) 127.0 1.10 40.1

Poss PCOE{BAEMA,;4,-b-PMMA, 3, 225.5 1.07 92.67

% PS molar masses were determined by SEC in THF (kg mol ', PS standards) and used to calculate NMR values for the corresponding block
copolymers. ? Dispersity of polymers prior to functionalization measured by SEC in DMF with styrene standard. © Weight content of PCOEfBAEMA
in % calculated by UV-Vis spectroscopy in THF at 489 nm. ¢ Weight content determined by "H NMR data of the block copolymers.

or solvent mixture. Here, a rather high viscosity was targeted to
be ideal for the membrane formation process.”> Next, the
solution was cast via a doctor blade with a defined blade gap
onto a support. After a defined evaporation time, the as-
prepared polymer films were immersed in a non-solvent bath.
By this, the final membrane structure is formed via the solvent-
nonsolvent exchange, resulting in a typically asymmetric por-
ous membrane structure.®®®” After drying the polymer films,
the prepared materials will be investigated with respect to their
potential use as membranes. Generally, the membrane for-
mation process is influenced by a range of factors, e.g., solvent,
solvent mixtures, the kind of polymer segments, humidity,
doctor blade gap, substrate, casting speed, time for solvent
evaporation, temperature, and the presence of additives.®®
By adjusting these parameters, the membranes’ properties,
such as the pore structure, amount of caverns in the sublayer,
and resulting water flux, can be strongly influenced.>**° Due to
the novelty of the metallocene-based BCP system, the
membrane formation process had to be optimized first. To
decrease the overall parameters, we focused on different cobal-
tocenium contents as well as the solvents used for the polymer
solutions. The first membranes were fabricated by using a

31 wt% polymer solution in N-methyl-2-pyrrolidone (NMP) on a
nonwoven polyester support. The membrane thickness was
adjusted by using a doctor blade with a gap of 200 um, and the
evaporation time was fixed to 15 to 17 seconds before the non-
solvent exchange. The polymers were precipitated in salt water
with a sodium chloride content of 3.5 wt%. For pore formation,
saltwater precipitation and low humidity of below 20% seemed to
be essential, as no porous membranes could be obtained without
the presence of salt in the bath. For the latter case, without salt
additives, only a smooth and dense surface was obtained. Differ-
ent non-solvents for the BCPs were tested, i.e., ethanol, hexane,
and diethyl ether, but no pore formation or integral asymmetric
membranes could be obtained. Similar aspects like the ionic
solvent requirement and a slow solvent exchange are most likely
the reason. For this polymer system, saltwater precipitation was
found to form the optimal porous membrane structures. It
appeared that the ionic non-solvent was necessary during the
pore formation to guide the micelle-to-membrane transformation
by ionic stabilization. For other systems, the influence of salt
additives on pore formation was explored.>® In our case, due to
the ionic cobaltocenium, no further salt was used in the initial
casting solution. Interestingly, the casting solutions show strong

Block Copolymer Micelle Membrane Non-solvent Drying &
Synthesis Solution Casting Exchange Final Membrane
— . . o

3 ‘T{'\Il.ﬁ‘?{%\ l}% ‘\t&.' !
' N 7 A
‘(\ ) 0/;? oo
@7
PFy  Co® [\)

=

Fig. 2 Different steps of the membrane formation using the self-assembly and non-solvent induced phase separation process (SNIPS) starting from
block copolymer (BCP) synthesis, over the formation of a micellar solution, membrane casting, non-solvent exchange and drying to form the final porous

membrane.
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thixotropic behavior, further improving the formation process.
For the SNIPS process, dimethylformamide (DMF), dimethylace-
tamide (DMAc), and NMP are commonly used.”” For initial
testing, NMP was used to evaluate the degree of cobaltocenium
required and the influence of the metallocene on the overall pore
and membrane formation. Polymers with an amount of 6 to 40
wt% metallocene were evaluated. In contrast to the BCPs, a
copolymer with almost quantitative 96 wt% cobaltocenium mono-
mer but without the polystyrene was additionally tested to further
elaborate on the advantage of the block copolymer self-assembly
process compared to the statistical copolymer. For differentiation,
the wt% of cobaltocene-containing monomer in the synthesized
polymer is used as indices.

As presented in Fig. S11 (ESIt), a difference in the membra-
ne’s macroscopic appearance was found. At low cobaltocenium
content of Py ,, the membrane was elastic and homogeneous,
whereas, at higher cobaltocenium content, e.g., sample Py, the
membrane became brittle. This behavior was expected due to
the higher glass transition temperature, Ty, and ionic character
of the cobaltocenium block copolymer segment. In comparison
to the BCPs, the Py, ¢ copolymer was very brittle and, therefore,
not suitable for membrane formation. A polymer metallocene
content between 25 and 35 wt% seemed to be optimal for
membrane stability and maximum cobaltocenium incorpora-
tion. Next, the membrane surface was investigated in detail by
scanning electron microscopy (SEM).

In conclusion, from the SEM investigations of the mem-
branes’ topography given in Fig. S12 (ESIt), a porous surface in
all cases was found; therefore, the SNIPS process could be
applied to this metallocene-based block copolymer system.
Except for Ps,, where porous topography could only be found
in certain areas, all other samples showed a continuous porous
interface. Furthermore, a disordered sponge-like surface struc-
ture was formed in all analyzed samples. The pore size was
calculated by analyzing the SEM images with the “image]”
analytical software (¢f. instrumentation section). Here, a random
angle model was used for the respective size measurements due
to the slanted pore structure. Pores sizes were found to vary only
slightly in the range from 17 + 4 to 23 £+ 8 nm with increasing
cobaltocenium content. This effect might be caused by the
strong ionic interactions of the cobaltocenium moieties, as also
previously observed for the microphase-separated morphologies
in the bulk state.>® It is assumed that the casting conditions
played a crucial role in the formation of the pore structures. In
our case, polymers like P3;; with a cobaltocenium content of
30 wt% revealed the highest pore density and the most homo-
geneous structure. For the copolymer Py, ,, no porous structure
was found (Fig. S11, ESIt). Here, a rough surface split by major
cracks was found in SEM, rendering these polymers unusable for
membrane fabrication and further displaying the benefit of
the BCP approach. Due to the novelty of our system and to
reduce the number of influencing factors, the optimized casting
conditions (200 um bandgap, evaporation time of 15 seconds,
18% relative air humidity, and precipitation in water with 3.5
wt% NaCl) were kept constant for the following experiments.
In summary, the macroscopic and microscopic features of the

19120 | J. Mater. Chem. C, 2024, 12, 19116-19129
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novel metallocene-based membranes indicate the optimal con-
ditions for obtaining a homogeneous porous layer at a cobalto-
cenium content of 30 wt%.

To further investigate the nature of the metallocene
membrane formation, two BCPs with cobaltocenium contents
of 27 (Py;5) and 33 wt% (Ps33) were synthesized in larger
quantities by repeating the synthesis. In literature, a depen-
dency of the molecular weight of the BCP on the pore size was
proven.”® To test this for the case of metallocene-containing
block copolymers and to further tailor the underlying
pore structure, a higher molecular weight of approximately
140 kg mol " was chosen. Moreover, the solvent dependency
on pore formation was further investigated. For this purpose,
in addition to the pure NMP, the membrane formation was
carried out in DMF and DMAc. Each polymer casting solution
was adjusted to roughly match the viscosity of the previous NMP
solution. This resulted in a higher polymer content of 42 wt% for
DMF and a similar NMP content of 32 wt% for DMAc. All other
casting parameters were kept constant and as described above.
The respective membrane surfaces and cross-sections analyzed
by SEM are given in Fig. 3. Compared to the membranes with 30
wt% cobaltocenium in the block segment in the solvent NMP, a
very similar structure with sponge-like slanted pores was found
at a higher molecular weight and slightly lower metallocene
content of 27.5 wt% for P, 5. With 36 + 11 nm, the pores, as well
as the deviation, were larger compared to the 23 &= 8 nm of P ;.
This further confirms the hypothesis of a strong pore size
dependency on the overall polymer length represented rather
than the cobaltocenium content. Moreover, by adjusting the
polymer size, the pore dimensions can therefore be tailored.

Very similar to previous results, a dense porous substructure
was found for all investigated samples. A graphical representation
of this structure is presented on the left side in Fig. 3. Untypically
for SNIPS membranes, the sponge-like surface structure
resembled the membrane cross-section very well. For SNIPS
membranes, normally, an asymmetric structure is dominant in
comparison to the symmetric cross-section architecture found.>*
This symmetric structure hints toward a very steady solvent
exchange during the formation process. In literature, this dense
formation was found for highly concentrated polymer solutions.”*
This reason seemed very likely since polymer solutions of 30 to 40
wt% were used. For now, the influence of the respective solvent on
the membrane surface was evaluated. By using DMF for the
casting solution, a different surface structure was obtained. Here,
contrary to the previously found sponge-like structure, a flatter
surface with rounder and uniform pores was obtained. Unlike
pores formed by applying the NIPS process, where pores are
formed via the nonsolvent contact and quick exchange with the
solvent, resulting in the breakup of the micellar polymer solution,
a different method is suggested here. The structure resembles the
arrangements found in the SNIPS process based on the micro-
phase separation of the BCPs.”” To a certain extent, this behavior
can also be observed in the substructure architecture. Comparable
to the NMP-derived membranes, in DMF, similar pore sizes of 37
=+ 11 nm were found. Although the pores looked more uniform, a
similar deviation was found compared to the previous membrane.

This journal is © The Royal Society of Chemistry 2024
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cross section

Fig. 3 Scanning electron microscopy (SEM) images of surface and cross sections of membranes of P75 (27.5 wt% cobaltocenium block segment) made of
casting solutions of N-methyl-pyrrolidone (NMP) (top), dimethyl formamide (DMF) (middle), and dimethyl acetamide (DMAc) (bottom) with respective pore sizes.

Last, the influence of DMAc revealed a very similar picture to
the previously generated structure using NMP. Here, a slightly
smaller pore size of 33 + 12 nm, but a higher pore density was
found. This higher pore density was proposed to be better for an
increased water flux and permeability. Contrary to the previously
discussed process, the better miscibility of DMAc with water
compared to NMP in the SNIPS-type assembly was assumed to be
the reason for the denser pore formation. As for the other
investigated solvents, a sponge-like continuous substructure
was found. Lastly, it shall be noted that only marginal differ-
ences between P,;5 and P;;; were found. To conclude, mem-
branes formed by BCPs containing approximately 30 wt%
cobaltocenium monomers were found to possess the best prop-
erties for pore development. The formation could further be
influenced by the respective solvent used. Here, membrane
surfaces from DMF indicated a pore formation process via self-
assembly but lower pore density in contrast to membranes cased
from NMP or DMAc. For DMAc especially, the number of pores
was drastically increased compared to initial NMP membranes.

PFAS retention

To investigate the membranes’ PFAS and ion retention mea-
surements, an 8 x 4 cm membrane was prepared from a 31
wt% DMAc polymer solution of Ps;33; by precipitation in

This journal is © The Royal Society of Chemistry 2024

saltwater after 15 seconds of evaporation at 21 °C and a
humidity of 20%. The resulting membrane after casting, the
surface, and the cross-section are presented in the ESIt (Fig.
S13). Here, no significant change to the prior fabricated
membrane was found.

Membrane experiments like the water flux and analyte
retention were performed in a dead-end filtration system with
0.4 bar pressure and membrane diameters of 10 mm. The
resulting time-resolved permeance and PFOA retention mea-
surements are presented in Fig. 4. First, the neat water per-
meance was performed as a reference to compare the possible
fouling effects caused by the eluent used. The initial water flux
measurement is presented as part of Fig. 4a. Here, an initial
flux reduction was observed, which is typically found for this
kind of membrane.”> Due to the compression of the
membrane, a slight decrease in permeance was expected due
to the deformation of the polymeric material, resulting in
reduced porosity.”* After 110 minutes, the water flux stabilized
at a value of 521 &+ 67 L h™" bar ' m 2. After this membrane
stabilization, the flux measurement was stopped, and the ultra-
pure water was exchanged for PFOA-spiked water. To simplify
the otherwise very complex analysis, we decided to focus only
on the retention of PFOA as a representative of this vastly
diverse group of pollutants for initial studies.
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Fig. 4 Water flux measurements and PFOA retention experiments of membrane casted from polymer Pzz 5 in DMAc in different modes: (bottom) of a

dead-end setup at pressure of 0.4 bar; (a) initial water flux measurement with pure water, followed by eluent change to PFOA spiked water and resulting
water flux and PFOA retention observed by ion chromatography (IC) and liquid chromatography—mass spectroscopy (LC-MS); (b) water flux and PFOA
retention measurements with spiked PFOA solution without preconditioning measured by IC and LC-MS; (c) initial water flux measurement with pure
water, change to PFOA spiked water and resulting water flux and PFOA retention analyzed with an inverse membrane setup by IC and LC-MS.

It should be noted that more complex perfluorinated com-
pounds, like GenX, were analyzed in a recent study by Medina
et al. with very similar polymers.*> For the first insights on the
membrane performance and separation capabilities, we focus
on PFOA, while future studies will contain complex analyses as
well as legacy PFAS.

For our experiments, a concentration of PFOA of
2.556 mg L™ was chosen to enable several analytical methods
to analyze the PFOA reduction after the adsorption and to check
the capacity of PFOA adsorption. Liquid chromatography
coupled with mass spectroscopy (LC-MS) and ion chromatogra-
phy (IC) were used for PFOA quantification and for gaining
insights into the membranes’ separation performance. The
initial PFOA sample was taken from inside the apparatus to
verify the correct starting concentration, and no relevant
adsorption was found for the apparatus. This initial value was
then compared to the results obtained after the filtration steps.
Directly after changing to the PFOA-spiked water, a sharp
decrease in water flux was noticed. This was rather expected
since, due to the ionic nature of the membrane, by introducing a
different ionic species, the intrinsic repulsion started to affect
the water flux. In addition, for PFAS, which is widely used for its
strong surface interactions and combability, a strong fouling
effect resulting in a drastically reduced flux is described.”® In our
case, it is assumed that due to the strong ionic and hydrophobic
interactions, the PFOA adsorbed onto the membrane interfaces,
which consisted of cobaltocenium moieties. This increased the
local concentration, and the usable pore size decreased, leading
to a decrease in water flux. Surprisingly, a very stable mean
permeance of 48 & 2 L h™" bar~" m~> was recorded over 8 hours,
which points to the fact that this change of surface polarity

19122 | J Mater. Chem. C, 2024, 12, 19116-19129

occurred in a fast way. Respecting samples at certain periods
were analyzed regarding the PFOA content. Here, samples were
collected over intervals of 20 minutes, and resulting PFOA
retention percentages are presented as an interval average. Over
the whole experiment, a mean reduction of 99.3 + 1.1% com-
pared to the stock solutions was found by IC. Within the first
minutes of the experiment, a slightly decreased retention was
found. Interestingly, the course of the water flux was represented
by the PFOA retention. The reason for this is assumed to be
caused either by the change in the eluent or induced by the
initial PFAS adsorption accompanied by a layer formation. After
one hour, the equilibrium was reached, and over the next six
hours, PFOA retention was found to be very close to 100% for all
the following samples. Here, for some cases, values slightly
above 100% retention appeared, which were caused by calibra-
tion and the detection and calibration limit of the instrument.
LC-MS was utilized to analyze this specific region better. Here, a
very similar trend with an even higher average retention of
99.9 + 0.1% was found via LC-MS. Interestingly, a small decrease
in retention of 0.1% could be found for the initial samples,
verifying the observation by IC. The permeance and retention
values of all experiments were compiled in Table 2. Next, several
experiments were performed to find the optimal configuration
combining high water flux and PFOA retention. For this purpose,
the first experiment, including extensive preconditioning, was
compared to (I) a measurement without preconditioning by
directly using a PFOA-spiked solution and (II) an inverse flow,
where the membrane is switched upside down. The compiled
water flux and retention are presented in Fig. 4b and Fig. 4c,
respectively. In these experiments, the mean time of the analyte
spent inside the membrane was to be assessed.

This journal is © The Royal Society of Chemistry 2024
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Table 2 Summarized values on permeance and retention of PFOA, chromate, and lead retention experiments

Experiment Permeance®/L h™" bar ™' m~2 PFOA retention IC®/% PFOA retention LC-MS%/% Cr retention?/% Pb retention/%
Pure water 521 + 49 — — — —

Precondition (PFOA) 48 + 2 99.3 £1.1 99.94 + 0.02 — —

Without Precondition (PFOA) 61 + 13 90.6 + 1.2 98.66 + 0.27 — —

Inverse membrane (PFOA) 171 £ 26 96.6 £+ 1.0 99.86 £ 0.06 — —

Sodium chromate retention 41 + 3 — — 46.45 £ 0.05 —

Lead acetate retention 30+ 14 — — — 99.85 + 0°

“ permeance was determined gravimetrically. ” PFOA concentration was analyzed by ion chromatography (IC) (see instrumentation section and
main text for more details). © PFOA concentration was determined by liquid chromatography coupled mass spectrometry (LC-MS). ¢ Determined by

inductively coupled mass spectrometry. ¢ Under the detection limit.

Here, depending on the time, there is a higher possibility of
interaction with the membrane interface, and proposed sec-
ondary PFOA interactions should lead to increased retention.
By first compressing the membrane with pure water during the
preconditioning, a higher mean time in the membrane is
proposed (Fig. 4b, bottom). Additionally, due to the compression,
the number of accessible pores was reduced, forcing the analyte
through lesser pores, resulting in a higher local PFOA concen-
tration, which is beneficial for retention. To evaluate this com-
pression effect, the second experiment was performed using
PFOA-spiked water directly. This way, a shorter meantime in the
membrane (Fig. 4b, bottom) and a resulting worse PFOA retention
were expected. To our surprise, a very similar and stable per-
meance of 61 & 13 L h™" bar™' m™> was found compared to the
measurement right from the start. Here, especially for the initial
measurements where the compression of the membrane did not
occur, the PFOA retention measured by IC was significantly lower,
averaging at 90.6 + 1.20% over the experiment. This expected
trend was further validated by LC-MS, where a slightly lower
retention of 98.7 &+ 0.3% was found as compared to the original
value. Compared to the values found by IC, a larger deviation was
expected, but due to the sophisticated PFOA analysis, a direct
comparison of both methods turned out to be difficult. Never-
theless, both methods showed similar results, underpinning the
important influence of the average time inside the membrane as a
key factor for retention and contact time inside the membrane.
The permeance is generally an important key parameter for
membrane applications. Regarding this, in our next experiments,
we aimed to increase the flux without losing the quality of PFOA
retention (Fig. 4c, bottom). Since compression affected the reten-
tion, a reduction in compression, which would otherwise help the
permeance, could not be utilized. For this reason, a different
approach was developed. Here, the synthesized membrane is used
in an “inverse flow mode” with the supporting substrate and
sponge-like substructure directed upwards. The main limiting
bottleneck, the porous structures with the smallest pores, was
now located at the final filtration point of the integral asymmetric
membrane. This way, fouling by concentrating the analyte at the
pore surface and the resulting decrease of accessible pores can be
drastically reduced since the analyte first had to diffuse through
the sublayers. Here, due to the high surface area and narrow
network, most of the analyte-cobaltocenium interactions, as well
as secondary PFOA interactions, are proposed. Hence, the overall
concentration of analyte was assumed to be decreased, reducing

This journal is © The Royal Society of Chemistry 2024

the fouling at the porous surface area. By compressing the
membrane this way, the force is directed on the substructure
rather than on the surface-layer pores, and in combination with
the inverse flow direction, leading to less overall pore compres-
sion. Nevertheless, compression of the substructure turned out to
be advantageous due to the resulting increase in mean dwell time
within this layer. Surprisingly, the results derived during the
initial stage of the filtration experiment were very similar to
the experiment averaging at 441 + 81 L h™' bar ' m™> After
the change to the PFOA-spiked water, a gradual decrease in
permeance was found. In contrast to the steep decline for the
initial experiment, this was a significant improvement for the
filtration experiment. Over the first two hours, the permeance
further decreased but stabilized at around 150 L h™" bar " m >
for the rest of the experiment. By the inverse configuration, a
3-fold increase in permeance compared to the permeance of
48 L h™* bar ' m? of the normal compressed mode was found.
Next, the PFOA retention was analyzed. In contrast to both prior
measurements, an average value of 96.6 £+ 1.0% was found. This
decrease compared to the first measurement might be caused by
the increased flow, reducing the mean dwell time in the
membrane, and the reduced repelling effects due to the inverse
setup. LC-MS found a similar trend. Here, an average retention of
99.8 + 0.1% was found, which was lower than the initial one but
significantly higher than the second experiment. To conclude, we
could show the feasibility of metallocene-based membranes for
PFOA removal, and we identified key factors like compression and
increased dwell time that affect retention. Furthermore, the
permeance could be improved 3-fold by a rather simple inverse
setup with only minor reductions in retention.

Chromate and lead retention

As the primary hypothesis, namely the adsorbtion of PFAS via the
cobaltocenium membrane, has already been validated, the ionic
character of the membrane and potential additional applications
beyond PFAS adsorption warrant further investigation. To this
end, two prominent water contaminants - lead and chromate -
were selected for further “proof-of-principle” investigation (Fig. 5).
Moreover, the membrane was evaluated for its feasibility in
environments with exceedingly high salt concentrations.

In comparison to PFOA, the repelling effects were most
likely dominated by ionic interactions here since no further
hydrophobic interaction was possible. For this reason, sodium
chromate (Na,CrO,) was used as an anionic pollutant.

J. Mater. Chem. C, 2024,12,19116-19129 | 19123
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Additionally, the effect of the highly oxidative compound and
the effects on the cobaltocenium membrane were investigated.
Here, a concentration of two hundred times the regulatory limit
(0.05 mg L) for drinking water of 10 mg L™ ' was chosen, and a
very similar concentration of 9.8 mg L~" was found for the
prepared stock solution.”” Similar to the above-described
experiments, a dead-end filtration apparatus and a pressure
of 0.4 bar were utilized. Inductively coupled plasma mass
spectroscopy (ICP-MS) was used for chromate and lead quanti-
fication. For Cr, this yielded a rather different result than
the hydrophobic PFAS (Fig. 5a). At a permeance of 41 +
3 L h™" bar ' m? an average retention of 46.4 + 0.1% was
found. Unlike before, where the retention was increased during
the experiment, this time, a decrease from 60% to 40% com-
pared to the stock solution was found after four hours. After
that time, a stable 40% was found, indicating the equilibration
of the system. The mainly cationic membrane interface did not
directly repel the negatively charged chromate but rather
hindered diffusion through the membrane by creating a high
local concentration of the pollutant on the membrane surface
and in the pores.”® Additionally, an ion exchange with hexa-
fluorophosphate, the initial cobaltocenium counterion, may
increase the local concentration. Nevertheless, we showed that
for PFOA retention, not only ionic interactions but hydrophobic
and secondary interaction effects played a major role. Additionally,
in all cases, the membrane surface was analyzed afterward by SEM
(Fig. S14, ESIY), showing no degeneration or loss of the porous
membrane structure or significant change, demonstrating the
inertness of the synthesized membranes.

Last, to demonstrate the cationic nature of the membrane,
the retention of a cationic pollutant was to be tested. Here, we
decided to focus on lead since it is one of the prominent
examples in literature and causes problems in drinking water
purification up to date.”” For this reason, a very similar experi-
ment with the same conditions as for sodium chromate was
performed for lead nitrate (Pb(NOs),). Here, the 100-fold drinking
water limit (0.01 mg L™") of 1.0 mg L™ was targeted.”® As later
revealed by ICP-MS, the concentration of the prepared stock
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solution was slightly higher at 1.16 mg L™". Despite this slight
deviation, this should not have too much influence on the experi-
ment since the measured stock solution was always used for the
ratio determination, and a concentration of the same order of
magnitude was used. Similar to prior experiments, the combined
water permeance and lead retention are displayed in Fig. 5b.

Again, a similar mean permeance of 30 + 14 L h™ " bar ' m™?
was found. Here, initially, there was a reduction of the per-
meance, but surprisingly, for later samples, an increase was
found. Comparable with the other samples, the initial decrease
was likely caused by fouling due to the increased lead concen-
tration. For the rise in permeance after the first 180 min, partial
destruction of the membrane due to the pressure or a change in
formation due to the introduced lead was proposed. However,
analysis of the surface after the experiment by SEM did not show
any significant change (Fig. S4, ESIT). Here, only the impacts of
the initial preconditioning and, therefore, reduced pore content
was found, as for every other sample. The increased permeance
could also be an effect of the ion exchange from hexafluoropho-
sphate (PFs ) to nitrate, making the membrane more hydrophi-
lic and, therefore, more accessible for water. However, for now,
the reason behind the increase has not been identified. More
interestingly, in the analyzed residual water after filtration, no
lead could be found by ICP-MS, resulting in a quantitative
retention of 99.9% for all samples.

Lastly, to view possible limitations with very high salt
concentrations, the membrane was tested in a simulated sea-
water environment (Fig. S15, ESIt). For this, a 3.5 wt% sodium
chloride solution was used for the permeance experiment. The
results are presented in Fig. S10 (ESIt). To our surprise, even at
these high salt concentrations, the permeance stabilized at a
value of 18 = 1 L h™" bar™ ' m™? after a short compression phase.
In this regard, membrane optimization has to be performed as
well, but for now, general applicability could be shown.

To conclude, in addition to the excellent PFAS retention, the
membrane’s ionic nature was demonstrated by significant
chromate and quantitative lead nitrate reduction. In addition,
the chemical robustness against strong oxidizing agents,
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Fig. 5 Water flux combined with sodium chromate and lead nitrate retention measurements analysed inductively coupled plasma mass spectroscopy
(ICP-MS); (a) compiled water flux and sodium chromate retention; (b) compiled water flux and lead nitrate retention.
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sodium chromate, and tolerance of high salt concentrations
was shown.

Regeneration, recycling and up-cycling

Lately, recycling and up-cycling of polymer-based materials have
gained significant attention, especially due to the high prices for
specialized resources like cobalt. To address this aspect, several
attempts to prolong the membrane lifetime, recycling, and upcy-
cling the porous cobalt-containing structure are presented. As
mentioned earlier, upon electrochemical switching, cobaltoce-
nium polymers can readily release PFAS. In our case and with
our setup, electrochemical switching was not possible due to
material and apertural restraints. For adequate switchability over
the entire membrane, sufficient conductivity was required, which
was not intrinsically available. For now, we investigated the redox
switchability by surface contact cyclic voltammetry. Here, the
initial polymers with 5 to 40 wt% cobaltocenium content were
used. In more detail, a platinum working and counter electrode
and an Ag/AgCl reference electrode in acetonitrile were used for
measurement. Referencing was done separately against ferrocene
(Fc/Fc"). As can be concluded from the obtained electrochemical
results in Fig. S16 (ESI), a reversible electron transfer from Co™ to
Co" could be found at E;j, = —1,54 V (vs. Fc/Fc*) and with an AE,=
0.07 to 0.2 V. In sample P ;, next to the primary signal, a smaller
signal could be found in the —1.4 V to —1.2 V region, which was
most likely caused by the conjugation with the respective amine.”®
Overall, all samples showed excellent addressability with increas-
ing cobaltocene content. When less cobaltocenium is present, the
overall shape of the respective signal is still heavily influenced by
the conjugation to the respecting amine, resulting in broader
spectra and, in the case of Py ;, in an additional peak. In contrast,
at a higher content of 30 or 40 wt%, only one sharp signal was
found. An explanation for this might be a metallocene-to-
metallocene charge transfer rather than a transfer to the respective
linker. With increasing cobaltocenium content, the local concen-
tration increases, resulting in a more likely charge transfer, and,
except for P, an increase in signal strength was found. It is
proposed that this was caused by the very intricate nature of CV
measurements. Only slight variations of the measuring environ-
ment, like worse contact of the polymer film to the electrode, may
yield different results. Overall, the good electrochemical switching
capabilities of the synthesized polymers could be demonstrated,
paving the way for future electrochemical applications.

Next to regeneration and recycling, up-cycling, where used
material is repurposed for different applications, presents an
alternative. Here, metallocene-containing structures are ideal can-
didates for template-based calcination.*>”® By calcination in either
an oxidative or reductive atmosphere, different ceramics are
formed. Possible applications of these materials range from
catalytic to energy storage and energy storage solutions.””** Due
to the uniform and porous structure of the formed membranes,
obtained template-based porous ceramics present a high potential.
In addition, due to the high temperatures, possibly adsorbed PFAS
impurities are either evaporated or mineralized by the calcination
process, and purification and up-cycling can thereby be combined,
increasing the material’s lifetime and reducing costs.

This journal is © The Royal Society of Chemistry 2024
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For this reason, calcination of the larger DMAc membrane of
P33 3 after initial PFOA, chromate, and lead retention experiments
were performed in synthetic air and nitrogen atmosphere. The
resulting ceramics synthesized by this template design in a
nitrogen atmosphere are displayed in Fig. 6. Here a standard
protocol up to 800 °C with 10 K min~" was used. In all cases, a
very similar ceramization profile with a singular degradation step
with an onset of 364 °C was found. (Fig. S17, ESI{) In the case of
the oxygen atmosphere, a lower ceramic yield of 2% was found in
comparison to the 8% in a nitrogen atmosphere. This is rather
expected since, in an oxidative environment, the carbon content is
reduced by oxidation to carbon dioxide. The ceramics were
analyzed via SEM and energy-dispersive X-ray spectroscopy (EDS).

After treatment in an oxidative environment, a very similar
structure was found for all samples (Fig. S18, ESIY). Here, a
porous structure featuring a crystalline surface was synthe-
sized, strongly resembling the membrane sublayer. A slightly
denser structure was found compared to the precursor
membrane, which was expected due to the shrinkage of the
overall material. Next, the composition was analyzed by EDS. In
literature, the formation of cobalt oxides is mainly found in
cobaltocenium polymers.®"*? In our case, a cobalt content of up
to 34% could be found. In addition, primarily oxygen (36 wt%),
carbon (16 wt%) and phosphorous (14 wt%) contributed to the
overall composition. The phosphorous was most likely intro-
duced by the PF¢~ counter ion; for the ceramic resulting from
the lead retention, no residual lead could be detected. In
contrast, a significant amount of chrome (3 wt%) was found
for the other membrane. Additionally, the phosphorous con-
tent was slightly reduced, further facilitating the idea of a
counter ion exchange with the respecting PFs .

In contrast, the bulky but porous structure found for the
ceramic prepared in oxygen, ceramics formed in a nitrogen
atmosphere, showed a remarkably delicate ordered structure
(Fig. 6). This gyroid-like structure could be found under the
former pore surface in all ceramics formed in nitrogen. It is,
therefore, suggested that the sponge-like sublayer of the
membrane is the main driving factor for this formation. In all
cases, the resulting ceramic was analyzed via EDS regarding the
overall composition. As expected, a lower cobalt content of
10 wt% was found compared to the ceramic formed in oxygen.
Additionally, a significant carbon content of 65 wt% alongside
oxygen (19 wt%) and phosphorous (6 wt%) was found. A similar
composition was found for the ceramic prepared in a nitrogen
atmosphere. Like before, no lead but chromate (1 wt%) could be
found. Along with the higher ceramic yield, this method showed
promise for further template-based investigations. For a more
detailed description of the composition (Table S2, ESIt) and EDS
mappings (Fig. $19-524, ESIt), the reader is referred to the ESL.¥

Experimental
Materials

All chemicals were purchased from Fisher Scientific (Hampton,
NH, USA), TCI (Tokyo, Japan), Sigma-Aldrich (St. Louis, MO, USA),
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Fig. 6 Scanning electron microscopy (SEM) images of ceramic material formed by template-based calcinating of used membranes in a nitrogen
atmosphere to 800 °C. Membrane ceramics after PFOA (MCprop), lead nitrate (MCeaq) and sodium chromate (MCcpromate) retention experiments were

analysed.

Th. Geyer (Renningen, Germany), Deutero (Kastellaun, Germany),
and used as received. For anionic polymerization, THF was dried
over 2,2-diphenyl hexyl lithium and directly distilled in the flask
for polymerization. Monomers were dried over CaH, and purified
using the standard procedure. Anionic polymerizations were
performed at —78 °C inside a glovebox by using a cooling well.
The polymerization protocol was reported earlier.>>

Instruments

Scanning electron microscopy (SEM) was measured on a Zeiss
Sigma VP device (GeminiSEM 500) using the software Smart-
SEM Version 6.07. The samples were mounted on an aluminum
stud using adhesive carbon tape and sputter-coated with approxi-
mately 6 nm platinum using an Automatic Turbo Coater PLAS-
MATOOL 125 SIN 2020_131 from Ingenieurbiiro Peter Liebscher.

Cyclic voltammetry (CV) was performed by using a BioLogic
SP-150 as the potentiostat in a voltammetry cell with a three-
electrode configuration with an Ag/AgCl reference electrode
in acetonitrile, a Pt-wire for the counter electrode, and a Pt
working electrode with an inner diameter of d = 2 mm.

19126 | J Mater. Chem. C, 2024, 12, 19116-19129

The measurements were conducted with a scan rate of
200 mV s~ in 0.1 M solution with tetrabutylammonium hexa-
fluorophosphate ([TBA][PFs]). Ferrocene was used as a calibra-
tion agent, and the evaluation proceeded with EC-Lab V11.46.

Ion chromatography was performed on a Metrohm Compact
IC Flex equipped with an 800 Dosino and 858 Professional
Sample Processor. For PFOA analysis, the Metrohm Application
8.000.9053EN for “Trace-level detection of perfluorinated com-
pounds in water by suppressed ion chromatography with inline
suppression” was used with slight variations. In more detail,
separation was achieved by isocratic elution on a reversed-
phase column thermostated at 35 °C using an aqueous mobile
phase containing boric acid and acetonitrile. For the column, a
NUCLEODUR 100-5 C18 ec, 5 um, 125 x 4.6 mm from Machery-
Nagel was used. For the eluent, 20 mmol L™* boronic acid and
4 mmol L' NaOH (pH-adjusted to 8) in 35% acetonitrile were
used. The flow was adjusted to 1 mL min ' with an injection
volume of 200 pL. Boronic acid and sodium hydroxide EMSURE
from Merck and pentadecafluorocarprylacid (PFOA) (96%) from
Thermo Scientific were used.

This journal is © The Royal Society of Chemistry 2024
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For ICP-MS measurements, ultrapure water (0.055 uS cm™ ")
from a PURELAB® Chorus 1 ultrapure water filtration unit
(Elga LabWater) was used to prepare all solutions. From the
filtrates, 20 pL were taken for the Cr measurement (dilution
factor: 500) and 100 pL for the Pb measurement (dilution
factor: 100). A solution with 10 mg L™" of Sc (1 g L ™" in 5%
HNO;, Alfa®), Y (1 g L™ in 2-3% HNOj;, Merck CertiPUR®) and
Ho (1 g L' in 2-3% HNOj;, Merck CertiPUR™) in ultrapure
water was prepared as the internal standard stock solution for
all ICP-MS measurements. HNO; (ROTIPURAN® Supra 69%,
Carl Roth) was used to acidify the measurement solutions.
Argon 5.0 (Ar > 99.999 mol%, ALPHAGAZ™ 1 Argon, Air
Liquide) was used as plasma gas for ICP-MS measurements.
For quantification purposes, an external calibration was pre-
pared using Cr (1 g L™" in water, Fluka) and Pb (1 g L' in
0.5 mol L™' HNO;, Merck CertiPUR™) ICP-MS standard solu-
tions. For the ICP-MS measurement, an Agilent ICP-MS system
8900 with triple quadrupole (ICP-QQQ) and SPS4 autosampler
was used. *>Cr and 2°®Pb were measured in He collision gas
mode, whereby *°®Pb was additionally measured without any
cell gas.

Liquid chromatography coupled with mass spectrometry
(LC-MS) was performed by using a Shimadzu LC20-AD-XR
HPLC system coupled with a Bruker solariX 7T FT-ICR-MS.
For MS analysis, 1 mL of each sample measured before by IC
was taken and measured in the same individual concentration,
avoiding any further influences on the samples. Chromatogra-
phy was performed as an indicator for qualification due to the
retention time. 10 pL of each sample were eluted isocratically
with 50% acetonitrile/water (v/v) using a Multospher 120 RP18-
AQ-3p column at 50 °C (CS Chromatographie Service GmbH,
Langewehe, Germany). The sample was measured with
Electrospray-Ionization (ESI) in negative polarity. All measure-
ments were done as triplicates. The data were processed using
Bruker Compass Data Analysis software 6.0. Processing para-
meters: extracted ion chromatogram (EIC) width: 0.01 Da;
smoothing algorithms: Gauss, 1.24s, 10 cycles.

SNIPS process

An appropriate amount of cobaltocenium containing polymer
PS-b-(PCOEtBAEMA-co-PMMA) was dissolved in a respective
solvent and shaken on a shaking plate for 16 h. A honey-like
viscosity was targeted. The casting process was done inside a
custom climate chamber made by Florian Friefd (Polymer
Chemistry Group, Saarland University). The polymer solution
was cast via a doctor blade with a gap width of 200 um on a
nonwoven polyester support and added into a room-
temperature water bath after 15 to 17 seconds. Five minutes
later, the membranes were removed and dried for 16 h in RT
and 4 h at 40 °C in a vacuum. In Table 3, the exact measure-
ments for the respecting polymer solutions are given.

Water-permeation measurements

The water permeance measurements were carried out in a flow
cell with a dead-end configuration, a total volume of 400 mL,
and a circular membrane with a diameter of 10 mm. The

This journal is © The Royal Society of Chemistry 2024
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Table 3 Exact contents of the NIPS solutions for the different polymer
solutions

Sample  Polymer/g NMP/g DMF/g DMAC/g  Polymer/%
Pe.» 0.065 0.141 — — 31.4
Py 0.094 0.205 — — 31.4
Py s 0.100 0.219 — — 31.3
Psi4 0.099 0.217 — — 31.4
Piss 0.100 0.219 — — 31.3
Pao 0.098 0.214 — — 31.4
Pos.6 0.100 0.219 — — 31.4
Py s 0.100 — 0.147 — 40.5
Piss 0.100 — 0.165 — 37.7
P,y s 0.073 — — 0.155 32.0
Pis s 0.072 — — 0.162 30.1
Piss 0.200 — — 0.443 31.1

pressure was generated from nitrogen gas. Pure water or PFOA
spiked water, as well as chrome and lead spiked water, was
directly added to the flow cell reservoir. The water used was
purified by an ELGA CLASSIC UVF water purification system

and exhibited a resistance of 16 MQ cm ™.

Conclusions

Membranes capable of removing PFAS are of ever-growing interest
due to increasing regulatory and safety standards. In this regard, we
reported the first membrane preparation of cobaltocenium-
containing block copolymers (BCP) via the self-assembly and non-
solvent-induced phase separation (SNIPS) process. Here, we could
identify crucial factors like cobaltocenium content, polymer size,
and solvent used to influence the membrane and pore formation
process. Furthermore, time-dependent permeance and PFOA reten-
tion of the optimized membrane were investigated in a dead-end
flow cell. By combined analysis using ionic chromatography and
liquid chromatography coupled mass spectroscopy, almost quanti-
tative retention of 99.3 & 1.1% and 99.94 £ 0.04%, respectively, at a
permeance of 48 L h™* bar ' m? could be demonstrated. Further-
more, by adjusting the measurement mode to an “inverse flow”, the
water flux could be tripled with only a minor loss of retention. To
further investigate the stability of chemical oxidizers and the ionic
character, sodium chromate and lead nitrate retentions were inves-
tigated. Here, partial retention by 46% of sodium chromate and
total lead nitrate retention of >99% could be verified by inductively
coupled mass spectroscopy. Finally, the first steps towards electro-
chemical regeneration could be demonstrated by promising electro-
chemical addressability of the used polymer. In subsequent studies,
our objective will be to develop this concept further and create fully
electrically switchable membranes for efficient PFAS adsorption and
resorption. For upcycling purposes, the membranes used were
calcinated using a template-based approach under various condi-
tions, yielding highly ordered gyroid-like cobalt ceramics that are
interesting for ceramic catalysis.
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