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Poly(pyridinium salts) (PPSs) with positive charges on the back-
bones were designed and synthesized from the transformation of
bispyrylium salts. Such materials exhibited good uptake capacity
for rhenium capture from water, and excellent selectivity of ReO,™
from competing anions. Furthermore, the advantages of facile syn-
thesis and large-scale preparation make this material promising for
practical use in industry.

Rhenium, as a kind of valuable element usually obtained from
the industrial melting wastewater, has been widely used in the
field of aerospace and catalysis."® However, the harsh con-
ditions of wastewater, such as high acidity, excessive compet-
ing ions and low original concentration, hamper the capture
of rhenium.*® To address this, much effort has been dedicated
to the design and synthesis of integrated adsorbents with high
stability and excellent selectivity. Recently, cationic polymers
have been selected as a promising candidate in industrial
application due to their high designability, great thermostabil-
ity, controllable positive charges and facile ion exchange
process for Re capture.”™!

In the past decades, poly(pyridinium salts) have received
considerable attention due to their extraordinary redox, elec-
tronics, electrochromics and liquid-crystalline properties, and
have been widely applied in electrochromic display devices,
molecular machines, antibacterial agents, supercapacitors and

so on.”>*° In addition, owing to the positive charges on back-
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bones and exchangeable counterions, poly(pyridinium salts)
can also be applied for anion pollutant capture in water
though ion exchange.>** For instance, polyviologens, as the
most famous type of pyridinium-based polymers, were used
for oxo-anion removal from water, such as BrO;~, CrO,>”,
MnO,~ and so on.”*** Recently, porous pyridinium-based
polymers also exhibited a record-breaking uptake capacity for
TcO,”.° In order to construct cationic polymers, many
approaches have been discovered, such as Zincke reaction,
Sonogashira-Hagihara coupling, Menshutkin reaction, imine
condensation, free radical polymerization and so on.*
Another approach to poly(pyridinium salts) is the utilization of
pyrylium salts."®'® With a positive charge on the oxygen atom,
such salts are highly reactive to many nucleophiles to form
various heterocyclic compounds, including pyridinium salts.*”
Moreover, by reacting bispyrylium salts with diamines, poly
(pyridinium salts) can be easily achieved with advantages of
versatile design, cheap reagents, catalyst-free process, and
large-scale preparation, which make poly(pyridinium salts) a
more promising material for industrial applications.

In this work, a pyridinium-based cationic polymer, named
PPS, was synthesized through a one-pot condensation reaction.
In the structure, functional groups of pyridinium rings play an
important part in anion capture. Owing to the positive charges
on the backbones, PPS exhibited the maximum uptake
capacity of 596.0 mg g~' for ReO,” capture and good recycl-
ability after running the sorption-desorption process for
5 times. In addition, such material was able to realize deep
treatment to 182.5 ppb. Also, this polymer can work in a wide
pH range, suggesting the extensive working range of waste
water treatment. At the same time, the hydrophobic feature
was introduced by the benzene-rich motifs and brought struc-
tural rigidity, excellent selectivity and insolubility in water.?®
The high capacity, deep removal treatment, wide working
range and excellent selectivity indicated that PPS has great
potential in the application of ReO,~ capture from water.

As shown in Scheme 1, PPS was successfully synthesized
via the pyrylium mediated transformation reaction between

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Synthesis route and anion exchange process of PPS.

p-phenylenediamine and bispyrylium salts (compound 2) in
dimethyl sulfoxide (DMSO). The cationic polymer was charac-
terized by multiple techniques to confirm the structure,
including SEM, FT-IR, XPS, TGA, PXRD, GPC and *C NMR.
As shown in Fig. 1, the *C cross-polarization magic-angle
spinning (CP/MAS) NMR experiment was first conducted to
investigate the structure of PPS. As a comparison, model com-
pound 3 (the synthetic route can be found in Scheme S3, ESIY)
was synthesized and characterized by *C NMR spectroscopy to
help the peak assignment of PPS. Comparing Fig. 1 and
Fig. S1t (see the ESIt), the peak at 123.8 ppm observed in
Fig. 1 was attributed to C1, C6-C9, and C11 in phenyl rings as
well as C4 of pyridinium moieties.”" Also, the characteristic
peaks at 151.5 ppm were assigned to C3 and C5 on pyridinium
rings. At the same time, the peak at 134.6 ppm was attributed
to C2 and C10 of the phenyl rings.>® In addition, the inte-
gration ratio between three broad peaks was 3:2: 18, which is
consistent with the peak assignment. Furthermore, the
absence of characteristic peaks at 170.3 ppm (corresponded to
C=0" bond) indicated the disappearance of pyrylium rings in
the final product.’® Also, as evidenced by FT-IR (Fig. 4b), the
peak of C=O" bond stretching at 1660 cm™' was not
observed.’®*’ In addition, the characteristic peaks at
1615 cm™" and a broad peak at 1000-1085 cm™" were attribu-
ted to the aromatic rings and BF,  counterions,
respectively.'®>' This material exhibited a rough surface (as
confirmed by the SEM image in Fig. 2a), and its amorphous
nature is shown in the PXRD pattern (see Fig. S2 in ESIT).
According to the previous reports,*” with smaller ionic radius
(CI” as 0.172 nm and BF,” as 0.218 nm), CI~ may lead to a
better performance for ReO,  removal.® However, the
monomer pyrylium salt has not been synthesized from HCI
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Fig. 1 CP/MAS *C NMR spectrum of PPS.
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Fig. 2 (a) SEM image of PPS, scale bar = 100 nm. (b) TGA of PPS-Cl
under an Ar atmosphere.

directly; BF,~ was replaced with CI™ as the counteranion by
soaking PPS in a sodium chloride solution three times to
obtain PPS-Cl. As shown in Fig. 2b, thermogravimetric analysis
(TGA) under argon atmosphere was conducted to study the
thermal stability of PPS-Cl. The result revealed that the
material was stable up to 330 °C, and the weight loss detected
in the temperature range between 550 °C and 650 °C can be
attributed to decomposed aromatic rings.** It is worth noting
that this material retains more than 55% weight at 1000 °C.
Meanwhile, GPC was performed and the result showed that
the number-average molecular weight and polydispersity of
PPS-Cl were 19 618 and 1.57, respectively (shown in Table S1 in
the ESIY).

To further investigate the sorption behavior of PPS, sorp-
tion isotherms and sorption kinetics were first evaluated. The
sorption isotherms of PPS-Cl were obtained in the range from
10 to 500 ppm for the study of sorption thermodynamics be-
havior. According to the experimental data, the maximum
sorption capacity is 596.0 mg g~ (see Table S2, ESI{), which
was lower than the theoretical maximum sorption capacity
(731.3 mg g~') based on the assumed complete exchange
process. We speculate that not all of the ion exchange posi-
tions were exposed due to the non-porous structure (based on
the BET result). On the other hand, the XPS result revealed
that not all of the pyrylium rings transferred into pyridinium
rings with positive charges (Fig. 4d). Comparing to the
Freundlich isotherm model (see Fig. S3, ESIt), the Langmuir
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isotherm model showed a higher correlation coefficient (R* >
0.99) as shown in Fig. 3a.

Furthermore, the calculated maximum capacity towards
ReO,” based on the Langmuir isotherm curve of 543.48 mg
g~ (see Table S3, ESIf) was slightly lower than the experi-
mental maximum data. At low concentrations (such as
8.5 ppm), PPS-CI still showed excellent ion-exchange ability,
and the removal percentage of 97.8% was obtained with an
equilibrium concentration in the solution of 182.5 ppb
(measured by ICP-MS). Besides, in order to evaluate the sorp-
tion kinetics, the equilibrium time was further investigated.
The mixture was collected and separated at different time
intervals followed by ICP-OES analysis. As shown in Fig. 3b,
PPS-Cl reached the sorption equilibrium in 150 min (the
removal percentage was over 99.4%) and pseudo-second-order
models (inset of Fig. 3b) can better describe for sorption kine-
tics with a high correlation coefficient (R* > 0.99, see Table S4,
ESIT) than pseudo-first-order models (Fig. S47).

In order to evaluate the selectivity of PPS-Cl for wastewater
treatment, SO,>~ was chosen as the competing counterion of
ReO, . From the previous report, an extremely high molar
ratio between SO,>~ and ReO,~ (about 4600: 1) was found in
the copper leach solution from the copper smelting plant.
Thus, a series of concentrations of SO,>~ was selected to study
the sorption selectivity. As shown in Fig. 3¢, when the molar
ratio of SO,>~ was 10 times and 100 times in excess, the sorp-
tion efficiency remained as high as 98.0% and 98.2%, respect-
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ively. Surprisingly, even when the molar ratio reaches 5000:1,
PPS-Cl was capable of removing 89.5% of ReO, . Such a
feature showed the preference for ReO,” capture over excess
S0,>” as competing ions. Also, as shown in Table S5 (ESIY),
PPS-Cl exhibited superior selectivity between ReO,~ and SO,>~
among various cationic materials. Based on the HSAB prin-
ciple, we speculate that the high selectivity can be probably
attributed to the charge delocalization of the conjugated
benzene-rich structure, which possesses a low positive charge
density and has higher affinity for anions with low negative
charge densities, such as ReO,~.>***

Furthermore, the recyclability and pH effect of the material
were studied. In Fig. 3d, the recyclability of PPS-CI was evalu-
ated in five cycles of the sorption-regeneration process with 1
M HCI solution. According to the result, the removal percen-
tage was almost unchanged after 5 cycles, which showed an
excellent recycling performance. The pH effect on the sorption
performance was observed in the pH range from 1 to 12. In
Fig. S5 (see ESI),t the removal rate of ReO,~ of 93.3% at pH 8
was the highest point. Impressively, at pH 1.7 (this value was
near the pH value of actual industrial wastewater), the removal
percentage of 69.5% was observed even when the molar ratio
between Cl~ and ReO,  reached 47:1 at this time. The zeta
potential of PPS-Cl in the pH range of 1-13 was obtained to
investigate the mechanism of the high adsorption perform-
ance in a wide pH range.’>*® The result in Fig. S61 shows
that PPS-Cl possessed positive values with pH below 12 and
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(a) Sorption isotherm of PPS-Cl for ReO,~ capture, inset shows the fitting curve based on the Langmuir model. (b) Sorption kinetics of

PPS-Cl, inset shows the fitting curve based on the pseudo-second-order model. (c) Effect of competing SO4%~ anions on the anion-exchange of

ReO,~ by PPS-CL. (d) Reversibility of PPS-Cl for collecting ReO,4 ™.
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negative values with pH higher than 13. As expected, the zeta
potential showed high positive values from acidic to weak
basic conditions. To further study the removal performance of
PPS-Cl, simulated industrial water was prepared according to
the chemical composition of copper leach solution (see ESIT).
Surprisingly, the removal rate of PPS-CI can still reach 94%. All
the results demonstrated that PPS-Cl is a promising material
for industrial wastewater treatment.

The mechanism of the anion-exchange process was investi-
gated by SEM-EDS mapping, FT-IR, Raman spectroscopy and
X-ray photoelectron spectroscopy (XPS) analysis. In the FT-IR
spectra (Fig. 4b), the characteristic peak at 902 cm™ was
shown after the anion-exchange process, which was ascribed
to the Re-O stretching mode. In addition, from the Raman
spectra (Fig. 4c), the peaks at 965 cm™' and 333 cm™" for
ReO,” (NaReO, as reference),’*® indicated the successful Re
capture by PPS-Cl. As confirmed by the XPS survey spectrum of
PPS-Re (shown in Fig. 4d), the peaks of Re 4p, Re 4d and Re 4f
can be observed obviously by comparison to the spectrum of
PPS-Cl. These results indicated that ReO,” as a counterion
existed on the surface of the cationic materials after the
process of anion exchange. To further study the behavior
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Fig. 4 (a) SEM-EDS mapping of PPS, PPS-Cl, and PPS-Re, indicative of
the anion-exchange process. (b) FT-IR spectra of PPS before and after
anion-exchange with ReO4~ and NaReO,. Characteristics peaks occur-
ring at 1033 cm™ (red band) and 902 cm™ (yellow band) corresponded
to counterion BF,~ and ReO,”, respectively. (c) Raman spectra of
PPS-Cl, PPS-Re and NaReO,. (d) XPS survey spectra of PPS-Cl and
PPS-Re. (e) N 1s core-level spectra of PPS-Cl and PPS-Re.
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between the counterion and cationic skeleton, the N 1s (in
Fig. 4e) and Re 4f core-level spectra (in Fig. S7, ESIT) were ana-
lyzed. After the process of anion exchange, the binding ener-
gies of cationic N atoms in the pyridinium ring (N") and
residual -NH, and -NH of oligomers at the end group
increased from 401.7 eV and 399.7 eV for PPS-Cl to 401.8 eV
and 399.8 eV for PPS-Re.”" In addition, the binding energies of
Re 4f;, and Re 4f,, decreased from 48.4 eV and 46.0 eV for
NaReO, to 47.9 eV and 45.5 eV for PPS-Re according to the pre-
vious report.* This indicated that electrostatic attraction may
exist between the cationic skeleton and ReO, . From Fig. 4a,
the process of anion exchange can be observed directly based
on the SEM-EDS mapping images, and interestingly, the anion
exchange process between ClI~ and ReO,” was complete. From
SEM images in Fig. S8, the anion exchange process is found
to be mild to maintain the morphology.

In conclusion, PPS-Cl, representing a cationic pyridinium-
based polymer, was designed and synthesized by reacting bis-
pyrylium salts with diamines. The advantages of facile syn-
thesis process and large-scale preparation make PPS-Cl poss-
ible for actual industrial application. At the same time, prob-
ably the benzene-rich structure endowed such a material with
excellent selectivity, which is a key criterion in waste water
treatment.
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