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ABSTRACT: The presence of perfluorooctanoic acid, a perfluoralkyl
substance, in water sources has raised health concerns due to its
toxicity. Finding effective adsorbents is essential to ensure healthy
sources of water for consumption. In this study, a heptazine-based
polymer network (Py-HPOP) was synthesized using a one-pot
nucleophilic substitution of 2,5,8-trichloro-s-heptazine (TCH) with
4,4',4” 4" -(pyrene-1,3,6,8-tetrayl) tetraaniline (Py-TA). For compar-
ison, a triazine-based polymeric network (Py-TPOP) was also
prepared using 2,4,6-trichloro-1,3,5-triazine under similar conditions.
Both polymers were used to treat aqueous solutions containing 1 mg/
L PFOA. Py-TPOP exhibited superior adsorption capacity (98.4%
PFOA removal) relative to Py-HPOP (80.8% PFOA removal) despite
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Py-TPOP.

Py-HPOP’s higher Brunauer—Emmett—Teller (BET) surface area

Sger at 205 m* g ', The effect of electrostatic interactions was also observed as a critical factor for PFOA adsorption as demonstrated
by the change in PFOA adsorption by both polymers under basic, neutral, and acidic conditions. This investigation illustrates a facile
synthesis of amorphous covalent frameworks as strong, competitive adsorbents for PFOA removal from water.
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B INTRODUCTION

Water quality and safety are increasingly regulated to ensure
healthy consumption. Among various pollutants of concern are
per- and polyfluoroalkyl substances (PFAS), a class of organic
substances with partially or fully fluorinated alkyl chains
terminated by various functionalities, most commonly sulfonic,
phosphonic, and carboxylic acids." ™ Due to the strong C—F
bonds present, they are widely used for their resistance to
degradation in applications, including fibers and textiles,
packaging materials, and waterproof/nonstick coatings.””
Some of the most heavily produced PFAS, such as
perfluorooctanoic acid (PFOA), are water soluble and linked
to health hazards such as cancer and adverse reproductive
effects.”® Therefore, safe, efficient methods for the removal of
PFAS from water are needed. While adsorption using activated
carbon is a widely used method because it is inexpensive and
environmentally friendly, these adsorbents’ slow rates of
adsorption and their limitations have pushed the scientific
community to explore modifications and alternatives.”
Other methods for the removal of PFAS include electro-
chemical treatment,'”'" reverse osmosis treatment,'” and ion
exchange membrane filtration.'”'* However, these approaches
are expensive and have limited effectiveness; as such, the
removal of PFAS for large-scale applications remains a
persistent challenge. In addition, PFAS removal by adsorption

© 2022 American Chemical Society

7 ACS Publications

412

has been increasingly explored using covalent organic frame-
works (COF). The high porosity of COFs coupled with their
stability at various pH levels makes them favorable adsorbents
over high-porosity metal organic frameworks (MOF),
particularly at harsh pH levels in aqueous environments.'*'°
The controllable crystallinity of COFs also allows specific
arrangement of functional groups to optimize interactions with
PFAS surfactants. The efficacy of such frameworks for PFAS
adsorption is mainly driven by electrostatic and hydrophobic
interactions.'® While they show promising performances with
high adsorption rates and for a wide range of PFAS
compounds, unfortunately, COFs are typically produced on a
small scale and have sensitive syntheses to achieve high
crystallinity and, thereby, positional control, which has made
this subset of adsorption substrates inaccessible for large-scale
PFAS removal.

To overcome these limitations, amorphous porous organic
polymers (POP) may be a more cost-effective and easily
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Scheme 1. Schematic Illustration for the Synthesis of Py-HPOP and Py-TPOP
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synthesized alternative to COFs for use as PFAS adsorbents,
despite their compromise on two- and three-dimensional
spatial arrangement control. For example, Liu et al. have
recently developed an amorphous fluorinated triazine-based
porous organic polymer that has been successfully used for the
reversible adsorption—desorption of PEOA."”

To make effective POPs for adsorption, the choice of
monomers and moieties is crucial. We have synthesized two
separate organic polymers, one using 2,5,8-trichloro-s-hepta-
zine (TCH) and 2,4,6-trichloro-1,3,5-triazine (TCT) as
monomers, both cross-linked with 4,4’,4”,4"-(pyrene-1,3,6,8-
tetrayl) tetraaniline (Py-TA) via a nucleophilic substitution
approach. Py-TA’s amine sites from the aniline groups are
available for protonation, which may increase PFOA
adsorption. In addition, hydrogen bonding formed between
the amine and the carboxylate and/or the fluorinated alkyl
chain of PFOA may have a positive effect on the adsorption
process.'®"? This linker is combined with the use of triazine
and its derivative, heptazine, to form organic polymers. The
synthesis of similar organic polymers using triazine moieties
has become well established in recent years due, in part, to
their enhancement of thermal stability and surface area.”’”**
Relative to triazine, only recently has heptazine emerged as a
building block for porous organic polymer (POP) synthesis.”*
Composed of the 7-conjugated system of three triazine fused
rings, heptazine linkers offer both enhanced stability as well as
higher nitrogen content.””**> We used both TCT and TCH to
cross-link with Py-TA to enhance the stability of the overall
structure and to provide secondary nitrogen groups to facilitate
PFOA adsorption. Triazine and triazine-derivatives are
susceptible to protonation in the presence of a strong acid
such as HCI, making them potential active sites for interaction
with PFOA via the electrostatic interactions of the adsorbents’
positively charged surface with the anionic head of PEOA.*
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Therefore, we explored the comparative impact of using
heptazine over triazine linkers in the synthesis of two separate
POPs, one using 2,5,8-trichloro-s-heptazine and 2,4,6-tri-
chloro-1,3,5-triazine as the monomer, and both are cross-
linked with Py-TA (Scheme 1). The polymeric networks we
synthesized were explored for their thermal durability,
morphological structure, surface area, and their ability to
adsorb PFOA in water via batch adsorption experiments under
different conditions.”’

B EXPERIMENTAL SECTION

Materials. All reagents were used as received. Phosphorus(V)
oxychloride (ReagentPlus, 99%), phosphorus pentachloride (reagent
grade, 95%), palladium tetrakis(triphenyl phosphine) (99%),
potassium carbonate (ReagentPlus, 99%),1,4-dioxane (anhydrous,
99.8%), tetrahydrofuran (THF) (anhydrous, >99.9%), and perfluor-
ooctanoic acid (PFOA) (95%) were obtained from Sigma-Aldrich.
Cyanuric chloride (>98.0%) and 1,3,6,8-tetrabromopyrene (>98.0%)
were obtained from TCI Chemicals. N,N-Diisopropylethylamine
(DIPEA) (99.7%) was obtained from Chem-Impex. Melamine (99%)
and potassium hydroxide (pellets, certified ACS) were obtained from
Fisher Chemical. 4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-
aniline (98%) was obtained from AmBeed. 4,4',4",4"”-(pyrene-
1,3,6,8-tetrayl)tetraaniline (Py-TA) was synthesized according to
the referenced procedure.”® 2,5,8-Trichloro-s-heptazine was synthe-
sized through a modified approach from Luebke et al;*’ these
modifications are described in the SL

Material Characterization. Fourier transform infrared spectros-
copy (FTIR) was carried out using a Shimadzu IRAffinity-1S with a
Specac Quest ATR accessory. Nuclear magnetic resonance (NMR)
spectroscopy of the intermediates was performed using the Bruker
Avance-500. POPs were analyzed by solid-state *C NMR (126 MHz)
cross-polarization magic angle (CP-MAS) NMR using a Varian Inova-
500 at 20 °C using a Phoenix 3.2 mm probe. Thermogravimetric
analysis (TGA) was performed using TA Instruments QS00 and
platinum sample pans. Nitrogen adsorption isotherms were measured
using a Micromeritics 3Flex instrument at 77 K. X-ray diffraction
(XRD) was run on a Bruker D8 Advance ECO powder diffractometer
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Figure 1. (A) FTIR spectra of Py-HPOP and Py-TPOP powders using ATR-FTIR (B) *C CP-MAS NMR of Py-HPOP and (C) Py-TPOP (126

MHz, 20 °C).

and Cu K-a radiation at approximately A = 1.54 A, 40 kV and 25 mA.
X-ray photoelectron spectroscopy (XPS) was performed using a
Scienta Omicron ESCA 2SR instrument at 200 eV pass energy, with
the use of a flood gun for charge neutralization due to the
nonconductive nature of the samples. Scanning electron microscopy
(SEM) was performed using a Zeiss Gemini 500 field emission
scanning electron microscope. Particle size distribution (PSD)
analysis was performed using a Malvern zetasizer Nanoseries nano-
zs with triplicates of 5 (10 s) measurements of 0.5 mg mL™" samples.
Liquid chromatography analysis was performed using a Thermo
Electron Finnigan LTQ_ system and a Phenomenex Luna 3 ym-C18
column (100 mm X 4.6 mm). Chromatography run time was 20 min,
and the sample injection volume was 10 L. A mobile phase with a
flow rate of 0.4 mL min~' was composed of 25 mM aqueous
ammonium acetate (A) and methanol (B). A gradient was set to 40%
solvent B initially, 95% B at 8 min, 50% B at 14 min, and 40% B at 18
min.

Synthesis of Triazine-Based Py-TA Porous Organic Polymer
(Py-TPOP). In a 25 mL round bottom flask equipped with a stir bar,
Py-TA (56.6 mg, 0.1 mmol) and DIPEA (139.04 4L, 0.08 mmol)
were dissolved in 4 mL of dry THF and purged with nitrogen for
approximately 10 min. The reaction mixture was then cooled in an ice
bath and stirred. Once cooled, 2,4,5-trichloro-1,3,5-triazine (24.90
mg, 0.135 mmol) dissolved in 1 mL of THF was added dropwise with
stirring. The reaction mixture was stirred at 0 °C for 20 min, followed
by an additional 30 min at room temperature, before refluxing
overnight. The mixture was then allowed to cool to room temperature
before vacuum filtration of the solid using a Buchner funnel, washed
with water (2 X 25 mL) and THF (2 X 25 mL) successively. The
solid was collected and dried in a vacuum oven at 90 °C. The
resulting product was a dark yellow solid (52.9 mg).

Synthesis of Heptazine-Based Py-TA Porous Organic
Polymer (Py-HPOP). In a 25 mL round bottom flask equipped
with a stir bar, Py-TA (34.0 mg, 0.06 mmol) and 2,5,8-trichloro-s-
heptazine (14.8 mg, 0.08 mmol) were dissolved in 4 mL of dry THF,
followed by purging with nitrogen for approximately 10 min. The
reaction mixture was cooled in an ice bath, followed by the dropwise
addition of DIPEA (52.4 uL, 0.3 mmol). The reaction mixture was
stirred at 0 °C for 30 min, then warmed to room temperature with
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stirring for an additional 2 h followed by reflux overnight. The mixture
was then allowed to cool to room temperature before vacuum
filtration using a Buchner funnel and washed with water and THF
successively. The solid was collected and dried in a vacuum oven at 90
°C. The resulting product was a green solid (29.1 mg).

Adsorption Efficiency of PFOA Using Py-HPOP and Py-
TPOP. Stock suspensions of 1 mg mL™" concentration of Py-HPOP
and Py-TPOP were prepared in 20 mL of MilliQ water and sonicated
for 1 h. To prepare the samples, 0.5 mL of one of the stock POP
suspensions was added to 2 mL of a 10 mg L™' PFOA solution. This
mixture was then diluted with MilliQ water to a final volume of 20
mL, resulting in a final concentration for PFOA of 1 mg L7 The
samples were placed on a rocking shaker for 20 min at room
temperature before being passed through a 0.22 ym nylon filter and
injected into vials, and LC-MS analysis was carried out in triplicate.
Further information related to adsorption analysis is available in the
SL.

Samples diluted with water from Cayuga Lake in the Finger Lakes
Region of New York state were prepared in a similar manner. Prior to
use, Cayuga lake water was passed through a 0.22 ym nylon filter to
separate debris and dirt.

Kinetic Study of PFOA Adsorption in Py-HPOP and Py-
TPOP. To prepare the samples, 0.5 mL of one of the 1 mg L™" stock
POP suspensions as prepared above was added to 2 mL of a 10 mg
L™! PFOA and diluted with 17.5 mL of MilliQ water to reach a final
volume of 20 mL. The samples were placed on a rocking shaker while
incrementally collecting samples for up to 24 h. All collected samples
were passed through a 0.22 ym nylon filter and injected into vials, and
LC-MS analysis was carried out in triplicate.

Study of Effect of pH on PFOA Adsorption Efficiency. To
study the effect of pH on adsorption, 0.5 mL of one of the stock POP
suspensions as prepared above was added to 2 mL of a 10 mg L™’
PFOA solution. This mixture was then diluted with MilliQ water to
20 mL. To this prepared sample, 0.1 M HCIl was added dropwise to
adjust the pH to 3 by monitoring with a pH meter. Similarly, to
prepare a pH 9 sample, 0.1 M NaOH was added dropwise. The
samples were placed on a rocking shaker for 20 min, then passed
through a 0.22 pm nylon filter and injected into vials, and LC-MS
analysis was carried out in triplicate.
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Figure 2. (A) TGA spectra of Py-HPOP and Py-TPOP up to 800 °C, (B) SEM image of Py-HPOP, and (C) SEM image of Py-TPOP.
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B RESULTS AND DISCUSSION

Both Py-TPOP and Py-HPOP were cross-linked by the
nucleophilic substitution of Py-TA with TCT and TCH,
respectively, both in the presence of DIPEA as a base. The
chloride atoms on TCT and TCH are good leaving groups and
necessary to ensure a successful synthesis. They are, however,
susceptible to hydrolysis upon prolonged exposure to moisture,
and therefore the use of anhydrous solvents and nitrogen
atmosphere was critical to the reaction. Both POPs were found
to be insoluble in water and various organic solvents; this
observation is a promising initial indication of network
formation, as the degree of cross-linking is inversely linked
to solubility.*

Structure Characterization of Py-TPOP and Py-HPOP.
The N—H stretch associated with the presence of primary
amines from the Py-TA aniline groups is observed at 3380
cm™! in the FTIR (Figure 1A). Both structures show bands at
approximately 1540 and 1585 cm™ in Py-TPOP and Py-
HPOP, associated with the vibrational stretching of C=N,
implying the cross-linking of TCT and TCH to form the
resultant polymers. In addition, the peak associated with the
C—Cl stretch is almost absent for both POPs, confirming the
successful substitutions of TCT and TCH.

The substitution of the heptazine and triazine starting
materials for their reactions with Py-TA was confirmed by *C
CP-MAS NMR spectroscopy (Figure 1B,C). Cross-linking is
evident in the absence of the signal originally associated with
C—Cl around 175 ppm in Py-HPOP; a signal of minor
intensity is visible in Py-TPOP that may be associated with
TCT having lower reactivity than TCH.*' The peaks found at
162.9 and 155.2 ppm, and 170.3 ppm are associated with the
heptazine and triazine carbons, respectively.””*® Signals
observed at the aliphatic region (Figure 1C) are linked to
residual DIPEA that was used in the nucleophilic substitution
reaction. In addition, a series of peaks ranging from 126.8 to
146.0 ppm indicate the presence of aromatic carbons
pertaining to the Py-TA units used in both polymers.”

The thermal stabilities of both Py-TPOP and Py-HPOP
were analyzed by TGA using a ramp of 10 °C min~" under a
nitrogen atmosphere. Py-HPOP demonstrates a thermal
stability up to approximately 300 °C, compared to Py-TPOP
at 200 °C (Figure 2A). The improved stability of Py-HPOP is
expected, due to the additional aromaticity afforded by the
peripheral nitrogens in the heptazine core.” >’ The thermal
profile also shows ~4.00% weight loss in Py-HPOP initially
between 25 and 100 °C, which we have attributed to the
release of trapped solvents in the structure.’”® This low-
temperature weight loss was less pronounced in Py-TPOP; we
hypothesize this is due to both a lower surface area and lower
inherent porosity of Py-TPOP, resulting in less solvent
entrapment.

The SEM images, obtained to visually probe the morphology
of both polymers, show that both Py-TPOP and Py-HPOP
have irregular-shaped aggregate morphologies with porous
characteristics (Figure 2B,C). However, Py-HPOP showed a
significantly more textured, spherical morphology compared to
Py-TPOP. Despite this difference, particle size distribution
results point toward Py-TPOP and Py-HPOP having similar
sizes, with an average diameter at 1176 versus 1118 nm for Py-
TPOP and Py-HPOP, respectively (Figure S7). Therefore, the
morphological variation between both POPs may be due to the
more structurally rigid fused ring system of heptazine that
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prevents the pores from collapsing under vacuum. Both
demonstrate an irregularity in shape, most likely connected to
the absence of any long-range order within both structures,
resulting in both being amorphous polymers, as observed in
the XRD analysis (Figure S2).

The porosity of both polymers was investigated through a
nitrogen adsorption—desorption isotherm, performed at 77 K.
The nitrogen (N,) isotherms of Py-HPOP display a type II
reversible adsorption (Figure 3A). This isotherm pattern is
indicative of mesopores (2—50 nm diameter), characterized by
monolayer adsorption at lower relative pressure (0—0.2 p/p,
range), followed by multilayer adsorption (0.2—0.8 p/p, range)
before N, condensation occurs in the pores.””*’ Conversely,
the nitrogen isotherm from Py-TPOP shows a lower surface
area.

The pore size distribution (PSD) (Figure 3B) of Py-HPOP
supports our conclusion regarding the mesoporous nature of
the structure, given the majority of pore size widths were found
to be less than 15 nm, with a cumulative pore volume of of
0.57 cm® ¢! for Py-HPOP and merely 0.02 cm® g™* for Py-
TPOP. As such, the Brunauer—Emmett—Teller (BET) surface
areas (Sgpr) of Py-HPOP and Py-TPOP were found to be
drastically different at 205.2 and 4.6 m® g~', respectively.
Examples of Spgr for other amorphous heptazine-based organic
polymers in the literature range from 115.8 to 424 m* g~'.*"*
Conversely, the low Sgpy of Py-TPOP may be a result of its
higher framework flexibility that is eliminated when switching
to rigid heptazine linkers.

Adsorption of PFOA by Py-HPOP and Py-TPOP. To
study the adsorption capabilities of both POPs for the removal
of PFOA, 0.5 mg of the polymers were used to treata 1 mg L™
aqueous solution of PFOA for 20 min. By measuring the free
PFOA content in the aqueous samples using LC-MS after
treatment, PFOA removal percentage via Py-HPOP was found
to be 80.8 versus 98.4% for Py-TPOP. While this experiment
demonstrates the capabilities of both polymers toward the
adsorption of PFOA, Py-TPOP outperformed Py-HPOP for
PFOA removal despite Py-TPOP’s inferior nonporous Sggr.
This phenomenon has previously been reported in the
literature.”> We suggest that, despite Py-HPOP’s high Sygr,
its high degree of cross-linking may contribute to steric
hindrance, which reduces access to adsorption sites lowering
PFOA removal. Comparing to other studies using various
amounts of adsorbing materials with an initial PFOA
concentration at 1 mg L™, Py-TPOP particularly demonstrates
competitive performance compared to aluminum-based water
treatment residuals at 97.4% removal and multiwalled carbon
nanotubes with electrochemical assistance at 92% removal."**

The kinetics of PFOA adsorption were also compared for
both POPs to determine the optimal treatment period. Both
adsorbents exhibited fast adsorption kinetics common for
adsorption processes facilitated by electrostatic interactions,
with the maximum adsorption achieved in less than 1 h. While
this treatment time is promising for efficient PFOA removal,
POPs have been reported that can achieve 99.99% removal in
2 min.*® Nonetheless, our synthesis is advantageous as it can
facilitate future performance improvements through surface
tuning. PFOA adsorption via both POPs showed pseudo-
second-order kinetics (SI, eq 6). R* was 0.9995 and 0.9992, for
Py-HPOP and Py-TPOP, respectively. More specifically, this
time-dependent adsorption trend of PFOA can be explained by
the availability of the functional groups in the POPs to serve as
adsorption sites during the treatment. Initially, more
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Figure 4. (A) PFOA removal percentage by change in pH. (B) PFOA removal percentage by change in MilliQ and Cayuga lake water.

adsorption sites are freely available for interaction with PFOA;
as these sites are further occupied, the remaining sites become
more encumbered, resulting in higher solute-solute inter-
actions such as repulsion interactions and weak hydrophobic
interactions. This elucidates the hysteretic adsorption observed
(Figure S9) with some desorption occurring with further
treatment time.*” The k, adsorption rate constant was found to
be 5.3 gmg™' h™" for Py-HPOP and 450.3 g mg™" h™" for Py-
TPOP, exhibiting Py-TPOP as a faster adsorbent in the
removal of PFOA.

Experiments were conducted to explore the effect of pH on
the underlying interactions behind the adsorption of PFOA
and our polymers. In various samples using Py-HPOP at pH 3,
7, and 9, minimal adsorption was achieved in basic conditions
(Figure 4A). Treatments using Py-TPOP show a similar trend.
This pH-dependence of PFOA adsorption may be linked to
adsorbent surface charge properties, which were explored via a
point of zero charge (PZC) study (Figure S13). The pHpyc
values are found at approximately pH 7.7 and pH 6.9 for Py-
HPOP and Py-TPOP, respectively. This indicates that both
POPs have a negative surface charge during the pH 9
treatments, as pH > pHpzc. By increasing the pH, the
electrostatic interactions of the adsorbing substrates with PFAS
are reduced due to the decrease in positive surface charge of
the POPs with the anionic head of PFOA, as well as possible
electrostatic repulsion interactions such as in the presence of
hydroxide anionic species.”® Because the experimental pH
ranges exceeded PFOA’s pK,, PFOA is predominantly present
in the conjugate base form. Therefore, the pH study shows
that, by tuning the POP adsorbent surface charge by pH, the
interactions of the negatively charged PFOA with the POPs
can be optimized to increase electrostatic interactions and
adsorption of PFOA as a result."’

This phenomenon is also demonstrated in treatments
carried out using lake water instead of MilliQ water. The
primary objective of this experiment was to simulate the effect
of using the POPs for the treatment of natural drinking water
sources such as Cayuga Lake, one of New York State’s Finger
Lakes located in Ithaca, NY. The decline in PFOA removal in
lake water compared to MilliQ water was unsurprising due to
Cayuga Lake’s unusually high-mineral content. It is probable
that competitive electrostatic interactions with the adsorbing
substrates may create charge screening or even interaction with
the adsorbent surfaces, which result in lower PFOA removal
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rates.*”° The reduced adsorption in natural water samples
confirm that the predominant adsorption mechanism of PFOA
by these polymers is due to electrostatic interactions.

Bl CONCLUSION

In summary, we have developed triazine- and heptazine-
enriched POPs via a one-pot nucleophilic substitution
approach. Py-HPOP showed superior physical properties
over Py-TPOP, such as higher Sgpp at 2052 m* g™' and a
thermal stability to approximately 300 °C. Despite this, Py-
TPOP was shown to be more effective in PFOA adsorption, at
98.4% removal, by way of electrostatic interactions, favoring
pH below the pHp, . Testing both POPs for the adsorption in
lake water suggests that other minerals in water may cause
competitive electrostatic interactions, thereby hindering PFOA
adsorption. Future work would focus on optimization of
conditions for effective PFOA adsorption and reversible
desorption in water. Overall, the study of these POPs,
especially Py-TPOP, is encouraging to the future exploration
of amorphous, low BET surface area materials for practical
PFOA removal applications.
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