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• Cationic POP shows a fast adsorption 
rate and a high capacity for PFAS 
removal. 

• The designed POP maintained above 
85% removal for PFBA at a pH range of 
5–9. 

• The effect of the co-contaminants on 
PFBA removal followed the order of HA 
> PFOS > Cl− . 

• PFAS removal maintained at 90% in five 
consecutive adsorption/regeneration 
cycles.  
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A B S T R A C T   

Per- and polyfluoroalkyl substances (PFAS) are man-made environmental contaminants causing increasing global 
concern due to their adverse effect on environmental and human health. Conventional treatment methods are 
ineffective in removing short-chain PFAS because they are persistent and recalcitrant to treatment. This study 
evaluated the performance of a structurally-tunable and chemically-stable porous organic polymer (POP) for 
PFAS removal under realistic environmental conditions. The POP demonstrated an exceptionally high removal 
efficiency (>95%) within 15 min when the initial PFAS concentration was approximately 400 ng/L. The 
adsorption of PFAS on the POP was not significantly affected by changes in solution pH within the range of 5–9. 
The common co-contaminants in water competed with short-chain PFAS for active sites during the adsorption 
process following the order of natural organic matter (NOM), long-chain PFAS, and Cl− . The Freundlich-type 
model could predict the multicomponent interactions well with a R2 value above 0.91. The spent POP was 
effectively regenerated using a mixture of the 10% NaCl and 30% methanol solution and the PFAS removal 
maintained at 90% through five adsorption and desorption cycles. The characteristics of the designed POP make 
it a highly promising and stable absorbent. It enables fast and effective removal of short-chain PFAS.  
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1. Introduction 

Per- and polyfluoroalkyl substances (PFAS) are a broad category of 
man-made environmental contaminants causing increasing global 
concern due to their adverse effect on environmental and human health. 
These compounds belong to a broad category of synthetic chemicals. 
Their structure usually consists of 4–12 carbons atoms in length, and all 
hydrogen atoms have been replaced by fluorine (Lau et al., 2007). PFAS 
are divided into two categories based on the length of the carbon chain. 
Perfluorocarboxylic acids (PFCAs) with less than 8 carbon atoms and 
perfluoroalkane sulfonic acids (PFSAs) with less than 6 carbon atoms are 
short-chain PFAS (Brendel et al., 2018). 

The carbon-fluorine (C–F) bonds are highly polar and strong, leading 
to PFAS thermal and chemical stability (Verma et al., 2022). PFAS 
display hydrophilic and hydrophobic properties due to the functional 
hydrophilic group head and the hydrophobic C–F tail (Meegoda et al., 
2020). The unique features of PFAS make them suitable for many in-
dustrial applications, such as household products, industrial products, 
flame retardants, and waterproof clothing (Fujii et al., 2007; Houtz 
et al., 2013). Therefore, their presence in the environment is wide-
spread. The U.S. Environmental Protection Agency (U.S. EPA) has pro-
posed regulations that establish maximum contaminant levels (MCLs) 
for perfluorooctanesulfonic acid (PFOS) and perfluorooctanoic acid 
(PFOA) at a concentration of four ng/L (U.S. EPA, 2023). 

Conventional coagulation, flocculation, and sedimentation processes 
are ineffective for PFAS removal due to their thermal and chemical 
stability (Ateia et al., 2019). Various treatment methods have been 
explored, such as advanced oxidation processes (AOPs) (Espana et al., 
2015), sonolysis (Moldes et al., 2005), high-pressure membranes 
(Dickenson and Higgins, 2016), and adsorption (Zhang et al., 2019). 
However, many of these treatment techniques are expensive because of 
the high energy or capital cost requirements, as well as the potential for 
generating a large amount of waste (Kucharzyk et al., 2017). Among 
them, adsorption has been shown to be a highly promising method for 
removing PFAS from aquatic environment because of its simplicity, 
relatively low cost, and high removal efficiency (Gagliano et al., 2020; 
Crone et al., 2019). The PFAS concentrated on an adsorbent can be 
desorbed during regeneration that produces a waste stream at a rela-
tively small volume. The PFAS present at high concentrations in the 
waste stream can be further destructed through some technologies 
including sonochemical, electrochemical oxidation, and thermal deg-
radation/incineration (Meegoda et al., 2022). The predominant mech-
anisms for PFAS adsorption are hydrophobic and electrostatic 
interactions, while hydrogen bonding, covalent bonding, and van der 
Waals are less important (Wu et al., 2020). Effective removal of PFAS 
has been demonstrated using a range of adsorbents, including anion 
exchange resin (Zhang et al., 2019), biomaterials (Deng et al., 2013), 
polymers (Karoyo and Wilson, 2013), mineral materials (Punyapalakul 
et al., 2013), carbon nanotubes (CNTs) (Yang and Xing, 2010), and 
activated carbon (AC) (Rattanaoudom et al., 2012). 

Previous studies demonstrated that granular activated carbon (GAC) 
and other conventional adsorbents are effective in removing long-chain 
PFAS (Chularueangaksorn et al., 2014; Senevirathna, 2010; Ratta-
naoudom et al., 2012); however, they are non-selective, and the removal 
efficiency for short-chain PFAS is low (Brendel et al., 2018). This is 
because short-chain PFAS have higher hydrophilicity compared with 
long-chain PFAS (Li et al., 2020). In addition, the majority of the pub-
lished experimental studies were conducted under high concentrations 
of PFAS (high μg/L to high mg/L) spiked in water (Maimaiti et al., 2018; 
Wang et al., 2016) which are not common in typical aquatic environ-
ment. The concentrations of PFAS in surface water and groundwater are 
typically in the low ng/L to low μg/L range. Therefore, there is a need to 
develop more efficient adsorbents, including high capacities, fast uptake 
kinetics, and high selectivity for short-chain PFAS under realistic envi-
ronmental conditions. 

The structures of PFAS contain the hydrophilic head of carboxylic or 

sulfonic groups that become deprotonated in water, and the hydro-
phobic tail of –CF2- chain. Therefore, an adsorbent with cationic nano-
traps capable of selectively capturing the anionic carboxylic or sulfonic 
groups and functional groups capable of forming hydrogen bonding 
interactions with the –CF2- groups is ideal for short-chain PFAS removal 
from water. Additionally, adsorbents with high surface area, large pore 
size, and flexible framework, which facilitate mass transfer, are also 
highly desirable. Porous organic polymers (POPs) are a type of material 
with a highly porous structure composed of organic building blocks 
(Zhang et al., 2020). The unique characteristics of POPs, such as high 
surface area, adjustable framework structure, and exceptional water/-
chemical stabilities render them as promising candidate materials for 
PFAS removal (Li et al., 2014; Zhang et al., 2020). For example, POPs 
have achieved 99.99% removal efficiency for PFOA within 2 min at an 
initial concentration of 1 mg/L (Liu et al., 2022b). However, the appli-
cation of POPs for short-chain PFAS removal is underexplored. 
Furthermore, many co-contaminants in the aquatic environment can 
affect adsorption performance. Most current research has been limited 
to a preliminary laboratory assessment of adsorption performance 
without considering the influence of co-contaminants on short-chain 
PFAS removal using the POPs. Finally, there is no study examining the 
proper regeneration condition for POPs to be reused in water treatment 
applications. 

Therefore, the goal of this study is to evaluate the performance of a 
structurally-tunable and chemically-stable POP for PFAS removal at 
environmentally relevant concentrations and conditions. The POP was 
developed by simultaneously incorporating electrostatic and hydrogen- 
bonding sites into the pores of the POP. Such dual-functional POP can 
synergistically and efficiently bind short-chain PFAS molecules at the 
molecular level. This study was designed to investigate the adsorption 
capacity, adsorption rate, the effect of pH and co-contaminants, and 
recyclability of the developed POP. This multifaceted approach not only 
enhances the novelty of this research but also underscores its practical 
applications in addressing real-world environmental challenges. The 
results of this study provide insight into the applicability of emerging 
adsorbent as an efficient treatment method for PFAS removal at envi-
ronmentally relevant concentrations and conditions. 

2. Material and methods 

2.1. PFAS stock solutions and reagents 

This study selected a total of 5 PFAS as representatives for long-chain 
and short-chain in the common water sources. Specifically, PFOS was 
selected to represent the long-chain PFAS; PFBS, PFBA, PFHxA, and 
PFHpA were selected to represent short-chain PFAS. All PFAS and mass- 
labeled standards were ordered from Wellington Laboratories Inc., 
Ontario, Canada (Table S1). All other solvents and reagents were or-
dered from Sigma-Aldrich of suitable analytical grade and high purity. 

2.2. Adsorbent materials 

The short-chain PFAS adsorbent, PQA-pNH2Py-Cl, was obtained by 
methylating the pyridine-based POP, POP-pNH2Py, functionalized with 
amino groups on the para-position, using CH3I as the reagent, followed 
by ion exchange with NaCl solution. The synthesis of PQA-pNH2Py-Cl 
followed our previous work with some modifications (details are shown 
in the Supporting Information) (Sun et al., 2019). The organic building 
block, 3,5-divinylpyridin-4-amine, was synthesized based on the Suzuki 
coupling reaction between 3,5-dibromopyridin-4-amine and potassium 
vinyltrifluoroborate, and its free radical polymerization in the presence 
of azobisisobutyronitrile (AIBN) in dimethylformamide (DMF) at 100 ◦C 
gave rise to the porous polymer, POP-pNH2Py, in quantitative yield. 
Methylation of POP-pNH2Py with CH3I in CH3CN at 80 ◦C, followed by 
ion exchange with NaCl solution successfully yielded PQA-pNH2Py-Cl 
(Fig. 1). X-ray photoelectron spectroscopy (XPS) data were recorded on 
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ESCALAB 250Xi with the Al Kα radiation, and energy calibration based 
on surface contamination C1s (284.8 eV) was applied to analyze the 
materials with XPS peak. 

Commercial GAC (Filtrasorb® 400) was obtained from Calgon Car-
bon Co. The characteristics of the POP and GAC are presented in 
Table S2. 

2.3. Adsorption experiments 

The adsorption experiments were performed at the bench scale using 
a GYROMAX 818 shaker operating at 120 rpm. Samples were collected 
and filtered through a 0.2 μm membrane filter. All the following ex-
periments were performed in duplicate at an ambient laboratory tem-
perature of 23 ◦C. The results are presented as mean with the 
corresponding standard deviations. 

2.3.1. Adsorption kinetics 
Batch kinetics were performed at the initial PFAS solution (DI water 

spike with PFAS) concentration of 400 ng/L with an adsorbent dosage of 
100 mg/L. To evaluate the adsorption rate, GAC was added into PFAS 
solution, shaking 2 h, 6 h, 12 h, 24 h, 36 h, 48 h, and 72 h; the POP was 
added into PFAS solution, shaking 5 min, 10 min, 15 min, 20 min, 30 
min, 40 min, and 1 h. 

Adsorption kinetics is expressed as the rate of adsorbate removal 
from the liquid phase to the adsorbent at a given condition. Equations 
(1) and (2) correspond to the pseudo-first-order and pseudo-second- 
order models, respectively, which were utilized to estimate the rate of 
adsorption (Ho and McKay, 1999). 

qt = qe •
(
1 − e− k1 t) (1)  

qt =
q2

e • k2 • t
1 + qe • k2 • t

(2)  

where qe is the amount of PFAS adsorbed per unit mass of adsorbent at 
equilibrium, ng PFAS/g adsorbent; qt is the amount of PFAS adsorbed 
per unit mass of adsorbent at time t, ng/g; k1 is the pseudo-first-order 
rate constant, 1/h; k2 is the pseudo-second-order rate constant, g/ 

(ng•h); t is the time, h. The parameters of qe and k1 or qe and k2 were 
determined by fitting to the experimental data using non-linear regres-
sion. The amount of PFAS adsorbed per unit mass of adsorbent at time t, 
qt (ng/g), is calculated by Equation (3): 

qt =
(ci − ct) • V

m
(3)  

where ci is the initial liquid phase PFAS concentration, ng PFAS/L; ct is 
the liquid phase PFAS concentration at time t, ng/L; V is the volume of 
PFAS solution, L; m is the amount of adsorbent, g. 

2.3.2. Adsorption isotherms 
Batch isotherm experiments were carried out by adding various 

doses of adsorbents. 125 mL PET bottles were filled with 100 mL PFAS 
solution at the concentration of 400 ng/L and 0.005 g, 0.01 g, 0.02 g, 
0.03 g, and 0.04 g adsorbent were added separately. To achieve equi-
librium, the samples were mixed for 48 h for GAC and 15 min for POP, 
respectively, as determined by the results of the kinetic experiment. 

Freundlich and Langmuir models were used frequently to describe 
the adsorption isotherms, as expressed in Equations (4) and (5) (Lang-
muir, 1916; Freundlich, 1926). 

qe = kf • c1
n
e (4)  

qe =
qm • kl • ce

1 + kl • ce
(5)  

where kf is a Freundlich constant, (ng/g)(L/ng)1/n; 1/n is the adsorption 
intensity; qe is the amount of PFAS adsorbed per unit mass of adsorbent 
at equilibrium, ng PFAS/g; ce is the liquid phase PFAS concentration at 
equilibrium, ng PFAS/L; kl is a Langmuir constant associated with the 
strength of the adsorption binding energy, L/ng; qm is the maximum 
adsorption capacity of the adsorbent, ng/g. The adsorption isotherm 
parameters, kf and n, and qm and kl were determined by fitting to the 
experimental data using non-linear regression. 

Fig. 1. (a) Synthesis of PQA-pNH2Py-Cl, (b) N2 adsorption/desorption isotherms of POP-pNH2Py and PQA-pNH2Py-Cl at 77 K, (c) FT-IR spectra of PO-pNH2Py and 
PQA-pNH2Py-Cl. 
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2.3.3. Effect of pH 
Experiments were run under the normal range of pH in water systems 

(5–9) by adjustment with 0.1 M HNO3 or NaOH to assess the influence of 
pH on the effectiveness of the POP for PFAS removal. A small volume 
(<0.5 mL) of HNO3 or NaOH solution was added for pH adjustment. It 
had a negligible effect on the ionic strength (Yu et al., 2009; Zhang et al., 
2021). Experiments were performed in 125 mL PET bottles containing 
0.1 g/L of the POP and PFAS initial concentration of 400 ng/L. PFBA was 
selected as a representative short-chain PFAS for this testing. 

The point of zero charges (pHPZC) for an adsorbent surface refers to 
the pH at which the surface has a net neutral charge (Sposito, 1998). 
When the pH value is below the pHPZC, there is an increased presence of 
protons, leading to the development of a positively charged surface on 
the adsorbent. Conversely, a negatively charged surface will be formed if 
the pH is above the pHPZC. The batch mode study was conducted to 
determine the pHPZC value for the POP. 15 mg of the POP was added in 
20 mL of NaCl solution (0.1 M) and the initial pH value was adjusted to 
2–12 by adding HCl (0.1 M) and NaOH (0.1 M). Samples were mixed on 
the shaker at 120 rpm and filtered by 0.45 μm filters. The final value of 
pH of the respective solution was measured and plotted against the 
initial pH. The pHPZC was found to be the value at which the pHfinal 
equals the pHinitial. 

2.3.4. Effect of co-contaminants 
Adsorption experiments were conducted in the presence of co- 

contaminants to determine how they affect the adsorption of short- 
chain PFAS onto the POP. Humic acid (HA) and fulvic acid (FA) are 
the predominant forms of organic matter (OM) in surface water, with 
concentrations ranging from 0.1 to 20 mg/L (Basumallick and Santra, 
2017), chloride in the concentration range of 15–35 mg/L (Pal and 
Chakraborty, 2017), and long-chain PFAS in surface water and 
groundwater is typically in low ng/L to low μg/L range (Cordner et al., 
2019; Kurwadkar et al., 2022). In this study, humic acid (HA), sodium 
chloride (NaCl), and PFOS were selected to represent the presence of 
OM, Cl¡, and the long-chain PFAS, respectively. Experiments were 
performed under varying POP dosages (0.05–0.4 g/L) with 8 mg/L HA 
(equivalent to 3.82 mg C/L), 30 mg/L Cl− , 500 ng/L PFOS, and 400 ng/L 
PFBA. 

The isotherm for multicomponent competitive adsorption can be 
modeled using Equation (6) based on single solute Freundlich isotherms 
(Sheindorf et al., 1981) or Equation (7) based on single solute Langmuir 
isotherms (Murali and Aylmore, 1983; Srivastava et al., 2006; Hilbrandt 
et al., 2019). 

qe,i = kf ,i • ce,i

(
∑n

j=1
αi,jce,j

)(1/ni)− 1

(6)  

qe,i =
qm,ikl,i

(
ce,i
/

ηi
)

1 +
∑n

j kl,j
(
ce,j
/

ηj
) (7)  

where kf ,i is the Freundlich constant for component i determined from 
single solute isotherm experiment, (ng/g)(L/ng)1/n; 1/ni is the adsorp-
tion intensity for component i determined from single solute isotherm 
experiment; n is the total number of components in the solution; qe,i is 
equilibrium adsorption capacity for component i, ng/g; ce,i and ce,j are 
the equilibrium concentrations for component i and j, ng/L; kl,i and kl,j 

are the Langmuir constants for component i and j determined from single 
solute isotherm experiment, L/ng; qm,i is the saturated maximum 
monolayer adsorption capacity for component i determined from single 
solute isotherm experiment, ng/g; αi,j is the constant to describe the 
inhibition of component j on the adsorption of component i, unitless; ηi 
and ηj are interaction factors for component i and j, respectively. The 
parameters α and η were obtained by fitting to the experimental values 
of qe and ce by non-linear regression analysis. 

2.4. Regeneration experiments 

10 mg POP was added to a PET bottle in contact with 100 mL solu-
tions of PFAS with an initial concentration of 400 ng/L. After adsorption 
experiments, the spent POP was separated by centrifugation. During the 
regeneration studies, the spent POP was put in a PET bottle with 100 mL 
of different regeneration solution to find the appropriate regeneration 
conditions. A solution containing 5% or 10% sodium chloride (NaCl) 
with 0%, 10%, 30%, 50%, and 70% methanol was used to regenerate the 
spent POP. The regeneration experiments were carried out at room 
temperature and 120 rpm in an shaker for 24 h. The concentration of 
PFAS in the supernatant of the regeneration solution was then analyzed. 
To test the reusability of the POP, the adsorption-regeneration experi-
ments were conducted for five cycles and for each cycle the spend POP 
was regenerated by appropriate regeneration solution. The regeneration 
efficiency was determined by the ratio of the mass desorbed during the 
single cycle to the accumulated mass. The regeneration efficiency can be 
calculated by Equation (8): 

Regeneration efficiency (%)=
qdesorbed,n

∑n

i=1
qadsorbed,i −

∑n− 1

j=1
qdesorbed,j

∗ 100% (8)  

2.5. Analytical methods 

PFAS samples were measured following EPA method 8327, which 
required the dilution of non-potable water samples with an organic 
solvent before conducting PFAS analysis. The experimental setup for this 
study used an Agilent 1260 HPLC coupled with an Agilent LC/MS QqQ 
6460 system. Agilent ZORBAX RRHD Stable Bond C18, 100 × 2.1 mm, 
1.8 μm and Agilent ZORBAX RRHD Eclipse Plus C18, 50 × 3.0 mm, 1.8 
μm were used as analytical column and isolation column, respectively. A 
detailed description of the LC and MS conditions is provided in Table S3. 
Prior to analysis, the calibration curve was developed with the standards 
ranging from 5 to 500 ng/L. Isotopically labeled internal standards were 
added to all samples. A 30 μL aliquot of sample was injected into the 
analytical column. PFAS measurements were conducted using electro-
spray ionization in negative mode (ESI-) in multiple reaction monitoring 
(MRM) modes. 

To determine the optimal wavelength for measuring the concentra-
tion of HA in a sample, absorbance was measured at various wave-
lengths (190–1100 nm) using an Agilent Cary 60 UV–Vis 
spectrophotometer. It showed that the absorbance at UV wavelengths 
between 340 and 600 nm (340, 360, 380, 400, 450, 500, 550, 600 nm) 
provided a reliable indication of HA. Notably, the wavelength at 400 nm 
exhibited the highest absorbance values, which corresponded to the 
maximum absorption peak of HA. Therefore, the calibration curve was 
developed with the standards ranging from 2 to 10 mg HA/L at this 
wavelength for measuring HA concentration. The major anion (Cl− ) in 
water was determined using ion chromatography. The pH was measured 
by Thermo Scientific pH meters. 

3. Results and discussion 

3.1. Design, synthesis, and characterization of POP 

The Brunauer-Emmett-Teller (BET) surface area of PQA-pNH2Py-Cl, 
calculated from the N2 adsorption isotherm recorded at 77 K, is 172 m2 

g− 1, much smaller than that of POP-pNH2Py (521 m2 g− 1), indicative of 
the successful functionalization of the latter (Fig. 1b). Two types of pores 
were found in PQA-pNH2Py-Cl (Fig. S2), with the sizes of 13 and 28 Å, 
respectively, indicating its hierarchical pore structure. The FT-IR spec-
trum of PQA-pNH2Py-Cl clearly shows stretch vibrations at approxi-
mately 3335 and 3204 cm− 1, which are indicative of the presence of 
–NH2 groups within the material’s pores (Fig. 1c). Besides, the ζ po-
tential of the aqueous suspensions of PQA-pNH2Py-Cl is strongly 
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positive, indicative the cationic nature of the framework of the PQA- 
pNH2Py-Cl (Table S2). These data confirmed the porous and cross-linked 
nature of the POP, which was then used to remove short-chain and 
branched PFAS from water. 

3.2. PFAS removal kinetics by POP and GAC 

The results from batch adsorption kinetic tests of PFAS by GAC and 
POP are described in Fig. 2 (a) and (b) . It was found that the adsorption 
of PFAS by GAC was slow, and adsorption equilibrium was achieved at 
48 h. Compared with GAC, the adsorption of PFAS by the POP was up to 
86% in 5 min, and the adsorption achieved equilibrium in 15 min with a 
removal of 95% (Fig. S3). The rapid decrease in PFAS concentration 
during the initial phase can be attributed to the high availability of 
active sites on the surface of the POP. As the active sites become nearly 
saturated, the rate of PFAS adsorption is primarily governed by the pore 
diffusion of PFAS onto the inner surface of the POP. This leads to a 
slower removal of PFAS until equilibrium is reached (Zhang et al., 
2020). 

The pseudo-first-order and pseudo-second-order models were used to 
describe the kinetic results to explore insight into the adsorption ki-
netics. Based on the results presented in Fig. 2 (a) and (b) and Table S4, 
the adsorption of PFAS onto the adsorbents was well-fit by the pseudo- 

second-order kinetic model. The correlation coefficient (R2) values are 
all greater than 0.94. The adsorption rate constant of long-chain PFAS 
(PFOS) onto the POP is much lower compared to short-chain PFAS 
(PFBS, PFBA, PFHxA, and PFHpA). The faster adsorption rate for short- 
chain PFAS can be attributed to the smaller molecule having faster 
diffusion in pores, which is consistent with previous studies (Deng et al., 
2010; Li et al., 2020). The corresponding pseudo-second-order rate 
constant k2 for various PFAS adsorbed on the POP was in the range of 
0.015–0.14 g/ng•h that was two orders of magnitude higher than that 
for PFAS adsorption on GAC (k2 in the range of 0.00018–0.00091 
g/ng•h as shown in Table S4). The time to reach adsorption equilibrium 
is much shorter for the POP (15 min in this study) compared to GAC (48 
h in this study), ion exchange resins (2–168 h) (Dixit et al., 2021; Mai-
maiti et al., 2018; Vu and Wu, 2020), and other reported adsorbents 
(0.5–172 h) (Clark et al., 2019; He et al., 2022). The outstanding per-
formance of the POP was attributed to its proper pore diameter and 
cationic nanotraps. GAC has a high total pore volume, however, 
micropore accounts for 80% of the total pore volume (Table S2), leading 
to a slow diffusion rate due to the pore blockage effect. Therefore, 
selecting the appropriate pore size distribution of an adsorbent is 
important to optimize the adsorption rate for the target PFAS 
contaminants. 

Fig. 2. Adsorption isotherms and kinetics. Pseudo-second-order model for the adsorption kinetics of PFAS onto (a) GAC and (b) POP. Freundlich model for the 
adsorption isotherms of PFAS onto (c) GAC and (d) POP. 
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3.3. PFAS removal isotherms by POP and GAC 

Equilibrium isotherms are important for determining the maximum 
adsorption capacity of adsorbents and understanding interactions be-
tween PFAS and the POP. As shown in Fig. 2 (c) and (d), the removal of 
PFAS increased as the POP dose increased, primarily due to the 
increased adsorptive surface area and the availability of active adsorp-
tion sites. Comparing Langmuir and Freundlich isotherm models, 
Freundlich models better describe the adsorption isotherms of both 
long-chain and short-chain PFAS, indicating possible multilayer 
adsorption onto the POP and GAC. For GAC, the maximum adsorption 
capacity to remove short-chain PFAS (33.81, 37.70, 48.98, and 49.51 
(ng/g)(L/g)1/n for PFBS, PFBA, PFHxA, and PFHpA) is limited compared 
to long-chain PFAS (90.47 (ng/g)(L/g)1/n for PFOS) as expected 
(Table S5). The maximum adsorption capacity of the POP for PFOS, 
PFBS, PFBA, PFHxA, and PFHpA was 737.39, 104.27, 157.77, 175.71, 
and 318.86 (ng/g)(L/g)1/n, respectively (Table S5). Compared with 
GAC, the POP exhibited the adsorption capacity 8 times higher for long- 
chain PFAS and 3–6 times higher for short-chain PFAS. It is noteworthy 
that 1/n values for GAC are lower than 1, indicating the adsorption 
process is favorable and exhibits positive cooperativity. However, in this 
study, 1/n values for POP were higher than 1. This is because the 
isotherm experiments conducted in this study were at low concentra-
tions (around 400 ng/L) and PFAS compounds tested contain polar 
functional groups, leading to potential competition with water for 
adsorption sites (Alimohammadi et al., 2017). A less favorable adsorp-
tion process leads to limited adsorption capacity, indicating that 
adsorption efficiency may be underestimated, particularly at low con-
centrations. Nonetheless, it is worth noting that the POP still exhibits 
high adsorption capacities. The results demonstrate that the POP is one 
of the promising PFAS adsorbent for short-chain and long-chain PFAS, 
especially at environmentally relevant concentrations and conditions. 
The cationic nanotraps in the framework can capture the anionic car-
boxylic or sulfonic groups, and the amino groups can form hydrogen 
bonding interactions with –CF2-. Additionally, the aliphatic part in the 
framework can form hydrophobic interactions with the hydrophobic tail 
of PFAS. 

Fig. 3 (a) presents the FT-IR spectra of PFBA, POP-Py-p-NH2-CH3Cl, 
and POP-Py-p-NH2-CH3Cl@PFBA. The FT-IR spectrum of POP-Py-p- 
NH2-CH3Cl@PFBA shows characteristic peaks of PFBA that are not 

present in the spectrum of POP-Py-p-NH2-CH3Cl, suggesting that PFBA is 
adsorbed into the pores of POP-Py-p-NH2-CH3Cl. When comparing the 
free PFBA with the PFBA inside the pores of the POP, the peaks that 
belong to the stretching vibration of the -O-H group (3510 cm− 1) 
disappear. This indicates that the –COOH of PFBA loses a proton in the 
aqueous solution and exists in the form of –COO–. This form can undergo 
ion exchange with Cl− ions in the POP channel. After being absorbed 
into the POP channels, the vibrations of the C–C single bonds show a red 
shift of 4 cm− 1, while the vibrations of the asymmetric stretching of -C-F 
bonds show a red shift of 6 and 4 cm− 1, respectively. By comparing the 
infrared spectra of POP-Py-p-NH2-CH3Cl@PFBA and POP-Py-p-NH2- 
CH3Cl, the vibration of –NH2 undergoes a red shift of 4 cm− 1. Therefore, 
the hydrogen bonding interaction between –NH2 and -C-F bonds in PFBA 
is the main reason for the red-shift in the infrared spectral characteristic 
peaks of these bonds. This interaction leads to the decrease of the force 
constant of the –NH2 and -C-F bond, which causes the red shift in the 
infrared spectrum (Mary et al., 2021). 

The XPS analysis was conducted to determine the adsorption site of 
PFBA on POP-Py-p-NH2-CH3Cl, as shown in Fig. 3 (b) and (c). The 
analysis revealed that after the adsorption of PFBA, the Cl 2p peak in 
POP-Py-p-NH2-CH3Cl@PFBA disappeared, while the F 1s peak increased 
significantly. This indicates that an ion exchange process occurred be-
tween Cl− and PFBA during the adsorption process. 

3.4. Effect of pH on PFAS removal 

Solution pH may affect the adsorption of PFAS by changing both the 
adsorbent surface charge and adsorbate species. The PFAS removal by the 
POP was evaluated under the normal range of pH (5–9) in water systems. 
As shown in Fig. 4 (a), the removal efficiency for PFOS and PFBA 
decreased with the increase in initial solution pH. The removal efficiency 
was up to 98% and 94% at pH 5 for PFOS and PFBA respectively, and 
decreased to 89% and 85% when the pH of the solution increased to 9. The 
same reduction in the removal efficiency was associated with the mech-
anism of electrostatic interactions influenced by pH change. 

The acid dissociation constant (pKa) for adsorbate and the pHPZC for 
adsorbent are the main parameters in describing the effect of pH on 
PFAS adsorption (Priyadarshini et al., 2022). Typically, most PFAS exist 
in the anionic form across a wide range of pH values due to their low pKa 
values (from − 3.27 to 0.4) (Brooke et al., 2004; Goss, 2008). The 

Fig. 3. (a) FT-IR spectra of PFBA, POP-Py-p-NH2-CH3Cl, and POP-Py-p-NH2-CH3Cl@PFBA, (b) Cl 2p XPS spectra for POP-Py-p-NH2-CH3Cl, and POP-Py-p-NH2- 
CH3Cl@PFBA, (c) F 1s XPS spectra for POP-Py-p-NH2-CH3Cl, and POP-Py-p-NH2-CH3Cl@PFBA. 
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decrease in removal efficiency was attributed to the decrease in the 
number of positive active sites on the POP as the pH values increased. 
Experimentally, the pHPZC value of the POP was found to be 10.7, as 
displayed in Fig. 4 (b). Accordingly, the surface of the POP behaves as 
positively charged at pH 5 to 9. Data from several previous studies 
suggested a negative correlation between the solution pH and the PFAS 
removal efficiency for POP (Liu et al., 2022a) and other adsorbents 
(Yang et al., 2020; Zhang et al., 2021; Boyer et al., 2021). However, the 
POP synthesized in this study maintained the high PFAS removal effi-
ciency (above 85%) at pH 5 to 9. These findings indicate that there is no 
requirement for pH adjustment when using the POP, which can be ad-
vantageous for practical applications in the real world. 

3.5. Effect of co-contaminants on PFAS removal 

Competitive adsorption experiments were performed to determine 
the magnitude of competitive interaction among co-contaminants 
(PFOS, Cl− , and HA) and PFBA. The competitive coefficients obtained 
by applying the Freundlich-type and Langmuir-type multicomponent 
isotherms are listed in Table 1. Note that for all the involved co- 
contaminants, the single solute isotherms conformed to a Freundlich 
model (R2 > 0.93) (Table 1). The Freundlich-type multicomponent 
model had a good fit with high R2 values (>0.91) obtained for the binary 
solute systems (Table 1). The high correlation for the Freundlich-type 
multicomponent isotherm could be attributed to the fact that the sin-
gle solute isotherm for all components in the matrices followed the 
Freundlich isotherm. 

This study measured PFBA adsorption in the presence of HA, a 
common type of natural organic matter. It can be seen from Table 1 that 
the magnitude of HA competition on PFBA adsorption was more sig-
nificant, with a competitive coefficient (αPFBA, HA) of 16.68, than PFBA 
competition on HA adsorption, with a competitive coefficient (αHA, PFBA) 
of 0.061. As shown in Fig. 5 and Fig. S4 (a), HA removal by the POP 
ranged from 17.0% to 84.9% at various dosages of the POP in the binary 
solute system (PFBA + HA), similar to the HA removal in the single 
solute system (HA only). However, compared with the HA-free system, 
the PFBA removal decreased by around 20% in the binary solute system 
(PFBA + HA) and ranged from 63.5% to 74%. The adsorption of PFBA 
would be limited because HA competed for the available active 
adsorptive sites on the POP in the binary solute system (PFBA + HA). In 
addition, HA can change the surface charge of the POP because it con-
tains numerous carboxylic (–COOH) and phenolic functional groups 
(-OH), making POP less effective for PFBA adsorption. The accumulation 
of adsorbed HA on the POP surface may cause electrostatic repulsion of 
PFBA due to cumulative negative charge. 

HA showed the highest competitiveness, which was almost three 
times greater than the value for PFOS. The results showed that POP has a 
greater affinity for PFOS than PFBA because the value of αPFBA, PFOS 
(αPFBA, PFOS = 5.73) was higher than that of αPFOS, PFBA (αPFBA, PFOS =

0.17). In the presence of PFBA, the change in PFOS removal efficiency 
was negligible, and the POP maintained a high PFOS removal efficiency 
(>94%) in both single and binary solute systems, as shown in Fig. 5 and 
Fig. S4 (b). In contrast, PFOS significantly inhibited PFBA adsorption in 
the binary solute system (PFBA + PFOS), causing an approximate 14% 
reduction in the PFBA removal at various dosages of the POP. This is 
because long-chain PFAS have higher hydrophobicity compared to 
short-chain PFAS, leading to stronger hydrophobic interaction with the 
POP. 

Compared with HA and PFOS, Cl− exhibited lower competitiveness 
with PFBA adsorption, as indicated by its low αPFBA, Cl-value (αPFBA, Cl- =
0.38). Additionally, the competitive coefficient values showed that 
PFBA was less affected than Cl− in the binary solute system (PFBA + Cl− ) 
(αPFBA, Cl-<αCl-, PFBA = 2.68), which is in agreement with the experiment 
observation made in this study. The Cl− removal efficiency ranged from 
23.4% to 43.6% with various dosages of the POP (Fig. S4(c)) in the 
single solute system (Cl− only) and decreased to 1.4%–2.3% in the 
presence of PFBA (Fig. 5). The Cl− removal efficiency decreased in the 
binary solute system because the PFBA would compete with Cl− on the 
active site with a greater affinity for POP due to additional hydrophobic 
interaction. In this study, the presence of Cl− did not significantly affect 
the adsorption of PFBA on the POP. 

Fig. 4. (a)The effect of pH on the adsorption of PFBA and PFOS, and (b) the point of zero charge of the POP.  

Table 1 
Single and binary solute adsorption isotherm parameters.  

Single solute system Freundlich single solute 
isotherm 

Langmuir single solute 
isotherm 

kf, (ng/g) 
(L/ng)1/n 

1/n R2 kl, L/ 
ng 

qm, 
ng/g. 

R2 

HA 8.9 × 106 0.93 0.93 2.42 1.33 ×
1011 

0.84 

PFOS 737.39 1.03 0.96 9.91 ×
10− 3 

8.44 ×
108 

0.97 

Cl− 1.2 × 106 0.85 0.95 1.35 8.94 ×
1010 

0.62 

Binary solute system 
(j = component 
listed below) 

Freundlich-type 
multicomponent isotherm 

Langmuir-type 
multicomponent isotherm 

αPFBA,j αj,PFBA R2 ηPFBA,j ηj,PFBA R2 

HA 16.68 0.061 0.91 9.69 0.24 0.83 
PFOS 5.73 0.17 0.96 4.19 0.36 0.75 
Cl− 0.38 2.68 0.95 3.26 0.41 0.69  
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For the ternary solute system, the equilibrium adsorbent phase 
concentrations of PFBA at various dosages of the POP were estimated to 
be 618.53–3683.30 ng/g (Table S6 in the supplementary material) using 
the Freundlich-type multicomponent isotherm model with the compet-
itive coefficient values in Table 1. These are consistent with the adsor-
bent phase PFBA concentration calculated from the experimental data 
with a relative error ranging from 1.1 to 11.3%, indicating a good model 
fit. In addition, the PFBA removal in the ternary solution system (63.5%– 
75.7%) was similar as the removal (61.9%–71.5%) in the binary solution 
of PFBA + HA (Fig. 5), indicating HA is the dominant co-contaminants 
for PFAB adsorption in the ternary solution. Overall, the multicompo-
nent isotherm showed that co-contaminant inhibition effect on PFBA 
adsorption followed the order of HA > PFOS > Cl− . To ensure effective 
treatment of PFAS-contaminated water, it is essential to remove OM and 
long-chain PFAS before short-chain PFAS removal. 

3.6. Reusability of POP 

Adsorbent regeneration is a significant characteristic in sustainable 
and cost-effective water treatment applications. To find an efficient 
while practical regeneration condition, methanol from 0 to 70% in the 
presence of 5% and 10% NaCl was explored. Fig. 6 shows regeneration 
efficiency of the POP for each PFAS with different regeneration 

solutions. Long-chain PFOS exhibits lower regeneration efficiency than 
short-chain PFAS. This distinction arises from the fact that long-chain 
PFAS molecules are more challenging to regenerate because their 
adsorption mechanism is hydrophobic interactions. In contrast, short- 
chain PFAS adsorption predominantly relies on electrostatic in-
teractions and anion exchange processes, which likely explains their 
better regeneration performance compared to the long-chain PFOS. 

The results showed that solutions of pure NaCl were unable to 
regenerate the POP. When NaCl concentration increased from 5% to 
10% in DI water, they were still ineffective for desorbing PFAS from the 
POP because PFAS has low water solubility at high salt concentrations 
and ionic strengths (Chularueangaksorn et al., 2013). Using a mixture of 
NaCl and methanol, it was observed that the regeneration efficiency of 
the POP significantly improved from 1.1% to 90.1% as the concentration 
of methanol in the regeneration solution increased from 0 to 70% in the 
presence of 10% NaCl. The adsorbed PFAS was first desorbed from the 
binding sites on the adsorbent surface and then dissolved in solution as 
methanol enhances the solubility of PFAS. 

The results showed that a higher concentration of the regenerant 
salts contributed to an improved regeneration efficiency. Specifically, 
the regeneration efficiency of the POP increased from 71.8% to 90.7% 
when NaCl increased from 5% to 10% in the presence of 30% methanol. 
However, increasing the methanol concentration to 70% only slightly 

Fig. 5. Effect of co-contaminants on the removal of PFBA.  

Fig. 6. The regeneration efficiency for each PFAS-loaded POP with different conditions.  
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improved POP regeneration. The obtained results are consistent with 
previous studies indicating that the addition of organic solvents to the 
NaCl regenerant has a limited impact on enhancing PFAS desorption 
when the organic solvent concentration exceeds 50% (Liu and Sun, 
2021; Gao et al., 2017). Considering the challenges associated with 
using high percentages of organic solvents in large-scale water treat-
ment, this study identified the combination of 10% NaCl and 30% 
methanol as the most efficient option for regenerating PFAS-loaded 
POP. 

Fig. S6 illustrates the regeneration and adsorption efficiency of the 
POP using 10% NaCl in 30% methanol (the optimal condition found in 
this study). The performance of the POP did not decrease significantly 
and maintained high recovery and removal efficiency after five cycles. 
Compared with the first cycle, the removal efficiency of the POP 
decreased by 0.05%, and the regeneration efficiency decreased by 2.1% 
in the last cycle. These results demonstrate the promising potential of 
the POP as an adsorbent for PFAS removal due to its stable and high 
adsorption and regeneration capabilities. 

4. Conclusion 

In this study, a dual-functional POP, PQA-pNH2Py-Cl, with cationic 
nanotraps, amino functional groups, and aliphatic part in the framework 
was investigated to remove PFAS under realistic environmental condi-
tions. PQA-pNH2Py-Cl has high adsorption capacities for both long- 
chain and short-chain PFAS, exhibiting fast kinetics and achieving 
equilibrium in less than 15 min. The impact of pH on the performance of 
the POP was minimal across the pH range typically found in natural 
waters. However, future studies should investigate a wider pH range, 
including values exceeding 10.7, to assess the performance of POPs 
across all potential pH conditions and prove the electrostatic interaction 
as one of the main mechanisms for PFAS adsorption using the POP. The 
inorganic anion (Cl− ) hardly interfered with PFBA removal, while 
organic matter (HA) and long-chain PFAS (PFOS) significantly 
decreased the adsorbed amount of PFBA. In addition, outstanding 
reusability of the POP was demonstrated with the optimal regeneration 
condition after five consecutive adsorption and desorption cycles. These 
impressive performance properties make PQA-pNH2Py-Cl a promising 
and stable adsorbent for water treatment, enabling the fast and effective 
removal of PFAS, particularly short-chain PFAS under realistic envi-
ronmental conditions. 
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