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Abstract 
 

Per-and polyfluoroalkyl substances (PFAS) are a group of man-made chemicals which most 

known representatives are perfluoroctanoic acid (PFOA) and the perfluorooctane sulfonate 

(PFOS). These chemicals have been widely used in both industrial processes and consumer 

products and they are ubiquitous environmental contaminants. Many PFAS are toxic, 

bioaccumulative and very persistent in the environment. Due to the growing concern about the 

potential adverse effects of PFAS on human health, the U.S. Environmental Protection Agency 

has established a health advisory limit for drinking water for both PFOA and PFOS combined of 

70 ng L-1. This very low advisory level together with the high resistance of PFAS to chemical and 

biological degradation make the removal of PFAS from aquatic bodies a complicated task, being 

the only currently feasible option the use of activated carbon or ionic exchange adsorption 

processes. These approaches are very costly due to the need for frequent bed replacement; thus, 

new treatment methods are required to efficiently remove PFAS from contaminated water. 

 PFAS sulfonates and carboxylates contain a hydrophobic fluorocarbon chain and they are 

present as anionic species under environmental conditions. Based on these properties, this study 

proposed the synthesis and use of cationic hydrophobic polymers based on aniline and pyrrole as 

ultra-high affinity PFAS sorbents. These polymers were chosen because their positive charge and 

hydrophobic carbon backbone is expected to promote strong electrostatic and hydrophobic 

interactions with anionic PFAS. Polypyrrole (PPy) and six polymers based on aniline with 

different functional group substitutions were synthesized, namely, polyaniline (PANI), poly-o-

toluidine (POT), poly-o-anisidine (POA), poly-o-ethylaniline (PEA), poly-sec-butylaniline (PSB), 

and polynaphthylamine (PNA). The impact of the different substitutions on the polymer properties 

as well as their effectiveness as PFAS adsorbents was evaluated.  

 The use of precursors with different substituents had a major impact on the chemical 

composition of the polymers as shown by elemental analysis, as well as FTIR and XPS analysis. 

Likewise, the chemical structure of the precursors had a large impact on different physico-

chemical properties of the polymers such as their specific surface area, zeta potential, isoelectric 

point, and acid-base behavior.  

 From the seven synthesized polymers, PANI, POT, and POA presented the best PFAS 

adsorption characteristics. Individual isotherm experiments showed that POT, with a Freundlich 
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coefficient of 78 (mg g-1)(mg L-1)-n, was the sorbent with the highest affinity for PFOA, followed 

by PANI and POA, with Freundlich coefficients of 46 and 30 (mg g-1)(mg L-1)-n, respectively.  The 

Freundlich coefficient of PAC, 187 (mg g-1)(mg L-1)-n, was higher compared to that of POT. 

Nonetheless, at environmental relevant concentrations (ng L-1 to µg L-1), POT showed similar 

PFOA affinity and adsorption capacity as crushed granular activated carbon (PAC). Furthermore, 

evaluation of PFOA adsorption under increasing pH (pH range from 3 to 11) showed that the range 

of maximum sorption capacity varied depending on the polymers. This behavior suggests that the 

hydrophobic cationic polymers can be customized to enhance PFAS adsorption under different 

aqueous chemistry conditions. 

Contaminated groundwater often contains a mixture  of PFAS, therefore, the adsorption of 

the fluorinated compounds listed in the EPA Third Unregulated Contaminant Monitoring Rule(i.e., 

perfluoroheptanoic acid (PFHpA), perfluorooctanoic acid (PFOA), perfluorononanoic acid 

(PFNA), perfluorobutane sulfonate (PFBS), perfluorohexane sulfonate (PFHxS), and PFOS) as 

well as the fluorotelomer FtS 6:2 using the most promising sorbents was evaluated. Single solute 

isotherms as well as isotherms determined using a multicomponent PFAS mixture showed that 

both, the ionic head group and chain length, had a strong impact on the adsorption of the different 

PFAS. Perfluoroalkyl sulfonates were more effectively adsorbed than their carboxylic analogues 

with the same chain length. Furthermore, the adsorption of PFAS with the same functional head 

group increased with increasing fluorocarbon chain length, suggesting the importance of 

hydrophobic interactions between the fluorinated compounds and the adsorbent. This behavior 

was observed in experiments with both POT and PAC.  

 Adsorption process are generally very sensitive to the aqueous chemistry (e.g., pH, ionic 

strength, ionic composition) as well as the presence of co-contaminants, such as natural organic 

matter (NOM), that compete for active sites on the sorbent surface and decrease the adsorption of 

the targeted compounds. PFOA adsorption capacity of the polymers was found to decrease with 

increasing NOM concentration, but to a much lower extent compared to PAC. At the highest NOM 

concentration tested (2 mg L-1), the PFOA adsorption capacity of POT and PANI decreased by 40 

and 60%, respectively, whereas PAC lost nearly all its adsorption capacity under the same 

conditions. This observation could be due to the involvement of both hydrophobic and electrostatic 

interactions on PFAS adsorption by the polymeric adsorbents, while PFAS adsorption by PAC 

only relies on hydrophobic interactions. On the other hand, increasing ionic strength had an 
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important impact on the PFOA adsorption capacity of PANI and POA, which decreased by 93% 

when the ionic strength was as low as 5 mM NaCl. In contrast, POT only lost 20% of its initial 

PFOA adsorption capacity in the presence of very high NaCl levels (500 mM). The impact of 

tionic strength on the adsorption process was highly depended on the ionic species. In contrast 

with NaCl, divalent salts at ionic strength of 5 meq L-1 (CaCl2
 and Na2SO4) caused a substantial 

increase in the affinity of the polymers for PFOA, up to six times in the case of POA at a salt 

concentration of 5 meq L-1. Under the same conditions, the divalent salts did not alter the PFOA 

adsorption capacity of PAC. 

The synthesized polymers had a relatively low specific surface area (1-26 m2g-1) compared 

to GAC, a widely used PFAS adsorbent (814 m2 g-1). The low specific surface area (SSA) of the 

polymers suggests that it may be possible to enhance significantly the PFAS adsorption capacity 

of these materials by increasing their SSA. Different approaches were explored to obtain polymers 

with high SSA such as the synthesis of nano-sized- and crosslinked polymers. The synthesis of 

nano-sized polymers led to a large increase in the fraction of small size pores (size < 1 nm), 

however this increase was not accompanied by an enhancement of the SSA and PFOA adsorption 

capacity of PANI. Crosslinking of PANI with paraformaldehyde led to a very high increase of the 

SSA of the polymer (up to 20-fold) as well as an increase in the fraction of small size pores (< 5 

nm). However, a proportional increase in the PFOA adsorption capacity of the crosslinked polymer 

was not observed, and its Freundlich constant was just doubled. The results obtained also indicated 

that the increase in SSA was strongly dependent on the dose of crosslinker utilized.  

Due to the morphology of the synthesized polymers, which are fine powders, their use in 

packed-column adsorption processes would be complicated due to high pressure losses and 

polymer washout. Thus, synthesis of polymers grafted on a granular material was performed, using 

GAC and cellulose as supporting materials. Our results confirmed that the studied polymers could 

be grafted on GAC and that the synthesized composites presented high SSA and high affinity for 

PFAS compounds. The adsorption capacity of the composite materials was similar to that GAC 

and even higher when small amounts of PANI were grafted on the GAC surface. In contrast with 

the GAC/polymer composites, PANI grafted on microcrystalline showed a very low PFAS 

adsorption capacity. 

 Predicting the rate at which adsorption takes place is important for adsorber design. 

Therefore, kinetic experiments were performed to characterize the rate of PFOA adsorption by the 
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most promising materials. The kinetics of PFOA adsorption by the evaluated polymers were 

comparable to that of a leading PAC, except for crosslinked PANI that had a 70% higher second-

order adsorption rate than PAC. 

Overall, these results indicate that the most effective hydrophobic cationic polymers 

(PANI, POT, and POA) offer great promise for the removal of PFAS from contaminated water. 

These sorbents display high PFAS adsorption affinity and capacity, rapid PFAS adsorption 

kinetics, and they can be grafted on a granular material to facilitate their use in continuous-flow 

absorbers. The involvement of electrostatic and hydrophobic adsorption mechanisms on PFAS 

adsorption by the new materials provides clear advantages for their application under variable 

aquatic chemistry conditions (e.g. presence of contaminants, NOM, ionic species) when compared 

to conventional adsorbents such as granular activated carbon. 
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1. Introduction 
 

1.1.  What are PFAS? 
 

Perfluoroalkyl and polyfluoroalkyl substances (PFAS) are chemicals developed in the past century 

and widely used in industry and commercial products. Commonly these chemicals present a more 

or less large aliphatic carbon backbone (C2-C14), where all or the majority of the hydrogen atoms 

have been substituted by fluorine atoms, joined to a hydrophilic functional group (Du et al. 2014a, 

Xu et al. 2015a). The prefix ñper-ñor ñpoly-ñrefers to the grade of substitution of the alkylic tail. 

If the substitution is complete the name of the compound starts with ñper-ñ, if there are remaining 

hydrogen atoms in the chain the name starts with ñpoly-ñ. These compounds are characterized as 

extremely thermal and chemical stable, which explains their many uses not just in industrial 

processes, like the semiconductor industry, but also in common commercial products like 

waterproof devices or non-stick coatings. Because of the broad use in daily products and presence 

in drinking water, soil, air, and the whole trophic chain a great part of the population has been 

continuously exposed to PFAS for many years (Piekarski et al. 2020). These compounds became 

a concern for public health when their bio-accumulative properties and high-level concentrations 

in human blood were discovered. As consequence, PFAS effect on human health and their removal 

from water sources is a main topic in environmental academia (Modarresi-Alam et al. 2015, 

Movahedifar and Modarresi-Alam 2016, Xu et al. 2015b).  
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1.2.  Types of PFAS and their main characteristics 
 

There are thousands of different PFAS compounds (Voogt and Saez 2006). These chemicals can 

vary in the length of the aliphatic chain, from two to fourteen carbons, in a complete or partial 

substitution of the chain, and/or a linear or branched structure. PFAS also present variations in the 

functional group attached to the aliphatic chain. These functional groups can be carboxylic acids, 

sulfonic acids or sulfonamides, among others. Table 1 presents some examples of linear PFAS 

compounds with different chain lengths and functional groups. 

While a wide variety of different PFAS compounds exist, the main concern is centered in 

two compounds, perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS). These 

compounds present the same linear eight carbon fully substituted aliphatic chain, connected to 

different functional groups. Their chemical structure can be seen in Table 1.  

PFAS compounds that present six carbons or more are considered long chain compounds. 

The short chain compounds, less than six carbons, show lower bio-accumulative properties 

(Kucharzyk et al. 2017), and present a major interest for PFAS manufacturers since long chain 

PFAS production has been banned in the US.  

 The long carbon backbone that all PFAS compound present, gives these chemicals 

hydrophobic properties and the fluorine substitution provides them with oleophobic behavior. The 

combination of these two properties makes them perfect for waterproofing fabrics, carpets, food 

wrapping, among other applications. The hydrophobicity is directly proportional to the length of 

the chain, thus short length PFAS show lower hydrophobic interactions (Rayne and Forest 2009). 
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Table 1: PFAS compounds examples (Voogt and Saez 2006). 
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Table 1 (Continued): PFAS compounds examples (Voogt and Saez 2006). 
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The functional group, in many cases a strong acid, dissociates in aqueous solutions, making 

PFAS to show high solubility, and present low pKa values. This solubility is highly dependent on 

the functional group, and the size of the tail. Thus, despite presenting the same carbon tail, the 

solubility of PFOA in pure water (9500 mg L-1, at 25ºC) is much higher than the aqueous solubility 

of PFOS (680 mg L-1, at 25ºC) (EPA, 2017) 

The carbon-fluorine bond adds very high chemical, thermal and biological stability as it is 

one of the strongest bonds in organic chemistry. Because of this, PFAS are considered inert and 

persistent as there is no conditions in the environment that would degrade these compounds 

(Rahman et al. 2014). 

PFAS compounds also present worrying bio-accumulative properties, which increase with 

a longer chain length (Sanchez Garcia et al. 2018). As a consequence these chemicals have been 

detected in living organisms in higher concentration than the intake source (Ghisi et al. 2019, 

Kannan et al. 2004).  For these reasons, manufacturer companies, like 3M and DuPont, are focused 

on producing short-chain PFAS which are considered less bio-accumulative, as it is explained in 

the EPA Action Plan for PFAS (EPA 2019).  

 

1.3. Uses of PFAS 

 

It is estimated that by the year 2010 the historical production of PFAS compounds was about 

96,000 tones and that production has generated 26,500 tons of waste (Oliaei et al. 2013). The uses 

of PFAS, first introduced by DuPont in 1949, implicate many different industries, from high tech 

like semiconductors production to textile and fast food wrapping paper (ITRC 2017).Table 2 

provides a general timeline of developing and commercial production of PFAS (ITRC 2017). 
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Table 2: PFAS development and production (ITRC 2017). 

 

 

Since the early 1970s, PFAS have been used as surfactant agents in aqueous film forming 

foams (AFFF), applied for fighting high temperature fuel fires (Sunderland et al. 2019). The unique 

combination of hydrophobicity with oleophobic behavior introduced by the fluorine substitution 

allows PFAS to lower the surface tension of aqueous solutions. When dissolved in water, 3-6% in 

volume usually, a thermally stable foam is obtained, this foam is used to extinguish hydrocarbon-

fuel fires and it is specially used by the military (Moody and Field 2000). 

PFAS compounds have an extended use in industrial process, such as microchips 

production where they are used in processes like photoresists, photo-acid generation, and etchants. 

Another common use is in chrome plating processes where the uses have extended from corrosion 

prevention to aesthetic enhancement (Sunderland et al. 2019). In clothing and leather industries 

PFAS are used as water, oils, and stain repellents. Among others, they appear in outwear, 

umbrellas, and carpets or tents (Sunderland et al. 2019). PFAS compounds have also found their 
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use in the paper industry, where they are used as surface coatings to repeal grease and water in 

products like pizza boxes, popcorn bags, or baking papers (Schaider et al. 2017). 

Another important use of PFAS, based on the exceptional thermal stability of these 

chemicals conferred by the C-F bond, is in the non-sticking coating in cookware like pans (Hansen 

et al. 2001). Recent studies showed this kind of product contained chemicals like PFOA, PFOS, 

and PFHxS, reaching overall concentrations up to 739 ɛg kg-1
 (Herzke et al. 2012). 

PFAS have been discovered also in personal care products where they are used as 

emulsifiers, surfactants, solvent, and viscosity regulators, reaching up to 1.5 ɛg g-1 
product of seven, 

eight or nine carbon tail compounds (Schultes et al. 2018).  

Table 3 presents some typical industrial processes and consumer products in which PFAS 

compounds are used. 

Table 3: Common PFAS uses (OECD 2013). 
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1.4.  Health impacts of PFAS 
 

Because of the many uses of PFAS, shown in the last section, there are multiple pathways for 

human contact with these chemicals. As a result of this exposure, a bio-accumulation occurs in 

human bodies (Sanchez Garcia et al. 2018).This bio -accumulation is due to the binding of PFAS 

compounds to the proteins of the blood serum and amassing into the organs like liver, kidney, and 

lungs (Sunderland et al. 2019). Half-life time of compounds like PFOS in human bodies is over 

five years (EPA 2019), and 3.5 years for PFOA (Olsen et al. 2007). 

In high-exposure scenarios adults have been found to uptake 30 ng kg-1 body weight/day 

of PFOS and PFOA, while children present higher values, 101ï219 and 65ï128 ng kg-1 body 

weight/day for PFOS and PFOA respectively, due to greater hand-to-mouth contact with treated 

carpeting, mouthing activities of clothes, and greater dust ingestion (ATSDR 2018). 

Numerous studies dedicated to evaluate the effect of PFAS in humans have found many 

adverse effects (ATSDR 2018): 

Hepatic effects. The results of epidemiology studies of PFOA, PFOS, and PFNA a link 

between PFAS exposure and increases in serum lipid levels, particularly total cholesterol and LDL 

cholesterol. Even though there wasnôt find a relation between PFAS and hepatocellular damage in 

humans, just in animals, a clear impact in the serum lipid levels was found.  

Cardiovascular effects. There is suggestive epidemiological evidence of highly exposed 

residents for an association between serum PFOA and PFOS and pregnancy-induced hypertension 

and/or pre-eclampsia.  

Endocrine effects. Epidemiology studies provide suggestive evidence of a link between 

serum PFOA and PFOS and an increased risk of thyroid disease.  
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Immune effects. Evidence is suggestive of a link between serum PFOA, PFOS, 

perfluorohexane sulfonic acid (PFHxS), and perfluorodecanoic acid (PFDeA) levels and decreased 

antibody responses to vaccines, which made the National Toxicology Program (NTP, 2016b) 

conclude PFOA and PFAS to be an immune hazard to humans. Some evidences were found 

relating the serum PFOA levels with asthma diagnosis in children and adults. 

Reproductive effects. A suggestive link between serum PFOA and PFOS levels and an 

increased risk of decreased fertility has been found. In the Danish National Birth Cohort study of 

pregnant women, a decrease in fertility and an increase in infertility were observed in women with 

serum PFOA levels Ó 3.9 ng mL-1. 

Developmental effects. Some epidemiology studies have found associations between 

maternal PFOA or PFOS exposure and decreases in birth weight. Laboratory animal studies 

provide strong evidence of the developmental toxicity of a number of perfluoroalkyl compounds. 

Prenatal losses and decreases in pup survival were observed following exposure to PFOA, PFOS, 

perfluorononanoate (PFNA), and PFDeA. 

Diabetes. In a general population study, an increased risk of diabetes was noted, as well as 

associations between serum PFOS levels and fasting blood glucose, response to glucose tolerance 

test, and glycated hemoglobin levels. 

Cancer. The International Agency for Research on Cancer (IARC) and EPA have both 

concluded that PFAS are potentially carcinogenic in humans (IARC 2016) and listed PFAS 

compound in the Group 2B: probably carcinogenic to humans. Occupational and community 

exposure studies have found increases in the risk of testicular and kidney cancer associated with 

PFOA. No increases in breast cancer risk was observed for PFHxS or PFNA; an increased breast 

cancer risk was observed for perfluorooctane sulfonamide (PFOSA). Three studies have examined 

the community living near the Washington Works facilities; some of these studies also included 
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workers at the facility. When the participants were grouped by the water district, an increased risk 

of testicular cancer was observed in the district with the highest PFOA levels in the water. 

Increased risks of kidney cancer among participants with high or very high exposure to PFOA also 

was demonstrated (ATSDR 2018). 

As consequence of the bellow health effects and the increased public concern, long chain 

PFAS production was banned in the US in the early 2000s. In 2016 the EPA established a health 

advisory limit for drinking water of 70 ng L-1, for combined PFOA and PFOS. Finally, in 2020 the 

EPA has issued preliminary determinations for PFOA and PFOS regulation, and updated the Toxic 

Release Inventory (Boone et al. 2019) with a list of 172 PFAS chemicals (EPA, 2020). 

 

1.5.  Pollution problems 
 

It is considered that there are four main sources of environmental pollution of PFAS, this list 

includes manufacturing companies, fire training sites/ airports, wastewater treatment plants, and 

landfills (ITRC 2018). 

Manufacturing companies, which include PFAS producer and manufacturer facilities, are 

responsible for surface water, soil, groundwater and air pollution. The emission compounds and 

concentrations vary in function of the facilities production. Concentrations 190 times higher than 

the EPA health advisory limit were found in drinking water near a fluoropolymer production 

facility in Washington (Hoffman et al. 2011). Because of the high mobility of these compounds 

they end up in the soil and consequently in the groundwater (Hepburn et al. 2019).Despite their 

low acid dissociation constant (pKa < 3) which makes them show high aqueous solubility PFAS 

are also detectable in the air (Barber et al. 2007). In this way, paper and carpet processing 
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companies have been linked to the detection of diverse type of PFAS in the North American 

atmosphere (Stock et al. 2004). 

Fire training sites include firefighting facilities, airports and military facilities. These are 

the sites where since 1970s, AFFs based on PFAS have been used on almost weekly trainings 

(Xiao et al. 2017) which has impacted surrounding soil and groundwater. The use of PFAS is 

justified by the high thermal stability and by the presence in these facilities of hydrocarbon fuels, 

which are easily extinguished using PFAS foaming products as they prevent from reignition 

(Moody and FIELD 2000). In these cases, the most predominant PFAS compounds detected in 

ground water are PFOS, followed by PFHxS. PFOA is detected in the majority of the cases, but in 

much lower quantities (Anderson et al. 2016). 

Wastewater treatment plants are serious source of contamination because they concentrate 

PFAS from commercial products, particularly household products that end up in the waste water 

stream. When PFAS reach the wastewater treatment plant there is no efficient removal, what leads 

these chemicals to end up in the surface waters (Gallen et al. 2018). It has been observed that the 

average mass flow of some chemicals like PFOS can be as much as 2.5 times higher after leaving 

the WWTP. The reason of this increase is suspected to be the degradation of precursors in the 

activated processes of the plants (Schultz et al. 2006). Recent studies from Australia have shown 

that 100% of the groundwater impacted by recycled water from wastewater treatment plants 

(WWTP) is contaminated with PFAS, reaching concentrations in the groundwater up to 74 ng L-1 

(Szabo et al. 2018). The bio solids generated in WWTP also show detectable PFAS concentrations 

(Schultz et al. 2006), thus their application as fertilizers can be a source for direct contamination 

of soils. 

Landfills are the final destination of the commercial products containing PFAS, and where 

these chemicals get concentrated in the landfill leachate contaminating soil, close surface water 
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bodies and groundwater.  Different studies of US landfill leachate have reported concentrations of 

up to 8900 ng L-1 of carboxylic compounds and up to 3200 ng L-1 of sulfonic compounds (Wei et 

al. 2019).  Even in landfills where the leachate is treated PFAS still present a problem as their 

removal is challenging and cost ineffective (Wei et al. 2019). 

Due to extreme stability of PFAS, once they reach the environment unavoidable 

accumulation is seen in all bio-systems making these contaminants ubiquitous in the environment, 

including water bodies, air, soils, and living organisms (Giesy and Kannan 2001). 

Analysis of drinking water samples collected from different locations within the USA have 

shown concentrations of PFOS ranging from 40 to 1800 ng L-1, with lower concentrations of other 

PFAS, ranging from 20 to 349 ng L-1 (Vedagiri et al. 2018). Figure 1 shows the location of sites 

contaminated by PFAS leading to elevated concentrations in drinking water across the US. 

Even though PFAS are generally highly water soluble, they can also be found in impacted 

soil samples (Ghisi et al. 2019). PFAS compounds stick to the soil interacting with the organic 

material and the clay as shown on Figure 2 (Li et al. 2018). 

Ground samples collected in 21 states of the US presented quantifiable values of 

contamination (Figure 3). The range of the contaminants varied from 0.02 to 2.55 µg kg-1 of soil 

(Vedagiri et al. 2018).  

Studies conducted since 2009 where specially conditioned soil with a range from 0 to 50 

mg kg-1 of PFAS was used to grow plants have shown that these contaminants are absorbed by 

plant roots (Ghisi et al. 2019, Muller et al. 2016).  

The occurrence of PFAS in water bodies and soils leads to their intake by living organisms. 

Because of the continuous intake, a bio-magnification process can be seen where higher 

concentration of PFAS is observed in the highest positions of the trophic chain because of the 

bioaccumulation of PFAS in the tissues of the organisms (Jiao et al. 2020). Predatory animals such 
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as mink and bald eagles present concentrations of PFOS greater than the concentrations in their 

diets (Giesy and Kannan 2001).  

PFAS accumulation in living organism is directly related to the more or less contaminated 

environment. In this way, concentrations of PFOS in animals from relatively more industrialized 

regions, are several times greater than those from remote marine locations (Giesy and Kannan 

2001). Findings of PFAS in blood of animals located far away from any industrialized zone, like 

North Pacific Ocean albatrosses that presented concentrations between 3 and 26 ng L-1 in blood 

plasma (Giesy and Kannan 2001), denotes the high mobility of PFAS compounds and highlights 

that this is not a local pollution problem linked to cities or highly industrialized regions, itôs a 

global problem. 

 

Figure 1: Sources of PFAS in contaminated drinking water and size of the communities 

impacted by this contamination in the USA as recorded in the years 1999, 2010, 2016 and 2017 

(Sunderland et al. 2019). 
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Figure 2: PFAS interactions with soil (Li et al. 2018). 

 

Figure 3: Concentration of PFOS in contaminated soils and sediments in the USA (Vedagiri et 

al. 2018). 
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Studies comparing human general population blood from different countries have shown 

that the highest concentrations of PFOS were found in the United States and Poland with values 

higher than 30 ng mL-1 (Kannan et al. 2004). Figure 4 presents values for PFAS concentration in 

human blood in the USA. 

 

 

Figure 4: PFAS in human blood samples in the USA (Vedagiri et al. 2018). 

 

1.6. Methods to treat PFAS-contaminated water 
 

The removal of PFAS from drinking sources has become a main concern for water utilities, 

regulatory agencies and academia. Their persistence and high stability added to the extremely low 

concentrations recommended by EPA for drinking water makes PFAS remediation a complicated 

task (Crone et al. 2019). The difficulty increases in the case of many states that decided to set even 
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lower level of PFAS in drinking sources. For example, the state of Vermont has established a 

health advisory level of 20 µg L-1 in drinking water for the combination of five different PFAS 

chemicals: PFOA, PFOS, PFHxS, PFHpA, and PFNA (Cordner et al. 2019) 

PFAS removal by conventional methods applied in full-scale drinking water treatment 

plants (e.g., sedimentation, flocculation, coagulation, filtration, oxidation) is practically inexistent 

(Appleman et al. 2014). Figure 5 presents results of PFAS removal in different water treatment 

plants. Processes grouped in the orange zones are not effective for PFAS removal, while the blue 

zone presents processes that can be used. 

Typical physical separation processes common to almost any treatment plant (coagulation, 

sedimentation, flocculation, etc.) have shown to be inefficient for PFAS removal (Crone et al. 

2019). More specific and complicated processes like advanced oxidation process (AOP) or 

disinfection, neither present any removal capacity for PFAS, due to the high stability of these 

compounds (Crone et al. 2019).  

Currently, sorptive approaches based on the use of granular activated carbon (GAC) or 

ionic exchange resins and membrane technologies are the only two methods that have shown high 

affinity for PFAS removal (Appleman et al. 2014). Water treatmet plants that do not use either of 

these processes or do not change GAC beds frequently enough have reported same PFAS 

concentrations in the treated water as the source water stream (Boone et al. 2019). 
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Figure 5: Efficiency of PFAS removal using different process in water treatment plants. AIX: 

Anion Exchange, APT: Aeration Packed Tower, ARR: Aquifer Recharge and Recovery, CLM: 

Chloramination, Cl2: Hypocholorous/Hypocholorite, ClO2: Chlorine Dioxide, COAG: 

Coagulation, DAF: Dissolved Air Flotation, DI: Direct Injection, O3: Ozone, FLOC: 

Flocculation, GAC: Granular Activated Carbon Filtration, G-FIL: Granular Filtration, GW: 

Ground Water, MF: Microfiltration, MnO4: Permanganate, RBF: River Bank Filtration, RO: 

Reverse Osmosis, SCC: Solids Contact Clarifier, SED: Sedimentation, SOFT: Softening, UF: 

Ultrafiltration, UV: UV Photolysis, UVAOP: UV Photolysis with Advanced Oxidation (Hydrogen 

Peroxide) (Appleman et al. 2014). 

The methods mentioned present as well remarkably low affinity for the short chain PFAS 

compounds due to a much faster saturation of the sorbets which leads to higher frequencies in the 

change or regeneration of the sorbents (Park et al. 2020). 

Granular activated carbon (GAC) is a high specific surface area material and it is the most 

popular sorbent used for PFAS removal because of its high adsorption capacity (Vu and Wu 2020). 

Despite removing high percentages of PFAS (> 90%), based on hydrophobic interactions, this 
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process presents some important disadvantages (Appleman et al. 2014). The regeneration of GAC 

is not economically feasible as temperatures over 800ºC are required to destroy adsorbed PFAS. 

Also, the adsorption kinetics are fast for long-chain PFAS, while the removal of short chain 

compounds is small or insignificant (Du et al. 2014b). 

 Ion exchange resins present very good removal results, up to almost 100% removal of long-

chain PFAS like PFOA and PFOS (Du et al. 2014b), and many of them rely on a double sorption 

mechanism based on ionic exchange and hydrophobic interaction (Zaggia et al. 2016). Ion 

exchange resins are engineered materials and present elevated cost what makes it necessary to 

recover used resins. This process is not always economically feasible or even effective, especially 

with PFOS (Appleman et al. 2014), as its necessary to use organic solvents which are expensive 

and toxic, which also generated high concentrated brines that need to be further processed (Du et 

al. 2014b). Same as in the case of GAC, ion exchange resins do not show great sorption of short 

chain compounds (Gagliano et al. 2020), although generally the resins do show higher affinity for 

short-chain PFAS compounds than GAC (Vu and Wu 2020).  

Nanofiltration membrane treatments have shown high PFAS rejection up to 99% with no 

substantial adsorption of the chemical on the surface of the membrane (Eke et al. 2021). This kind 

of systems could present removal efficiencies comparable to RO in full-scale plants (Appleman et 

al. 2014). Apart of the cost, these systems have more disadvantages like the flux lose because of 

the accumulation of colloidal and organic matter on the membrane surface and the generation of 

high concentrated brines (Tang 2007). 

New materials such as cross-linked chitosan beads, present increased adsorption 

performance, and possibly low cost treatment, at least at laboratory conditions (Du et al. 2014b). 

But for a high removal percentage, the pH values are supposed to be a value of 3, far from the 

regular ambient condition of the water. 
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The application of sonochemical processes for the destruction of PFAS, reaching 73% of 

removal of PFOS after 120 min of ultrasonic irradiation (Gole et al. 2018). However, the 

application of this process is limited by scalability issues. 

To date, microbial biodegradation has not yielded any documented successes although 

several fungi have been shown to degrade a number of PFAS (Du et al. 2014a). Under 

environmental conditions, the fluorine-saturated carbon chain provides resistance from oxidation 

or utilization by microorganisms as carbon and energy source. For the organisms to make the first 

attack to the compound they need at least one hydrogen on the carbon tail, something impossible 

for many compounds. Another complication is a dense hydrophobic layer surrounding carbon-

carbon bonds, difficulting the oxidative degradation.  

 

1.7. Conclusions 
 

The family of compounds known as PFAS encompasses thousands of different chemicals that due 

to their environmental persistence, resistance to chemical and microbial attack, toxicity, and bio-

accumulation present a risk for public health. Existing methods do note remove these contaminants 

effectively and/or are very expensive. Thus there is an urgent need for effective and more 

economical processes to remove these compounds from PFAS-contaminated water.  

The sorptive removal method developed in this project exploits the unique properties of 

PFAS, making use of their electrostatic and hydrophobic proprieties to facilitate their adsorption 

onto the surface of new high-affinity polymers specially designed to take advantage of those 

properties in order to achieve an efficient removal of PFAS from contaminated water. 
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1.8. Objectives 
 

The aim of this project was to investigate the effectiveness of ultra-high affinity sorptive 

adsorbents that make use of multiple complementary bonding modes, i.e., electrostatic and 

hydrophobic interaction, for the remediation of groundwater contaminated with PFAS. The studied 

adsorbents are cationic polymers based on polyaniline (PANI) and polypyrrole (PPy). Due to their 

structure, these polymers contain cationic functional groups that are expected to interact with the 

negatively charged head functional group in many PFAS compounds. The hydrophobic structure 

of the adsorbents is expected to promote hydrophobic interactions with the fluorinated tail of 

PFAS. Both of these properties can be tuned and changed by the use of different precursors and 

monomers. Based on these two interactions these sorbents are expected to present a wider range 

of adsorbent contaminant than ion exchange resins and be more selective than granulated activated 

carbon. 

The first objective of this study was to synthesize polymers with different electrostatic and 

hydrophobic properties, and ultra-high affinity for PFAS.  

The second objective was to perform a detailed characterization of key physico-chemical 

properties of the synthesized polymers. Their surface area, zeta potential, and acid-base 

dissociation constants, was studied as these properties respond directly for the interaction with the 

contaminants.  

The third objective was to determine PFOA adsorption equilibrium isotherms on the 

synthesized materials. PFOA adsorption was evaluated under different water chemistry conditions, 

which included different pH values, presence of co-contaminants, and different levels and sources 

of ionic strength.  
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The forth objective was to evaluate the competition of PFAS for adsorption sites on the 

polymeric adsorbents . For this purpose, both single solute- and multicomponent PFAS 

equilibrium adsorption isotherms on selected sorbents were determined. The compounds 

considered in this study included the PFAS compounds included in the Third Unregulated 

Contaminant Monitoring Rule (i.e., perfluoroheptanoic acid (PFHpA), perfluorooctanoic acid 

(PFOA), perfluorononanoic acid (PFNA), perfluorobutane sulfonate (PFBS), perfluorohexane 

sulfonate (PFHxS), and PFOS) as well as the fluorotelomer FtS 6:2. 

The fifth and final objective targeted the feasibility of using the synthesized materials in 

continuous flow experiments, evaluating the kinetics of the sorption of PFOA onto the polymers, 

as well their synthesis onto the surface of granular support materials used in packed bed adsorption 

columns. 
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2. Materials & Methods 
 

2.1. Synthesis 
 

2.1.1.Used chemicals 

The names, purity and suppliers of the chemicals used in this study are listed on Table 4. 

 

2.1.2.Cationic polymers synthesis 
 

Seven different polymers were synthesized for further investigation. Six of them, polyaniline 

(PANI), poly-o-anisidine (POA), poly-o-toluidine (POT), polyethylaniline (Schaider et al. 2017), 

poly-sec-butylaniline (PSB), and polynaphthylamine (PNA), are aromatic aniline-based polymers 

with different substitutions. The last one, polypyrrole (PPy), is based on pyrrole, a five carbon 

heterocyclic aromatic compound. The corresponding precursors and synthesized polymers are 

summarized in Table 5. Each polymer was synthesized by chemical oxidation using the 

corresponding monomer (Table 5 and ammonium persulfate (NH4)2S2O8 as oxidant. 

 The method used for the polymer synthesis has been described previously by several 

authors (Modarresi-Alam et al. 2015, Movahedifar and Modarresi-Alam 2016, Zaidi et al. 2004). 

The reactions consist of dissolving 10 mmol of monomer, which is the precursor in these reactions, 

in 50 mL of 1 M HCl solution and cooling it down using an ice bath for 30 min with constant 

stirring. At the same time, 12.5 mmol of ammonium persulfate, the oxidant, were dissolved in 25 

mL of 1 M HCl and the solution was cooled down in similar conditions. After 30 minutes, the 

ammonium persulfate solution was added dropwise to the precursor solution, and the mixture was 

cooled and stirred for another 3 h. The resulting suspension was removed from the ice bath and 

kept at 25ºC overnight
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Table 4: Chemicals used and their origin. 

Chemicals  Purity  CAS Company Location 

HPLC grade water NA 7732-18-5 Sigma - Aldrich St. Louis, MO, USA 

HPLC grade methanol  NA 67-56-1 Sigma - Aldrich 
St. Louis, MO, USA 

Ethanol NA 64-17-5 Decon Laboratories Inc. King of Prussia, PA, USA 

PFHpA >98% 375-85-9 TCI Portland, OR, USA 

PFOA >95% 335-67-1 Alfa Aesar  Tewksbury, MA, USA 

PFNA >95% 375-95-1 TCI Portland, OR, USA 

PFBS >97%  375-73-5 Sigma - Aldrich 
St. Louis, MO, USA 

PFHxS NA 3871-99-6 SantaCruz Biotech Dallas, Texas, USA 

PFOS 98 2795-39-3 Sigma - Aldrich 
St. Louis, MO, USA 

FtS 6:2 NA 27619-97-2 Synquest Laboratories Alachua, FL, USA 

Ammonium persulfate NA 7727-54-0 Sigma - Aldrich 
St. Louis, MO, USA 

1-methyl-2-pyrrolidinone NA 872-40-4 Sigma - Aldrich 
St. Louis, MO, USA 

  

https://www.sigmaaldrich.com/catalog/search?term=375-73-5&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=US&focus=product
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Table 4 (Continued): Chemicals used and their origin 

 

Chemicals Purity  CAS Company 
Location 

Paraformaldehyde NA 30525-89-4 Sigma - Aldrich 
St. Louis, MO, USA 

KOH >85% 1310-58-3 EMD Chemicals Inc. 
Port Wentworth, GA, USA 

NaOH NA 1310-73-2 Fisher Chemicals 
Lenexa, KS, USA 

HCl 34%-37% 7647-01-0 EMD Millipore Corp. 
Hayward, CA, USA 

Humic acid (NOM) 
NA NA IHSS Denver, Colorado, USA 

 

 

 

Table 5: Used precursors and their molecular structure. 

 

 

 

Precursor Aniline O-Toluidine O-Anisidine Pyrrole 2-Ethylaniline 2-Isopropylaniline 1-Naphtylamine

Precursor 

strucutre
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Table 6: Precursors used in the synthesis, structures, chemical purity, CAS number, and synthesis yield of the final product. 

 

 

Abbrebiation PANI POT POA Ppy PEA PSB PNA

Polymer Polyaniline Poly-o -toluidine Poly-o -anisidine Polypyrrole Poly-o-ethylaniline Poly-sec-butilanine Polynaphtylamine

Precursor Aniline O-Toluidine O-Anisidine Pyrrole 2-Ethylaniline 2-Isopropylaniline 1-Naphtylamine

Precursor strucutre

Precursor  CAS 62-53-3 95-53-4 104-94-9 109-97-7 578-54-1 55751-54-7 134-32-7

Company
Thermo 

Fisher 

Thermo Fisher 

Scientific 

Frontier 

Scientific

Sigma-

Aldrich Inc
Sigma-Aldrich Inc Millipore Sigma

Sigma-Aldrich 

Inc

Synthesis yield % 103 99 110 85 80 50 76

Purity % 100 100 99 98 98 96 99
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 The suspended particles, i.e., the polymer, were collected in a glass fiber filter and washed 

three times with 0.5 M HCl and three times with acetone, and then dried in a vacuum oven (VWR 

Sheldon MFG 1430, Cornelius, Oregon, USA), obtaining the polymers ready for experimentation. 

One of the precursors 1-naphthylamine had to be dissolved first in 0.075 L of ethyl alcohol and 

then in 0.075 L of HCl, due to its low water solubility. In addition, the synthesis of PNA and PSB 

took place over nigh in an ice bath not just 3 hours like the rest of the polymers (Riaz et al. 2008). 

 

2.1.3.Synthesis of high specific surface area polymers: crosslinking 

A post-synthesis crosslinking method described by Germain and coworkers (Germain et al. 2007) 

was used to prepare polymers crosslinked with terephthaldehyde (TPA) and paraformaldehyde 

(PFA). This method was tested on POT, POA, and PANI. The polymers were swelled in an organic 

solvent to enable the penetration of cross-linker between polymer chains. Two solvents - dimethyl 

sulfoxide (DMSO) and N-methyl-pyrrolidone (NMP) - were tested. DMSO did not efficiently 

swell the polymer; therefore, NMP was selected for the cross-linking reaction. The reaction 

consisted of dry mixing 1 g of polymer and the appropriate amount cross-linker (different ratios 

were synthesized) in 25 mL solution of NMP in EasyPrep Plus vessels (CEM Corporation, 

Charlotte, NC, USA). The molar ratio between the TPA and polymer N equivalent content was 

2.4. For example, 1 g of PANI has 6.83 equivalent mmol N, therefore, 16.40 mmol of TPA was 

mixed with that amount. In the experiments using PFA, the molar ratio between PFA and the 

polymer N equivalent ranged from 1 to 4. Subsequently, 25 mL of NMP were added to the vessel 

and stirred under N2 (g) environment. The vessels were sealed and transferred to a Mars-X 

microwave (CEM Corp., Matthews, NC, USA). The reaction carried out at 120ºC for 2 h, followed 

by 250ºC for 4 h. Products were then transferred to a Soxhlet apparatus and the reaction residues 
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were extracted with methanol for 24 h. The cross-linked polymer was collected on a filter paper 

and washed with 0.5 M HCl followed by 0.3 L of ethanol and 1 L of water, and allowed to dry at 

ambient condition. 

 The ammonium persulfate (CAS :7727-54-0)  used as oxidant for the polymeric reactions 

was purchased Sigma Aldrich Inc. Terephtaldehyde (CAS: 623-27-8), isophtaldehyde (CAS: 626-

19-7), N,N-dimethylformamide (CAS: 64-12-2), N-methyl pyrrolidone (NMP) (CAS: 872-50-4) 

were also obtained from Sigma Aldrich Inc. Dimethyl sulfoxide (DMSO) (CAS: 67-68-5) was 

bought from Santa Cruz Biotechnology (Dallas, Texas, USA). 

 

2.1.4.Synthesis of composite materials: Granular activated carbon (GAC)/ 

Cellulose 

Polymer composites with granular activated carbon (GAC), activated carbon felt (ACF), and 

cellulose were prepared with different ratios of PANI and POT. The procedure followed for the 

composites synthesis is similar to the polymer synthesis and it is based on the same reaction (Ayad 

and Zaghlol 2012a), (Kuznetsov et al. 2019). The polymer precursor (i.e., aniline or o-toluidine) 

was dissolved in 150 mL of a 0.2 M HCl aqueous solution to provide a concentration of 18.63 g 

L-1. GAC, ACF or cellulose was added to the solution. In the case of PANI and GAC (Filtrasorb 

400, provided by Calgon Carbon), the GAC/aniline ratios used ranged from 0.82 to 99.0 g g-1. On 

the other hand with POT and GAC, the GAC/-toluidine ratios used ranged from 13.3 to 99.0 g g-

1. The suspension of GAC in the precursor solution was equilibrated for 30 min at 25ºC. Then, the 

mixture was cooled in an ice bath for additional 30 min. APS solution (0.05 mole in 50 mL 0.2 M 

HCl aqueous solution), was added dropwise to the mixture. The mixture was stirred vigorously in 

an ice bath for 3 h, and then kept at room temperature for 24 h. The GAC polymer composites 
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were collected on filter paper, and washed with ultrapure water and ethanol. The composites were 

dried in a vacuum oven at 65 ºC for 24 h, and stored at room temperature in a dark container. 

The cellulose composites were also synthesized just with PANI. Again, the procedure was 

the same and the cellulose/aniline ratios used were 100 and 14.27 g g-1. The cellulose (CAS: 9004-

34-6) with a particle size between 60 and 200 µm was obtained from Sigma Aldrich Inc. 

 

2.2. Characterization 

2.2.1.pH titration 

A suspension of 100 mg L-1 of each polymer was prepared in 100 mL of 50 mM NaCl. Each 

suspension then was titrated by the addition of 25 ɛL of 10 mM KOH until a final pH of 10.0. The 

pH was measured 2 minutes after each addition in order to allow the suspension to equilibrate 

using a B40PCID pH meter (VWR Symphony, Tempe, AZ, USA). 

 

2.2.2.Zeta potential and isoelectric point 

The zeta potential was determined using a Zetasizer Nano instrument, connected to MPT-2 titrator 

(Malvern, Worcestershire, UK). Suspensions of each polymer (100 mg L-1) were prepared in a 5 

mM NaCl background, and were stirred with moderate intensity for 3-4 hours to ensure small size 

particle in the suspension. The analyzed sample volume was 14.5 mL and the titrants used for pH 

adjustment were 5 mM NaOH and 5 mM HCl. The zeta potential was determined as a function of 

pH in the pH range of 3.5 to 8.0. The point of zero charge was obtained at the pH where the zeta 

potential of the suspension is zero. 
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2.2.3.Specific surface area (SSA) and pore size distribution (PSD) 

Isotherms pertaining to adsorption of N2 (g) to polymer surfaces were measured using a Gemini 

VII (Micrometrics, Norcross, GA, USA) specific surface analyzer. Both methods, the BET 

analysis for specific surface area and the pore size distribution followed a method that consisted 

in a degas condition and a heating phase. The degas condition consisted of an evacuation rate of 

5.0 mmHg s-1 until a vacuum level of 10-2 mmHg using a temperature ramp rate of 1 ºC min-1 and 

a target temperature of 30 ºC. The heating phase presented a temperature ramp rate of 10 ºC min-1 

with a final temperature of 300 ºC during 60 min. 

 

2.2.4.Fourier Transformed Infrared Spectroscopy (FTIR) 

The FTIR spectra of polymers diluted with KBr and pressed in pellets were collected in 

transmission mode (600 to 4000 cm-1 at a resolution of 4 cm-1) using a Nicolet 6700 FT-IR 

instrument (Fisher Scientific, Waltham, MA). The sample pellets were prepared by mixing 200 

mg of KBr with 1 mg of polymer. The mixture was powdered using a mortar and pressed in 

vacuum using a Bench Press 3628 (SPEX SamplePrep Inc, Metuchen, NJ, USA). Before 

compression, air was extracted from the sample for 1.5 min, then, 3 tons of pressure were applied 

and immediately released, and 7 tons of pressure were applied for 0.5 min again. Again, air was 

extracted from the sample for another minute, and finally, 9 tons of pressure were applied for 2 

min. 

2.2.5.Elemental analysis 

Elemental analysis targeting carbon, nitrogen, and sulfur, was performed at Arizona Laboratory 

for Emerging Contaminants (Donnert and Salecker). Solid samples of the polymers, between 1 
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and 5 mg, were grounded, and oven dried at 60º C for at least 1 hour, and then analyzed using a 

ECS 4010, CNS Unit, Costech Analytical Technologies, Valencia, CA, USA). The system uses 

flash combustion, GC separation, and a thermal conductivity detector (TCD) to effectively detect 

all three. The instrument working temperature was 980ºC, with a flow rate of O2 and He of 37 and 

100 mL min-1 respectively, and 90 ºC in the gas chromatography. The standard used was 2 mg 

sample of LECO Corn Gluten (LECO Corporation, St. Joseph, MI, USA ) 

 

2.3. Adsorption 

2.3.1.pH edges 

The purpose of this experiment was to investigate the pH effect on the interaction of PFAS and 

the polymers. Prior sample preparation, stocks of 80 mg L-1 of polymeric suspension were prepared 

at pH 6 and 5 mM NaCl background. A PFOA solution of 2000 ɛg L-1 at the same pH and 

background conditions was prepared as well as a solution of 5 mM NaCl also at pH 6. Then, 29 

samples were prepared in 40 mL polypropylene tubes by mixing 5 mL of the polymeric suspension, 

1.2 mL of PFOA solution, the required amount of titrant and filled up to 40 mL final volume with 

the required 5 mM NaCl solution. The polymer and PFOA final concentration was kept constant 

in each sample and at concentrations of 10 mg L-1 and 60 ɛg L-1, respectively. Every sample was 

added a different amount of 5 mM NaOH or 5 mM HCl in order to change the pH in a range from 

3 to 10.  

Once all the ingredients were mixed, every adsorption sample followed the same treatment. 

The reaction suspension (in 40 mL tubes) was mixed in an Orbital Shaker 4628 (Lab-line 

instruments, Melrose Park, IL, USA) at 27±1 ºC for 48 h. Subsequently, the tubes were centrifuged 
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for 40 min at 45,000 g to separate the polymer from solution using an Evolution RC centrifuge 

(Kendro Laboratory Products, Reems Creek, CN, USA). Once centrifuged, 30 mL of supernatant 

were removed, filtered with 0.25-ɛm polypropylene filter (EZFlow, Salem, NH, USA) and stored 

in 50-mL polypropylene tubes. The filters were washed with 5 mL of sample each time. 

 

2.3.2.Isotherms 

Sorption isotherms with PFOA were prepared for each polymer in a range from 1 to 1000 ɛg L-1. 

Prior sample preparation, stocks of 80 mg L-1 of polymeric suspension were prepared at pH 6 and 

5 mM NaCl background at the same pH value. A PFOA solution of 2000 ɛg L-1 at the same pH 

and background conditions was prepared as well as a solution of 5 mM NaCl also at pH 6.0. Then 

samples were prepared in 40-mL polypropylene tubes by mixing 5 mL of polymeric sorbent, the 

required amount of PFOA solution for the desired PFOA concentration and filled up with 5 mM 

NaCl till final volume of 40 mL. Once the ingredients were mixed the samples followed the same 

process in the pH edges section. 

 

2.3.3.Kinetic experiments 

Kinetic experiments were performed to study the speed of the sorption of PFOA on the polymers 

surface. PFOA was dissolved in 5 mM NaCl (950 mL) solution and the pH was adjusted to 6.0At 

the same time a polymer stock (200 mg L-1) was prepared in 5 mM NaCl and the pH was also 

adjusted to 6.0. Next, 50 mL of the polymer suspension was added to the PFOA solution while 

stirring vigorously using a polytetrafluoroethylene (PTFE) free stir bar (V&P Scientific Inc., San 

Diego, CA, USA). In this way, the initial concentrations of polymer and PFOA were respectively 

10 mg L-1 and 50 ɛg L-1. Suspension aliquots were collected after 0.5, 1, 1.5, 2, 3, 5, 7.5, 10, 15, 
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30, 60, 120, 300, 600, 900, and 1500 min. At each time, a triplicate samples (2-5 mL) were 

extracted from the stirred solution, filtered and stored in 15-mL PP tubes. 

2.3.4.Natural organic matter impact 
 

Adsorption of PFOA by different polymers was tested in the presence of Suwannee river natural 

organic matter (NOM). This NOM standard was obtained from the International Humic Substance 

Society (Denver, Colorado, USA). Samples with polymer suspension of 10 mg L-1 were prepared 

in 5 mM NaCl. The initial concentration of PFOA was 50 ɛg L-1 in a 5 mM NaCl background. The 

NOM concentrations ranged from 0 to 2000 ɛg L-1. The pH of the electrolyte, PFOA, polymers 

suspensions and NOM was adjusted to 6.0 using a 5 mM NaOH or HCl solution. The reaction 

suspension (40 mL) was prepared in 40-mL polypropylene centrifuge tubes. Once the ingredients 

were mixed the samples followed the same process in the pH edges section. 

2.3.5.Ionic strength 
 

Adsorption of PFOA by different cationic hydrophobic polymers developed in this project, 

commercially available ion exchange (IX) resin (CalRes 2304 obtained from Calgon Carbon, 

Pittsburg, PA), and granular activated carbon, Filtrasorb 400 (Calgon, Moon Township, PA, USA) 

was tested in the presence of increasing concentrations of NaCl solution. The activated carbon was 

crushed to a fine powder to form powdered activated carbon (PAC). Samples with polymer 

suspension of 10 mg L-1 were prepared in water. Two different set of experiments were prepared 

where the initial concentration of PFOA was 50 and 500 ɛg L-1. The concentration of NaCl ranged 

from 0 to 500 mM. The volume of each sample was 40 m. The pH of the electrolyte, PFOA, 

polymers suspensions and NaCl solutions were adjusted to 6.0 using a 5 mM NaOH or HCl 

solution, as needed. Once the ingredients were mixed in the desired proportions the samples 

followed the same process in the pH edges section. 
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2.3.6.Divalent salt impact  
 

The effect of cationic species (i.e., Ca2+ and Na+) and anionic species (i.e., Clī vs. SO4
2ī) in the 

background electrolyte on PFOA adsorption to the selected sorbent was studied as described in the 

above experiment. In the first case, the electrolyte solution was a mixture of NaCl and CaCl2. The 

ratio of CaCl2 to NaCl ranged from 0 to 100%, and the ionic strength (IS) was maintained constant 

(5 meq L-1) in all replicates. In the second case, the electrolyte was a mixture of Na2SO4 to NaCl. 

The NaCl/Na2SO4 ratio ranged from 0 to 100%, and the IS was maintained constant (5 meq L-1). 

Once the ingredients were mixed the samples followed the same process in the pH edges section. 

 

2.4. PFAS analysis 
 

2.4.1.HPLC-QTof-MS/MS 
 

Aliquot of the filtered samples (1.5 mL) was spiked with 1.5 µL of 400 µg L-1 injection internal 

standard analyte (IISA) in a 1.7-mL micro centrifuge tube obtaining a final concentration of IISA 

of 4 µg L-1 for every analyzed sample. In order to obtain a homogeneous distribution of IISA the 

mixture was vortexed using a Magnestir system (Curtin Matheson Scientific, Inc, Morris Plains, 

NJ, USA). Then, a subsample (0.15 mL) was transferred to a HPLC PP vial (Thomas Sci., 

Swedesboro, NJ, USA) and analyzed. When more than one native analyte was targeted, the 

samples were spiked with an IISA mixture where the concentration of each IISA was 400 µg L-1.  

For each native compound, PFAS chemicals that were used in the adsorption experiments 

and were acquired in bulk, see section 2.1.1, an IISA compound was purchased from Wellington 

Laboratories (Ontario, Canada). IISA compounds are the same chemicals as the native compounds 

but with one or more C13 labeled carbons. Native compounds and their respective IISA appear 

summarized in Table 7. 
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Table 7: Standards used in the analysis. 

Perfluoroalkyl sulfonates CAS IISA EISA 

Potassium, perfluorobutane sulfonate (PFBS) 29420-49-3 13C3-PFBS 13C4-PFOS 

Potassium, perfluorohexane sulfonate (PFHxS) 3871-99-6 13C3-PFHxS 13C4-PFOS 

Potassium, perfluorooctane sulfonate (life) 2795-39-3 13C8-PFOS 13C4-PFOS 

Perfluoroalkyl carboxylates         

Perfluoroheptanoate (PFHpA)  375-85-9 13C4-PFHpA 13C2-PFHxA   

Perfluorooctanoate (PFOA) 335-67-1 13C2-PFOA 13C2-PFHxA   

Perfluorononanoate (PFNA) 375-95-1 13C5-PFNA 13C2-PFHxA   

Fluorotelomer  sulfonates       

Fluorotelomer sulfonate 6:2 (FtS 6:2) 27619-97-2 13C2 6:2 FTS 13C2 8:2 FTS 
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Calibration curve for each targeted chemical was built with analytical standards bought 

from Wellington Laboratories as well. For each chemical a calibration curve was built in a range 

from 0.02 to 50 µg L-1 in a 50% MeOH/Water (w/w) matrix. Every calibration point was spiked 

as well with the corresponding 400 µg L-1 IISA, or a mixture of IISA if more than one compound 

was present in the samples. 

An analytical method was set up for the quantification of PFAS. The method was based on 

EPA method 537 with required modification as stipulated by Table B-15 in the DoD Quality 

Systems Manual Version 5.1.1. The analysis was performed using an Agilent 1200 Infinity HPLC 

connected to a tandem mass spectrometer (MS/MS) from ABSciex (TripleTOF 5600, 

Framingham, MA, USA). A PTFE-free sample introduction system (5991-7863EN, Agilent, 

Greenville, DE, USA) was installed in our HPLC system to minimize background contamination 

during the analysis of PFAS. Chromatographic separation was conducted, using a Raptor C18 

column (50 x 2.1 mm, particle size= 5 µm, Restek, Bellefonte, PA, USA), connected to a guard 

column (Raptor C18, 5 x 2.1 mm, particle size= 5 µm, Restek, Bellefonte, PA). The mobile phase 

composition was 20 mM ammonium acetate in HPLC grade water (A), and HPLC grade methanol 

(B). The injection volume was 10 µL, and the temperature in the column was set at 40 ºC. A 

constant flow of 0.4 mL min 1, was maintained. The gradient program was 40% of eluent A for 2.5 

min, followed by 5% of eluent A for 1 sec, then back to 40% of eluent A for up to total time of 8 

min. The HPLC-MS/MS system was interfaced with an electrospray ionization source. Initial tests 

were performed with PFOA, which was detected in ESI negative mode. Mass spectrometer 

parameters were as follows: a capillary potential of -4500 V; and a source and desolvation 

temperature of 600°C. Precursor and product ions (m/z) were 312.97 and 268.98, respectively. 
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Every run consisted of the calibration curve, followed by an instrument blank (IB), which 

is a vial with just HPLC grade water, and then the samples. Every ten injected samples, a quality 

control (QC) was injected which contained a concentration of 0.5 µg L-1 of each analytical 

standard. Instrument blanks were injected every time it was suspected that a lower concentration 

sample was following a sample with higher concentration. When processing the data, if the IISA 

area of a sample was off from the average IISA area by more than 30 %, the sample had to be re-

injected. When building the calibration curve, if a calibrant calculated concentration was off by 

more than 30 % from the theoretical concentration, the calibrant was excluded from the calibration 

curve. 

 

2.4.2.Solid Phase Extraction  
 

Solid phase extraction was used in two cases. First, when the concentration of the target chemical 

was too small for being analyzed with the current instrumentation. Second, when the matrix in the 

samples was too different. The last case was specially applied for the experiments where the 

electrolytic background was not constant as the mass spectrometry instrumentation is sensible to 

these changes.  

SPE was performed using 250 mg SupercleanTM ENVITM-Chrom P SPE tube cartridges 

purchased from Millipore Sigma (St. Louis, MO, USA). Each cartridge was washed first with 18 

mL of MeOH, and then then with 15 mL of HPLC grade water. Then the corresponding sample, 

previously spiked with the extraction internal standard analyte was loaded into the cartridge and 

then it was dried under vacuum for 30 min. Finally, the cartridge was eluted with 8 mL of 100% 

MeOH which was collected in 15-mL centrifuge tubes. EISA as well as IISA are labeled PFAS 

compounds that are used for calculating the recovery of the SPE cartridges. The EISA stock 
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solution was 400 µg L-1 for each compound in 100 % MeOH, and the spiked volume was the 

necessary to obtain a concentration of 4 µg L-1 in the sample before the SPE process. The EISA 

compounds also were purchased from Wellington Laboratories (Ontario, Canada), and are 

summarized in Table 7. 

 In the first case, when the chemical concentration was too low, as much as 25 mL of PFAS 

solution was concentrated in the SPE cartridges and recovered in 8 mL of methanol. After this, the 

recovered solution was dried in a TurboVap LV dryer (Biotage LLC, Charlotte, NC, USA) under 

N2. Then, the samples were reconstituted with 1.5 mL of 50% MeOH (w/w), and spiked with 15 

µL of 400 µg L-1 of IISA, vortexed, transferred to vials and analyzed with the HPLC-Qtof-MS/MS. 

 In the second case, when sample concentration is not needed, the purpose of the SPE was 

to obtain the same background for each sample. For this, 8 mL of sample were added to the 

cartridge and later the sample was eluted using 8 mL of 100% MeOH. Then part of the collected 

sample was transferred to a centrifuge vial where it was mixed with necessary HPLC grade water 

to obtain a final volume of 1.5 mL of 50% MeOH/Water (w/w), spiked with 15 µL of IISA, 

vortexed, transferred to a vial and injected into the HPLC-QTof-MS/MS. 

SPE recovery was calculated for each sample as the ratio between the calculated EISA 

concentration in the sample and the expected concentration from the mass balance.  
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3. Results and discussion 
 

 

Quaternized cotton, aminated polyacrylonitrile fibers or aminated rise husk, which contain 

quaternary ammonium, amine and amino groups, respectively, have shown outstating adsorption 

capacity for PFAS removal, up to 1240 mgPFOA g
-1 (Ateia et al. 2019). Aniline-based polymers 

such as polyaniline (PANI) might also offer potential for the removal of PFAS due to their high 

content in amino groups. Based on the presence of the mentioned cationic N groups and the 

hydrophobic backbone of the discussed polymers, it is expected to see a dual adsorption 

mechanism of PFAS compounds that will exploit PFAS negative charge in aqueous solution and 

highly hydrophobic carbon-fluorine tail  (Figure 6).   

 

 

Figure 6: Polyaniline structure and sorption mechanisms of PFOA. 

 

 

In order to evaluate the potential PFAS sorption capacity of aniline-based polymers, seven 

different polymeric sorbents were synthesized where the precursors presented variations in the 



 

54 

 

functional group attached to the aromatic group in the aniline molecule. This approach allowed to 

evaluate changes in PFAS adsorption affinity due to the different substitution pattern in the 

polymer, and to identify the functional groups that would provide the highest adsorption capacity.  

 

3.1. Polymer synthesis and characterization 
 

3.1.1.Cationic polymers 
 

 Synthesis. The seven synthesized polymers were: polyaniline (PANI), poly-o-toluidine 

(POT), poly-o-anisidine (POA), poly-o-ethylaniline (Schaider et al. 2017), poly-sec-butylaniline 

(PSB), polynaphthylamine (PNA), and polypyrrole (PPy) (Table 8).  

The procedure followed for the synthesis of the cationic polymers was based on a widely 

used method for polyaniline synthesis consisting of oxidizing the precursor with ammonium 

persulfate (APS) under low temperature and vigorous stirring (Modarresi-Alam et al. 2015, Zaidi 

et al. 2004). Data related to the names, abbreviations, supplier, reaction yield, elemental analysis, 

and BET analysis are summarized on Table 9. 

Overall the synthesis yield was high (80-110%) despite two of the polymers presenting 

relatively low values, 50 and 76% for PNA and PSB, respectively. Values higher than 100% could 

be due to experimental errors or residual moisture in the polymers. 

Elemental analysis of selected polymers showed similar presence of carbon, between 

48.3% and 59.5%. The polymer with the lowest reported carbon content was PANI, 48%, because 

its precursor, aniline, has the least number of carbons in its composition. While presenting the 

same number of carbons per molecule of precursor, POT showed higher carbon percentage 

(59.5%) than POA (48.3%) because of the oxygen atom presented in the o-anisidine molecule that 

decreases the proportion of carbon.  



 

55 

 

 

 

Table 8: Synthesized polymers with the corresponding precursors, names, structures, and origin. 
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Table 9: Polymer abbreviations, reaction yield and product purity, elemental analysis, and BET analysis, compared to PAC 

Polymer PANI POT POA Ppy PEA PSB PNA PAC 

Synthesis yield % 103 99 110 85 80 50 76 NA 

Purity %  100 100 99 98 98 96 99 NA 

Elemental analysis:                 

Carbon (wt%)  47.99 59.51 48.29 NA NA NA NA 90.26 

Nitrogen (wt%)  9.57 9.02 7.09 NA NA NA NA 0.34 

Sulfur (wt%)  3.5 0.21 0.26 NA NA NA NA 0.68 

BET analysis:                 

Specific surface area 

(m2 g-1) 
25.56 11.21 1.36 11.27 4.33 NA NA 814.01 

Pore volume  

(cm3 g-1) 
0.14 0.06 0.004 NA NA NA NA 0.14 

Average size BJH  25.66 25.41 13.81 NA NA NA NA 4.40 
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High nitrogen content is an important feature of these polymers as it is expected for the 

amine groups to be an important part of the PFAS adsorption process. The nitrogen content in the 

polymers was positively correlated with the mass of the precursor, as every precursor had different 

molar mass but just one nitrogen group. The highest nitrogen content was observed in PANI 

(9.6%). POT showed slightly lower nitrogen content (9.0%) due to the methyl group in the 

precursor that makes it heavier than aniline. The last polymer with the highest molecular weight 

and thus the lowest nitrogen content was POA (7.1%).  

Other research groups have reported similar values of carbon and nitrogen percentages for 

PANI, 54.3 and 10.5%, respectively (Karim et al. 2005). POT polymers have been reported to 

present 64.6% carbon and 8.6% nitrogen (Kulkarni and Viswanath 2004), similar to the values 

presented in this study. Also similar data to the values presented in this study were reported for 

POA with 51.6% carbon and 8.1% nitrogen (Cattarin et al. 1988). 

 BET analysis. An important property of sorptive materials is the available specific surface 

area (SSA) that these materials provide for contaminant uptake. Commonly the higher the SSA, 

the higher is the adsorption capacity of a material. The SSA of the polymers synthesized in this 

study are presented in Figure 7. 

 The lowest SSA was observed in the case of POA, with just 1.4 m2 g-1, while the highest 

value, 25.6 m2 g-1, was determined for PANI. Different authors have reported relatively similar 

SSA values for these polymers. For example, the SSA of PANI synthesized by Ayad and 

coworkers (Ayad and Zaghlol 2012b) and Parveen and coworkers (Parveen et al. 2016) was 20.0 

and 29.7 m2 g-1, respectively. The SSA of  the synthesized polymers are extremely low when 

compared with granular activated carbon (GAC) F400, a sorbent commonly used to treat PFAS-

contaminated water, which presented a SSA of 814 m2 g-1. Later on in this chapter, different 
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approaches will be discussed that were taken in order to increase the SSA of the synthesized 

polymers. 

 

Figure 7: Comparison of specific surface area of the synthesized polymers. 

 

 The pore size distribution of selected polymers was evaluated and compared to that of 

GAC, the results of this comparison are presented in Figure 8. The profile of the pore size 

distribution over pore diameter showed similar shapes for the synthesized polymers, mostly 

differing in the amount of available volume per gram. In this way, PANI was the polymer with 

most pore volume (0.14 cm3 g-1), and the average pore width was 25.6 nm.  
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Figure 8: Pore size distribution of synthesized polymers compared to crushed granular activated 

carbon (PAC). 

 

POT presented a pore volume of 0.06 cm3 g-1, significantly less than PANI, but at similar 

average pore width of 25.4 nm. POA had the lowest pore volume (0.04 cm3 g-1) and the lowest 

pore average width (14 nm). In contrast with the SSA, the pore volume of crushed granular 

activated carbon (PAC) is very similar to that of PANI (0.14 cm3 g-1), but the main difference the 

average pore width in PAC was much lower, 4 nm, compared to that of PANI (25 nm).  

The pore size distribution should have a normal distribution shape maxing on the average 

pore width, something that is not happening on Figure 8. The reason for this is the sensitivity of 

the instrument, which cannot detect very low nitrogen pressure changes when adsorption at the 
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lowest pore sizes occurs. Because of this, any distribution information below 2 nm is not available 

and a normal distributing cannot be seen for none of the adsorbents (Figure 8). GAC F400, the 

activated carbon used in this study, was also evaluated by other research groups that reported SSA 

values of 790 m2 g-1 (Chingombe et al. 2005), a value very similar to the SSA determined in this 

study (814 m2 g-1). The pore volume reported by the Chingombe and coworkers presented two 

major peaks, one for pores with average width of 2 nm, similar to this report, and the other at an 

average pore width of 0.8 nm. These results corroborate the hypothesis that the instrument does 

not have enough sensitivity for analyzing pores with a width < 2 nm. 

 Based on the BET results discussed in this section, it was concluded that higher specific 

surface area would be necessary in order to match other sorbents like activated carbon, which 

commonly presents SSA values between 300 and 1600 m2 g-1 (Zhang et al. 2019). These values 

are one to two orders of magnitude higher compared to the SSA of the synthesized polymers 

(Figure 7). In order to obtain polymers with higher SSA different approaches were explored in 

further research including: synthesis of nanostructured polymers, synthesis of crosslinked 

materials, and solvent and thermic post-reaction treatment.  

 Potentiometric titrations. In order to evaluate the dissociation constants, pKai, of the 

synthesized polymers, all of them were subjected to a pH titration.  The results and comparison of 

each polymer are presented in Figure 9, where the pH of a 100 mg L-1 polymeric suspension is 

evaluated as a function of the added amount of titrant (10 mM KOH). The points marked in each 

curve represent the pKa values for each polymer. pKa values were calculated as the midpoint 

between the end point and the beginning of each titration. 
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Figure 9: Potentiometric curves representing pH as a function of the added titrant KOH. The 

marked points stand for the pKa values for each polymer. 

  

 All polymers presented similar values for pKa1, ranging from 3.9 and 4.6. Likewise, the  

pKa2 value of the different  polymers were also pretty close, between 7.3 and 7.7. These results 

indicate that the polymer backbone presents a minor effect on the energetics of imine dissociation. 

On the other hand, the volume of titrant needed in order to reach pKa1 and pKa2 were very different 

for each polymers, which is a direct indication of the charge on the polymer surface. The pKa 

values determined and the titrant volume added to reach the corresponding pKa values are 

summarize in Table 10.  
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Table 10: pKa values and the necessary titrant volume necessary to reach the pKa. 

  PANI POT POA Ppy PEA PSB PNA 

pKa1 3.91 4.11 4.25 4.16 4.09 4.6 4.1 

V1 (mL) 3.0 1.9 1.3 1.8 2.2 0.5 1.4 

pKa2 7.26 7.66 7.58 7.47 7.24 7.68 7.53 

V2 (mL) 9.8 9.4 5.5 6.4 6.2 3.5 4.53 

 

 Zeta potential analysis. Surface charge is an important polymer property that it is expected 

to impact PFAS adsorption. In order to evaluate the surface charge of the new adsorbents and study 

its dependency on the solution pH, zeta potential titrations were conducted by increasing the pH 

gradually from approximately 3.5 to 8.0.  The resulting zeta potential profiles for all polymers are 

presented in Figure 10. 

 All polymers, but PSB, presented positive values of zeta potential in the lowest pH region. 

In this pH range, the imine groups in the polymers are expected to be fully protonated and provide 

positive surface charge. PSB, on the other hand, had negative values through the entire range of 

evaluated pH, starting with a surface charge of -10 mV at pH 3.6, and ending with -25 mV at pH 

7.8. The rest of the polymers showed a clear dependency of the zeta potential with pH, and a 

decrease in the surface charge with increasing pH values, until reaching the pH of zero charge, or 

the isoelectric point. Once the isoelectric point was achieved the surface charge of some polymers, 

e.g. POA and POT, remained closed to zero. On the other hand, the surface charge of polymers 

like PANI, PPy, PEA, and PNA, became increasingly negative with increasing pH, which could 

indicate that the surface charge is likely to be controlled by other functional groups beside imine. 

The point of zero charge (pHpzc) value for each polymer is reported in Table 11. 
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Figure 10: Zeta potential of different polymer dispersions as function of pH. 

 

Table 11: pH of zero charge (isoelectric point) for each synthesized polymer. 

Polymer PANI POT POA Ppy PEA PSB PNA 

 pHpzc 6.3 6.5 6.7 4.8 5.1 NA 3.8 

 

 FTIR analysis. In order to further characterize and confirm that the polymers were 

correctly synthesized, FTIR was used to characterize the chemical bonds in the different polymers. 

A detailed analysis was performed by Yaniv Olshansky, a post-doctoral researcher who was part 

of the team that conducted this study. The summary of this analysis is presented below. FTIR data 

of the synthesized polymers are  compared on Figure 11. 
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All polymers exhibited a broad adsorption band at a wavenumber higher than 1650 cm-1, 

which is attributed to intra-chain excitation (free charge-carrier adsorption), indicating electrical 

conductivity of the polymers. All spectra exhibited an NðH stretching band at ~3430 cm-1. 

Unexpected peaks at 2918 and 2850 cm 1, corresponding to CH2 asymmetric and symmetric 

stretching vibration, were observed in the spectra of POT, POA, and PANI. These peaks may be 

attributed to a red shift of peaks at 3133 and 3108 cm-1, due to the conductivity of the polymer 

(Kato et al., 1991). PEA and PSB demonstrated large signal at wavenumbers 2963, 2929, and 2872 

cm-1, corresponding to asymmetric and symmetric stretching of CH3, and CH2 groups. 

The spectra of PNA, and PSB exhibited absorbances at 1658 and 1640 cm-1, which can be 

assigned to the imine C=N stretch. For PANI, A quinoid-related bend was also observed at 1575 

cm-1. This peak shifted to higher wavenumber for POT, POA, PEA, PSB, and PNA.  The vibrations 

of the aromatic (benzenoid) ring resulted in peaks at 1493 cm-1 for all aniline derived polymers. 

CðN vibration bands appeared at 1374 cm-1 (CðN deformation), 1298 cm-1 (electron 

delocalization), and 1241 cm-1 (ïNHΞ+=), at the PANI, and PNA spectra. The peak at 1374 cm 1, 

was absent from the spectrum of POA. The peaks observed at 1140 and 800 cm-1 can be assigned 

to ïNH+= and to out-of-plane CðH bending, respectively. The peak at 1020 cm-1 in the POA 

spectra can be assigned to CðO of the methoxy group. 

The PPY spectrum exhibited a pronounced peak at 1700 cm 1. This peak is corresponds to 

a carbonyl group potentially formed by nucleophilic attack by water (Blinova et al., 2007).  

Stretching vibrations of the pyrrole ring CðC bond were observed at 1550 cm-1. CðN stretching 

in the ring observed at 1477 cm-1. A broad peak at 1300 (1400-1250) cm-1 and peak at 1040 cm-1 

were assigned to CðH, and CðN in plane deformation mode. Maxima at 1180 cm-1 can be 
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assigned to in-plane NðH and CðH stretches. In-plane deformation of NðH+ was observed at 

1100 cm-1. Out of plane CðH deformation was observed at 930 and 790 cm-1.  

Overall, FTIR data confirm the expected polymer structure. No evidence for the presence 

of carboxylic groups in polymers (which could have explained the presence of net negative surface 

charge observed at higher pH) was observed. 

  

Figure 11: FTIR spectra of the synthesized polymers.   
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3.1.2. Nanostructured polymers: PANI nanotubes 
 

 

Nanostructured polymers were synthesized in an attempt to obtain polymers with higher SSA. Due 

to their very small size, nanomaterials generally have much higher SSA compared to their bulk, 

micron-sized materials (Yakoyama 2018) 

 Synthesis. Following the process proposed by Zhang and Wang (Zhang and Wang, 2002) 

where camphorsulfonic acid, D-CSA was used as dopant, three aniline based polymers with 

different D-CSA ratios (10, 3.3, and 2 g of aniline/g of D-CSA) were synthesized. The codes used 

for each of these materials are listed on Table 12. Elemental analysis of these polymers was not 

performed. 

 BET analysis. The influence of the dopant presence on the specific surface area of the 

synthesized polymers is compared to PANI on Figure 12 and Table 12.  The SSA of the 

nanostructured polymers did not show an important increase as it was expected, resulting in SSA 

values similar to the pure PANI (18-33 m2 g-1). No trend between the SSA and the presence of D-

SCA was observed, and the small differences in the SSA values determined could be due to 

unavoidable variations in the experiment preparation. The SSA of  nanostructured polyaniline 

synthesized using D-CSA as dopant in a previous study was  reported to range from 41.2-49.3 m2 

g-1 (Huang and Kaner, 2003), which is about two-fold higher than the values obtained in this study 

but not high enough to be comparable to that of GAC. 

Although the SSA of nano-sized PANI and regular PANI was very similar, the 

nanostructured PANI materials presented a marked increase in the fraction of micropores with a 

width less than 5 nm (Figure 13). In agreement with these plots, the average pore size in the 

nanostructure PANI_D_CSA_0.1 was about one order of magnitude lower (2.75 nm) compared to 

that of PANI (25 nm). 
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Table 12: Names, aniline to camphorsulfonic acid (D-CSA) ratio, elemental analysis, and BET 

analysis of the nanostructured polymers compared to micron-sized PANI. 

Sorbent name  
PANI D CSA 

PANI 

0.1 0.3 0.5 

Aniline : Camphorsulfonic acid (g:g) 1 : 0.1 1 : 0.3 1 : 0.5   

BET analysis:          

Specific surface area (m2 g-1) 24.24 18.48 33.18 25.56 

Pore volume (cm3 g-1) 0.01 0.07 0.01 0.14 

Average size BJH 2.75 16.85 0.83 25.66 

 

 

Figure 12: Comparison of the SSA of nano-sized PANI and micron-sized PANI. 
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Figure 13: Pore size distribution comparison between nanostructured PANI polymers and 

micron-sized PANI. 

  

 FTIR analysis. PANI spectra presented the characteristic C=N stretching of the quinoid 

ring at wavenumber 1575 cm-1 (Ayad and Zaghlol 2012b), and a sharp peak at 1488 cm-1 due to 

the benzenoid structure of PANI (Yelil Arasi et al. 2009). Out of plane stretching was observed at 

peaks 1300 cm-1 corresponding to C-N and at out of plane bending at wavenumber 825 cm-1 (Ayad 

and Zaghlol 2012b), also in plane bending band was registered at wavenumber 1140 cm-1 for C-

H.  

 While the spectra of the nanostructured polymers was very similar to PANI, presenting 

basically the same peaks, there was observed a new peak at wavenumber 1041 cm-1, related to the 

-SO3H group, that indicates the D-CSA doping (Zhang and Wan 2002). 
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Figure 14: FTIR absorbance spectra of the nano-sized polymers compared to micron-sized 

PANI. 
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3.1.3.Crosslinked polymers 
 

Another approach for obtaining sorbents with high SSA was to use to prepare crosslinked cationic 

polymers. Crosslinked materials, where polymers are synthesized on a way that high porosity 

materials are obtained, have shown great efficiency as solid phase extraction materials of organic 

contaminants from both aqueous and air media (Tsyurupa and Davankov 2006). Furthermore, 

different research groups have synthesized crosslinked polymers based on PANI and obtained a 

considerable increase in the SSA of the resulting crosslinked polymers compared to pure PANI.  

A previous study reported that crosslinked PANI had a SSA of 349 m2 g-1 (Ayad and Zaghlol 

2012b), which surpasses the SSA of the PANI synthesized in this study by more than 10 times. 

 Synthesis. A method previously described by Germain and coworkers was followed that 

was reported to in hyper-crosslinked polymers with a permanent porosity (Germain et al. 2007). 

Briefly, cationic polymers were dissolved in the organic solvent N-methyl pyrrolidone (NMP) and 

reacted with the crosslinked material, paraformaldehyde (PFA) in this case. Four PANI-based 

crosslinked polymers were synthesized using different polymer to PFA ratios: 1:1, 1:1.5, 1:2.4, 

and 1:4 (g:g), respectively, and one crosslinked POT polymer was synthesized using a POT to 

PFA ratio of 1:1.24 (g:g). The elemental composition and BET analysis for PANI and POT based 

crosslinked polymers are compared to the non-crosslinked polymers in Table 13.  

Elemental analysis showed a notable increase in the percentage of carbon in the synthesized 

crosslinked PANI polymers, from 48.0 in the case of pure PANI to as much as 74.2% for 

PANI_PFA_4. The increase of elemental carbon followed the trend of increasing crosslinker 

presence, but it was not proportional to the amount of PFA added. In this way, the use of four times 

more of crosslinker for PANI_PFA_4 did not change significantly the carbon content compared to 

PANI_PFA_1, increasing the elemental carbon content from 71.7 to 74.2%. These results suggest 
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that the available active sites on the polymers where the crosslinker molecule could bind are 

limited and that there is probably an optimum proportion between PANI and PFA. 

 

Table 13: Crosslinked polymers abbreviations, polymer crosslinker ratios, elemental analysis, 

and BET analysis compared to pure PANI and POT. 

Sorbent name 

 

PANI_PFA PANI 

 

POT 

 

POT_PFA 

1 1.5 2.4 4 1 : 2.4 

Polymer : Crosslinker 

(g:g) 
1 : 1 1 : 1.5 1 : 2.4 1 : 4 

    
1 : 2.4 

Elemental analysis:               

Carbon (wt%)  71.73 72.49 72.34 74.24 47.99 59.51 75.46 

Nitrogen (wt%)  12.61 12.10 10.76 10.95 9.57 9.02 9.35 

Sulfur (wt%)  1.45 1.45 1.155 BLD 3.5 0.21 BLD 

BET analysis:               

Specific surface area 

(m2 g-1) 
195.55 319.21 224.69 487.89 25.56 11.21 443.29 

Pore volume (cm3 g-1) 0.19 0.1837 0.15 0.20 0.14 0.06 NA 

Average size BJH  8.67 6.522 7.29 6.27 25.66 25.41 NA 

 

Despite PFA does not present nitrogen in its molecular structure, the elemental analysis 

results showed higher presence of this element, up to 3% more in the case of PANI_PFA_1 

compared to pure PANI. This increase in nitrogen content could be associated to remaining organic 

solvent, N-methyl pyrrolidone (NMP), used in the crosslinking process. This points out that either 

part of used solvent was adsorbed on the surface of the polymer and the post reaction cleaning 

process is unable to remove the solvent or that part of the solvent remains in the polymer because 

the cleaning process of the crosslinked polymers, which involves a Soxhlet process is not 100% 

effective.  

 BET analysis. The SSA of PANI and POT is compared with the SSA of the corresponding 

crosslinked polymers in Figure 15.  
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Figure 15: Specific surface of the polymers PANI and POT and the respective crosslinked 

polymers. 

 

Results indicate that the presence of crosslinker had an important impact in the SSA of 

synthesized polymers. The SSA of the crosslinked material prepared with the lowest PFA fraction 

(PANI_PFA_1) was eight-fold higher compared to that of pure PANI. This trend was followed by 

the rest of the crosslinked polymers, showing increasing SSA with higher PFA content, reaching 

SSA values of 488 m2 g-1. Crosslinked POT also presented a major increase in SSA, from 11.2 to 

443 m2 g-1. A comparable increase in the SSA of PANI was also reported by different authors 

when using PFA as crosslinker, 349 m2 g-1 (Ayad and Zaghlol 2012b) and up to 480 m2 g-1 

(Germain et al. 2007). 
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Figure 16 compares the effect of crosslinking on the pore size and pore volume distribution 

is presented and compared to those of pure PANI. 

 

 

Figure 16: Pore size distribution of crosslinked polymers compared to PANI. 

 

The crosslinked polymers presented orders of magnitude difference in the pore volume 

distribution (Table 13, Figure 16). The increase in overall pore volume was as much as 43%, 

comparing pure PANI and the crosslinked material with higher pore volume (cm3 g-1). Figure 16 

shows that after crosslinking the pore width shifted from 25 nm, in the case of pure PANI, to pore 

diameters < 5 nm. Due to the limitations of the BET analyzer, the width of the very small pores in 
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the crosslinked PANI materials could not be quantified accurately, as any changes in the partial 

pressure of nitrogen could not be quantified while the smallest pores where adsorbing the nitrogen. 

Ayad and coworkers (Ayad and Zaghlol 2012b) evaluated their crosslinked PANI polymer using 

an instrument with higher sensibility and obtained the characteristic normal distribution curve for 

the crosslinked polymer at an average pore width of 0.6 nm which satisfies the hypothesis that the 

instrument used was not sensible enough. 

 Zeta potential analysis. The impact of the added crosslinker on the surface charge of PANI 

was evaluated (Figure 17). The crosslinked PANI polymers showed similar behavior to PANI, 

presenting a positive surface charge at low pH values and negative charge at pH values exceeding 

their isoelectric point. The pHpzc value experimented a shift to lower pH values from 6.3 in the 

case of PANI to 5.8 and 5.4 for PANI_PFA_2.4 and PANI PFA_1, respectively. Some differences 

were observed in the positive pH range values, where the crosslinked materials had lower zeta 

potential than PANI. For the same pH value, PANI_PFA_2.4 and PANI_PFA_1 showed lower 

zeta potential compared to PANI, about 7-10 mV. 

 Because the crosslinking process requires some of the available positively charged groups 

on the polymer for the bonding process, it is not surprising that for the same pH crosslinked 

polymer show lower surface charge, as part of the charge available on the pure polymer is no 

longer free. 
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Figure 17: Zeta potential of selected crosslinked materials compared to PANI. Inset table 

summarizes the corresponding isoelectric points. 

 

 FTIR analysis. In order to evaluate the impact of the crosslinker on the spectra of 

synthesized polymers, infrared spectra were collected for the crosslinked PANI polymers and 

compared to the spectrum of PANI (Figure 18). The spectrum of PANI presented the characteristic 

C=N stretching of the quinoid ring at wavenumber 1575 cm-1 (Ayad and Zaghlol 2012b), and a 

sharp peak at 1488 cm-1 due to the benzenoid structure of PANI (Yelil Arasi et al. 2009). Out of 

plane stretching was observed at peaks 1300 cm-1 corresponding to C-N and at out of plane bending 

at wavenumber 825 cm-1 (Ayad and Zaghlol 2012b), also in plane bending band was registered at 

wavenumber 1140 cm-1 for C-H.  
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Figure 18: FTIR spectra of crosslinked polymers and PANI. 

 

 The spectra of the crosslinked polymers, while similar between each other, presented major 

differences with pure PANI. The peak at 1488 cm-1 due to the benzenoid structure in PANI was 

shifted to 1500 cm-1 in the crosslinked polymers. The C=N stretching observed at PANI spectra at 
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wavenumber 1575 cm-1 presented a shift to 1602 cm-1. This shift was also observed by Ayad and 

coworkers (Ayad and Zaghlol 2012b), and was explained as an opening of quinone rings due to 

the crosslinker presence. A major suppression of the peaks between bands 1400 and 1000 cm-1 

was observed in the crosslinked polymers compared to pure PANI. The disappearance of the out 

of plane CīN stretching was probably due to a more rigid structure due to the crosslinker presence. 

A peak with increasing intensity at wavenumber 1670 cm-1 was observed in the crosslinked 

polymers but was missing in the spectrum of PANI. This band is associated to the formation of a 

secondary amide group during the reaction with the crosslinker (Ayad and Zaghlol 2012b).  

  

 

3.1.4.Activated carbon composites 
 

When considering real application for water treatment the morphology of the studied polymers 

arises as a problem. These materials were synthesized as fine powders with a relatively small 

particle size, which means that their use in packed bed adsorption processes is limited by excessive 

pressure loss and wash out of the material from the packed bed.  In order to overcome these issues 

it was decided to design and prepare composite materials where the studied polymers would be 

bound to the surface of other materials such as granular activated carbon (GAC). Grafting PANI 

on the surface of GAC could potentially not just solve the two technical issues discussed above 

but also lead to a material with improved physical and chemical properties. Composites are 

expected to combine properties of the combined materials in order to obtain a final material with 

enhanced properties. In the case of GAC, the GAC/polymer composite would be expected to have 

high SSA which would be provided by the high porosity of GAC, as well as potentially enhance 
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the mechanical, thermal and physicochemical properties compared to the pure polymers (Misoon 

and Seok 2012, Zengin and Kalaycē 2010). 

 Synthesis. In order to evaluate the impact of different ratios of PANI to GAC on the 

properties of the final composite material, six composites with different PANI and GAC quantities 

were synthesized. The ratios of polymeric precursor, aniline, to GAC as well as the elemental 

analysis and results of the characterizations procedures are presented and compared to the original 

materials in Table 14. The composite name provides the PANI content (in %) in the synthesized 

material (e.g. PANI/GAC_1.2% refers to the composite containing 1.2% of PANI). These 

percentages were calculated based on the nitrogen content (%) in the composite material. 

Elemental analysis showed high carbon content in the synthesized materials ranging from 

70.4% in the composite with the highest PANI loading to 97.3% in PANI/GAC_12.2%. The 

nitrogen varied from 0.5% to 7.0%, while the sulfur content ranged from non-detectable 

concentrations to 2.7%. Results obtained from elemental analysis of GAC were compared to those 

from other authors who reported similar elemental carbon and nitrogen contents, 89.5 and 0.45% 

(Chingombe et al. 2005). 

The lowest carbon content, as expected, was observed in the material with the highest 

aniline to GAC ratio. The carbon content in PANI by itself was about half of that in GAC which 

in the combined materials led to the reduced carbon content in the composite materials. Some of 

the materials showed higher carbon content than GAC, which could be due to the instrument errors. 

The nitrogen content in the composites increased with increased aniline loading, as pure PANI 

presented about 28.2 times more nitrogen than GAC. 
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Table 14: PANI/GAC composite nomenclature, ratio of precursor to GAC used in the synthesis, elemental analysis results, and BET 

analysis results, compared to GAC and PANI results. 

Sorbent name GAC 
PANI / GAC 

PANI 
1.2 % 2.9 % 5.0 % 7.5 % 12.2 % 48.8 % 

Aniline : GAC  (g:g)  
  

1 : 95.5 1 : 24.4 1 : 13.0 1 : 10.7 1 : 4.0 1 : 0.8 
  

Elemental analysis:                 

Carbon (wt %) 90.26 82.96 93.30 84.15 89.64 97.30 70.39 47.99 

Nitrogen (wt %) 0.34 0.50 0.87 1.11 1.52 2.63 6.95 9.57 

Sulfur (wt %) 0.68 1.45 0.92 0.73 BDL BDL 2.72 3.5 

BET analysis:                 

Specific surface area 

(m2 g-1) 
814.01 NA 683.65 523.05 NA 111.47 18.49 25.56 

Pore volume  

(cm3 g-1) 
0.14 NA 0.15 0.13 NA 0.07 0.00 0.14 

Average size BJH  4.40 NA 4.06 4.87 NA 6.06 0.91 25.66 
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The calculated percentages of PANI on the composites, based on the nitrogen content, 

revealed that not all of the available precursor, aniline, was incorporated in the composites 

following the oxidative synthesis process. This result is in agreement with a previous report that 

used the same method to prepare GAC/PANI composites and reported a decrease in the polymer 

content of the final product compared to the amount of precursor used in the synthesis process 

(Kuznetsov et al. 2019). This variation was related to the formation of substantial amounts of low-

weight polymeric products that did not bind to the GAC surface and were removed during the 

washing step.  

 

BET analysis. The SSA, pore size and pore volume of the GAC-based composites are 

presented and compared to the original materials on Table 14. The SSA of most synthesized 

composite materials increased by two to three orders of magnitude compared to the SSA of the 

original polymer (Figure 19). The highest SSA (683.6 m2 g-1) occurred for the composite with the 

lowest PANI loading, PANI/GAC 2.9%. The lowest SSA value was obtained for the composite 

with the highest PANI loading, presenting a lower SSA value than PANI itself, 18.49 vs. 25.56 m2 

g-1, respectively. 

 While achieving a considerable increase in the SSA of several composites, i.e., up to 27-

fold more SSA than PANI in the case of PANI/GAC_2.9%, the BET results indicate a clear  

decrease of the SSA with increasing PANI loading compared to GAC, especially for loadings of  

7.5% or higher. Authors working with GAC/PANI composite materials have also reported similar 

trends and they attributed the decline in SSA resulting from polymer incorporation on the GAC 

surface mainly due to decrease of the amount of micropores (Yan et al. 2014). This behavior was 

expected as the grafting process implies synthesis inside of GAC pores. The polymer chains 
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formed during the synthesis process obviously would occupy a fraction of the available area and 

also completely cover some pores with the increasing precursors availability. The lowest SSA 

value could be the result of the excessive amount of synthesized polymer than did not just 

completely cover some of the available pores but also merged together GAC particles, leading to 

the loss of the majority of the available SSA. 

 

 

Figure 19: Specific surface area (SSA) of synthesized composite materials compared to GAC 

and PANI. 

 

 Figure 20 provides a closer look at the pore volume distribution of the synthesized 

composites and compares it with GAC and pure PANI. GAC was the sorbent with the highest pore 

volume distribution at a pore width close to the limit of detection. The pore size distribution of the 

composite materials PANI/GAC_2.9% and PANI/GAC_7.5% showed very similar trends to that 
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of GAC. The composite with the highest PANI content presented a substantial decrease in the pore 

volume distribution at around the same pore width.  

Due to the limitation of the BET analyzer used, the data is only available from a starting 

pore width of 2 nm, as the adsorption equilibrium nitrogen pressure was too low to be detected for 

smaller pores. By the shape of the curve, it can be anticipated that there would be a peak value 

around the 2 nm pore width. More detailed explanation about the shape of the pore volume 

distribution curves and the low sensitivity of the instrument is provided in Section 3.1. 

 

Figure 20: Pore volume distribution of selected PANI/GAC composite materials compared to 

PANI and GAC. Numbers in legend represent the percentage of PANI in a specific composite 

material. 
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 Similar to the SSA trend discussed in the previous paragraph, the volume of pores less than 

15 nm also decreased with increasing PANI content in the composite materials, particularly for 

the composite with the highest PANI loading (12.2%). As previously explained, this decrease is 

likely due to blockage of the porous structure of the activated carbon by PANI.  

 Zeta potential analysis. In order to evaluate the impact of PANI presence on GAC surface 

on the surface charge of the composite materials, zeta potential titrations were conducted for 

several PANI/GAC composites with the highest SSA.  

PANI presented a positively charged surface with a decreasing trend with increasing pH, 

reaching the isoelectric point at pH value of 6.3. Isoelectric point or pH of zero charge is the pH 

value at which the zeta potential is zero. After reaching the point of zero charge, surface charge 

became increasingly negative with higher pH values. 

While presenting some variation in the lowest pH range, GAC showed almost a constant 

zeta potential value for the entire evaluated range, between -10 and -20 mV, thus not presenting 

an isoelectric point.. In spite of the presence of PANI of the GAC surface, and similarly to GAC, 

the composite materials showed negative values of zeta potential over the entire range of pH 

(Figure 21). PANI/GAC_2.9% and PANI/GAC_7.5% composites presented the same zeta 

potential as GAC, -10 mV on average. 

 Previous studies have reported somewhat different zeta potential values for activated 

carbon F400 with changing pH. For example, Chingombe and coworkers reported that F400 

presented positive surface charge with a pHPZC close to pH 6, and with a posterior decrease of the 

surface charge up to -30 mV at a pH of 12 (Chingombe et al. 2005). The reasons for this difference 

could be a different GAC concentration. Chingombe reported to use 3000 mg L-1 while in this 

study 100 mg L-1 was used as well as different ionic strength in the background of the evaluated 
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samples, 5 meq L-1 in this study vs. 40-100 meq L-1 in Chingombe case, as it is known that the 

ionic strength is one on of the key parameters affecting the zeta potential evaluation (Carneiro-da-

Cunha et al. 2011). 

 

 

Figure 21: Zeta potential results of several PANI/GAC composites, at 5 mM NaCl background, 

compared to PANI and GAC. Numbers in legend represent the percentage of PANI in a specific 

composite material. 

 

  The composite materials did not show the same dependency of the zeta potential with pH 

as pure PANI, likely due to the relatively low PANI content in the composites compared to GAC. 

A less obvious reason could be the experimental methodology used, as zeta potential values for 

the composite materials are lacking for pH values below pH 5.5. In these experiments, all materials 

were suspended in 5 mM NaCl, without initial addition of titrants to correct the pH, thus every 

sorbent had a different starting pH. The reason for that was to try to avoid the possible hysteresis 

effect in the zeta potential trends (e.g. adding HCl to the composite suspension to achieve similar 

pH as PANI suspension, and then running zeta measurements by adding NaOH). 
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 Overall, the zeta potential results indicate that PANI did not alter significantly the surface 

of the modified activated carbon, except in the case of PANI/GAC_1.2% in which the surface 

became more negatively charged in acidic solution. This implies that the latter modified activated 

carbon might have a lower affinity for anions, such as PFOA, due to electrostatic repulsive 

interaction. 

 FTIR analysis. Infrared spectra were obtained in order to analyze the impact of PANI in 

the composites on intra-molecular bonding. GAC showed notable peaks at wavenumbers of 1150 

and 1570 cm-1 (Figure 22) The peak at 1150 cm-1 can be attributed to epi-oxide and phenolic 

structures or C-N stretching vibration (Chingombe et al. 2005). The peak at 1570 cm-1, on the other 

hand, can be a result of quinone structures (Sutherland et al. 1996).  

PANI spectra presented the characteristic C=N stretching of the quinoid ring at 

wavenumber 1575 cm-1 (Ayad and Zaghlol 2012b), and a sharp peak at 1488 cm-1 due to the 

benzenoid structure of PANI (Yelil Arasi et al. 2009). Out of plane stretching was observed at 

peaks 1300 cm-1 corresponding to C-N and at out of plane bending at wavenumber 825 cm-1 (Ayad 

and Zaghlol 2012b), also in plane bending band was registered at wavenumber 1140 cm-1 for CīH.  

The composites with low PANI loading showed similar peaks to GAC at the same 

wavelength. These peaks gradually disappeared, with increasing PANI content, especially the peak 

at 1570 cm-1, before the characteristic PANI peaks started to take importance in the spectra. 

PANI/GAC 48.8% presented the same peaks as pure PANI with some shifts in intensity and 

wavenumber. The peak at 1013 cm-1 was shifted to 1032 cm-1 and presented much less absorbance. 

Peaks at 1124, 1290, and 1577 cm-1 shifted to 1140, 1297, and 1566 cm-1, while the peak at 1491 

cm-1 did not show any important change. Similar changes in the wavenumbers of the peaks were 

also observed in a related study in which PANI was synthesized on the GAC surface and they were 
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attributed to the presence of PANI in activated carbon (Patil et al. 2014). In conclusion, the FTIR 

results obtained in this study confirm the incorporation of PANI on the GAC surface through in 

situ chemical oxidative polymerization and the formation of GAC/PANI composites.  

 

Figure 22: FTIR results of three selected PANI/GAC composite materials compared to spectra 

of GAC and PANI. 
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3.1.5.Cellulose composites 
 

Following the reasoning for grafting the studied polymers onto support materials provided in the 

section above, cellulose was proposed as a candidate for this role. Cellulose is a biodegradable 

polymeric material, cheap, extremely abundant, and it has been successfully used as adsorbent of 

toxic organic compounds such as benzene, polycyclic aromatic hydrocarbons or pesticides (Avelar 

Dutra et al. 2017). The presence of hydroxyl groups in this material can help the binding with the 

adsorbent, PANI in this case, by creating covalent bonds with functional groups of the polymer 

(Alzate-Sánchez et al. 2019). Moreover, it has been reported that cellulose microcrystals 

poly(ethylenimine)-functionalized used as adsorbent material for per-fluorinated compounds 

showed fast sorption kinetics, high removal capacity, and can be easily regenerated (Ateia et al. 

2018). Studies also have shown that cellulose based materials present high PFOA affinity while 

showing less impact from NOM presence in the solution (Xiao et al. 2017).  

 Synthesis. Two composites with different PANI to cellulose ratio were synthesized so the 

impact of the increasing PANI presence in the composite could be evaluated. The ratios of PANI 

and cellulose as well as the elemental analysis and BET measurements are presented and compared 

to pure PANI and cellulose on Table 15. The nomenclature selected is based on the amount of 

PANI synthesized on the cellulose calculated as the increase of nitrogen % in the elemental 

analysis. 

Elemental analysis showed similar carbon percentage, ranging from 44.3% for 

PANI/Cellulose_4.7% to 45.6% in the case of PANI/Cellulose_9%. Other authors have reported 

similar carbon percentage in cellulose, 42.9-43.2% (Gao et al. 2012, Sun et al. 2016) Nitrogen 

presented an increasing trend with the growing PANI content, with values of 0.31% for the 

cellulose and 1.2% for the composite with the highest PANI content, PANI/Cellullose_9%. This 
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increase is related to the introduction of PANI, a N-containing material, in the composite material. 

The nitrogen content determined in our study for pure cellulose (0.31%) is relatively high, as 

nitrogen content should be minimal in a glucose-based polymer. Gao and coworkers, (Gao et al. 

2012) reported much lower values for nitrogen 0.004%, than the data provided in this study, 0.31%. 

The high presence of nitrogen could be due to an instrument error. 

 

Table 15: Cellulose based composites names, aniline cellulose ratios, elemental analysis, and 

BET analysis compared to cellulose PANI. 

 Sorbent name Cellulose 

 

PANI/Cellulose PANI 

  4.7% 9.0% 

Anline : Cellulose (g)   1 : 101.5 1 : 13.6   

Eleimental analysis:         

Carbon (wt%) 44.98 44.26 45.59 47.99 

Nitrogen (wt%) 0.31 0.76 1.17 9.57 

Sulfur (wt%) BDL* BDL BDL 3.5 

BET analysis:       

 
Specific surface area (m2 g-1) 1.05 8.62 11.69 25.56 

Pore volume (cm3 g-1) 0.004 0.035 0.054 0.14 

Average size BJH  18.66 16.319 19.004 25.66 

 

*BDL= Below limit of detection 
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 BET analysis. The synthesized composites were evaluated for SSA and pore volume 

changes with the increasing PANI presence. The results of these evaluations are presented and 

compared to those of PANI and cellulose in Table 15. 

 Cellulose resulted to be the material with the lowest SSA (just 1 m2 g-1). The presence of 

PANI had a positive impact on the SSA of the composites, reaching a value of 11.7 m2 g-1 in the 

composite with highest PANI loading of 9% (Figure 23). Following the same trend as SSA, the 

pore volume also has increased from 0.004 to 0.054 cm3 g-1. Figure 24 compares pore volume 

distribution of the composites with pure PANI and cellulose. The introduction of PANI in the 

cellulose caused an important increase in the pore volume of the composite due to the development 

of pores with an average width of 7.5 nm. 

 

 

Figure 23: SSA of cellulose composites compared to SSA of cellulose and PANI. Percentages 

represent amount of PANI in the corresponding composite material. 
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In other studies where cellulose was oxidized with poly(ethyleneimine), a similar trend of 

SSA was observed when poly(ethyleneimine) was grafted onto the cellulose, increasing the SSA 

from 3.3 to 7.8 m2 g-1 (Ateia et al. 2018). Similarly to this study, Ateia and coworkers have shown 

an increase in the pore volume when poly(ethylenemine) was bound to the cellulose. 

 

  

Figure 24: Pore size distribution of cellulose-based composites, compared to cellulose and 

PANI. Numbers in legend represent the percentage of PANI in the corresponding composite 

material. 

 

 FTIR analysis. Changes in the infrared spectrum of cellulose were evaluated with 

increased PANI presence. Figure 25 compares spectra of composite materials, cellulose, and pure 

PANI. The spectrum of PANI was discussed before (Section 2.2.4). The spectrum of cellulose 

presented a characteristic CīO stretching peak at wavenumber of 1590 cm-1, and a CīOīC 

pyranose ring skeletal vibration at 1056 cm-1 (Ateia et al. 2018). Both of the composite materials 

shown similar behavior to the matrix material. Aside of showing higher intensity for each peak 
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compared to cellulose, composites presented what could be a NīH bending peak at 1645 cm-1 that 

was not seen in the cellulose spectra (Technical documents, SigmaAldrich). The main reason for 

such similar spectra is the low PANI loading on the cellulose. Synthesized cellulose based 

composites presented very low PANI content, thus no closer resemblance between composites and 

pure PANI can be established aside of the amino group detected in the composites as there is no 

other source for that group that PANI.  

 

Figure 25: FTIR spectra comparing PANI-cellulose composites with PANI and cellulose. 

Numbers in legend represent the percentage of PANI in the corresponding composite material. 
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3.2. PFAS adsorption 
 

3.2.1.Isotherm method development 
 

Equilibrium adsorption isotherms are empirical equations that can be used to explain and predict 

the adsorption of a specific contaminant on a specific sorbent (Gautam and Chattopadhyaya 2016). 

Commonly an isotherm experiment consists of a number of samples in which a known amount of 

sorbent is contacted with a solution containing a variable quantity of pollutant at a constant 

temperature until equilibrium is reached. The concentration of pollutant adsorbed on the surface 

of the sorbent at equilibrium is evaluated and compared to the equilibrium concentration reached 

in the aqueous phase for each of the samples. This data is used to calculate an empirical equation 

known as the equilibrium adsorption isotherm.  

The two most common equations used for fitting the empirical isotherm data just explained, 

and the ones used in this study are the Freundlich and Langmuir isotherm models. The Freundlich 

isotherm is based on the assumption that the adsorption happens on an heterogeneous surface and 

at active sites with varying energy of adsorption. Freundlich adsorption follows Equation 1: 

                                                         ὗ ὑ Ͻὅ                                                                   Equation 1 

Where: 

Qe = Chemical concentration on the sorbent (mg g-1) 

KF = Freundlich constant (mg g-1)(L g-1)n  

Ce = Equilibrium concentration in aqueous phase (mg L-1) 

n = Isotherm curvature  

The Langmuir isotherm assumes that the adsorption occurs as a monolayer on a surface containing 

a finite amount of active sites with no transmigration of adsorbate in the plane of the surface 

(Gautam and Chattopadhyaya 2016). Langmuir adsorption isotherm follows Equation 2: 
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                                                  ὗ
Ͻ Ͻ

Ͻ 
                                                                     Equation 2 

Where: 

Qe = Chemical concentration on the sorbent (mg g-1) 

Qmax = Model parameter fit to maximal adsorbate concentrations (mg g-1) 

Ce = Equilibrium concentration in aqueous phase (mg L-1) 

KL= Langmuir affinity constant (L g-1) 

 

When designing equilibrium adsorption experiments, several parameters must be evaluated 

and characterized as any change in these variables will impact the resulting equation. As it can be 

inferred form the name, temperature is one of the key parameters and it has to be constant through 

the entire set of samples that will compose the isotherm adsorption experiment. In the case of this 

study all performed isotherms were evaluated at a temperature of 27ºC.  

The proper amount of adsorbent used in the isotherm experiment is also essential for 

obtaining meaningful results, as a too high sorbent concentration will adsorb too much of the 

contaminant and will not allow to evaluate properly the adsorption behavior of the pollutant. On 

the same way, a small concentration of sorbent will not provide useful information as the sorbent 

will be saturated at any pollutant concentration.  

An equilibrium adsorption isotherm implies that the adsorption is evaluated once the 

equilibrium between the aqueous phase and the adsorbed phase has been reached. Thus, the contact 

time is another key variable in the design of such experiment. Commonly an excessive contact 

time is allowed to happen to ensure equilibrium has been reached.  

The last variable with great impact on the adsorption is the pH of the solution, thus the 

entire set of samples that conform the experiment must be at the same pH in order to be evaluated.  
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Polymer concentration. Adsorption of 50 ɛg L-1 PFOA onto PANI was studied at different 

polymer concentrations ranging from 10 to 100 mg L-1 in a 5 mM NaCl background solution. The 

results showed that after a contact time of 48 h, the lowest polymer concentration (10 mg L-1) 

attained a PFOA removal of 89.5% while the highest concentration achieved 99.5% PFOA 

removal (Figure 26). The adsorbed concentration on the polymer decreased from 5.4 to 0.5 ɛgPFOA 

mgPANI
-1 when comparing the lowest and the highest polymer concentration. 

 

Figure 26: PFOA removed from aqueous solution (expressed as percentage) as a function of the 

used polymer concentration on the left vertical axis, and PFOA concentration on the polymer 

surface on the right vertical axis, after 48 h of contact. 

 

The decrease of the surface concentration was expected, as for the same amount of PFOA 

in the solution, more polymer is available. It was decided to select 10 mg L-1 as the sorbent 

concentration that would be used in the isotherm experiments. It was concluded that a higher 



 

95 

 

sorbent concentration would result in too low PFOA equilibrium concentrations when evaluating 

samples with lower initial concentration than 50 ɛg L-1. This could lead to analytical difficulties 

and would not provide enough information about the adsorption mechanism. 

 Preliminary adsorption kinetics. In order to establish the time it takes for reaching the 

equilibrium between aqueous and solid phase a kinetic experiment was performed. Following the 

results from the section bellow 10 mg L-1 of PANI suspension was reacted with 50 ɛg L-1 of PFOA 

in a 5 mM NaCl background. The times of contact varied from 0.5 to 140 h. The experiment was 

conducted in triplicate and it was designed in a way that all samples were collected at the same 

time. The resulting kinetic data are presented on Figure 27. 

 

Figure 27: Percentage of PFOA removed as a function of the contact time with 10 mg L-1 of 

PANI when initial concentration of PFOA was 50 ɛg L-1. 
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The results showed that 90% of the initially available PFOA was adsorbed in the first 30 h 

of the experiment, while it took another 110 h to reach a 95% removal. Because of the major 

decrease of the adsorption speed after the 90 % removal, it was concluded that for future isotherms 

experiments, 48 h contact time would be enough for achieving a pseudo-equilibrium state.  

 pH edges. As previously mentioned, it was expected for the pH to be a key variable in the 

adsorption process. Based on the different charge availability on the surface of each of the 

synthesized polymers, see potentiometric titration results in Section 2.2.1, it was decided to 

evaluate the adsorption of every polymer at different pH values. From the results provided above, 

the contact time was set at 48 h and a sorbent concentration of 10 mg L-1 was chosen. The initial 

concentration of PFOA was 60 ɛg L-1 in a 5mM NaCl background, and the pH for each experiment 

ranged from 3 to 11. pH edges for the polymers are compared to the pH edge of PAC in Figure 28. 
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Figure 28: PFOA adsorption capacity of the synthesized polymers and PAC as a function of pH. 

 

The various adsorbents presented different affinity for PFOA depending of the pH (Figure 

28). Two of the polymers, PANI and POA, exhibited a growing adsorption capacity with 

increasing pH until a maximum was reached at pH 6.0 for both of the polymers. At higher pH 

values, the adsorption capacity of both sorbents decreased. A group of polymers, which included 

PEA, PPy, PNA, and PSB, presented a strong response to pH and followed a rapid decreasing 

trend in the adsorbed concentration with increasing pH values. The adsorption capacity of POT 

showed low dependency with pH for values under pH 6. At values higher than 6, the PFOA 
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adsorbed concentration decreased abruptly. PAC sorption capacity, on the other hand, did not show 

any dependency with changing pH at values ranging from 3 to 10.  

In general terms, both hydrophobic and electrostatic interactions appear to play an 

important role on the adsorption of PFOA by the different polymers as it was predicted in the 

Objectives section. The lowest the pH value, the highest  the PFOA adsorption due to the 

protonation of the amino groups, which at low pH values are more deprotonated and present more 

positive charge that could interact with the negatively charged PFAS ions. PEA, PPy, PSBA, and 

PNA followed this assumption over the entire range of pH values, presenting a notorious decrease 

in the adsorption capacity when the pH increased from 3 to 4. POT, PANI and POA presented 

some deviation from this trend as the decrease in PFOA adsorption was not seen until a certain pH 

value. In the case of POT, the decrease in the adsorption capacity happened rapidly and in the 

region of the isoelectric point, pH 6.5, where no charge is expected on the surface of the polymer. 

This behavior could be explained by an adsorption mechanism purely based on electrostatic 

interactions, thus when no charge is available no adsorption can happen. On the other hand, PANI 

and POA presented almost identical behavior between each other but quite different to what was 

seen in the case of POT. The low adsorption capacity at low pH values contradicted the 

electrostatic interaction hypothesis in spite of the fact that in the characterization section (Section 

2.2.2) it was demonstrated that these polymers do present surface charge in the low pH range, at 

values lower than their respective isoelectric points, pH 6.3 for PANI and pH 6.7 for POA. This 

unexpected behavior could be explained by a pH dependent morphology of these polymers, which 

at low pH values could present a more crystalline structure, which would not allow full access to 

the positively charged active sites. At pH values exceeding those corresponding to the observed 

adsorption optimum, the adsorption capacity neither decreased abruptly as it happened in the case 
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of POT but followed a more gradual adsorption capacity decrease. The explanation for this 

phenomenon could be that adsorption of PFAS by PANI and POA also involves hydrophobic 

interactions, aside of the electrostatic, which despite of the negative charge on the polymer surface 

still allow to adsorb part of the available PFOA. 

Based on the obtained results, it was concluded that neither PEA, PNA, PPy, nor PSB were 

good sorbents for PFAS compounds. While the adsorption capacity of these polymers was higher 

than that of PANI and POA at low pH values, it rapidly decreased to almost zero at 

environmentally relevant pH values, and their potential use at low pH values is neither of interest 

as POT presented much higher adsorption capacity in that range. Because of this conclusion, no 

further evaluation of these four polymers was conducted. 

On the other hand, PANI, POA, and POT presented high PFOA adsorption capacities in 

some of the pH regions, reaching values close to 6 mgPFOA g
-1

sorbent. Thus it was decided to conduct 

isotherm experiment at a pH of 5.5-6.0 as in this range POT, PANI and POA presented their 

maximum adsorption capacity. This optimum adsorption capacity was very close to the one 

presented by PAC, which means that these polymers can potentially be highly effective PFAS 

sorbents. 

 

3.2.2.PFOA single component isotherms 
 

 

Based on the results obtained in section above, all equilibrium adsorption isotherms were evaluated 

at pH values between 5.5 and 6.0, at a temperature of 25ºC, with a sorbent concentration of 10 mg 

L-1, and at a contact time of 48 h. The concentration of pollutant, in this section just PFOA, ranged 

from 1 to 1000 ɛg L-1. 
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 Cationic polymers. The isotherms of the three synthesized polymers that passed the 

screening of the pH edges experiment (i.e., PANI, POT and POA) were evaluated with PFOA as 

single pollutant and compared to the sorption isotherm of PAC (Figure 29). For the same 

equilibrium aqueous PFOA concentration of 0.2 mg L-1, the results obtained showed a clear 

superiority of POT among the synthesized polymers achieving a PFOA adsorbed concentration of 

49 ɛg mg-1, compared to PANI and POA with just 21 and 19 ɛg mg-1, respectively (Figure 30).  

 

 

Figure 29: PFOA adsorption isotherms determined for the polymeric sorbents PANI, POT and 

POA and PAC.  The symbols represent the experimental data and the lines the data fitting to the 

Freundlich isotherm equation. Inset shows data in the lowest equilibrium concentration range. 
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Table 16: Freundlich and Langmuir isotherm fitting parameters for the adsorption of PFOA by 

selected synthesized polymers and PAC. 

  Langmuir fitting   Freundlich fitting 

Sorbent KL Qmax R2   KF n R2 

(L g-1) (mg g-1)    (mg g-1) × (mg L-1)-n     

PANI 7.17 ± 1.29 2.49 ± 0.96 0.97   45.51 ± 1.23 0.48 ± 0.02 0.99 

POT 254.36 ± 69.26 2.34 ± 0.92 0.92   77.90 ± 2.33 0.29 ± 0.01 0.98 

POA 42.41 ± 4.53 0.61 ± 0.98 0.98   29.78 ± 1.04 0.29 ± 0.02 0.97 

PAC 192.38 ± 15.08 1.82 ± 0.99 0.99   186.85 ± 19.34 0.33 ± 0.03 0.91 

 

 

 

 

Figure 30: Equilibrium adsorbed PFOA concentration values determined in experiments with 

different sorbents for an equilibrium aqueous PFOA concentration of 0.2 mg L-1. 
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 On the entire range of equilibrium concentrations, PANI and POA presented very similar 

behavior, with a POA showing slightly higher affinity at the lowest PFOA equilibrium 

concentrations. While PAC was the most effective adsorbent, reaching an adsorbed concentration 

of 110 ɛg PFOA mg-1 at the same equilibrium aqueous concentration, the adsorption affinity of 

POT at environmentally relevant concentrations (ppt- to low ppb range) was very similar to that 

of PAC.  

All experimental data was fitted to both Freundlich and Langmuir isotherms. The fitting 

parameters are presented in Table 16. While Langmuir fitting showed higher R2 regression values, 

Freundlich fitting coefficients presented less standard deviation for the calculated fitting 

parameters and was considered a better fitting for the obtained experimental data.  

Different authors have evaluated PFOA sorption onto PAC and reported their results. Yu 

and coworkers evaluated PFOA adsorption on both PAC and GAC, experimenting with 100 mg 

L-1 of sorbent in a PFOA range from 20 to 250 mg L-1 reporting Freundlich coefficients of 107.3 

and 37.4 (mg g-1)(L g-1)n, respectively (Yu et al. 2009). 

Other authors though have presented smaller Freundlich coefficients for PFOA adsorption. 

Ochoa-Herrera and coworkers used same type of activated carbon, F400, and reported Freundlich 

parameters of 11.8 (mg g-1)(L g-1)n (Ochoa-Herrera and Sierra-Alvarez 2008), the difference with 

this study could be due to much higher concentration of PFOA used by the authors, between 15 

and 150 mg L-1. Fitting parameters at different equilibrium concentration can differ a lot. Qu and 

coworkers experimented with 2500 mg L-1 of PAC in contact with PFOA concentration ranging 

from 5 to 40 mg L-1, and reported Freundlich coefficients of 24. 3 (mg g-1)(L g-1)n (Qu et al. 2009). 

Similar to the study presented above, a different carbon was used as well as much higher PFOA 
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concentrations. Other authors experimenting with PFOA concentrations ranging from 10 to 300 

ɛg L-1 and PAC between 2 and 20 mg L-1 have reported much higher value of the Freundlich 

coefficient, 332 (mg g-1)(L g-1)n (Yu et al. 2012), a value 57% higher compared to that determined 

in this study. Again the differences in the results could be related to the use of a different sorbent. 

Nano-sized PANI. PFOA isotherms were determined for nano-sized PANIs and compared 

to those of micron-sized PANI (Figure 31).  The adsorption capacity of the polymer prepared with 

the lowest amount of added camphorsulfonic acid, PANI D CSA 0.3, was very similarly to that of 

PANI, about 20 mg g-1 at an equilibrium aqueous concentration of 0.2 mg PFOA L-1.  

 

 

Figure 31: PFOA adsorption isotherms determined for nanostructured PANI (PANI_D_CSA_0.3 

and PANI_D_CSA_0.5) and micron-sized PANI.. The symbols represent the experimental data 

and the lines the data fitting to the Freundlich isotherm equation. Inset shows data in the lowest 

equilibrium concentration range. 
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While the nanostructured polymers presented similar SSA values to the original PANI, a 

significant shift to smaller pore with was observed in the pore volume distribution (Section 3.1.3), 

suggesting that higher adsorption affinity could have been obtained. From the data obtained it was 

concluded that in the case of the nanostructured polymers a shift into smaller pore width did not 

substantially increase the adsorption of PFOA.   

The nanostructured polymer with the highest camphorsulfonic content showed a small 

increase in the adsorption capacity, 25 mg PFOA g-1, compared to PANI with just 20 mg PFOA g-

1
 (Figure 32). Freundlich and Langmuir fitting parameters are summarized in Table 17. 

 

 

Figure 32: Equilibrium adsorbed PFOA concentration values determined in experiments with 

PANI and nanostructured polymers PANI_D_CSA_0.3 and PANI_D_CSA_0.5 for an 

equilibrium aqueous PFOA concentration of 0.2 mg L-1. 

 

 



 

105 

 

 Crosslinked polymers. PFOA adsorption isotherms using crosslinked PANI and 

crosslinked POT were evaluated. The experimental data were fitted to the Freundlich isotherm 

equation and compared to those of the original polymers and PAC (Figure 33 and Figure 35). 

A marked increase in the PFOA adsorption capacity of PANI after crosslinking was 

observed. At the same equilibrium concentration of 0.2 mg L-1, PANI_PFA 2.4 showed the highest 

PFOA adsorbed concentration of 42 mg g-1 among the synthesized crosslinked polymers (Figure 

34). Freundlich and Langmuir fitting parameters are summarized in Table 18. 

 

 

 

Figure 33: PANI-based crosslinked polymer adsorption isotherms compared to PANI and PAC 

and fitted to Freundlich isotherm equation. The symbols represent the experimental data and the 

lines the data fitting to the Freundlich isotherm equation. 
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Table 17: Freundlich and Langmuir isotherms fitting parameters for the adsorption of PFOA by micron-sized PANI and nano-sized 

polymers PANI_D_CSA_0.3 and PANI_D_CSA_0.5. 

 

  Langmuir fitting   Freundlich fitting 

Sorbent 
KL Qmax R2   KF n R2 

(L g-1) (mg g-1)     (mg g-1) × (mg L-1)-n     

PANI 7.17 ± 1.29 41.08 ± 2.49 0.97   45.51 ± 1.23 0.48 ± 0.02 0.99 

 

PANI D CSA 0.3 

 

7.72 ± 1.19 36.80 ± 1.70 0.98   38.70 ± 0.70 0.41 ± 0.01 0.99 

 

 

PANI D CSA 0.5 

 

 

11.23 ± 2.13 41.82 ± 2.34 0.95   50.99 ± 1.28 0.44 ± 0.02 0.97 
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Table 18: Freundlich and Langmuir isotherms fitting parameters for the adsorption of PFOA by PAC, micron-sized PANI and PANI 

base crosslinked polymers (PANI_PFA_1, PANI_PFA_1.5, PANI_PFA_2.4, and PANI_PFA_4). 

  Langmuir fitting   Freundlich fitting 

Sorbent 
KL Qmax R2   KF n R2 

(L g-1) (mg g-1)     (mg g-1) × (mg L-1)-n     

PAC 192.38 ± 15.09 86.69 ± 1.82 0.99   186.85 ± 19.34 0.33 ± 0.03 0.91 

PANI 7.17 ± 1.29 41.08 ± 2.49 0.97   45.51 ± 1.23 0.48 ± 0.02 0.99 

                

PANI PFA 1 3.25 ± 0.99 81.69 ± 11.64 0.99   77.18 ± 0.83 0.58 ± 0.01 1.00 

PANI PFA 1.5 NA NA NA   85.45 ± 3.94 0.51 ± 0.03 0.99 

PANI PFA 2.4 15.75 ± 2.19 98.42 ± 5.02 0.99   174.33 ± 6.06 0.50 ± 0.02 1.00 

PANI PFA 4 2.89 ± 1.21 96.6 ± 20.54 0.98   88.21 ± 1.90 0.59 ± 0.02 1.00 
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In contrast with the crosslinking of PANI, same process for POT didnôt lead to increased 

adsorption capacity showing less affinity for PFOA than POT, 35 mg g-1 against 45 mg g-1 

respectively, at an equilibrium aqueous PFOA concentration of 0.2 mg L-1. At the lowest PFOA 

concentrations POT_PFA_2.4 showed significantly less affinity than POT and PAC, which 

presented almost identical results. Freundlich and Langmuir fitting parameters are summarized in 

Table 19. 

Overall, the increased adsorbed concentration could be explained as the result of the 

increased SSA and porosity of the crosslinked materials, which could promote PFOA adsorption 

by providing more active sites. The lower affinity of the crosslinked POT for PFOA compared to 

POT could be related to the loss of active amino sites that have been reacted with the crosslinker 

in order to achieve the network-like structure of the crosslinked polymer. 

 

Figure 34: Equilibrium concentration of PFOA adsorbed by PAC, PANI, and PANI-based 

crosslinked polymers (PANI_PFA_1, PANI_PFA_1.5, PANI_PFA_2.4, and PANI_PFA_4) in 

equilibrium with an aqueous PFOA concentration of 0.2 mg L-1. 
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Figure 35: POT-based crosslinked polymers adsorption isotherms compared to those of POT 

and PAC. The symbols represent the experimental data and the lines the data fitting to the 

Freundlich isotherm equation. 

 

PANI-GAC composites. Adsorption of PFOA by the PANI-GAC composite materials, which 

synthesis and characterization was presented in the previous section, was also evaluated. The 

isotherm data obtained are compared with those determined for PANI and PAC in Figure 36, and 

the Freundlich fitting parameters are summarized in Table 20. 

 The adsorption capacity of the resulting composites showed a clear dependence with the 

amount of PANI present in the material. This way, composites with the lowest amount of PANI 

showed the best adsorption results, reporting even higher adsorption than PAC for PANI GAC 

1.2% and PANI GAC 2.9% with 90 and 80 mg PFOA g-1 respectively, while PFOA concentration 

on PAC was 75 mg PFOA g-1 for the equilibrium aqueous concentration of 0.1 mg PFOA L-1 

(Figure 37). 
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Table 19: Freundlich and Langmuir isotherms fitting parameters for the adsorption of PFOA by PAC, POT, and POT based 

crosslinked polymer POT_PFA_2.4. 

 

  Langmuir fitting   Freundlich fitting 

Sorbent 
KL Qmax R2   KF n R2 

(L g-1) (mg g-1)     (mg g-1) × (mg L-1)-n     

PAC 192.38 ± 15.09 86.69 ± 1.82 0.99   186.85 ± 19.34 0.33 ± 0.03 0.91 

POT 254.36 ± 69.26 2.34 ± 0.92 0.92   77.90 ± 2.33 0.29 ± 0.01 0.98 

                

POT PFA 2.4 13.21 ± 1.35 94.55 ± 3.59 1.00   153.55 ± 5.25 0.50 ± 0.02 1.00 
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Despite some of the composites presenting higher adsorbed concentrations (Figure 36) the 

resulting PFOA adsorption capacity represented by the Freundlich fitting is lower than in the case 

of PAC. This is because at lower equilibrium concentrations, the concentration on the composites 

was lower than PAC. PANI/GAC composite materials with the highest PANI content showed a 

considerable adsorption capacity decrease compared to GAC, showing results similar to those 

PANI and even lower for the smallest PFOA concentrations. The reason for such decrease in the 

adsorption capacity might be the disappearance of a major part of the available SSA due to the 

complete fill of the pores with the synthesized polymer on the top of the surface.  

 

 

Figure 36: PFOA adsorption isotherms determined for different PANI/GAC composites 

compared to those of PANI and GAC. The percentages correspond to the proportion of PANI in 

the composite material. The symbols represent the experimental data and the lines the data 

fitting to the Freundlich isotherm equation. 
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As a consequence, neither PAC can adsorb due to the obstructed pores, as well as the 

synthesized polymer is not available for adsorption because the potential active sites are inside of 

the blocked pores. Adsorbed concentrations on the surface of PAC, PANI, and the composite 

material at an aqueous equilibrium concentration of 0.2 mg L-1 are compared in Figure 37. 

 
Figure 37: Equilibrium concentration of PFOA adsorbed by GAC, PANI, and PANI/GAC based 

composite materials in equilibrium with an aqueous PFOA concentration of 0.2 mg L-1. The 

percentages correspond to the proportion of PANI in the composite material. 

  

Overall it can be concluded that GAC is suitable to be used as supporting material in pack 

adsorption processes when the right amount of PANI is synthesized on its surface. 
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Table 20: Freundlich and Langmuir isotherms fitting parameters for the adsorption of PFOA by PAC, PANI, and PANI/GAC based 

composites. The percentages correspond to the proportion of PANI in the composite material. 

 

  Langmuir fitting   Freundlich fitting 

Sorbent 
KL Qmax R2   KF n R2 

(L g-1) (mg g-1)     (mg g-1) × (mg L-1)-n     

PAC 192.38 ± 15.09 86.69 ± 1.82 0.99   186.85 ± 19.34 0.33 ± 0.03 0.91 

PANI 7.17 ± 1.29 41.08 ± 2.49 0.97   45.51 ± 1.23 0.48 ± 0.02 0.99 

                

PANI / GAC 1.2 % 185.79 ± 24.27 91.87 ± 2.82 1   174.67 ± 29.23 0.30 ± 0.05 0.95 

PANI / GAC 2.9 % 51.85 ± 12.47 97.45 ± 6.34 0.99   181.13 ± 15.84 0.37 ± 0.03 0.99 

PANI / GAC 5.0 % 24.40 ± 7.75 94.00 ± 8.78 0.98   146.39 ± 7.72 0.38 ± 0.02 1 

PANI / GAC 7.5 % 27.69 ± 10.48 80.03 ± 7.55 0.98   114.10 ± 8.80 0.35 ± 0.04 0.99 

PANI / GAC 12.2 % 0.42 ± 0.59 226.30 ± 265.75 0.98   65.39 ± 5.56 0.75 ± 0.09 0.99 

PANI / GAC 48.8 % 4.61 ± 3.15 53.52 ± 13.04 0.95   50.04 ± 1.29 0.44 ± 0.02 1 
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 Cellulose-based composites. PFOA adsorption isotherms using cellulose-based 

composites were evaluated as well. Results of this analysis are presented and compared to 

adsorption by cellulose in Figure 38, no isotherm equation fitting was performed.  

 Cellulose by itself did not present any adsorption of PFOA. Composite materials, in which 

the PANI content was calculated as 1.2% and 5%, showed very small PFOA affinity, much lower 

than pure PANI, about 100 times less at an equilibrium aqueous concentration of 0.2 mg L-1. Based 

on these data, it was concluded that neither cellulose nor cellulose-based composites are good 

sorbents for PFOA. Thus, cellulose cis not an effective supporting material for the synthesized 

polymers. 

 

Figure 38: PFOA adsorption results by cellulose (red crosses), PANI/Cellulose_1.2(triangles) 

and PANI/Cellulose_5 (circles). Inset compares adsorption of the cellulose based composites 

with PANI. 
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3.2.3.PFAS multicomponent isotherms 
 

In addition to PFOA, adsorption of different PFAS compounds on selected sorbents was also 

evaluated. This evaluation included a total of seven different PFAS chemicals, three carboxylic 

acids: PFHpA, PFOA, PFNA, three sulfonates: PFBS, PFHxS, PFOS, and one fluorotelomer: FtS 

6:2. First six selected chemicals form part of the EPA UCMR3 table (The Third Unregulated 

Contaminant Monitoring Rule) which encompasses 30 unregulated contaminants that the EPA 

requires to be monitored by public water systems, in order to assess their occurrence in drinking 

water sources. The monitored chemicals included in EPA UCMR3 do not have health-based 

standards established by the Safe Drinking Water Act (SDWA), but are emerging contaminants 

and a concern for public health exposure (EPA, UCMR3, 2016). The fluorotelomer FtS 6:2 was 

added to the analyte lists due to the high presence in soil and water impacted by AFFF foams. This 

selection (Schultz et al. 2004). This approach allows to evaluate the impact of different functional 

groups on the adsorption process, as well as the length of the fluorinated chain, and its full or 

partial fluorine substitution. Adsorption isotherms followed the same design as previous section. 

 When working with a set of different compounds, problems with low and reliable limits of 

detection were encountered, as developing a method that would quantify seven different chemicals 

resulted in challenges in the optimization of the instrument. This issue led to the development of a 

whole new method based on a large volume injection (LVI). This method, which requires specific 

instrumentation, allowed to injected up to 500 ɛL of sample instead of just 10 ɛL used in the 

previous method. In this way, the limits of detections for all targeted compounds were lowered up 

to 10 ng L-1, while previously the LOD were in the hundreds of ng L-1 for some compounds like 

PFOS or FtS 6:2. 
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Single solute PFAS isotherms using POT as adsorbent. Our results confirmed that the polymer 

POT had the highest PFOA affinity among the synthesized polymers, thus full individual isotherms 

for the rest of the targeted PFASs were evaluated. Following the same design used to determine 

the PFOA isotherms, the initial PFAS concentration ranged between 1 and 1000 µg L-1. The 

resulting experimental data were fitted to the Freundlich isotherm equation and compared in Figure 

39. Fitting parameters are summarized in . 

 

Figure 39: Isotherms determined for the adsorption of different PFAS, supplied as single solute, 

by the polymeric adsorbent POT. The inset represents adsorption results at low equilibrium 

concentrations. The symbols represent the experimental data and the lines the data fitting to the 

Freundlich isotherm equation. 
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 The highest adsorption capacity was observed in the case of PFOS, which adsorbed 

concentration was 23.5 mg PFOS g-1 for an equilibrium aqueous concentration of 5 ɛg L-1. The 

lowest adsorption capacity was reported for PFHpA, with 1.5 mg g-1 for the same equilibrium 

concentration (Figure 40).  

 

Figure 40: Individual PFAS adsorbed concentration values on POT for equilibrium 

concentration of 5 ɛg L-1 

 

Generally, perfluoroalkyl sulfonates presented higher adsorption capacity than 

perfluoralkyl carboxylates with same or larger carbon chain. Similar results have been reported in 

the literature where PFOS and PFOA adsorption was evaluated on boehmite, showing higher 

PFOS adsorption capacity compared to the same chain length PFOA (Shih and Wang 2013). In 
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Figure 40 it can be observed that PFOS, an eight-carbon sulfonate, presented higher adsorption 

capacity than its analog C8 carboxylic acid, PFOA, and even higher than PFNA with nine-carbon, 

or that the six-carbon sulfonate PFHxS is more readily adsorbed than the eight-carbon PFOA. 

Similar results have been reported by Deng and coworkers who also observed that both PFOS and 

PFHxS have higher affinity for the sorbent than PFOA (Deng et al. 2012). It is clear that the 

functional group of a specific PFAS compound has important impact on the adsorption affinity of 

such a compound and that sulfonic compounds present higher adsorption capacity. The reasons for 

this trend have been attributed to higher hydrophobicity of sulfonic groups (Deng et al. 2012), as 

well as the bigger sizes of the sulfonate moiety which makes it to be more readily adsorbed (Shih 

and Wang 2013). 

Among PFAS with the same functional group, the same removal trend was observed, where 

chemicals with longer chain length presented higher affinity for the sorbent. For example, the nine-

carbon PFNA was better adsorbed than the eight-carbon PFOA, which was better adsorbed than 

the seven-carbon PFHpA. The same trend was observed with the PFAS sulfonates. This behavior 

was not surprising as it is expected for compounds with larger carbon tails to be more hydrophobic, 

which directly correlates to stronger interactions with hydrophobic sorbents such as PAC or the 

synthesized polymers. Similar behavior was observed by McCleafôs research team, who evaluated 

the chain length impact on the adsorption process of 14 different PFAS compounds, reporting 

increase of 10-12% of adsorption capacity with one carbon addition in the chain (McCleaf et al. 

2017). In this study, the increase observed in the adsorption capacity when incrementing the length 

of the carbon tail was higher and the adsorption increased more when comparing larger 

compounds. This way, PFOA (C-8) adsorbs 66 % more than PFHpA (C-7), while PFNA (C-9) 

adsorbs 100% more than PFOA(C-8). This comparison depends on the equilibrium concentration 
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at which it is evaluated as isotherms are not linear. The reason for obtaining much higher 

adsorption increments could be due to contact time between chemicals and sorbents as McCleaf 

and coworkers performed column test with a EBCT of 6.1 min) meanwhile this study reports 

equilibrium data obtained after 48h of contact.  

The fluorotelomer, presented an interesting behavior when adsorbed by POT, showing 

lower affinity at low equilibrium concentration (Figure 40) where the adsorbed concentration was 

lower than PFOA, and increased affinity at much higher equilibrium concentrations (Figure 39).  

  

PFAS isotherms in multicomponent solutions using POT as adsorbent. In order to 

evaluate competition mechanisms, a mixture of the seven targeted PFAS (ñPFAS cocktailò) was 

prepared and the adsorption using POT as sorbent was evaluated. Total PFAS concentration ranged 

from 1 to 1000 µg L-1, and the individual concentration for a PFAS was the seventh of the total for 

each sample, thus from 0.145 to 142 µg L-1. The resulting experimental data were fitted to the 

Freundlich model (Figure 41), and the fitting parameters are summarized in Table 21. 

Results obtained from the multicomponent isotherms pointed at similar behavior of the 

chemicals in the mixture and in single solute isotherms in terms of the adsorption affinity. In all 

the experiments, PFOS was the compound most effectively adsorbed by POT, and PFHpA the 

least. Fifure 40 
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Figure 41: PFAS adsorption isotherms determined for the polymeric sorbent POT using a 

multicomponent PFAS solution. The symbols represent the experimental data and the lines the 

data fitting to the Freundlich isotherm equation. 

  

 As expected, the adsorbed concentration determined for a given PFAS (PFASi) at a fixed 

equilibrium aqueous PFASi concentration much lower in the multicomponent isotherm 

experiments compared to the single solute isotherms. The main reason for the observed behavior 

is the adsorption competition for the active sites when more chemicals are available in the aqueous 

solution. An interesting observation is that FtS 6:2 was out of trend compared to the rest of the 

chemicals showing much lower adsorption affinity in the multicomponent- compared to the single 

component isotherms. This behavior suggests that there is competition with other PFAS 
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compounds with much higher adsorption affinity such as PFOS, which occupy active sites that in 

single adsorbent isotherm were not used. 

A closer comparison to each of the chemicals in individual and cocktail at the same equilibrium 

concentration of 5 µg L-1 isotherms is presented in Figure 42.  

   

 

 

Figure 42: Adsorbed PFAS concentration on POT determined in experiments using single solute 

solution (blue), and multicomponent mixture (orange) at an equilibrium concentration of 5µg L-1 

for each compound 
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Table 21: Freundlich and Langmuir fitting parameters for the adsorption of individual PFAS, supplied as single solute, by the 

polymeric adsorbent POT. 

                

  Langmuir fitting   Freundlich fitting 

PFAS 
K L Qmax R2   K F n R2 

(L g-1) (mg g-1)     (mg g-1) × (mg L-1)-n     

 

Carboxylates 

 

PFHpA 

 

 

27.28 ± 16.95 

 

 

36.75 ± 4.17 

 

 

0.89 

 

 

  

 

 

45.68 ± 3.45 

 

 

0.33 ± 0.04 

 

 

0.95 

PFOA 254.36 ± 69.2 49.54 ± 2.34 0.92   77.90 ± 2.33 0.29 ± 0.01 0.98 

PFNA 6.79 ± 4.45 138.64 ±47.08 0.94   175.66 ± 26.35 0.5 ± 0.07 0.97 

  

Sulfonates 

 

  

 

  

 

  

 

  

 

  

 

  

 

  

 

PFBS 24.58 ± 8.36 45.88 ± 3.36 0.96   56.56 ± 3.52 0.32 ± 0.03 0.97 

PFHxS 62.06 ± 36.33 68.74 ± 7.57 0.89   101.40 ± 1.27 0.28 ± 0.01 1.00 

PFOS 168.36 ± 97.9 113.23 ± 16.04 0.94   295.79 ± 94.5 0.33 ± 0.09 0.97 

  

Fluorotelomer 

 

  

 
            

FtS 6:2 8.70 ± 5.56 102.36 ± 24.87 0.92   126.20 ± 10 0.43 ± 0.04 0.98 
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Table 22: Freundlich and Langmuir fitting parameters determined for different PFAS, supplied as mixture, using the polymeric 

adsorbent POT. 

  Langmuir fitting   Freundlich fitting 

Chemical 
KL Qmax R2   KF n R2 

(L g-1) (mg g-1)     (mg g-1) × (mg L-1)-n     

PFHpA 3314.01 ± 1847.98 2.20 ± 0.28 0.69   2.83 ± 0.91 0.12 ± 0.06 0.34 

PFOA 219.50 ± 96.06 8.78 ± 0.77 0.95   23.48 ± 2.14 0.34 ± 0.02 0.99 

PFNA 202.95 ± 540.66 15.18 ± 5.57 0.62   39.28 ± 11.54 0.30 ± 0.06 0.93 

PFBS 87.06 ± 65.75 7.28 ± 1.38 0.85   15.94 ± 2.24 0.34 ± 0.04 0.97 

PFHxS 90.34 ± 70.49 18.07 ± 5.46 0.9   50.34 ± 10.04 0.38 ± 0.05 0.98 

PFOS 1189.71 ± 0 22.86 ± 0 1   200.33 ± 0 0.40 ± 0 1 

FtS 6:2 1225.49 ±1559.85 2.33 ± 0.25 0.88   2.48 ± 0.83 0.03 ± 0.08 0.85 
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PFAS isotherms in multicomponent solutions using PAC as adsorbent. PFAS cocktail isotherms 

with PAC were also evaluated and compared with those obtained using POT as the adsorbent. 

Similar to the previous experiment, the initial concentration of each PFAS ranged from 0.145 to 

142 µg L-1
. The experimental results are shown in Figure 43. The adsorption date were fitted to the 

Freundlich isotherm equation and the fitting parameters are summarized in Table 23. 

 Similarly to what was observed in the multicomponent experiments with POT, PFOS was 

the chemical that was most effectively adsorbed by PAC, while in this case, PFBS was the 

chemical showing the lowest affinity, instead of PFHpA. FtS 6:2, on the other hand, showed much 

higher affinity for PAC than for POT and it was the PFAS with the third highest affinity for the 

sorbent. Finding in the literature isotherms for multicomponent PFAS solutions is not as common 

as isotherms for individual compounds, but many experiments using column test have been 

performed using PFAS mixtures. While numeric data cannot be compared, similar trends can be 

seen in the breakthrough times of selected chemicals and their respective Freundlich parameters, 

as the retention of a chemical in a column is proportional to its adsorption affinity. McCleaf and 

coworkers evaluated the removal efficiency of a mixture of 14 linear PFAS by a GAC column 

where the concentration of each compounds was close to 100 ng L-1. The reported 10% 

breakthrough times were as follows: 16 d for PFBS, 18 d for PFHpA, 23 d for PFOA, 27 d for 

PFNA, 43 d for PFHxS, and 45 d for PFOS (McCleaf et al. 2017), which is proportional to the 

adsorption affinity that can be seen in the multicomponent isotherms in Figure 43. The only 

deviation was observed for PFHxS that presented a lower adsorption affinity in our studies. This 

could be due to the different amount of chemicals in the mixture, which would create more 

competition mechanisms that cannot be seen with just seven analyzed chemicals.  
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 Adsorbed concentration of each of the PFAS considered in the multicomponent 

experiments are compared for POT and PAC at the same equilibrium concentration of 5 µg L-1 

(Figure 44), and at much lower equilibrium concentration of 70 ng L-1 (Figure 45). The results 

show that generally the evaluated chemicals have higher affinity for PAC than POT. 

 

Figure 43: PAC multicomponent adsorption isotherms, fitted to Freundlich isotherm equation. 

The symbols represent the experimental data and the lines the data fitting to the Freundlich 

isotherm equation 
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It is interesting to observe that at the lowest equilibrium concentrations (inset in Figure 43), 

the adsorption affinity shows similar results. A closer look can be taken in Figure 44, where are 

represented the adsorbed concentrations for each chemical at 5 µg L-1 equilibrium concentration 

and compared to POT multicomponent results at the same concentration. This behavior could be 

explained due to the low concentration of the chemicals in the solution and plenty of available 

active sites on the sorbent surface, thus, making the competition mechanisms yet too weak and 

allowing the chemicals to adsorb at their maximum capacity.  

 

Figure 44: Adsorbed concentrations of PFAS multicomponent mixtures on PAC and POT at 

equilibrium concentration of 5 µg L-1. 
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Figure 45: Adsorbed concentrations of PFAS multicomponent mixtures on PAC and POT at 

equilibrium concentration of 70 ng L-1. 
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Table 23: PAC cocktail adsorption isotherms Freundlich and Langmuir fitting parameters 

  Langmuir fitting   Freundlich fitting 

Chemical 
KL Qmax R2   KF n R2 

(L g-1) (mg g-1)     (mg g-1) × (mg L-1)-n     

 

Carboxylates 

 

PFHpA 

 

 

233.41 ± 54.67 

 

 

11.85 ± 0.77 

 

 

0.98 

  

 

 

 

 

42.59 ± 6.76 

 

 

0.39 ± 0.04 

 

 

0.97 

PFOA 598.12 ± 112.38 14.18 ± 0.9 0.99   77.75 ± 17.85 0.40 ± 0.04 0.96 

PFNA 1757.91 ± 168.41 16.21 ± 0.53 1   167.85 ± 51.47 0.43 ± 0.05 0.95 

 

Sulfonates 

 

PFBS 

 

 

 

73.74 ± 31.55 

 

 

 

11.99 ± 1.99 

 

 

 

0.93 

 

 

 

  

 

 

 

39.82 ± 12.47 

 

 

 

0.46 ± 0.08 

 

 

 

0.91 

PFHxS 489.04 ± 149.91 15.25 ± 1.46 0.97   84.42 ± 15.89 0.41 ± 0.04 0.98 

PFOS 4744.11 ± 1379.52 20.29 ± 2.74 0.95   1190.66 ± 897.22 0.58 ± 0.09 0.88 

 

Fluorotelomer 

 

FtS 62 

 

 

 

 

1282.48 ± 297.01 

 

 

 

 

16.39 ± 1.26 

 

 

 

 

0.98 

 

 

 

 

 

 

169.03 ± 44.50 

 

 

 

 

0.44 ± 0.04 

 

 

 

 

0.97 
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Adsorption competition evaluation. Adsorption competition between each chemical in the PFAS 

multicomponent adsorption experiment was evaluated and compared. Adsorption was evaluated 

as the percentage of each PFAS from the total PFAS adsorbed on the sorbent surface, following 

Equation 3. 

 

        
  ȟ  

   ȟ   
                Equation 3 

Where: 

PFASi : Specific PFAS compound concentration on sorbent surface [mg g-1] 

PFASTotal : Total PFAS concentration on sorbent surface [mg g-1] 

 

Results presented in Figure 46 contain the same data as the POT multicomponent isotherm, 

just looked from another angle. In this case, the Y-axis represents the fraction of a chemical 

adsorbed on the surface from the total adsorbed concentration on the surface of POT, for different 

initial aqueous concentration of PFAS. Using this approach allows to evaluate how the 

concentration of a specific compound changes on the surface of the sorbent as a function of the 

initial concentration as well as the presence of other compounds. Multicomponent sorption on POT 

showed that for low initial concentrations, all chemicals represented similar distribution 

percentage from the total adsorbed mass, between 13.6 % and 15.1%. This behavior kept invariable 

up to the total PFAS concentration of 50 µg L-1 after which changes on the distribution of the 

concentration started to be observed. Three chemicals, PFOS, PFNA, and PFHxS presented an 

increasing trend where the proportion of these chemicals on sorbent surface was higher with 

greater initial PFAS aqueous concentration. From the three chemicals, PFOS showed the higher 

increase in the concentration proportion from initial 15 % to 28% at the highest aqueous PFAS 
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concentration. The remaining four chemicals, presented a decrease on their presence on the POT 

surface, showing FtS 6:2 the higher decrease on the surface presence, from 15.1 % initially to 4.1% 

at the highest aqueous PFAS concentration. 

 

 

Figure 46: Individual and cumulative percentage of each PFAS chemical from the total PFAS 

adsorbed at the POT surface for different total initial concentration. 

 

 The behavior explained before was something expected as compounds with higher 

adsorption affinity are expected to compete for active sites more efficiently than chemical with 

lower sorption affinity, such as the short chain PFBS and PFHpA.   Similar evaluation was 

carried out with PAC multicomponent experiment, the result are summarized on Figure 47. 
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Figure 47: Individual and cumulative percentage of each PFAS chemical from the total PFAS 

adsorbed at the PAC surface for different total initial concentration. 

 

 For the case of PAC much less variation was observed on the distribution of the adsorbed 

concentrations, maintaining the individual concentration for each chemical almost constant for the 

entire set of initial aqueous concentrations. Some variation was seen at the highest values though, 

following a similar observed in the POT data, where PFOS and PFHxS presented increased 

presence on the adsorbed concentration. FtS 6:2 and PFOA showed increased tendencies too, 

contrary to the results on the POT adsorption.   
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3.2.4.PFOA adsorption kinetics 
 

 

In order to better evaluate the PFAS sorption kinetics of the studied sorbents, more detailed kinetic 

experiments were performed. Kinetic data are important for better understanding the adsorption 

mechanism and the time it takes for a chemical to be adsorbed, as one of the main application of 

such sorbents is in packed bed towers, where the contact time usually is much lower than the 48 h 

used in the isotherms experiments.  For these experiments, a shorter range of time was selected, 

up to 25 h, while the fist measurement was performed 30 s after the start of the experiment. This 

approach allowed to get a better idea of the adsorption kinetics in the first moment of the contact 

time between sorbent and contaminant. The sorbent concentration was 10 mg L-1, the initial 

concentration of PFOA was 50 µg L-1, pH was equilibrated to 6.0, and the ionic strength was 5 

mM NaCl. All experimental data was fitted to a pseudo-second kinetic order rate model that 

assumes that the sorption rate is controlled by chemical sorption and that the sorption capacity is 

proportional to the number of active sites available on the surface of the sorbent: 

                                                     ὗ ὯςϽὗὩςρ ὯςϽὗὩϽϽ

                                                                    Equation 4 

Where: 

Qt = PFOA amount adsorbed at a given contact time (t) (mg g-1) 

Qe = Equilibrium adsorption capacity (mg g-1) 

k2 = Pseudo-second-order rate constant (g mg-1 h-1) 

 

 Cationic polymers. The rate of PFOA adsorption by the most promising polymers (POT 

and PANI) was evaluated and compared to that of GAC (Figure 48). For this, GAC was suspended 

in a small amount of water and kept on high stirring mode tearing apart the granules of GAC and 
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obtaining a homogeneous suspension and adding enough water to obtaining the final 10 mg L-1 

suspension. All sorbents presented extremely fast kinetics in the first hour of the experiment 

reaching about 70% of the equilibrium adsorption with a small advantage of PAC. The effective 

equilibrium was reached after 5 h, and PFOA adsorption after that time was much slower. The 

highest adsorbed concentration was determined for PAC (5.30 mg g-1), followed by POT (4.93 mg 

g-1) and PANI (4.68 mg g-1). All kinetic data were fitted to a pseudo-second kinetic order rate 

model and summarized in Table 24. 

 

Figure 48: Adsorption of PFOA by PAC, POT, and PANI as a function of time. The symbols 

represent the experimental data and the lines the data fitting to a pseudo-second order kinetic 

model. 
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Table 24: Pseudo-second kinetic order fitting to GAC, PANI and POT. 

Sorbent Qe k2 

(mgPFOA g-1
sorbent) (gsorbent mg-1

PFOAh-1) 

GAC 5.30 3.23 

PANI 4.68 2.89 

POT 4.93 2.43 

 

Despite many studies report sorption kinetics of PFOA using GAC as sorbent, the wide 

difference in the concentration of both contaminant and sorbent in each study as well as different 

contact times, makes it complicated to compare results. While Zhang and coworkers reported 

values of equilibrium adsorption capacity of 12.6 mg g-1 and kinetic constant of 4.72 g mg-1 h-1 

evaluating the adsorption kinetics of  200 mg L-1 of GAC with 10 mg L-1 PFOA initial 

concentration during 168 h (Zhang et al. 2016), Yao and research group presented values of 22.7 

mg g-1 and 0.032 g mg-1 h-1, respectively, evaluating 2000 mg L-1 with 50 mg L-1 of PFOA initial 

concentration during 120 h (Yao et al. 2014). On the other hand values of equilibrium adsorption 

capacity of 124 mg g-1 and a kinetic constant of 28.98 g mg-1 h-1 when evaluation 100 mg L-1 of 

GAC with PFOA initial concentration of 50 mg L-1 was reported by Yu and coworkers (Yu et al. 

2009).  

 Crosslinked polymers. PANI_PFA_2.4 and POT_PFA_2.4 were the crosslinked polymers 

selected to perform the adsorption kinetics evaluation. The experimental data obtained for 

PANI_PFA_2.4 and PANI are compared in Figure 49. The kinetic data were fitted the pseudo-

second kinetic order model and the fitting parameters are summarized in Table 25. In this case, the 

crosslinked PANI showed faster kinetics reaching a concentration of 4 mg g-1 after 10 min contact 

time, while PANI adsorbed just 3 mg g-1 during the same time. Similar to previous results, the 

effective-equilibrium was reached before 5 h of contact time.  
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Figure 49: Adsorption of PFOA by PANI and crosslinked PANI (PANI PFA 2.4) as a function of 

time. The symbols represent the experimental data and the lines the data fitting to a pseudo-

second order kinetic model. 

 

On the other hand, the kinetic results obtained for the adsorption of PFOA by crosslinked 

POT (POT_PFA_2.4) showed significantly slower sorption kinetics compared to POT (Figure 50). 

For the same contact time of 10 min, POT adsorbed concentration of 3.2 mg PFOA g-1, while the 

crosslinked polymer only adsorbed 1.8 mg PFOA g-1. The effective equilibrium was not achieved 

as fast as in the case of POT, and was not reached in the entire timeline of the experiment, 25 h. 
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Figure 50: Adsorption of PFOA by POT and crosslinked POT (POT PFA 2.4) as a function of 

time. The symbols represent the experimental data and the lines the data fitting to a pseudo-

second order kinetic model. 

 

 

Table 25: Pseudo-second kinetic order fitting to PANI, POT, and the crosslinked polymers 

PANI_PFA_2.4 and POT_PFA_2.4. 

Sorbent 
Qe k2 

(mgPFOA g-1
sorbent) (gsorbent mg-1

PFOAh-1) 

PANI 4.68 2.89 

POT 4.93 2.43 

      

PANI PFA 2.4 4.75 5.6 

POT PFA 2.4 4.89 0.66 
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While no data is available on these specific polymers, different authors have reported 

results with enhanced adsorption kinetics of crosslinked polymers when compared to the non-

crosslinked version. This way, enhancement of aromatic sulfonates has been reported when using 

hyper-crosslinked polystyrene compared to just polystyrene (Pan et al. 2005). Similarly, 

adsorption of phenol has been reported to be enhanced by the crosslinked version of styrene-co-

divinylbenzene copolymer. Both authors concluded that that enhanced adsorption was related to 

the increase in the specific surface area and porosity due to the crosslinking process.  

 

 PANI GAC composite. The rate of PFOA adsorption was also evaluated on one of GAC-

PANI composite materials, PANI_GAC_5%. The composite as well as GAC was suspended in a 

small amount of water and kept on high stirring mode tearing apart the granules of GAC and 

obtaining a homogeneous suspension and adding enough water to obtaining the final 10 mg L-1 

suspension. Figure 51 compares thee experimental data and the fitted results obtained for the 

composite with those determined for GAC and PANI. On the early stages of the experiment the 

composite material showed similar behavior to PANI but as the experiment progressed the 

adsorbed concentration in the composite material was an intermediate value between PANI and 

GA, about 4.95 mg PFOA g-1. The effective-equilibrium was reached after 5 h of contact time, 

similarly to PANI and GAC. The kinetic data were fitted the pseudo-second kinetic order model 

and the fitting parameters are summarized in Table 26. 
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Figure 51: Adsorption of PFOA by the PANI-GAC composite (PANI GAC 5%), PANI and GAC.  

The symbols represent the experimental data and the lines the data fitting to a pseudo-second 

order kinetic model. 

 

 

Table 26: Pseudo-second kinetic order fitting parameters to PANI, GAC, and the composite 

material PANI_GAC_5%. 

Sorbent 
Qe k2 

(mgPFOA g-1
sorbent) (gsorbent mg-1

PFOAh-1) 

PANI 4.68 2.89 

GAC 5.3 3.23 

      

PANI GAC 5%  4.95 1.95 
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While no studies are available for comparison of specifically these materials, similar 

approaches have been taken to combine materials with GAC in order to obtain a material with 

enhanced PFAS sorption. Xu and coworkers experimented with iron oxide deposition on GAC in 

order to enhance the adsorption of PFOA in aqueous solution, on the contrary to this study, the 

combination of the two materials increased the kinetics of PFOA into the composite material 

compared to just GAC (Xu et al. 2020). 

While all sorbent presented very similar equilibrium PFOA adsorption capacity under the 

conditions of the kinetic experiments, ca. 5.5 mg g-1 for GAC and 4.68 g mg-1 for PANI, the 

pseudo-second order kinetics constants determined showed some major variations. The fastest 

kinetics were observed for the crosslinked PANI PFA 2.4 with a k2 value of 5.6 g m-1 h-1. On the 

other side, the crosslinked polymer POT PFA 2.4 presented much slower PFOA uptake rate than 

POT and was the polymer with the poorest adsorption kinetics. It is suspected that the reaction 

with the crosslinker might haves decreased the amount of amino groups, which would be directly 

responsible for the sorptive interaction with PFOA. 

 POT presented higher equilibrium adsorption capacity than PANI, but despite this fact, the 

adsorption of PFOA on PANI was faster. Similar to the equilibrium adsorption capacity, the k2 of 

the composite material PANI_GAC_5.0% composite material presented an intermediate value 

between PANI and GAC.  

 Overall, the synthesized sorbents presented similar equilibrium adsorption capacity values 

similar to GAC. While the kinetics rate constants presented much more variation, all values were 

in the same order as GAC, except for the k2 rate constant of PANI PFA 2.4 that was73% higher. 
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3.2.5.Water chemistry impact on PFOA adsorption 
 

 

As previously described in the isotherm design section, Section 3.2.1, the effectiveness of a 

specific adsorption process relies significantly on the characteristics of the treated water, such as 

temperature, pH, and the presence of co-contaminants. In this section, the impact of NOM, ionic 

strength, and different ionic species on the adsorption of PFOA by the new sorbents was evaluated. 

 Impact of NOM on PFOA adsorption. Natural organic matter (NOM) is present in the 

majority of the aqueous bodies and constitutes a major problem for adsorption process because of 

direct competition and also blockage of active sites. The effect of NOM (Suwanne River natural 

organic matter) on the adsorption of PFOA (50 ɛg L-1) by several cationic polymers and PAC was 

investigated. Figure 52 shows the relative distribution coefficient (relative Kd) determined for 

PFOA adsorption by the various sorbents at different NOM concentrations (ranging 1-2000 ɛg L-

1).  Kd is the ratio between the adsorbed concentration and the aqueous phase concentration under 

equilibrium conditions and it is calculated using the Equation 5. The relative Kd is the ratio 

between the Kd obtained for samples where NOM was present and the Kd determined for a NOM-

free sample (Equation 6).  

                                         ὑὨ
 

 
                                      Equation 5 

                                        ὙὩὰὥὸὭὺὩ ὑὨ ȟ

 
                                              Equation 6 

 As expected, the presence of NOM had a major impact on the adsorption of PFOA (Figure 

52). PAC was the most affected sorbent with an  80% decrease in the adsorption capacity in the 

interval from 1 to 500 µg L-1 and a relative Kd value close to zero at the maximum NOM 

concentration of 2000 µg L-1. 
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 The impact of NOM on the adsorption process of activated carbon has been widely. 

Appleman and coworkers reported the negative impact of organic matter on the adsorption 

processes of three different activated carbons using small-scale column test, hypothesizing that the 

organic matter fully occupied the active sites on GAC surface which made them unable to adsorb 

PFAS (Appleman et al. 2013).Yu and coworkers have evaluated and demonstrated the impact of 

NOM on the adsorption process of PFOA and PFOS at environmentally relevant concentrations 

as well as the impact of the size of the organic matter on the adsorption process, resulting in higher 

adsorption competition with smaller NOM molecules (Yu et al. 2012).  

 The presence of NOM also had a marked impact on the adsorption capacity of the 

synthesized cationic polymers, but overall the relative Kd values did not decrease as much as in 

the case of PAC, presenting decrease values between 40% for PANI, and 75% for POA, at a MOM 

concentration of 2000 µg L-1 (Figure 52). It is also worth to mention that the relative Kd of PAC 

decreased with increasing NOM concentrations in the range 0-100 µg L-1, while the PFOA capacity 

of POT and POA at low NOM concentrations was not as impacted. 

 The lower impact of NOM on PFOA adsorption observed for the synthesized polymers 

could be due to the difference in the adsorption mechanism. Contaminant adsorption by PAC 

generally relies on hydrophobic interactions (Du et al. 2014b) and consequently, adsorption of 

important amounts of hydrophobic NOM can lead to competitive reactions and decrease PFOA 

adsorption. In contrast, the polymeric sorbents rely on both hydrophobic and electrostatic 

interaction due to the positive surface charge, which could allow selectively interact with PFAS 

ions despite of the NOM presence.  
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Figure 52: Impact of NOM concentration on the relative PFOA distribution coefficient (Kd) 

determined in experiments with the adsorbents PANI, POT, POA, and PAC. 

 

Ionic strength. The effect of ionic strength on the PFOA adsorption capacity of the cationic 

polymers and PAC was also compared (Figure 53). Samples with initial an NaCl concentration 

ranging from 0 to 500 mM were evaluated. Relative Kd values were calculated as the ratio of the 

Kd at each concentration divided by the Kd determined for the salt-free sample (Equation 7).  

 

                                   ὙὩὰὥὸὭὺὩ ὑὨ    

   
                                       Equation 7 

All sorbents showed a marked decrease in the PFOA adsorption capacity with increased 

salt concentration. For a NaCl concentration of 5 mM, PANI and POA were the most impacted 






















