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Surfactant-enhanced coagulation and flocculation
improves the removal of perfluoroalkyl substances
from surface water†

Amith Sadananda Maroli, a Yi Zhang,a Jonathan Lubiantoroa

and Arjun K. Venkatesan *b

Coagulation/flocculation is a widely used water and wastewater treatment process due to its low cost,

simplicity, and effectiveness. However, the process is not effective in the treatment of per- and

polyfluoroalkyl substances (PFAS), the presence and treatment of which is an ongoing challenge for

water providers. Here, we explore cationic surfactant-enhanced coagulation as a process modification to

target the removal of PFAS in existing coagulation/flocculation systems. Batch experiments, in jar testing

apparatus, were performed to assess the removal of two short-chain and two long-chain PFAS at an

initial concentration of 10 mg L−1 with the addition of cetyltrimethylammonium chloride (CTAC) as the

coagulant-aid. Our findings suggest that elevated coagulant dose (60 mg L−1 of alum or 100 mg L−1 of

FeCl3) coupled with the addition of a cationic surfactant (1 mg L−1 of CTAC) significantly enhanced the

removal of both short-chain (perfluorobutane sulfonate: PFBS removal to >40%) and long-chain PFAS

(perfluorooctanoic acid: PFOA and perfluorooctane sulfonate: PFOS removal to >80%), with FeCl3

showing better performance than alum. Sulfonates (PFBS, PFOS) were shown to be removed more

efficiently compared to carboxylates (PFBA, PFOA), presumably due to their higher hydrophobicity

leading to better interactions with the flocs. Furthermore, CTAC in combination with traditionally used

additives such as powdered activated carbon (PAC), served as a better aid for PFAS treatment and

improved the removal of PFBS, PFOA, and PFOS to >98%. This study highlights that introducing a cost-

effective pre-treatment with a cationic surfactant to existing conventional treatment systems can

improve the performance efficiency in treating PFAS-contaminated waters.

Environmental signicance

Per- and polyuoroalkyl substances (PFAS) are a class of highly persistent and toxic anthropogenic contaminants. Conventional coagulation process is not

effective in removing PFAS from contaminated source water. In this study, we have shown that we can improve existing coagulation process with the use of

readily available chemicals (cationic surfactants and activated carbon) to accomplish the removal of both suspended solids and regulated PFAS. This study

therefore shows how we can achieve PFAS remediation at environmentally relevant levels without the need for extensive capital expenditure andmodications to

existing treatment regimes.

1. Introduction

Coagulation is a popular water treatment technique for

removing suspended solids, natural organic matter (NOM), and

various particulates.1 Coagulation is generally carried out by

adding hydrolysable metal salts, such as alum or ferric salts,

into contaminated waters to form ocs, which are allowed to

settle and then ltered out. The coagulation treatment effi-

ciency is largely affected by the water source and the nature of

the chemical constituents present. In theory, coagulation

process mainly involves: (i) destabilization and/or charge

neutralization of suspended and colloidal particulates; (ii)

formation of hydrolysable metal occulent particles, (iii)

adsorption of the formed particles onto the ocs; and (iv)

trapping the larger “colloidal-ocs aggregates” during the

settlement process.2 In practice, coagulation processes are

typically composed of three stages: (i) rapid mixing stage, where

the dosed coagulant is dispersed into the water, (ii) slow mixing

stage, where the hydrolysed coagulant species and contami-

nants aggregate together to form larger insoluble ocs, and (iii)

sedimentation stage, where the ocs are allowed to settle under
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gravity, which can then be removed by ltration. Introduction of

the coagulants into the water stream triggers a series of physi-

cochemical reactions, which induce chemical destabilization of

the charged particles, and ultimately agglomerate the large

particles through perikinetic occulation.3

Despite the merits of low-cost and wide application, the

coagulation treatment efficiency for peruoroalkyl substances

(PFAS) in drinking water is limited yet contradictory. PFAS are

ubiquitous contaminants of concern4–7 and select PFAS

compounds were recently regulated by U.S. Environmental

Protection Agency (US EPA) at levels as low as 4 ng L−1.8 Several

studies have shown that conventional treatment processes,

such as coagulation, ozonation, chlorination etc., are ineffective

for PFAS removal.9–12 However, other studies have also reported

impressive PFAS removal efficiencies by means of coagulation.

A study by Deng et al. (2011) showed a high peruorooctanoate

(PFOA) removal (up to 90%) from surface water by poly-

aluminium chloride coagulation (PACl, Al2O3 = 29%).13 Their

ndings suggested a potential sorption of hydrophobic PFAS on

the particles during the coagulation process, concluding that

both electrostatic and hydrophobic interactions are involved in

PFOA sorption. Other studies have also looked at the mecha-

nisms for peruorooctane sulfonate (PFOS) and PFOA removal

during the coagulation process by examining different types of

coagulants, the effects of different water-specic matrices (i.e.,

pH, NOM, turbidity, etc.) and coagulant specic parameters

(i.e., type, dose, stirring time etc.).14–17 Studies have also looked

at the impact of cationic polymers such as polydiallyldimethyl

ammonium chloride (polyDADMAC) and polyamine, in

improving PFOS/PFOA removal from contaminated

groundwaters.18–20

To the author's knowledge, almost all the existing studies

have focused on removing long-chain PFAS by coagulation.

Studies on short-chain PFAS, such as peruorobutanoate

(PFBA) and peruorobutane sulfonate (PFBS), removal by

coagulation is very limited.21,22 To that end, the current study

investigated parameters that affect short-chain PFAS removal by

coagulation. As discussed previously, the primary/dominant

mechanism of PFAS removal in coagulation is the hydro-

phobic interaction with ocs. In the present study, we hypoth-

esized that the addition of a hydrophobic cationic surfactant

can enhance the electrostatic interaction of short chain PFAS

with the counter ion, and the overall hydrophobic and neutral

ion-pair can be removed via sorption/entrapment within ocs. A

similar process, called adsorptive micellar occulation (AMF),

has been successfully applied for the removal of other chem-

icals of concern (e.g., benzene, tetracycline).23–25 Similar to

coagulation, AMF also works on the principles of micellization

behavior of surfactants and their ability to form larger micellar-

ocs. The physico-chemical processes in both coagulation and

AMF are similar, including colloidal/micelle formation, charge

neutralization, adsorption of occulants, complexation of

pollutant(s), and aggregation of the surfactant micelles/occs.26

AMF, however, is targeted for the removal of contaminants from

highly concentrated waters. In the present study, we propose to

use a cationic surfactant as a coagulant-aid to improve the

removal of PFAS at environmentally relevant levels in surface

water.

2. Materials and methods
2.1 Chemical materials

Peruorobutanoic acid (PFBA), peruorobutane sulfonate

(PFBS), peruorooctanoic acid (PFOA), and peruorooctane

sulfonate (PFOS) were purchased from Sigma–Aldrich Chemical

Co. Sodium chloride (NaCl), alum (Al2(SO4)3$18H2O, ferric

chloride (FeCl3$6H2O) and polyDADMAC were purchased from

Fisher Scientic. Powdered activated carbon (PAC) was sourced

from Calgon Carbon. All solutions used in the experiments were

prepared with Milli-Q water supplied by a Milli-Q Gradient-A 10

Millipore (resistance of 18.25 MU cm@25 °C). All chemicals

used in the experiments were of reagent grade or higher.

2.2 Jar test experiments

Coagulation of PFAS was performed in a series of jar tests at

different experimental parameters (coagulant, dosage, PAC,

additives). The surface water used for the experiments was

collected from Roth Pond (RP), located within the Stony Brook

University campus. Bulk water samples were prepared by

diluting the RP water with tap water at a 1 : 1 ratio. Prior to

conducting the experiments, this water was analyzed for PFAS to

determine background levels. All the analytes monitored (PFBA,

PFBS, PFOA, PFOS) were below detection limits. Coagulation

experiments were performed in 1 L polypropylene (PP) bottles

using a conventional jar test apparatus. Experimental samples

were prepared by sequentially adding 1.0 mmol per L NaCl (to

provide ionic strength) followed by spiking with 10 ppb of each

PFAS (equating to a total concentration of 40 ppb). Control

experiments were performed without coagulants to assess the

loss of PFAS due to adsorption onto the plastic bottles, paddles,

and baffles. The PFAS spiked surface water was used in the

coagulation experiments to study the effects of coagulant dose

(1–100 mg L−1), and additives (polyDADMAC, CTAC and PAC)

on the removal of PFAS. The jar test procedures consisted of

a 60 s rapid mix (100 rpm), a 20 min slow mix (at 50 rpm), and

a 30 min settling period. Following the coagulation process,

PFAS concentration, pH values, and the turbidity were

measured from the collected supernatants in each batch

experiment. An aliquot of 20 mL of the undisturbed solution

was collected from each jar. Of this, 15 mL was used for

measuring the pH and turbidity and the remaining 5 mL was

diluted with 5 mL methanol and ltered through a 0.45 mm PP

lter.

2.3 PFAS analysis by LC-MS/MS

PFAS concentrations were measured using a high-performance

liquid chromatography coupled to a triple-stage quadrupole

mass spectrometer (Agilent 6495 HPLC-MS/MS, Agilent, USA).

Chromatographic separation was performed using a ZORBAX

Eclipse Plus C18 column (3 × 50 mm; 1.8 mm; Agilent) at 50 °C.

The mobile phases comprised of MilliQ water fortied with

5 mM CH3COONH4 (solvent A) and methanol (solvent B). The
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ow rate was set at 0.4 mL min−1, giving a total run time of

15 min. HPLC gradient information is listed in Table S1.† The

mass spectrometer was operated in negative mode with the scan

type set to dynamic multiple reaction monitoring (dMRM). The

MRM ions selected for PFAS identications are listed in Table

S2.† PFAS quantication was performed on Agilent Mass

Hunter Quantitative Analysis (Agilent) based on a calibration

curve corrected using labeled internal standard response. The

limit of quantication (LOQ) was 0.01 ppb, and a valid peak was

dened as the peak of analyte with signal-to-noise (S/N) $ 10.

Internal standards (IS) were composed of four mass labeled

compounds as 13C3-PFBA,
13C3-PFBS,

13C8-PFOA,
13C8-PFOS,

and 1 ng IS was spiked in both the calibration standards and

samples.

3. Results and discussion
3.1 Effects of coagulant dosage

As evident from Fig. 1a, PFAS removal by both alum and FeCl3 is

minimal during conventional coagulation. At an alum dose of

50 mg L−1, the removal of PFOA was about 10% while that of

PFOS was roughly 25%. Similarly, no removal of either PFOA or

PFOS was observed with FeCl3 coagulation at the conventional

dose of 5–15 mg L−1. This nding agrees with other studies that

have also reported negligible removal of PFAS with conventional

coagulation compared to other treatment techniques.10,14,15,27,28

Both types of coagulants failed to remove either of the short-

chain PFAS (PFBA and PFBS). However, as the coagulant dose

was increased (enhanced coagulation), the PFAS removal

percentage also increased. At an alum dose of 60–75 mg L−1, the

removal percentage of PFOA increased to about 44% while that

of PFOS improved to 56%. Similarly, for FeCl3, at a dose of

100 mg L−1, the PFOA and PFOS removal was 28% and 36%,

respectively (Fig. 1b). The higher removal of PFOS compared to

that of PFOA could be attributed to the differences in their

physical properties. PFOS being a sulfonate with an additional –

CF2 group in its chain tends to be more hydrophobic than

PFOA. PFOS has a higher Koc (log Koc= 2.4–3.7) value than PFOA

(log Koc = 1.89–2.63), and hence would likely adsorb more on to

the ocs. Further, PFOS, having a hard base sulfonic acid group,

compared to PFOA, which has a so base carboxylic acid group,

is more likely to be readily adsorbed on oxide surfaces, which

are hard acids.29,30 Cumulatively, the synergistic effects of the

physico-chemical properties, including, functionality of the

head group, the chemistry of the functional group and the

molecular size can lead to a higher adsorption of PFOS to

therefore a higher removal of PFOS by coagulation as seen in

this work. However, higher alum dose (100 mg L−1) negatively

affected the removal of PFAS (Fig. 1a), indicating that the

optimal dose of FeCl3 was 100 mgL−1 and that of alum was

60 mg L−1 for long-chain PFAS removal from the tested surface

water. The drop in the removal of PFAS was expected because

overdosing of coagulants can lead to charge reversal and re-

stabilization of particles, resulting in poor removal of colloids/

turbidity.31–33 Hence, we suspect that electrostatic repulsion of

anionic PFAS caused by the charge reversal led to the drop in

performance observed in Fig. 1a. Even at the higher doses,

neither alum (60 mg L−1) nor FeCl3 (60 mg L−1) was effective in

short-chain PFBA and PFBS removal (Fig. 1). Our result indi-

cates that conventional coagulation is ineffective for short-

chain PFAS removal, while effective for long-chain PFAS

removal when an optimal high dose is provided.

3.2 Additive-enhanced coagulation: effect of cationic

additives

3.2.1 Cationic surfactant. The most common environ-

mentally relevant PFAS are anionic surfactants with varying –

CF2 alkyl chain lengths and anionic functional groups.

Quaternary ammonium compounds, like cetyl-

trimethylammonium bromide (CTAB), cetyl-

trimethylammonium chloride (CTAC) etc., are cationic salts

with a hydrophobic linear alkyl group. As the hydrophilic head

groups of PFOS and CTAC are inversely charged, the head

groups of two surfactants are expected to associate with each

other via electrostatic attraction. The resulting ion-pair complex

will feature higher hydrophobicity and reduced critical micelle

concentration (CMC), thus enhancing the formation of PFAS-

CTAC ion-paired complexes.34,35 In the presence of iron or

aluminum-based coagulants, these micelles can bind to the

ocs formed and are subsequently removed by co-precipitation.

Previous research proposed hydrophilic micelles formed

between cationic surfactant cetyltrimethylammonium bromide

(CTAB) and PFAS.36 Electrostatic interactions between the

headgroups of oppositely charged surfactants is expected.37

When oppositely charged surfactants are mixed in aqueous

solutions, bilayer or vesicles are formed spontaneously at

concentrations far below their respective CMCs of either pure

surfactant.38 Therefore, addition of cationic surfactants such as

Fig. 1 PFAS removal by conventional and enhanced coagulation. Panel A depicts PFAS removal by various doses of alum coagulant and Panel B

depicts PFAS removal by various doses of ferric chloride (FeCl3) coagulant. Error bars represent mean ± SE (n = 2).
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CTAC, will likely form ion pairs with PFOS or PFOA with

reduced CMC, thereby enhancing their binding to the ocs to

facilitate the coagulation process.39 As can be seen from Fig. 2,

the enhanced coagulation of alum and FeCl3 with additive

CTAC on PFAS removal. Fig. 2a compares coagulant FeCl3
removal of PFAS in the presence and absence of CTAC

(1 mg L−1). Clearly, the presence of CTAC dramatically

increased the PFAS removal irrespective of their uoroalkyl

chain length. PFBS removal increased from <1% to over 40% in

the presence of the cationic surfactant during coagulation.

Similarly, both PFOA and PFOS had over 80% removal. Yet, the

presence of CTAC did not favor the removal of the short-chain

carboxylic acid, PFBA. These results suggested that there may

be competition within PFAS to electrostatically associate with

CTAC, with long-chain PFAS preferably forming complexes with

the cationic surfactant. This nding may likely be analogous to

the observation that long chain PFAS are removed better in ion

exchange resin systems compared to short chain PFAS.40 Fig. 2b

presents the impact of additive CTAC on PFAS removal with

coagulant alum. In the presence of 1 mg L−1 CTAC surfactant

concentration, the long-chain PFOA and PFOS removal rates

were approximately 60% and∼90% respectively at an alum dose

of 60 mg L−1, similar to that of coagulant FeCl3. In contrast, the

sorption was not promising with respect to both short-chain

PFAS (Fig. 2b). At the alum dose of 60 mg L−1, the removal

rates of PFBA and PFBS were <1% and <10%, respectively.

Further, the addition of Suwannee River NOM (10mg L−1) to the

water matrix did not impact the removal of long-chain PFAS in

the presence of CTAC (Fig. S1†). Increasing CTAC's dose to

10 ppm only minimally improved the removal of PFOA and

PFOS (Fig. S1†), and hence we chose 1 ppm concentration for

further experiments.

3.2.2 Cationic polymer. One of the common additives

generally added to aid coagulation processes are cationic poly-

mers. A popular choice is the cationic polymer, poly-

diallyldimethylammonium chloride (polyDADMAC), because of

its high charge density and ability to operate over a wide range

of pH.31,41,42 To examine if a synergistic enhancement of PFAS

removal can be achieved with the addition of a cationic polymer

along with a cationic surfactant, coagulation was performed

with addition of CTAC followed by polyDADMAC. This

sequential addition is necessary to facilitate the ionic interac-

tions between the PFAS and CTAC, and then the subsequent

interaction of the PFAS–CTAC complex with polyDADMAC,

which can then be removed by the enhanced doses of the

coagulants. As expected, in the presence of only polyDADMAC,

only long chain PFAS removal was achieved to a certain degree

with both alum and FeCl3 (Fig. 3). Interestingly, with the

combination of both cationic surfactant and cationic polymer,

improved PFAS removal was seen with iron-based coagulation

compared with alum as the coagulant (Fig. 3a). Moreover,

increasing the dose of CTAC improved the removal of short-

chain sulfonic acids and achieved near complete removal of

both the long-chain carboxylic and sulfonic acids (Fig. 3a). This

further conrms that PFAS sorption on the ocs can be

enhanced by increasing their size by ion pairing with cationic

surfactants during the coagulation process. Polyelectrolytes

such as polyDADMAC have been reported as precursors for N-

nitrosodimethylamine (NDMA) formation, a known

carcinogen.43–46 Hence, it can be argued that addition of cationic

surfactants would be a relatively safer option than with the

addition of cationic polymers like polyDADMAC alone or as

a combination.

3.3 Enhanced removal of PFAS by PAC–CTAC-coagulation

The combination of coagulation and powder-activated carbon

(PAC) has been previously used to improve organic pollutant

removal in drinking water treatment plants.47,48 Previous studies

have reported that the use of PAC for adsorption before coag-

ulation has improved the removal efficiency of long-chain PFAS,

particularly PFOA and PFOS.13,15 However, to the best of our

knowledge, no studies have reported the removal of short-chain

PFAS by means of coagulation. In this study, PAC–CTAC-

coagulation samples were prepared by spiking the additive

CTAC (1 mg L−1) followed by the addition of varying amounts

(8 mg L−1 or 16 mg L−1) of PAC just before the coagulation

process. In Fig. 4, the PFAS sample treated with PAC only (Fig. 4,

blue bar) was ineffective in both short-chain and long-chain

PFAS removal (<50%). Increasing the PAC dose from 8 mg L−1

to 16 mg L−1 did not signicantly improve the PFAS removal

irrespective of their chain length (Fig. 4, a: 8 mg L; b: 16 mg L−1,

blue bar), indicating PFAS sorption was not majorly affected by

the PAC dose at a low spiked level (8–16mg L−1). However, when

low-level PAC combined with coagulant FeCl3 (100 ppm, yellow

bar), the long-chain PFOA and PFOS removal was improved

from 14–45% to 90–96%, and short-chain PFBA and PFBS

Fig. 2 PFAS removal (in %) by surfactant-enhanced coagulation (A) 100 mg L−1 of ferric chloride (FeCl3) coagulant in the presence and absence

of CTAC (1 mg L−1); and (B) 60mg L−1 of alum coagulant in the presence and absence of CTAC (1 mg L−1). Error bars represent mean± SE (n= 2).
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removal increased from 1–7% to 18–46%. The turbidity of the

PAC-only samples (ESI Table S3,† 21.51–23.4) was much higher

than that of PAC–FeCl3 integrated samples (ESI Table S3,† 0.81–

2.05). The PAC–FeCl3 synergetic coagulation is more effective in

long-chain PFAS removal than short-chain PFAS removal. This

result is consistent with the previous observation that the

coagulation process is more effective in long-chain PFAS than

short-chain PFAS.

The synergetic impact of CTAC and PAC on the coagulation

process of short-chain and long-chain PFAS was also examined.

The CTAC–FeCl3 system (Fig. 4, 1 ppm, red bar) showed high

removal for long-chain PFOA and PFOS (>90%), similar to the

PAC–FeCl3 system (Fig. 4, a: 8 mg or b: 16 mg, yellow bar).

Clearly, FeCl3 coagulation is effective in removing long-chain

PFAS in the presence of either CTAC or PAC. For short-chain

PFBS, the CTAC–FeCl3 showed much higher removal effi-

ciency (96–98%) compared to the PAC–FeCl3 system (31–46%).

Attached to a cationic functional group, the long chain (C16)

CTAC is likely to form ion pairs with anionic PFBS via electro-

static interactions, thus increasing the formed ion pair com-

plex's chain length and hydrophobicity.36 The improved PFBS

sorption was likely caused by the increased chain length on the

PFBS–CTAC ion pairs. Instead, PAC, without high surface

cationic charges, was less effective in promoting PFBS sorption

during the FeCl3 coagulation. Short-chain PFBA sorption was

slightly improved under the CTAC–FeCl3 system compared to

PAC–FeCl3. Less electronegativity from PFBA carboxylate func-

tional group compared to the sulfonate group on PFBS is ex-

pected to limit the formation of CTAC–PFBA ion pairs, thus

their removal in the coagulation system.36 Our data indicated

that the addition of CTAC could better facilitate the removal of

short-chain PFAS, especially for sulfonate compounds removal,

compared to conventional PAC addition in the coagulation

system.

The synergetic impact was also investigated by examining

the coagulation process in the presence (Fig. 4, green bar) and

absence of both CTAC and PAC (Fig. 4, brown bar). Without

coagulant FeCl3, CTAC and PAC showed removal for long-chain

PFOA and PFOS ranging from 78–82%, followed by PFBS

removal at 23–25%, and lowest for PFBA removal of 4–6%

(Fig. 4, brown bar). This sorption trend follows the PFAS chain

length dependence that long-chain PFAS competed over short-

chain PFAS on conventional adsorbents such as GAC, PAC,

and resins.49 In the presence of coagulant FeCl3 (Fig. 4, green

bar) high removal was achieved for long-chain PFOA and PFOS

(>98%). Again, this result is consistent with previous observa-

tions that coagulation is effective in removing long-chain PFAS

in the presence of PAC or CTAC. In the presence of FeCl3, short-

chain PFBA and PFBS sorption were improved to 25% and

>98%, respectively. The synergetic impact of PAC and CTAC

with coagulant FeCl3 (Fig. 4, green bar) provided the best

sorption for the short-chain PFBS and to an extent for PFBA.

Fig. 3 Additive impact on PFAS removal (in %). Panel A depicts the removal of PFAS by FeCl3 coagulation in the presence of cationic surfactant

CTAC and cationic polymer polyDADMAC. Panel B depicts the removal of PFAS by alum coagulation in the presence of cationic surfactant CTAC

and cationic polymer polyDADMAC.

Fig. 4 PFAS removal in Roth Pond water with (A) 8 mg L−1 and (B)

16 mg L−1 PAC (blue bar), PAC and coagulant FeCl3100 mg L−1 (yellow

bar), CTAC (1 ppm) spiked with FeCl3 (red bar), CTAC (1 ppm) spiked

with both PAC and FeCl3 (green bar), and CTAC spiked with PAC

(brown bar). Error bars were derived from variants from duplicate

experiments.
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4. Conclusions

Conventional coagulation and occulation, though an

economical and widespread water treatment process, is not an

efficient technique to remove PFAS from surface water. With

PFAS being considered for regulation in the parts-per-trillion

levels by the US EPA and coagulation/occulation systems

being a very common treatment system across the nation, water

providers are under stress to identify treatment alternatives.

The present study has shown that by elevating the coagulant

dose and by adding a cationic surfactant to the treatment setup,

it is effective in removing regulated PFAS including both short

and long-chain PFAS. The current study highlights that the

application of low-cost modications to existing conventional

coagulation systems can improve its performance efficiency to

treat PFAS-contaminated waters. We also reported that removal

efficiency is dependent on chain-length as well as functional

groups, with sulfonates showing better removal than carboxyl-

ates. The removal efficiency can be summarized as long chain

sulfonates > long chain carboxylates > short chain sulfonates >

short chain carboxylates. The removal of PFAS by cationic

surfactant-enhanced coagulation appears to be inuenced by

both electrostatic and hydrophobic interactions. Further, our

results suggested that CTAC served as a better coagulant-aid for

PFAS treatment compared to the traditionally used poly-

DADMAC and PAC. A combination of CTAC and PAC further

improved the treatment of PFAS in such systems. However, it

needs to be pointed out that even though removal technologies,

like the assisted coagulation technique described above, have

shown to be effective in removing PFAS from contaminated

water, they do not necessarily destroy PFAS. These techniques

primarily involve physical mass transfer and only temporarily

remove PFAS from the specic medium. It is to be noted that,

almost all commercially implemented PFAS removal technolo-

gies such as ion exchange and granular activated carbon (GAC)

follows the same principle of mass transfer. However, the

pressing issue with these sequestration approaches is that the

PFAS is not destroyed but continue to remain in the environ-

ment and can cause health risks. The water treatment plant

residuals, spent GAC/resins and brine regenerant contains high

concentrations of PFAS (>ppm), salt, and residual organic

compounds. A potential remedial measure for this dilemma is

combining such technologies with PFAS destruction tech-

niques. Even though destructive technologies are still in the

development stage, they have shown great promise to destroy

PFAS compounds at the bench scale and small pilot-scale

studies.50–52 Some of the promising destruction techniques

include electron beam, electrochemical oxidation, photo-

catalysis, sonolysis etc.50,53 Also, the current work did not

analyze for CTAC aer treatment and hence future work should

focus on the removal and fate of CTAC aer treatment. Conse-

quently, ongoing studies on destructive based techniques are

being carried out in parallel to examine destruction of PFAS and

QACs because QACs are also considered as emerging contami-

nants,54 and hence the risks associated with the use of CTAC

should be further explored. The impact of surfactant addition

on the overall treatment process and other co-contaminants

(such as inorganic/organic ions etc.), should also be further

assessed.
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