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Abstract: Nine per- and polyfluoroalkyl substances (PFASs), including six perfluoroalkyl carboxylic
acids (PFCAs) and three perfluoroalkyl sulfonic acids (PFSAs), were tested to find their adsorption
selectivity from surface water and the feasibility of the powder activated carbon (PAC) process
between the perchlorination and coagulation processes by operating parameters such as mixing
intensity, dosage, contact time, initial pH, and concentration of perchlorination. The removal efficiency
of four types of PAC revealed that the coal-based activated carbon was clearly advanced for all of the
PFASs, and the thermal regenerated PAC did not exhibit a significant reduction in adsorption capacity.
The longer carbon chain or the higher molecular weight (MW) obtained a higher adsorption capacity
and the MW exhibited a more proportional relationship with the removal efficiency than the carbon
chain number, regardless of the PFCA and PFSA species. Approximately 80% and 90% equilibria
were accomplished within 60 and 120 min for the long chain carbon PFAS, respectively, while for
the short chain PFAS, 240 min was required to reach 85% equilibrium. The effect of mixing intensity
(rpm) was not considered for the removal of the PFAS, although it was relatively influenced in the
short PFAS species. Due to the surface charge of the PAC and the properties of protonation of the
PFASs, the acid condition increased the PFASs” adsorption capacity. The prechlorination decreased
the removal efficiency, and the reduction rate was more significantly influenced for the short chain
PFAS than for the long chain PFAS.

Keywords: PFASs; adsorption; powder activated carbon; selectivity

1. Introduction

Poly- and perfluoroalkyl substances (PFASs) are one class of fluorinated substances that contain
at least one fluorine atom (-F) replacing one or all of the hydrogen atoms on the carbon skeleton and
a terminal functional group on the organic and inorganic compound [1]. Buck et al. (2011) divided
them into polymeric and non-polymeric PFASs, and each PFAS includes three sub-groups and four
sub-families, respectively [1]. Polymeric PFASs are fluoropolymers, sidechain fluorinated polymers,
and perfluoropolyethers and non-polymeric PFASs are perfluoroalkyl acids (PFAAs), fluorotelomers
(FT), per- and polyfluroalkyl ethers, and perfluoroalkane sulfonlyl fluorides [2]. In general, current
target PFASs belong either to perfluoroalkyl carboxylic acids (PFCAs) or perfluoroalkyl sulfonic acids
(PFSAs), and these are the most significant of the PFAAs.

Due to a PFAS containing one or more carbon atoms, it can usually be sorted with long and short
carbon chains depending on the carbon length (number). The USEPA (2017) defined a long chain PFAS
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with eight or more as a PFCA and six or more as a PFSA [3], i.e., less than eight and six carbon chains
for PFCAs and PFSAs, respectively, referring to them as short chains [2].

Among PFASs, perfluorooctane sulfonic acid, C8F17SO3H (PFOS), was first identified in 2001 by
Giesy and Kannan [4] and, simultaneously, the presence of perfluorooctanoic acid (PFOA, C7F15COOH)
was also recognized in numerous samples of human blood [5]. PFASs have been widely used in
various industries worldwide since 1950 due to their chemical and thermal stability (536 k]/mol of C-F
bond energy), high redox potential (F to F-, E0 = 3.6 V), perfect orbital overlap (2s and 2p), low molecular
polarity, high surface activity, low surface tension, strong biological resistance, and amphiphilic nature,
as they contain a hydrophilic functional group and a hydrophobic fluorinated tail [2,6,7]. Widespread
application in industries such as electroplating, surface coating, and aqueous film-forming foams has
resulted in their frequent occurrence in air, soil, and water, and an accumulation in the environment
and in humans [8,9].

Various technologies have been studied to satisfy the increasing concern for and reinforcing
regulation of PFAS concentrations in water. Due to the strong biological resistance of PFASs,
the technologies for their removal or remediation from solution have focused on physical and chemical
treatment. For example, these include coagulation using alum, ferric chloride, and polyaluminum
chloride (PACI) [10], oxidation using electrochemicals [11] and photocatalytics [12], and adsorption
using activated carbon (AC) [13] and ion exchange (IX) [13,14]. Among these technologies,
the application of granular activated carbon (GAC) and IX is now widely used and are known
accessible technologies. Commercial GAC was first employed by the 3M company to remove PFBS
from effluent and it was reported to have achieved 98.4% removal [15]; the application of powder
activated carbon (PAC) showed a higher capacity due to its greater surface area, shorter internal
diffusion, better site accessibility, and faster adsorption kinetics than GAC [16,17]. Some studies using
IX concluded that IX can adsorb more than GAC [13,17,18] depending on the operating condition
of the initial experiment. Furthermore, it was concluded that the adsorption process involving long
carbon chain PFASs exhibited a greater removal capacity than that of short carbon chain PFASs, and it
easily met the USEPA regulation [19].

The application of PAC is still favored in water treatment plants (WTPs) for the removal of
micropollutants and to affect the coagulation process despite costly and complicated operation [20].
However, PAC has not been widely applied to PFAS study. Recent studies on PFAS removal were
mostly carried out for PFOS and PFOA; these are referred to as long chain PFASs, showing an easy
high removal efficiency at a higher level than expected in the environment (mg/L or ug/L) [21], and in
the simulated synthesis of water. Therefore, the present study aims to examine the removal efficiency
using PAC in different physical and chemical conditions for nine species of PFASs, including short and
long carbon chains from surface water that is raw water for drinking at the WTP.

The specific objectives are to (1) find the removal efficiency of different PAC types, (2) determine
the effective concentration of the PAC, the contact reaction time, the mixing intensity, the initial solution
pH, and the prechlorination to optimize the operating system, and (3) compare the effect of carbon
chain length and the selectivity of each PFAS on the adsorption process.

2. Materials and Methods

2.1. Chemicals

A standard solution containing six PFCAs and three PFSAs among PFASs was purchased
from Wellington Laboratories (Guelph, ON, Canada) and was used without further purification.
The physicochemical properties of each PFAS, such as the full name, abbreviation, chemical formula,
and Kow and pK, values, are summarized in Table 1. For PFOA, different pK, values were reported to
be —0.1, —3.8, and 2.8 by Burns et al. (2008) and Goss (2008), respectively [22,23]. Coal and coconut
GACs were purchased from Singi Chemical (Yangsan, Korea). Other chemicals used in this study were
analytical reagent grade or better.
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Table 1. Name, abbreviations, number of carbons, chemical formula, and physicochemical properties
of six perfluoroalkyl carboxylic acids (PFCAs) and three perfluoroalkyl sulfonic acids (PFSAs).

Category Compound Name Chemical Formula (1;/[/‘/11\1];:; I]Z:f, pKa
Perﬂ(‘;;rlfepgg;oate CF3(CF,);COOH 264.1 3010  034®
F er?lf}g’é‘j(}:,"é‘g;’ate CF3(CF,);COOH 3141 3480 _016©
11: Per?;}g’;?;‘;l’?;‘)oate CF3(CF,)sCOOH 364.1 415© 2290
i Perf(‘;;’g’zftgg)oate CF3(CF,)sCOOH 414.1 481© 05420
Pefft‘;‘;ﬁg‘?g;"ate CF3(CF,);COOH 464.1 5489 0210
Per?ﬁ?ﬁfﬁgﬁ ate CF3(CF;)sCOOH 514.1 6.51 ®) -5.2®
P Perﬂuor(%}?étg,n Cay tfonate - cry(Cry)3505H 300.1 1820 -3310
1S3 Perﬂuo;g?g;asrjec s61)11fonate CF3(CF,)s50;H 400.1 316 © 0.14 ©
A Perﬂuoig;g;‘,‘ecz;ﬂfonate CF5(CF,);505H 500.1 4490 <100

@ PubChem (URL: https://pubchem.ncbi.nlm.nih.gov); ®) Chemicalize (URL: https://chemicalize.com/#/);
(© Hazardous Substances Data Bank (HSDB) (URL: http://toxnet.nlm.nih.gov).

2.2. Preparation of the PACs

Two PACs were originated from virgin coal and coconut GAC and two other PACs were also tested
to estimate the availability of the used coal GAC through a fixed bed column; these were prepared
from first and third regenerations followed by drying at 200 °C~300 °C, pyrolysis at 400 °C-600 °C,
and activation at ~800 °C. Each GAC was crushed with a mortar and pestle and sieved using 18-32 mesh.
After that, the GACs were washed with DI and dried at 110 °C for 24 h; they are referred to as PCO-0,
PCO-1, PCO-3, and PCC-0 for the fresh coal first and third regenerations, and the fresh coconut PAC,
respectively. The physical characteristics of each PAC, including surface area, pore volume, mean pore
diameter, and pore size distribution, were tested by the BET method and are listed in Table 2.

Table 2. Properties of four types of powder activated carbons (PACs).

Coal Coconut
Properties Unit Virgin 1st Regeneration  3th Regeneration Virgin
(PCO-0) (PCO-1) (PCO-3) (PCC-0)
Primary micropore volume md/ 0.151 0.051 0.027 0.263
(<0.8 nm) /g (31%) @ (10%) (5%) (54%)
Secondary micropore volume 3 0.145 0.143 0.096 0.115
(0.8-2 nm) ome (30%) (27%) (19%) (23%)
Mesopore volume 3 0.192 0.336 0.379 0.112
(2-50 nm) cmig (39%) (63%) (76%) (23%)
T"(tj;g‘r’};‘)“e cm3/g 0.488 0.53 0.502 0.49
Mean pore width nm 2.15 2.58 3.32 1.90
BET surface area mz/g 1014 915 669 1133

@ The ratio stands for each volume to total pore volume.
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2.3. Adsorption Experiments

Batch experiment tests were conducted using the surface water and the primary water quality
parameters, including pH: 8.3 + 2.1, dissolved organic matter (DOM): 3.53 + 3.2 mgC/L, alkalinity:
55 + 12 mgCaCOs/L, hardness: 105 + 26 mgCaCOs3/L, and turbidity: 5.1 + 1.6 NTU. The primary
mixed stock solutions for nine PFASs were first prepared with 1 pg/L of each. From the stock solution,
a certain amount containing nine PFASs was spiked into the raw water samples to obtain a desired
concentration (~100 ng/L) for all the batch experiments, and then a desired mass of PACs was added.
All of the individual batch tests were carried out using a 1 L glass jar with a controlled mixer speed.
After the batch test, the aliquot of the sample was taken out and filtered with a 0.22 um polyethersulfone
(PES) syringe filter (Millipore, Germany). Blank experiments were also conducted for a 1 L glass jar
and a syringe filter confirming that there was no change of PFAS concentration. To determine the
removal efficiency for the four types of PACs, a series of batch tests was carried out at 50 mg/L of
PAC, 0.5 h of contact time, and an initial pH of ~8.3 without pH adjustment during the experiments.
The PFAS sorption rate was estimated for PCO-0 at a concentration of 10 mg/L and the samples were
collected at intervals of 0.5, 1, 2, 4, and 6 h. The effect of the mixing intensity was tested by experiments
conducted at 30, 60, 90, and 120 rpm for the nine PFASs under the following conditions: 50 mg/L of
PCO-0, 0.5 h of contact time, and initial pH of 8.2. The initial pH of the solution was set at 5.5, 7.0,
8.5, or 10 and the removal efficiency for PFPeA (5), PFHXA (6), PFHpA (7), and PFBS (4) was tested.
To find the feasibility of the PAC process that occurred just after the prechlorination and before the
coagulation process, the effect of prechlorination was tested at a concentration of Cl, from 0 to 50 mg/L
in the same manner as described above. All of the experiments conducted were duplicated.

2.4. Analysis

The concentration of the nine PFASs was analyzed using an ultra-performance liquid
chromatography tandem mass spectrometer (LC-MS/MS, Waldbronn, Germanuy) equipped with a
poroshell EC-C18 column (100 mm X 2.1 mm, 2.7 um). An Agilent 6490 MS/MS system with triple
quadrupole was used to measure a single fragment. The BET surface area (SA), pore size distribution,
and pore volume were determined using an N2 gas adsorption analyzer (model: Autosorb iQ3,
Quantachrome, Boynton Beach, FL, USA).

3. Results and Discussion

3.1. Properties of PACs

The physical properties of the four types of PACs in this study are presented in Table 2. The average
effective size of all the PACs is approximately 0.74 mm. The BET SA and mean pore size were
1014 and 1133 m?/g, and 1.90 and 2.15 nm for PCO-0 and PCC-0, respectively, indicating that PCC-0
has a ~10% higher BET SA but a ~13% lower mean pore size than PCO-0. The thermal regenerations
(PCO-1 and PCO-3) significantly reduced the BET SA by 10% and 34%, while increasing the mean
pore width by 20% and 54% for the first and third time, respectively. Similarly, although the total
pore volume (<50 nm cm?/g) was changed by less than 10%, increasing the thermal regeneration
significantly increased the mesopore volume from 0.192 to 0.379 cm?/g (increased by 97%) and
considerably decreased the primary micropore volume from 0.151 to 0.027 cm®/g (decreased by 84%),
considering the pore structure was destroyed.

3.2. Removal Efficiency of the PFASs

Figure 1 shows the removal efficiency of all the PFASs for different PAC adsorbents at 50 mg/L PAC
and 0.5 h of contact time. Regardless of the species of PFAS, the removal efficiency for the coal-based
PACs (PCO-0, PCO-1, and PCO-3) and the coconut shell-based PAC (PCC-0) ranged from 100% to
20% and ~50% to 10%, respectively, indicating that the PCOs exhibited at least two or three times
higher removal efficiency than PCC-0. The significant decrease for PCC-0 can be attributed to the
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physical property of the coconut shell GAC. Typically, coconut shell GAC was developed to increase
the adsorption capacity by increasing the BET SA and the micropore distribution [24]. As shown in
Table 2, PCC-0 shows the highest BET SA and the primary micropore volume was distributed by 54%.
As a result, the increased micropore volume led to a loss of adsorption capacity for all the PFASs
tested. Similarly, most research has used coal-based GAC in PFAS removal from a solution [13,17,25].
Liu et al. (2019) compared four types of commercial GACs for removal of 10 PFAS species using a fixed
column and concluded that the higher removal efficiency of the PFAS was determined by the higher
volume of meso- or macropores and not the BET SA [26].

100 | E

= 8o} | W PFPeA (5)
2 —@— PFHXA (6)
> —A— PFHpA (7)
S eof 1 @ PFoOA(8)

é —— PFNA (9)
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©

3 ‘o1 1 - erBs@)
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Figure 1. Removal efficiency (%) of the per- and polyfluoroalkyl substances (PFASs) with different PAC
types. The number in the legend denotes the carbon chain length.

In the drinking WTPs (DWTPs), the GAC process occurs after the filtration process to remove a
variety of DOC as advanced treatment. The saturated GAC was regenerated with thermal treatment,
resulting in a reduction of the SA and an increase in the pore size by destroying the inner pore
structure [27,28]. Therefore, it is noteworthy to compare the capability of fresh GAC and first and third
regenerated GAC for PFAS removal. Considering that the reduction of the removal efficiency for the
regenerated PAC was less than 5%, which is within a standard deviation (SD), the effect of the first and
third thermal regenerations can be negligible on adsorption for all of the PFASs in spite of reducing the
BET SA and increasing the mean pore width. The previous study using commercial GAC reported the
stationary removal efficiency of DOC in spite of the loss of BET SA after thermal regeneration of the
GAC [29]. Therefore, it is anticipated that decreased adsorption capacity by a reduced BET SA can be
recovered by enlarging the pore size. Comparing the species of PFASs in terms of removal efficiency,
which is from 20% for PFPeA (5) to ~100% for PFOS (8) using PCO-0 (similar to PCO-1 and PCO-3),
it is obvious that the adsorption capacity is strongly determined by the species of PFAS or the carbon
chain length, i.e., a longer carbon chain improves the adsorption capacity for the PAC.

Various adsorption interaction mechanisms have been discussed for carbonaceous adsorbents
for ionic and ionizable organic compounds, such as hydrophobicity, H-bonds, electro donor-acceptor
interactions, electrostatic interaction, ligand exchange, Lewis acid-base reactions, covalent bond
formation, and oxidative coupling [30]. Among them, both electrostatic interaction and hydrophobicity
are strongly considered to be main driving forces for the adsorption of PFOAs and PFOSs on
AC [23,31,32]. The enhanced adsorption capacity for longer carbon chains using commercial GAC has
also been also observed for river water in DWTPs [33,34]. The enhanced adsorption was attributed
to this since the hydrophobic GAC surface prefers to interact strongly with the hydrophobic PFAS,
corresponding to the higher hydrophobicity of the longer carbon chain [19]. Figure 2 was drawn to
show carbon chain length (a) and MW (b) for PCO-0 and PCC-0. According to Figure 2a, it was found
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that PFSA is more adsorptive than PFCA for both types of PACs with the same carbon chain length.
For example, PFHXS (6, PFSA) and PFHXA (6, PFCA) achieved 87% and 32% for PAC-0 and 27% and
9% for PCC-0 in removal efficiency, respectively. This is in accordance with the previous results. Park
et al. (2020) obtained a longer breakthrough Bed Volume (BV) for PFBS (4) and PFOS (8) over PFBA (4)
and PFOA (8) using GAC in fixed column tests, respectively [19].

| | | | | | | ! | ! | ! | ! | ! | !
100 PFSA : PCO-0 ] 100 ]
L (a) ' ] L (b) |
- PFCA : PCO-0 - . ]
X 80 - S sof PFSA : PCO-0
> - ] > 5 ]
o Q
c [=
% 60 |- PFSA:PCC-0 g 60 |- PFCA : PCC-0
o //é o = /%
© © )t
40 |- - 40 |- == —
3 //é/ s /
: i &
& ,/ PFCA:PCC-0 & A
20 5 é/ . 20 - ~ 4
i 5 l " Q% prsa: peco 1
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Figure 2. Comparison of removal efficiency (%) as a function of carbon chain length (a) and molecular
weight (b) using PCO-0 (solid line) and PCC-0 (dash line).

Based on Table 2, PFHXA (6), PFOA (8), and PFDA (10) have very similar MWs to PFBS (4),
PFHXS (6), and PFOS (8) (less than 5% difference in MW)), respectively. Figure 2b, showing the MW,
confirms that a very similar removal efficiency was obtained at similar MWs for both of the PACs.
Therefore, this clearly concluded that (1) a longer carbon chain increases the adsorption capacity on
the PAC because of the higher hydrophobicity interaction, (2) the species of PFSAs obtain a higher
adsorption capacity than PFCAs with the same carbon chain length, and (3) similar MWs lead to similar
levels of PFAS adsorption regardless of the type of sulfonate and carboxyl. In addition, the similar
trend of removal efficiency with higher removal efficiency with longer carbon chains for PCO and PCC
confirms that the effective difference in PFAS removal between PAC and PCC was mainly derived
from a physical property, i.e., pore volume.

3.3. PAC Dosage

To determine the optimized PAC concentration, the removal efficiency for nine PFASs was obtained
at 10, 30, 50, and 100 mg/L of PAC concentration with 30 min of contact time, as shown in Figure 3.
At the lowest concentration of 10 mg/L, the removal efficiency for PFPeA (5), PFHxA (6), PFHpA (7),
and PFBS (4) was only less than 10%, and the other PFASs showed 20-50% efficiency. To accomplish
over 80% removal, 50 mg/L and 100 mg/L concentrations are required for long and short chains,
respectively, except for PFPeA (5). The big difference in Figure 3 again clearly occurs between the
short and long carbon chains at 10, 30, and 50 mg/L of PAC. Meanwhile, the short chains of PFHxA (6),
PFHpA (7), and PFBS (4) proportionally increased with the increase in PAC concentration and reached
100% and 70% removal efficiency, respectively; the increasing rate of removal efficiency of PFPeA (5) is
reduced with the increasing PAC concentration. This phenomenon is due to the slow rate of adsorption
for PFPeA (5). For long carbon chains, the slope was decreased from 10-30 and 30-50 mg/L of PAC due
to the limited adsorption site and high concentration gradient [35]. Accordingly, the USEPA regulation
(70 ng/L for PFOA and PFOS), for all long chain PFASs, was easy to satisfy at 30 mg/L of PAC and
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30 min of contact time. However, the short chain PFASs needed a higher dosage and PFPeA (5) did not
meet the regulation at 100 mg/L of PAC in that condition.

100 .
80 —B PFPeA (5)
S —@— PFHxA (6)
> 1 —4A— PFHpA(7)
c
S 60 | 9 PFOA(3)
S —&— PFNA (9)
@ 1 - PFDA (10)
©
3 40 1 -v erBs (@)
5 4 —O- PFHxS (6)
-~ PFOS (8
20 _ O (8)
0

PAC dose (mg/L)

Figure 3. Removal efficiency (%) of PFASs at different dosages of PCO-0 with a condition of 30 min of
contact time.

3.4. Kinetic

The sorption kinetics for nine PFASs are shown in Figure 4a as plots of removal efficiency versus
time (30, 60, 120, 240, 360, 480 min) at 10 mg/L of PAC. It was found that the adsorption rate of all the
PFASs was initially fast, indicating that ~70% of removal was accomplished within 30 min, and constant
efficiency was observed at ~240 min; this is similar to the other PAC results for PFOA and PFOS [17].
To determine the initial rate, Figure 4b shows time versus rate of equilibrium concentration (Ce) to
concentration at a specific time (C;). For PFOA (8), PENA (9), PFDA (10), PFHxXS (6), and PFOS (8),
which obtained over 80% removal efficiency in Figure 1, 70-80% and 90% of the adsorption process was
accomplished within 30 and 60 min, respectively. The others required 360 min to reach 90% adsorption.
Due to strong competition at the beginning, the adsorption rate for the lower hydrophobicity PFAS
species was retarded. Therefore, this result confirms that the species exhibited stronger interaction
with PAC influence on not only higher adsorption capacity but also on rapid initial kinetic rate.

Pseudo first order (PFO) and pseudo second order (PSO) kinetic models are used to describe the
interaction and follow Equations (1) and (2), respectively [36,37]. The calculated sorption parameters
are listed in Table 3.

Qt = qg(l — e_Klt) (1)
Koget

= — 2

A Kaglt @

Compared with R?, PSO shows higher accuracy than PFO for all PFASs, except for PFPeA (5),
indicating that the interaction between PAC and PFASs was followed by a chemical reaction [17].
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Figure 4. Removal efficiency (a) and equilibrium rate (Co/Cy) (b) as a function of time with a condition
of 10 mg/L of PCO-0 and initial concentration of 100 ng/L (Ce and C; are concentration at equilibrium
and a desired time, respectively).

Table 3. Kinetic parameters of the pseudo first order (PFO) and pseudo second order (PSO) models for
nine PFASs.

Model Cons-tant PFPeA PFHxA PFHpA PFOA PFNA PFDA PFBS PFHxS PFOS

C5 Coé Cc7 (&} 9 C10 C4 Coé C8
P e 0.00915 0.0127  0.0210 0.0634  0.0585  0.0491 0.0264 0.0388  0.0434
F Ky 0.277 0.688 1.33 3.82 4.60 5.73 0.904 3.37 6.23
@) R? 0.986 0.993 0.893 0.633 0.730 0.703 0.905 0.837 0.865
P e 0.371 0.848 1.53 4.01 4.83 6.11 1.02 3.63 6.671
S K, 0.0209 0.0154 0.0176  0.0361  0.0267 0.0149 0.0347 0.0184  0.0117
@) R? 0.970 0.999 0.970 0.917 0.960 0.932 0.938 0.959 0.993

3.5. Mixing Intensity

The effect of mixing intensity was also required as an optimized operation parameter. Agitation
speed is one of the physical parameters used to evaluate the distribution of the adsorbate ions and
the PAC from solution. Figure 5a shows the adsorption removal at 30, 60, 90, and 120 rpm with
50 mg/L of PAC for 30 min, and compares the variation of removal efficiency for nine species of PFASs.
At a glance, the removal efficiency for each PFAS was slightly increased with the increased mixing
intensity. To assess the detailed effect for removal, Figure 4b, including only five PFASs (PFPeA (5),
PFHpA (7), PFBS (4), PENA (8), and PFHXS (6)) was redrawn to estimate the rate of change by removal
efficiency. Less than a 5% increase was shown for PFNA (8) and PFHXS (6) with four times higher
mixing intensity, while PFPeA (5) was enhanced up to ~25% at 120 rpm. Therefore, physical treatment
can improve the removal efficiency, leading to rapid mass transfer by reducing film diffusion for the
low removal efficiency condition [38]. High removal efficiency (over 80%) means that only 20% of the
target contaminant remains available for removal, and the concentration gradient was relatively low.
Therefore, intensified physical treatment is not considered and chemical treatment needs to achieve
greater removal efficiency.
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Figure 5. Removal efficiency of nine PFASs at an intensity of mixing (a) and the change of removal
efficiency for five PFASs (b).

3.6. Effect of Solution pH

As for PFAS adsorption, the solution pH was crucially taken into consideration and was a
significant parameter in determining the adsorption capacity [39] because it can determine the surface
charge of the adsorbent and the adsorbated speciation [39,40]. In general, the speciation of an inorganic
anion, such as phosphate or arsenic, is determined by protonation/deprotoantion near its pK, [41,42],
and PFASs as organic acids can exist in either protonated or deprotonated forms based on the pK,
value, shown in Table 1. Since the value of pK, was less than 1 for all of the PFASs except for PFOA
in Table 1, this study does not need to consider the protonation/deprotonation effect for adsorption.
Figure 6 shows the removal efficiency for PFPeA (5), PFHxA (6), PFHpA (7), and PFBS (4) at an
initial pH of 5.5, 7.0, 8.5, and 10, and regression lines (solid line) including slope and R? were added
to find the quantitative effect. Removal efficiency was decreased with the increase in solution pH,
regardless of the use of PFCA or PFSA. This corresponds to other research studies using GAC [43] and
porous graphite for PFCS [44], i.e., the electrostatic force can occur between the negatively charged
PFAS and the positively charged surface charge. On the other hand, Krippner et al. (2014) obtained
the opposite result using a plant root known for weak acids [45]. PFBA (4), PFPeA (5), PFHxA (6),
and PFBS (4), which are considered as relatively short chains, showed an increased uptake with an
increase in solution pH, whereas PFDA (10) uptake was significantly decreased with an increased
pH. Most studies have demonstrated, or used, a very low pK, that was usually applied as less than 1
for all of the PFAS species, as shown in Table 1, but Prevedouros et al. (2006) and Moroi et al. (2001)
found 2.0~3.0 for PFOA and ~2.66 for PFDA, respectively [46,47]. However, according to our results,
there was less removal efficiency at a higher pH for all samples, strengthening the less than 1 value
of pK,, and the protonation was not the primary parameter by which to decide the PFAS uptake
for PAC.
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Figure 6. Removal efficiency of pH at 5.5, 7.0, 8.5, and 10.0.

We attempted to verify the quantitative pH effect from four regression lines calculated with a very
high R? (>0.98) regardless of the PFAS species. A high R? value indicates that the decrease in removal
efficiency occurs proportionally and quantitatively with the increase in pH. Therefore, the presence of
a hydroxide ion competes with the PFASs that are constantly affected at the pH range from 5.5-10.

3.7. Effect of Chlorination

In the advanced water treatment process, prechlorination took place immediately before
coagulation/flocculation to remove the organic matter and NH3-N [48,49]. Therefore, the effect
of prechlorination should be considered because the PAC process would be considered to have taken
place before the coagulation/flocculation. The removal efficiency of nine PFASs was obtained at 0, 5,
10, 30, and 50 mg/L of Cl,, as shown in Figure 7. Removal efficiency was decreased with increasing
concentration of Cl, for all the PFAS species in Figure 7a. Chemical oxidation also refers to destruction
technologies such as thermal treatment and biological treatment for PFAS removal or separation from
water. However, a strong bond between C-F and a high melting point of the PFAS led to a low
removal restriction of the application in the lab and the field [50]. Therefore, the effect of chlorination
is ignorable in the oxidation of PFASs.
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Figure 7. The effect of prechlorination at different concentrations (a) and reduction rates of removal efficiency (b).

The rate of reduction is also shown to find the effect of the concentration of Cl, in Figure 7b. The rate
of reduction ranges from 1% to 20% at 5 mg/L and from 20% to 100% at 50 mg/L of Cl,. Clearly, the higher
reduction rate was observed in a short carbon chain PFAS species, resulting in a lower removal efficiency
for PAC, and the order of the reduction rate is the reverse of the order of removal efficiency of PAC.
However, since the concentration of Cl, during prechlorination generally operated under ~3 mg/L [51,52],
in the operation system, the shift of removal efficiency is considered for 5 mg/L of Cl,.

3.8. Selectivity of Each PFAS

The condition of the experiment is that nine PFAS species were simultaneously mixed and tested
using PAC. Therefore, we attempted to estimate the effect of each species on the adsorption uptake
for PCO-0. The binary separation factor (SF) was used to compare the relative affinity of PAC for the
various PFASs.

®)

XA/B =

where q and C represent the uptake in the solid (ug/g) and the concentration of A in the solid (ng/L),
respectively. A and B in the subscripts denote species of PFASs. The calculated SF is shown in
Table 4. In general, a value of «p/p of greater than 1 indicates that A has a higher preference than B for
the adsorbent. According to Table 3, the values of «s/z of PFPeA (5) (third raw) are greater than 1,
indicating that PFPeA (5) has the lowest affinity for PAC. The highest affinity, 70.8, occurs between
PFPeA (5) and PFOS (8). By comparison with increasing the number of one and two carbon chain
lengths, the value of the affinity was proportionally increased 1.4-3.9 and 2.3-8.9 times, respectively.
The increasing value is decreased with an increase in carbon chain length, indicating that the adsorption
uptake is more influenced in shorter carbon chain PFAS species.
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Table 4. The separation factor for nine PFASs.

PFPeA PFHxA PFHpA PFOA PFNA PFDA PFBS PFHxS PFOS

@A\B 5 6 7 8 9 10 4 6 8
PFPeA-5 1

PFHXA-6  2.86 1

PFHpA-7 666 233 1

PFOA-8 257 898  3.86 1

PFNA-9 356 124 534 138 1

PFDA-10 593 207 891 231 167 1

PFBS-4 421 147 0632 0164 0118  0.0709 1

PFHXS-6 206 721 310 0803 0580 0348 491 1
PFOS-8 708 247 106 275 199 119 168 343 1

4. Conclusions

Four types of PACs were investigated to determine the feasibility in WTPs by comparing the
removal of various PFAS species in different conditions, such as PAC dosage, mixing contact time,
mixing intensity, pH, and concentration of chlorination. Overall, the use of PAC based on coal shows
high removal efficiency even for short carbon chains. Even very low initial concentration of PFASs
in raw water containing a relatively high concentration of DOC, which reduces the PFAS adsorption
capacity, can meet the current PFOA and PFOS regulations (70 ng/L) set by the USEPA. The fact
that the coal-based PAC showed a higher removal efficiency proves that the structure of PAC was
first considered when it was applied in PFAS removal. The behavior of removal by adsorption was
mainly determined by the number of carbon chains and the MW of PFAS species, corresponding to
a higher number of carbons or the MW enhancing the removal efficiency. By comparing the time to
reach equilibrium, higher removal efficiency was found to reduce the equilibrium time. As predicted,
the solution pH reduced the removal efficiency with an increase in pH as a significant parameter.
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