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ARTICLE INFO ABSTRACT

Keywords: This work explores the treatment of poly- and perfluoroalkyl acids (PFAAs) in groundwater by coupling membrane
PFOA separation and electrochemical oxidation (ELOX). A process system engineering approach based on modelling
PFOS o and empirical data was followed. Two nanofiltration (NF90) and reverse osmosis (BW30) membranes were char-
ile\::t:oogd;no? acterized for treating an electrolyte (NaCl and CaSO,) mixture of perfluorocarboxylic acids (PFCAs) containing
ESOEOSI;C ZV:lsuzﬁon PFOA, PFHpA, PFHxA, PFPeA and PFBA with initial concentrations of 10 ug L~! each. Membrane surface charge
shielding and concentration polarization negatively influenced NF90 performance, and the BW30 membrane
was selected. Electrochemical oxidation with boron doped diamond anodes treated the PFCAs mixture amended
with PFOS and 6:2 FTSA, emulating previously pre-concentrated feed and non-preconcentrated feed conditions.
Working at different current densities (J) between 20 and 350 A m~2, the removal of PFOA, PFOS and 6:2 FTSA
followed first order apparent kinetics, although shorter chain PFCAs initially showed increasing trends because
of their simultaneous electrogeneration and degradation. Overall, XPFAA electrolysis followed first order kinet-
ics linearly correlated to J in the full range of testing. Unexpectedly, PFAAs electrolysis was faster for the low
conductive non-preconcentrated feed, a result that was ascribed to the enhanced direct electron transfer mech-
anism resulting from the higher cell voltage. For 99.9% PFAAs removal, the total specific cost of treatment was
minimized using a cascade of four RO stages and ELOX treatment of the concentrate, to reach ZPFAA below the

Health Advisory Levels recommended by the USEPA in drinking water (<70 ng L~! sum of PFOA and PFOS).

1. Introduction

Poly- and perfluoroalkyl acids (PFAAs) are a class of highly persis-
tent chemicals that are extremely resistant to chemical, physical and
biological degradation [1]. Indeed, PFAAs are highly mobile and their
occurrence has been extensively reported around the globe, in rivers
and human drinking water resources [2,3], in soils [4], in landfills [5],
in wastewater treatment plants (WWTP) [6] or groundwater impacted
by aqueous film-forming foam (AFFF) [7]. Overall, it is considered that
the use of AFFF is an important local source of PFAAs contamination in
soil and water bodies [8], either due to the direct presence of PFAAs in
the AFFF formulations, or by transformation of fluorinated compounds
in the AFFF that are subject to abiotic or biotic transformations that
form the more recalcitrant PFAAs [9-11]. Contamination of water bod-
ies (e.g., surface water, groundwater) by AFFF has been associated with
fire-training sites located in military bases [12,13] and airports [14], or
as a result of the extinction of catastrophic fires.

Conventional wastewater treatment methods have proven to be in-
effective to remove PFAAs from impacted water bodies [15]. There-
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fore, recent research efforts have been directed towards the develop-
ment of innovative removal and destruction technologies for the treat-
ment of these substances. Granular activated carbon (GAC), powder ac-
tivated carbon (PAC) and anion exchange resins [16-19] are the most
extensively studied adsorbents for PFAA removal from water. How-
ever, adsorption techniques have several disadvantages, such as the de-
cline of the sorption efficiency for short-chain PFAAs [20], their low
regeneration efficiency, and when applicable, the generation of large
amounts of waste organic solvents used as regenerants [21]. Alterna-
tive attempts to regenerate anion exchange resins rely on the use of
cosolvents, which provides additional complexity to the overall treat-
ment process [17,22,23]. Alternatively, the adsorption media must be
incinerated at high temperatures (>1000 °C) [24].

Other approach for separating PFAA from impacted waters is to ap-
ply pressure-driven membrane processes (mainly nanofiltration (NF)
and reverse osmosis (RO)) to effectively retain PFAAs. While RO gener-
ally achieves higher PFAAs rejections than NF, its water filtration pro-
ductivity is considerably lower [25,26]. Nevertheless, a disadvantage
of membrane processes is that the PFAAs retained in the concentrate
typically require further treatment.
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The electrochemical oxidation (ELOX) of PFAAs has shown very
promising results. Specifically, the use of ELOX by means of boron
doped diamond (BDD) anodes can satisfactorily mineralize PFAAs, as
well as PFAAs precursors, to CO, and fluoride anions [27-30]. How-
ever, widescale application of ELOX for treatment of PFAA-impacted
waters remains challenging due to the associated high energy consump-
tion [31] and the high capital costs of BDD electrochemical cells [32].
Also, these compounds are usually present at very low concentrations
in groundwater impacted by AFFF [13], which exacerbate mass trans-
fer kinetic limitations. To mitigate these mass transfer limitations at
low PFAA concentrations, membrane separation can be used as a pre-
concentration stage to increase PFAAs levels in the retained water prior
to ELOX treatment. This will facilitate implementation of ELOX at a
lower overall cost compared to that of electrochemical degradation
alone [33]. Although this approach has been recently tested for the
treatment of industrial process waters which contained perfluorohex-
anoic acid in the concentration range of hundreds of mg L1 [34,35],
assessment of this approach using a mixture of PFAAs in the pg L1
range [36] and in the presence of a common fluorotelomer PFAAs pre-
cursor (6:2 fluorotelomer sulfonic acid (6:2 FTSA)) [37] would provide
improved insight into the efficacy of this approach for remediation of
groundwater impacted by AFFF.

In this work, we explore the integration of pressure-driven mem-
brane processes with electrochemical oxidation for the treatment of
PFAAs in concentrations relevant to AFFF-impacted groundwater. Ini-
tial testing focused on NF and RO treatment of a perfluorinated car-
boxylic acid (PFCA) mixture, followed by ELOX of the PFCA concentrate
(amended with perfluorooctane sulfonic acid (PFOS) and 6:2 FTSA) us-
ing BDD anodes, at several current densities. The empirical informa-
tion obtained in these experiments was implemented in an optimization
model with the objective of minimizing the total costs of the integrated
process, considering capital and operating costs. New insights on the
favourable impact of increasing the current density on the reduction of
the total costs of the integrated process were also evaluated.

2. Materials and methods
2.1. Materials

Two thin-film composite polyamide nanofiltration (NF90) and re-
verse osmosis (BW30) membranes, purchased from Dow FilmTec, were
tested in the filtration experiments. The NF90 is a tight nanofiltration
membrane for production of drinking water and demineralization appli-
cations, which is characterized by its medium to high productivity (the
membrane permeability L, ranges from 5.8 to 10.4 L m~2 h~! bar~!
depending of the feed water and operating conditions [38]), while
the BW30 membrane is commercialized for brackish water desali-
nation applications, with lower water fluxes (L, in the range 3.8 -
4.6 L. m~2 h~! bar~!) [38,39]. Expected PFAAs rejections are typically
higher than 90%, although most previous studies were performed at
much higher PFAA concentrations [38,40], or reported estimated re-
jections [41]. PFAAs used to spike aqueous solutions were the follow-
ing: perfluorobutanoic acid (PFBA) (>99%), perfluoropentanoic acid
(PFPeA) (97%), perfluorohexanoic acid (PFHxA) (>97%), perfluoro-
heptanoic acid (99%), perfluorooctanoic acid (PFOA) (95%) and PFOS
potassium salt (>98%), all purchased from Sigma-Aldrich. 6:2 FTSA,
which was used to spike aqueous solutions, was supplied by Synquest
laboratories. Calcium sulfate dihydrate (> 98%) and UHPLC-MS grade
methanol (> 99.9%) were purchased from Scharlau. Sodium chloride
(>99%) was supplied by Panreac. A Milli-Q® Advantage A10 Water Pu-
rification System (Millipore) produced ultrapure water for preparing the
aqueous solutions.

For the NF/RO experiments, ultrapure water was spiked to obtain
10 pg L1 of each target PFCA and electrolyte (100 mg L~! NaCl and
100 mg L1 CaS0O,). Ions such as sodium, calcium, sulfate and chlo-
ride, can be typically found dissolved in AFFF impacted groundwater
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[13,42]. The pH of the resulting solution was 6.3. The PFCA concen-
trations targeted in the aqueous solutions were prepared based on the
concentrations observed in AFFF-impacted groundwater [42,43]. Litera-
ture information about the characteristics of AFFF-impacted groundwa-
ter can be found in Table S1 of supplementary material. It is recognized
that many of the polyfluorinated PFAA precursors that are often found
in AFFF-impacted source area waters were not included in this current
study, as the focus was on the more recalcitrant PFAAs [30].

For the electrolysis experiments, the feed solution was prepared
with PFOA, PFHpA, PFHxA, PFPeA and PFBA, 6:2 FTSA and PFOS. 6:2
FTSA and PFOS were included in the ELOX testing, although they were
not considered initially in the filtration experiments, to provide insight
into the electrochemical treatment of perfluorinated sulfonates and a
common fluorotelomer PFCA precursor. Electrolysis experiments were
initially performed with the PFAAs mixture without preconcentration,
where the initial concentration of individual PFAA was 10 ugL~! and
Na,SO, (0.21 g L™1) was used as electrolyte. Compared to filtration
tests, in electrolysis experiments sodium sulfate replaced chloride and
calcium salts, to assure the long-term stability of the electrolyte solu-
tion. Otherwise, chloride would evolve to chlorine, and eventually to
perchlorate at elevated applied current densities. Na,SO, (0.21 g L™1)
was calculated to have similar equivalent saline concentration (Cp =

0.5 3 |z]CF,l, being z the ionic valence [44]) to the NF/RO feed solu-
i=1

tion. Next, electrolysis was performed considering a volume reduction
factor VRF = 10 (VRF is the ratio between the initial feed volume and the
final time feed volume), a situation equivalent to a ten times reduction
of the initial feed volume, that is accompanied by a significant increase
of PFAS and electrolyte concentration in the retentate. Thus, in electrol-
ysis experiments the initial concentration of each PFAA compound in
the feed mixture varied from 35 to 220 ug L~!, and the concentration
of Na,SO, used as supporting electrolyte was 1.5 L1, that is equivalent
to the saline concentration obtained in the NF concentrate.

2.2. Filtration experiments

Filtrations experiments were carried out using a laboratory scale
rectangular cross-flow test cell (SEPA-CF, GE Osmonics), with an effec-
tive membrane area 155 cm?, channel height 1.7 mm and channel width
9.5 cm. An illustration of the experimental set-up is shown in Figure
S1 of the supplementary material. Flat-sheet membrane coupons were
soaked in ultrapure water for 24 h and then housed in the membrane
cell. The cross-flow velocity of the feed stream inside the membrane
cell was 24.7 cm s~1. More experimental details can be found elsewhere
[38]. After membrane compaction, 10 L of fresh feed solution were in-
troduced into the feed tank. The operating pressure was fixed at 10 bar
in the feed chamber of the membrane test cell. As membrane filtration
experiments were aimed to concentrate PFAAs in the aqueous solution,
only the retentate stream was recycled to the feed tank, while the per-
meate volume was collected in a separated tank. The pre-concentration
phase was terminated when a VRF of 10 was obtained. All permeate and
feed samples were collected in polypropylene certified vials and stored
at 4 °C until analysis.

2.3. Electrochemical oxidation experiments

Batch ELOX experiments were performed using the experimental
set-up depicted in Figure S1 of the supplementary material. The elec-
trochemical cell (DiaCell 201 PP, Adamant Technologies) consisted of
two parallel flow-by compartments made of a circular central bipolar p-
Si/BDD electrode. Each anode had a surface area of 70 cm?, resulting in
a total anodic area of 140 cm?2. The cathodes also consisted of p-Si/BDD,
with the same area as the anodes. Each compartment worked in an un-
divided mode, with an interelectrode gap of 1 mm. The electrochemical
cell was connected to a power supply (Vitecom 75-HY3005D). The feed
solution was maintained at 20 °C. Experiments were performed under
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Fig. 1. PFCA observed rejection (R,,) evolution with time using the BW30 and the NF90 membranes, in concentration mode experiments. Cy ot prca = 10 pg L71.

Co,electrolyre = 100 mg L' NaCl + 100 mg L~! CaSO,. Feed P = 10 bar.

galvanostatic conditions. Samples were collected in polypropylene cer-
tified vials and stored at 4 °C until analysis.

2.4. Analytical methods

PFAA concentrations in all samples were quantified using a liquid
chromatography system (Acquity H-Class, Waters) coupled to a triple-
quadrupole mass spectrometer (Acquity TQD, Waters) with an elec-
trospray ionization (ESI) interface operated in the negative ionisation
mode. The column used for the analytical separation was the Waters
UPLC BEH C18 (1.7 um, 2.1 x 50 mm), thermostated at 50 °C. The elu-
ents were (i) an ammonium acetate 2 mmol L~! and 5% of methanol
aqueous solution (A) and (ii) pure methanol (B). The flow rate of the
mobile phases was 0.4 mL min~! in gradient mode. Values of LOQ for
every PFAA are the following: PFBA (0.14 pg L~1), PFPeA (0.44 ug 1),
PFHxA (0.38 pug L~1), PFHpA (0.43 ug L~1), PFOA (0.04 ug L-1), PFOS
(0.44 pg L1), 6:2 FTSA (0.70 pg L~1). LOQs were estimated as the low-
est concentration of each PFAA compound in the matrix sample giving a
peak area equal to the blank signal plus ten times the standard deviation
of the blank [45].

3. Results and discussion
3.1. PFCAs pre-concentration by NF and RO

Fig. 1 shows significant differences in PFCAs rejection between the
two membranes considered in this study. Individual PFCA concentra-
tions in feed and permeate sides used for rejections calculation are given
in Figure S2 of the supplementary material. Using the BW30 membrane,
PFCA rejection ranged from 84% to 95.9% (observed rejections are re-
ported). The NFOO membrane provided lower rejections compared to
the BW30 membrane, as maximum rejection in the NFOO membrane
reached 88%. The attained observed rejection values are lower than
those reported in our previous work where we evaluated several NF and
RO membranes in the separation of PFHXA at comparatively elevated
concentrations of 100 mg L=, which were relevant in industrial process
streams [38]. One plausible explanation for the reduced NF performance
in this study is the presence of divalent calcium cations. Ca?* cations are
highly rejected during NF filtration and may introduce charge-shielding
effects, thus severely decreasing the electrostatic repulsion between the
negatively charged perfluorcarboxylates in the feed solution and the
membrane surface, which is negatively charged at the circumneutral

operating pH, as reported in previous studies [46]. It is noted that ob-
served rejections values are influenced by concentration polarization at
the boundary layers, with the effect of reducing the observed rejection at
increasing permeate fluxes, as occurs in the NF90 membrane compared
to the BW30 RO membrane. The effect of concentration polarization is
more pronounced at very low PFCA concentrations. To prove the nega-
tive effect of concentration polarization, intrinsic membrane rejections
(Ringrinsic) Were calculated and are provided in Figure S3 of supplemen-
tary material. The BW30 membrane maintained PFCAs intrinsic mem-
brane rejections over 95%, while in the case of the NFOO membrane,
the intrinsic membrane rejections were mostly over 90%. Notably, cal-
culated intrinsic rejection values are much closer than observed rejec-
tions among the PFCA compounds under study. Overall, we attribute
the unexpected low rejections observed with the NF90 membranes to
the combined effect of its higher water flux that increased the PFCA
concentration gradient across the membrane as a result of concentra-
tion polarization phenomena, and the presence of calcium cations that
reduced the electrostatic repulsion of negatively charged perfluorocar-
boxylates.

For design purposes, and for parameterization of the filtration-ELOX
model [34], we selected the BW30 membrane to carry out the optimiza-
tion study, since the PFCAs rejection by the NFO0 membrane was poorer
when dealing with the simulated AFFF impacted groundwater matrix.
Fig. 2 shows the PFCAs concentrations in the permeate (Cp) as a function
of the PFCAs concentrations in the retentate (Cy) for the BW30 mem-
brane. PFCAs concentrations were varying as a function of time (Figure
S2 of supplementary material) as a result of the filtration experiments
being performed in concentration mode. The data in Fig. 2 were reason-
ably described by a linear correlation, which facilitates its functionality
into the optimization study. The BW30 hydraulic permeability, in these
experiments, was L, pwso = 5.1 £ 0.7 L m=2 h™! bar~*.

3.2. Electrochemical oxidation of PFAAs

Fig. 3 presents the evolution with time of individual PFAAs during
the electrochemical degradation experiments, at three values of the ap-
plied current density (20, 50 and 350 A m~2) and two VRF conditions:
i) VRF=1, which corresponds to the situation in which no NF/RO pre-
concentration is carried out, and ii) VRF=10, in which the initial feed
volume was reduced ten times by RO preconcentration, at the same
time the concentrations of PFAAs and salts was increased. In all cases,
Fig. 3 shows that the concentrations of PFOA, PFOS and 6:2 FTSA, which
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Fig. 2. BW30 membrane. PFCA concentration in the permeate vs. PFCA concen-
tration in the feed tank, in concentration mode experiments. Feed P = 10 bar.

include the longest alkyl chains, continuously decreased with time at
each of the tested current densities, exhibiting an exponential decay.
The intermittent increase of PFOS concentration observed at 20 A m~2
and VRF=10 was ascribed to the experimental error. According to liter-
ature, PFOA and PFOS followed a step-by-step degradation pathway, in
which a -CF,- unit is lost in every degradation cycle to produce shorter-
chain PFCAs, until complete mineralization [31,47,48]. Several works
have reported the slower oxidation kinetics of PFOS compared to PFOA
using BDD electrodes, which was attributed to the higher difficulty of
the sulfonate group to initiate the direct electron transfer step [42, 45].
6:2 FTSA degradation has been reported to start with the attack of hy-
droxyl radicals to one of the two unfluorinated carbons contained in
the alkyl chain, being PFHxA the main initial degradation product [49].
Therefore, at the lowest applied current density (20 A m~2), PFHpA,
PFHxA, PFPeA and PFBA initially showed stable or increasing concen-
trations with time. However, at the highest current density (350 A m~2),
the degradation of most compounds was much faster, and only PFBA ini-
tially increased its concentration, prior to its subsequent rapid decrease.
Therefore, at the highest current density (350 A m~2) the kinetics of
short-chain PFCAs removal were significantly faster than their genera-
tion rates.

At every applied current density, the degradation kinetics of every
PFAA compound in the solution was significantly faster at VRF=1 than at
VRF=10, with the exception of PFOA removal at 20 A m~2, That excep-
tion could be due to the very low applied current density and the exper-
imental uncertainty thereof. This general behaviour can be attributed to
the increase of the cell potential at low VRF that is assumed to increase
the anode potential, promoting faster direct electron transfer (DET) reac-
tions at the BDD anode surface. Several studies have reported that both
direct oxidation at the anode surface and electrogenerated hydroxyl rad-
ical mediated oxidation participate in the electrochemical degradation
pathway of perfluorocarboxylic acids, the kinetics of the process being
limited by the DET step [43,49]. The increase of the cell potential is a
direct consequence of the low electrolyte concentration in the solution
at constant current density conditions. For example, at J = 350 A m~2
and VRF=1, the average cell voltage was 43.3 + 0.7 V, which is almost
double than the cell voltage registered at VRF=10 (23.8 + 0.6 V) at the
same intensity. Empirical correlations of Jg,, vs. cell voltage (U) used in
the optimization section can be found in Table S3 of the supplementary
material.

With the aim of comparing different electrochemical oxidation sys-
tems, normalized first-order kinetic constants k’ (normalized to elec-
trode area and volume treated, m min~!) and k’, (current normalized,
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Table 1

Kinetic constants of PFOA, PFOS and 6:2 FTSA BDD electrolysis, obtained
from the fitting of experimental data in Fig. 4 to first order rate kinetics.
Apparent (k’y,,) and electrode area/volume treated normalized (k).

VRF=1 VRF =10
J(Am™2) K app (min~!)  k’(m min~1) K app (min~!)  k’(m min~1)
PFOR0 0.023 0.0017 0.022 0.0016
50 0.063 0.0045 0.045 0.0032
350 0.23 0.017 0.099 0.0071
PFO20 0.014 0.0010 0.0046 0.00033
50 0.027 0.0019 0.0098 0.0007
350 0.14 0.0098 0.043 0.0031
6:2 20 0.046 0.0033 0.035 0.0025
FTSAO 0.094 0.0067 0.048 0.0034
350 0.17 0.012 0.081 0.0058
L A-1 min~1) are defined as follows,
!
K = M 1)
AG
! 3
o KaV10 o
n TA,

where k'app is the apparent kinetic constant (min~!) that was obtained
from the fitting of concentration data of individual compounds vs. time
to a first order kinetic model, V is the electrolyzed volume (m3), A, isthe
electrode area (m2) and J is the applied current density (A m~2). Table 1
shows k’y,, and k’ values for long-chain PFOA, PFOS and 6:2 FTSA in
all the VRF and J conditions studied. Previous results related to the BDD
oxidation of 6:2 FTSA [29] at 50 A m~2 (k’ = 0.0026 m min~!), PFOA
[50] at 50 A m~2 (k’ = 0.005 m min~!) and PFOS [43] at 150 A m~2
(k’ = 0.0027 m min~1) are in good agreement with the results of this
study, some rate constants being slightly higher than the previously re-
ported values. In general, PFOS was found to experience the slowest
degradation at any current density, with measured rate constants be-
ing roughly one half to one fourth of the observed rates for PFOA and
6:2 FTSA at comparable conditions; Schaefer et al. [43] and Zhuo et al.
[47] also showed that PFOS was less reactive than PFOA during electro-
chemical treatment using BDD anodes.

Fig. 4 presents the evolution of the sum concentration of all PFAAs
(ZPFAA). Noticeably, the evolution with time of £PFAA fits first-order
apparent kinetics, at any current density. Both the increase of the ap-
plied current density and the increase of the cell potential at low VRF
conditions had a positive effect on the ZPFAA degradation kinetics.

The linear fitting of the first order kinetic constant after correc-
tion with the volume and anode area, k’, as a function of the applied
current density (Fig. 4b), was used in the optimization model, as de-
scribed in the following section. For additional comparison with dif-
ferent electrochemical oxidation systems, the current-normalized first
order kinetic constants (k’,) of XPFAA has been also calculated as
follows: at VRF = 1, 8.6 x 107* L A™! min! (at J = 20 A m™2),
2.2x103 LA min~!(atJ=50 Am~2),and 6.3 x 103 LA~ min~! (at
J =350 Am~2); at VRF=10, 1.7 x 10~ L A~! min~! (atJ =20 Am™2),
1.5x 107 LA™ min~!(atJ =50 Am™2), and 1.6 x 107 L A~! min~!
(at J = 350 A m~2). From these values it can be seen that, at VRF=1 con-
ditions, the current efficiency of the anodic oxidation increases as the
applied current density increases, while, on the contrary, at VRF=10
the increase of the applied current density does not vary the current ef-
ficiency of the process. As was discussed previously, this may be related
to promoted fast DET reactions at the surface of the BDD electrode at
high cell potentials.

3.3. Integration of preconcentration and electrooxidation for treatment of
PFAAs impacted simulated groundwater

Fig. 5 illustrates the proposed integration of membrane preconcen-
tration and electrochemical degradation. Fig. 5 also includes the opti-
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Fig. 3. Effect of the applied current density on fractional PFAA (C/C,) removal at three current density values (J = 20, 50 and 350 A m~2) and two VRF conditions
(VRF=1 and VRF=10). Lines are only for eye aid. Initial concentrations at VRF=1: [PFBA], = 9.3 + 1.3 pg L~!; [PFPeA], = 8.5 + 1.3 pg L~!; [PFHxA], = 9.4 +
0.9 pg L-1; [PFHpA], = 8.0 + 1.1 pg L-1; [PFOA], = 8.5 + 0.6 pg L~1; [6:2 FTSA], = 9.1 + 2.2 ng L-1; [PFOS], = 6.2 + 0.1 pg L~! and 0.21 g L-! Na,SO, as
electrolyte. Initial concentrations at VRF=10: [PFBA], = 147.7 + 1.2 ug L™!; [PFPeA], = 135.7 + 1.7 pg L~!; [PFHxA], = 217.2 + 4.5 pug L~!; [PFHpA], = 87.8 +
3.2 ug L!; [PFOA], = 111.3 + 8.3 ug L}; [6:2 FTSA], = 111.2 + 12.5 pug L~!; [PFOS], = 31.5 + 9.7 pg L~! and 1.5 g L~! Na,SO, as electrolyte.

mal layout that resulted from the solution of the optimization problem,
which includes the optimal sizing of the process, as will be discussed
later. In the multistage membrane pre-concentration process, the reten-
tate of each stage k is recycled to the previous stage (k-1), except for
the retentate of the first stage, which is recycled to the feed tank. The
permeate is pressurized and fed to the stage k+1. This cascade of mem-
brane units allows obtaining a highly purified permeate, at the same
time the retentate gets concentrated in PFAAs. At the end of the pre-
concentration time (tpc), the remaining retentate is electrolyzed. The

ELOX system consists of a battery of n BDD electrochemical cells in par-
allel arrangement [51]. After the required electrolysis time (tg;ox), the
electrolyzed volume is mixed with the permeate volume from the pre-
concentration process, to form the final treated volume.

A target concentration (Cygrg,,) is imposed at the end of the treatment
train. The United States Environmental Protection Agency (USEPA) set
health advisory levels for PFOS and PFOA in drinking water, individ-
ually or combined, at 0.07 ug L. In accordance to that criterion, we
evaluated a target concentration at the end of the treatment train for
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Fig. 4. a) Linearized dimensionless ZPFAA evolution with time in electrolysis
experiments at three current density values and two VRF conditions. Dotted
lines represent the linear fitting used for determination of kinetic constants. C=
X[PFAA], Cy= Z[PFAA],, as given in the legend of Fig. 3. b) Linear fitting of the
kinetic constant (k’) of SPFAA removal vs. current density.
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the sum of the seven PFAAs under study (PFBA, PFPeA, PFHxA, PFHpA,

PFOA, PFOS and 6:2 FTSA) of 0.07 ug L~1. The inlet concentration to the

treatment train was set to 70 ug L1 as the sum of the seven PFAAs used
7

in this study. Therefore, a 3-log (99.9%) ). PF AA,target abatement was
i=1

defined.

Information about the process modelling, equations used for the es-
timation of the process economics, as well as the process model input
parameters can be found in the supplementary material. Additional in-
formation can be found in our previous work [34] dealing with the treat-
ment of PFHXA in industrial process streams. Nevertheless, several nov-
elties have been introduced to update the model to the specific needs of
the treatment of groundwater impacted by AFFF: a) a new correlation
for the membrane rejection of a mixture of PFAAs in the low concen-
tration range, as described in Fig. 2 of Section 3.1; b) an overall kinetic
constant has been defined to quantify the velocity of removal of the
mixture of PFAAs, as shown in Fig. 4a; and iii) the effect of the applied
current, at different electrolyte concentrations, on the overall kinetics
of PFAA removal has been modelled, as given by the fitting equations
in Fig. 4b. Also, the effect of the applied density on the cell potential
has been considered (Table S3 of supplementary material). Ultimately,
increasing the applied current enhanced the kinetics of PFAAs electroly-
sis, to unexpectedly reduce the total costs of the treatment process, as it
will be shown later. Table S3 (supplementary material) summarizes the
mass transfer and kinetic parameters needed to solve the optimization
problem when dealing with simulated PFAAs impacted groundwater.

The integrated process was optimized based on determining the min-
imum total annual cost (TC, $ y1),

r(1+r)

TC = CAPEX
1+ —1

+OPEX 3)

where CAPEX symbolizes the capital investment ($) and OPEX the an-
nual operating expenses ($ y~1). t is the period of time and r the invest-
ment rate [52], which are used to annualize the CAPEX term taking into
account the time value of money.

The optimization problem can be mathematically formulated as,

min T C(x)
st h(x)=0
g(x)=0

L<x<U

“

where x is the vector of decisional variables (tpc, A,, A(k)), h the vector
of algebraic equations and g the model constraints. L and U are the lower
and upper variable bounds of the decisional variables, respectively. The

Electrooxidation
A.=0.7 m2
teox=46.7 h
Japp = 350 Am2

N° RO stages = 4

tec = 33.3h

An(1)=6.0m2; Ay (2=53m2; Ay (3)= 53 m2; Ay, (4)= 5.3 m2

!

Feed

4

E Treated water
‘H SPFAA=0.07 pg L

>PFAA=70 pgL?

STAGE 1

STAGE k

Permeate
STAGE n

NF/RO preconcentration

Fig. 5. Scheme of the multistage membrane pre-concentration/electrooxidation system.
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Fig. 6. Distribution of the CAPEX (CC) and OPEX (C) costs in the three to five
stages membrane pre-concentration coupled to ELOX integration scenarios. Re-
sults shown at three current densities: 20, 50 and 350 A m™2.

full set of equations and the strategy used for the modelling and the
model input parameters can be found in the supplementary material.

We imposed a restriction to VRF, since reducing more than ten times
the initial feed volume may cause the salts in solution to surpass their
maximum solubility in water. We also restricted the membrane area
per stage (A;) in the pre-concentration system. The smallest and largest
BW30 and NFO0 membrane modules commercialized are 2.6 m? and 37
m?, respectively. Also, the annual production (AP) of treated water was
set to 1000 m3 y~!. The dynamic non-linear problem (NLP) describing
the integrated process was implemented in the General Algebraic Mod-
elling System (GAMS). The NLP was solved using the IPOPTH solver,
an interior point optimizer for large-scale nonlinear optimization, on a
3.20 GHz Intel® Core™ i5-6500 processor.

Overall, the target concentration could be satisfactorily fulfilled with
the layout formed by three, four and five preconcentration stages cou-
pled to ELOX. The lowest total specific cost (TSC) was 13.1 $ m~3, that
was achieved using the highest current density of 350 A m~2 and 4
membrane stages in the preconcentration system. Compared to the ap-
plication of electrooxidation alone without previous pre-concentration,
the integrated approach could save from 57.6% to 76.7% of the total
costs when working at 350 A m~2. In contrast, one and two stage lay-
outs are not enough to fulfil the imposed target concentration. This is
translated into a preconcentration time (tpc) equal to zero, which means
that the optimal solution is to eliminate the preconcentration process
and directly apply the ELOX process to the fresh feed, which is equiv-
alent to VRF=1. The solutions for VRF=1 are detailed in Table S5 of
supplementary material, showing that no total cost savings are calcu-
lated in these non-optimal scenarios. Due to the extremely low PFAAs
treatment requirements (0.07 ug L™1), one and two stages in the precon-
centration process are not enough to attain overall permeate objectives.
Consequently, the PFAAs concentration at the exit of the ELOX system
must be extremely low, which increases the costs related to the ELOX
process (e.g. energy costs).

Fig. 6 shows the distribution of the capital and operating costs in
the optimal integration scenarios, i.e., the three and four stages precon-
centration layouts, using different applied current densities in the ELOX
system. At low current densities (J/ = 20 A m~2) the most important
contribution to the total costs are the capital costs related to the invest-
ment in the ELOX reactor (CCg;px) (46.3% — 51.6%) followed by the
electrode replacement costs (C,,,) (27.1% — 31.2%) and the membrane
system capital investment (7.9% — 8.2%). The energy costs contribution
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(Cenergy) Only represented a 4.3% — 7.6% of the total costs. Increasing the
applied current density to J = 350 A m~2 manages to reduce the total
specific costs to a minimum of 13.1 $ m~3, using 4 RO stages. In this
scenario, the energy costs contribution rises to a 35.1%, as the CCg;ox
contribution is reduced to a 21.3%. This is because the optimal anode
area is reduced from 16.2-17.7 m? when using J = 20 A m~2 to only
0.7-0.8 m? when using J = 350 A m~2, thus decreasing CCp; oy from
45355 $ y~! to only 2781 $ y~!. Therefore, the TSC of the integrated
process are the lowest in this scenario (J = 350 A m~2, 4 RO stages in the
pre-concentration system and VRF=10) than in the rest of the studied
scenarios. The optimal design and the value of the corresponding sizing
values and optimal treatment times can be found in Fig. 5. Additionally,
Table S5 of supplementary material contains the complete information
(decision variables such as the membrane area per stage, electrode area,
preconcentration time, as well as the electrolysis time and the value of
the total costs objective function of the integrated process) of all the
cases of study.

In the low current density range (20-50 A m~2), the energy costs of
the ELOX system of the integrated process decreases with the increase of
the current density (4.1 $ m~3 and 2.7 $ m~3 for J = 20 and 50 A m~2,
respectively, using four membrane preconcentration stages). This is a
consequence of the lower optimized anode area that is needed to meet
the target concentration at higher current density using the membrane-
ELOX strategy, that counterbalance the increase of the applied current
density and the increase of the cell voltage, and also to the reduced
electrolysis time. Therefore, the ELOX energy consumption slightly de-
creased from 23.2 kWh m~3 to 15.4 kWh m~3 using J of 20 and 50 A m—2
respectively, and four membrane preconcentration stages. However, at
very high current density (J = 350 A m~2) the reduction of the anode
area and the reduced electrolysis time is not enough to compensate the
increase of the cell voltage, and the ELOX energy consumption increases
to 26.0 kWh m™3 with the energy costs increasing to 4.6 $ m~3, using
four preconcentration stages. Although previous studies on the electro-
chemical oxidation of PFAA found that the increase of the applied cur-
rent density caused higher energy consumption [42], it should be noted
that those studies did not contemplate pre-concentration strategies and
the optimization of the anode area described herein. Also, in spite of the
fact that we experimentally observed a linear function of the kinetic con-
stant with the applied current density in the range of J = 20-350 A m~2
(Fig. 4b), a plateau k’ value could be reached for higher J values [29].
Therefore, in that case, the energy costs of the ELOX process would in-
evitably rise, increasing the costs of the integrated process.

It is also worth mentioning that PFOS may be the dominant PFAA
present in the influent [13,42,53]. According to Fig. 3f, working at
350 A m~2 all the PFAAs, including PFOS, have similar degradation
kinetics; therefore, the estimation of the total costs of the integrated
process would barely change. However, at low current density values
(20 and 50 A m~2) if PFOS is present at the highest concentrations it
may slow down the overall XPFAA degradation kinetics. In that case,
the value of the TC objective function would inevitably rise [34].

4. Conclusions

This work evaluates the treatment of per- and polyfluoroalkyl acids
in a low concentration range (~70 ug L1, as sum of compounds), which
can be found in groundwater impacted by aqueous film forming foam
(AFFF) contaminated soils. It is demonstrated that in the treatment of a
mixture of perfluorocarboxylic acids, perfluorooctane sulfonic acid and
6:2 fluorotelomer sulfonic acid, the optimal integration of membrane
preconcentration and BDD electrochemical oxidation enables mineral-
ization of long alkyl chain compounds (PFOA, PFOS and 6:2 FTSA) and
their most recalcitrant degradation products (PFHpA, PFHxA, PFPeA
and PFBA), at a much lower energy consumption and total process costs
than the electrochemical treatment alone.

Due to the extremely low target concentration imposed at the end
of the treatment train, it is crucial that the selectivity of the membrane
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is as high as possible. In this way the highly purified permeate coming
from the multistage membrane system allows to relax the required out-
put PFAAs concentration of the ELOX reactor. This is one of the reasons
why the RO membrane studied in this work was preferred over the NF
membrane. Also, for treatment of low salinity groundwater, RO mem-
branes retain ions more efficiently than NF membranes. In this way, the
preconcentration approach will maximize the electrolyte conductivity,
a means to achieve a substantial decrease in the voltage of the electro-
chemical cell, thus allowing to reduce the energy consumption of elec-
trolysis, working at high applied current densities. In this regard, we
observed that the kinetics of PFAAs electrochemical degradation was
significantly enhanced at increasing applied current densities, in the
range 20-350 A m~2, a behaviour that was ascribed to the promotion of
governing mechanism based on the direct electron transfer on the BDD
electrode surface.

Finally, we demonstrate that systems engineering provides the tools
for the optimal process design, using the minimization of the total cost
objective function. It is concluded that a multistage membrane cascade
arrangement is needed to comply with severe limits of concentration
for PFOA and PFOS in the treated groundwater, using as benchmark the
Health Advisory Levels established by the USEPA for drinking water.
Most remarkably, the results of the current density sensitivity analysis
on the total costs objective function shows that an increase of the ap-
plied current density manages to reduce the capital costs, mainly by a
reduction of the anode requirements of the electrolysis system, which
counterbalances the increase of the power term.
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