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Abstract

One of the key points for the large-scale implementation of electrochemical water
treatment technologies lies in the need of reducing the energy consumption. The present
work analyzes the removal of persistent perfluorohexanoic acid (PFHXA, 204 mg.L™)
from industrial process waters using a strategy that combines membrane pre-
concentration followed by electrooxidation of the concentrate. A mathematical model
describing the nanofiltration (NF) system was developed and complemented with new
and background experimental data of PFHxXA and ion species rejections and total
permeate flux through the NF270 and NF90 membranes. Similarly, the kinetics of
PFHXA electrolysis on boron doped diamond-anodes was determined at laboratory
scale. Later, the model was used to simulate the NF-ELOX integrated process, where a
commercial spiral wound unit (membrane area 7.6 m?) was implemented and the
electrooxidation unit was scaled-up to pilot plant (anode area 1.05 m?). The obtained
energy savings depended on a combination of the target PFHXA removal ratio at the end
of the treatment train, the separation performance of the commercial membrane and the
reduction of the electrolyte ohmic resistance in the electrooxidation stage, that was
attained-as a result of the increase of salts content in the concentrate. Only the tight
NF90 membrane allowed to achieve high (99%) PFHxA removal ratios in the integrated
NF-ELOX process, and the specific energy consumption was estimated at 11.6 KWh.m’
% 59.2% less than when electrolysis alone was applied. Still, the electrolysis is the most
energy demanding step, with 85.9% contribution to the total energy consumption. The
strategy of combining membrane pre-concentration with electrochemical degradation

could be extended to the treatment of other highly persistent organic compounds.
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1. Introduction

Perfluoroalkyl substances (PFASS) are persistent organic pollutants that are recalcitrant
to traditional water treatment technologies [1,2]. There is a growing concern about these
substances due to their high bioaccumulation potential and their possible harmful effects
on living beings [3,4]. Perfluorooctane sulfonate (PFOS) and its derivatives were
classified as priority hazardous substances by the European water policy [5]. Recently,
the European Regulation concerning Registration, Evaluation and Authorization of
Chemicals (REACH), has fixed restrictions in the manufacturing for perfluorooctanoic
acid (PFOA), its salts and PFOA-related substances [6]. The high concern about the
persistence of PFASs have forced chemical manufacturers to substitute long-chain
PFASs by their shorter-chain homologues [7]. Some alternatives, such as 6:2
fluorotelomer sulfonate (6:2 FTSA) and 6:2 fluorotelomer sulfonamide alkylbetaine
(6:2 FTAB) are easily biodegradable, but their degradation products, among them
perfluorohexanoic acid (PFHXA) being the most abundant, are still highly persistent

[7.,8].

Recently, electrochemical oxidation is gaining attention as an effective technology for
the removal of PFASs [9-13]. However, so far the research is generally focused on
degradation of PFOA and PFOS in model solutions, and the application of this
technology to the treatment of PFASs in industrial effluents and real environmental
matrixes is still at its beginning [11,13,14]. The main advantages of boron doped
diamond (BDD) electrochemical oxidation (ELOX) for the abatement of persistent

pollutants includes its high removal efficacy, mild temperature and pressure operation



conditions, ease of scale-up and automation [15-20]. Among the disadvantages, the
high energy consumption stands as major drawback that hinder the large scale

implementation of electrochemical technologies for water treatment. [16,19,21-24].

In search of innovations to achieve the energy optimization of environmental
electrochemistry, this study is focused on the integration of pre-concentration strategies.
The concentrations of PFASs in environmental media are usually very-low [3,25], that
leads to mass-transfer controlled electrooxidation Kkinetics, -thus constraining the
efficiency of the electrochemical process [21]. Pre-concentration strategies such as
electrocoagulation [26] and membrane separation [14,27,28] have been proposed to
overcome this limitation. Membrane separation-such as nanofiltration (NF) and reverse
osmosis could play a key role optimizing the electrochemical treatment of persistent
PFASs due to the facts that: (i) it allows increasing PFASs concentration in the retentate
whilst at the same time the volume to be electrolyzed is drastically reduced. In this way,
higher feed concentrations promote the kinetics of diffusion controlled electrooxidation;
(ii) not only PFASs, but also the concentration of salts naturally present in the water
matrix will be increased, therefore decreasing the internal ohmic resistance of the
electrolyte, which will make lower the cell voltage [29]; and (iii) higher concentration
of dissolved ion species promotes the electrogeneration of oxidant species participating
in indirect oxidation routes [30]. For example, the production of highly oxidative sulfate
radical could contribute to the decomposition of PFCAs [31]. The first experimental
attempt to integrate membrane separation and BDD electrolysis for PFHXA removal
from industrial process waters showed that the energy consumption was reduced to 15.2
kWh m for a 90% PFHxA removal ratio [14], a value that is significantly lower than
energy requirements previously reported for PFASs electrochemical treatment, in the

range 41.7 - 76.6 kWh m™ [32]. The efficient PFHXA mineralization was confirmed by



the high reduction (>95%) of the total organic carbon (TOC). The selected
nanofiltration membrane, the NF270 from Dow/Filmtec, was characterized by its very
high productivity and its medium to high salt passage but the PFHXA retention might be
insufficient when higher PFHxA removal ratios at the exit of the treatment train are
required. Tighter NF or RO membranes could be useful to achieve this goal, usually at
the expense of lower permeate fluxes. Also, our previous experimental work did not
carry out any comprehensive assessment of the true impact of different membrane pre-
concentration ratios on the energy consumption of the integrated process and on the
contribution of each individual process on the overall energy demand. In this way, the
modelling tools presented herein could help to quantitative select the appropriate
operation variables thus providing knowledge that allows to move towards the

definition of an optimized integrated process.

The aim of this study was to develop a methodology for the optimal integration of
membrane separation and electrochemical oxidation for the treatment of waters
impacted by persistent organic pollutants, with the objective of minimizing the energy
consumption of the integrated NF-ELOX process. As a case of study, the removal and
degradation of PFHxA will be analyzed. A global scheme of the proposed strategy is
shown in Fig. 1. A mathematical model describing the membrane separation and the
ELOX processes enabled the simulation of both technologies at pilot scale. Commercial
spiral wound membrane modules and a battery of serial-parallel electrochemical cells
were implemented in the simulations. The contribution of the two technologies to the

total energy consumption was also analyzed.
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Fig. 1. (1.5-column image) Global scheme of the proposed NF-ELOX process

2. Methods

2.1 Chemicals and materials

All chemicals were analytical grade. Perfluorohexanoic acid (> 97%) was purchased
from Sigma-Aldrich. Sodium chloride (> 99%), sodium hydroxide solution (1 N) and
hydrochloric acid solution (1 N) were purchased from Panreac. Calcium sulphate
dihydrate (> 98%) and methanol, UHPLC-MS (> 99.9%) were purchased from

Scharlau. All solutions were prepared using ultrapure water (Milli-Q, Millipore).

Model solutions were prepared emulating real process waters previously studied [14],
which were process streams in an industrial manufacturing process. The main process

water characteristics are summarized in Table 1.

Table 1. Feed water characteristics

PFHXA 204 mg.L™"
SO,  321mg.L™t
ol} 19.8 mg.L™
Ca** 172 mg.L™*
Na* 24.9 mg.L™*




2.2 Analytical methods

An ultra-performance liquid chromatography (UPLC) system (Acquity H-Class,
Waters) coupled with a triple quadrupole mass spectrometer (Acquity TDQ detector,
Waters) and a column Acquity UPLC BEH C18 (1.7 pum, 2.1 x 50 mm) were used for
the analysis of PFHXA at experiments carried out for the characterization of the NF90
membrane. A 2 mM ammonium acetate and 5% methanol aqueous solution and pure

methanol were used as mobile phases at a flow rate of 0.15 mL.min™.
2.3 Background data

Previous NF experiments at laboratory-scale treating real industrial process streams [14]
provided information about NF270 (Dow. Filmtec) membrane permeability, rejections
of PFHXA and ions in solution, as well as empirical correlations between PFHXA and
ions concentrations in the retentate (C,;) and permeate (Cp;) streams. The Kinetic
constant for the electrochemical degradation of PFHXA by means of BDD anodes at a

working current density (J) of 50 A m? was also obtained (k = 2.1 x 10° m.min™).

In the present study, further experiments were conducted to characterize the tighter
NF90 membrane (Dow Filmtec) using model solutions emulating the process waters
described in Table 1. PFHXA concentration was varied in the range 100 - 500 mg.L™.
Solutions were adjusted to neutral pH by adding sodium hydroxide 0.1 M and
hydrochloric acid 0.1 M. Experiments were carried out in a laboratory membrane cross-
flow test cell (SEPA-CF, GE Osmonics). Membrane coupons were cut with an effective
membrane area of 155 cm® Feed solution was maintained at 20 °C and the operating

pressure was varied from 2.5 bar to 20 bar.



2.4 System definition

A global scheme of the integrated process is sketched in Fig. 2. The technologies were
simulated in batch mode. In the NF set-up, the retentate stream was recycled to the feed
tank while the permeate stream was collected in the permeate tank, both open to the
atmosphere. In this way, the concentration of PFHXA in the feed increased over time,
whilst the feed volume decreased during the filtration run. Two commercial spiral-
wound membrane modules (NF270-4040 and NF90-4040) -were simulated and

compared.

The composition of the resulting concentrate was considered as the feed properties in
the ELOX simulation. For the ELOX simulations, the characteristics of an existing
ELOX pilot plant previously used by our research group [18,33] were considered. The
pilot plant is composed of a battery of serial-parallel electrochemical cells with a total
BDD anode surface of 1.05.m?, each one with similar characteristics to the cell used in
the laboratory experiments. The current density was set at 50 A m™ since it had been
previously determined to optimally degrade PFHxXA from NF concentrates [14]. Table 2
collects information about the main characteristics and operating conditions considered

for the simulation of both processes.
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Fig. 2. (1.5 column image) Global scheme of the NF-ELOX integrated process. NF set-
up with the commercial membrane module and ELOX of the NF concentrate using

serial-parallel cells.

Table 2. Operating conditions and main characteristics of the system considered for the

simulations.

Nanofiltration pilot plant

Membrane area 7.6 m°
Operating temperature ~ 20°C
Operating feed pressure 10 bar
Feed flow rate 3.6m*h?
Initial feed tank volume 5m?®

Electrooxidation pilot plant

Total anode surface 1.05 m*
Current density 50 A m*

2.5 Process modelling
All streams are assumed to be dilute solutions with constant density. The change in the
volume of the feed and permeate tanks and the mass balances for the PFHXA solute,

assuming perfect mixing, are written as follows,



vy,

dt = Qr - Qf (1)
Ve
=g, @
d(Vee Cros
40 Grea) f;t i) = Qr Cri — Qp Cpy,; (3)
d(Vpe Cpt,i) (4)
% = Q, Cp;

Additionally, mass balances in the membrane module are defined as follows,

Q=0+ (5)

Qf Cft,i = Qp Cp,i + Qr Cr,i (6)

To solve the system of Eqs. (1-6) and predict the transport of solute and solvent across
the membrane could.require the use of rigorous transport models such as the Nernst-
Planck equation[34] or empirical data. In this work we have used empirical data from
concentration-mode laboratory experiments. The permeate volumetric flow rate (Qp)
can be related to the pressure gradient across the membrane and the membrane area,

according to the following modified version of the Darcy’s law,

Q, = 1073 L, A (4P — Am) (7)

In Eq. (7), L, symbolizes the membrane permeability to the feed process waters under

study and was empirically obtained for each membrane. The osmotic pressure
difference between the feed and permeate streams have been calculated from the

concentration of the dissolved species, using Eq. (8) [35].
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7 =119 (T + 273)2mi )

Furthermore, the volume reduction factor (VRF) is defined as the ratio between the
initial feed volume and the concentrate final volume, which in this case corresponds to
the volume of the feed tank at the end of the experimental run. This is an important
operational variable and will be used in this work to study the influence of the

membrane pre-concentration on the behavior of the integrated NF-ELOX process.

(9)

The following PFHXA mass balance in the ELOX tank is valid under the assumption of
negligible residence time of the fluid in the electrochemical cell compared to its

residence time in the recirculation tank,

dCELOX A
dt =—k (Vce)CELOX (10)
From Fig. 2, it must be noticed that the final volume obtained after the treatment train,
which is the same as the initial feed volume (V), is the result of mixing the final
permeate volume from the nanofiltration step (Vp) and the treated electrooxidation
volume, which is the same as the final concentrate volume from NF (V.), for a certain

VRF. Therefore, the PFHXA mass balance at the mixing point is written as in Eq. (11).

Vft Ctarget = V. Cprox + th Cpt,PFHxA (11)

As VRF is used as operational variable, Eq. (11) can be rearranged for the calculation of

the required PFHXA concentration and required electrolysis time in the ELOX treatment

11



for meeting the target PFHXA concentration at the end of the treatment train under

different VRF, after combining with Eq. (9),

CerLox = VRF [Ctarget — Cot.pFHxA (1- VRF_I)] (12)
¢ _ In(Cerox/Cc) Vt (13)
ELOX ™ _k A, VRF 60

where 60 is a unit conversion factor (min h™). A simplified first approach to the NF
energy consumption can be done by considering it equal to the work performed by the

pump when it operates the time needed to reach a VRF value,

_Qr APty

Enr = 14

Where 7 is the global pumping system efficiency, including the pump and the electric
motor efficiency, assumed to be 80% [36]. In Eq. (14), number 36 is a unit conversion
factor and has units of bar W s Pa™ kW™ h™. On the other hand, the ELOX energy

consumption was calculated as follows,
Egrox' = 103U I tgox (15)

where 10 has units of kW W™. The specific energy consumption of the integrated
process (SECioal) is the result of the NF energy consumption plus the ELOX energy
consumption, per m® treated, to treat the total inlet feed volume, which is the same as
the outlet product volume. In this way, we also calculated the specific energy
consumption of both individual processes (SECne and SECg ox) related the total
product. All model equations were numerically solved using Scilab. The equations were
solved using the following initial conditions; Vi (0) = 5 m®; Ve (0) =0 m?®; Crprra (0) =

12



204 mg.L™; Ciiso,2- (0) = 321 mg.L™; Crrca2* (0) =172 mg.L™?; Crina* (0) =24.9 mg.L”

L Crcr(0) =19.8 mg.L™; Cipt (0) =0 mg.L™; Ceox (0) = Ce.
3. Results and discussion
3.1 Experimental systems characterization

In the present study, further experiments were conducted to characterize the tighter
NF90 membrane (Dow Filmtec). Fig. 3a shows total permeate flux data as a function of
the effective pressure gradient obtained for the NFO0 membrane, using the feed process
waters described in Table 1. The NF90 hydraulic permeability (L,) was obtained from
the slope of the linear regression. Fig. 3b provides the empirical correlation between the
PFHXA concentrations in permeate and retentate streams at a fixed operating pressure of
10 bar, in experiments varying the feed concentration of PFHxA. In the same way,
similar correlations were obtained for calcium, sulfate, chloride and sodium ions, all
summarized in Table 3. For the NF90 membrane, these correlation equations

correspond to the following average rejection factors [37]: Rprhxa = 99.4%, Rso, = 98.8
+ 0.13%, Reg2+=99.1 £ 0.18%, Rna+ = 98.5 £ 0.10%, R¢i- = 93.6 £ 0.67%. In the same
way, for the NF270 the average rejection factors of all species are: Rpppxa = 95.7 £
0.01%, Rso, = 96.1 £ 0.01%, Rca2+ = 88.5 1 0.01%, Rna+=67.9 £ 0.01%, Re- =41.7 £

0.05%.
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Fig. 3. (1.5 column image) a) Volumetric permeate flux through the NFO0 membrane.

Membrane permeability (L) is obtained from the slope. Feed composition as in Table 1;

b) PFHXA concentration in the permeate

VvS..PFHXA in the retentate. AP = 10 bar.

Table 3. Empirical input data. NF270 and NF90 data determined at AP= 10 bar.

NF270 data

Hydraulic permeability
Cp,i-Cyi correlation

L,=9.40 Lm*h" bar™

Cp.prHxa = 5.1%107 Cr prxa

Cpso2- = 3.7%107 Cys0,2-

Cpca2+ = 11.4x107 C; ca2+

Cona*+ = 32.3x10% Cyna*

Cpcr = 1.3x10% (Crcr)?- 5.2x10° C -

NF90 data

Hydraulic permeability
Cy,i-Crjicorrelation

L,=6.98Lm*h" bar™

Cp.prrxa = 6.6%10° Crprrxa

Cpso,2 = 4x10° (Crs0,2)* + 8.3%10° Cr 50,2
Cp.ca?* = 5x107 (Cyca2+)® + 3.3x107° Cy a2+
Cona* = 2x10” (Crnat)* + 1.3x107 Cy ot
Cpcr = 6.1x10” Crcr

Electrooxidation data

U - Ceq correlation
PFHXA degradation Kinetic constant

U (V) = 116 [Ceq (M) _ 58 X 10'3]-4.8X 10-2
k=2.1x10° m.min™ (for J =50 A.m?)

Additionally, electrochemical experiments were carried out in galvanostatic conditions

at J = 50 A.m? to characterize the effect of increasing the electrolyte concentration on

14



the cell voltage. The cell (DiaCell 201 PP, Adamant Technologies) was formed by two
parallel flow-by compartments made of a central bipolar p-Si/ BDD electrode and p-
Si/BDD anode and cathode. The total anodic area was 140 cm? 1 L saline feed
solutions were prepared with calcium sulphate and sodium chloride with composition

within the range of salts concentrations observed in the retentates of membrane
experiments. The equivalent saline concentration (C,,= % 2zl C) [34] was varied

from 5.8 x 102 mol.L™ to 4.6 x 10? mol.L™. Fig. 4 shows how the cell voltage (U) can
be moderately reduced as a result of the ohmic resistance decrease associated to the
increase of the electrolyte concentration, although further reductions of the cell voltage
are limited by the intrinsic resistances of the electrochemical cell. A good fit of the
experimental data U vs. Ceq Was obtained with a shifted power regression model, which

was incorporated into the simulation runs (Table 3).

20 : . ‘ ,
. ¢ Experimental data -
18k * -------- Curve fitting
;16 - . 1
S ¢

12+ .

10 L | L | L
0.00 0.02 0.04 0.06

Coq (mol L'1)

Fig. 4. (single column image) Cell voltage as function of the electrolyte concentration
(Ceq)- A bipolar BDD DiaCell 201 PP was used in the experiments.
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3.2 Membrane pre-concentration simulation
Fig. 5 shows the simulation of the NF system. Simulations were run until VRF = 10,
considering an initial feed volume of 5 m®. As the feed volume Vy keeps decreasing
along the operation time, and as the NF270 and NF90 membranes are much more
permeable to the solvent (water) than towards the solute (PFHXA), feed concentration
Ci and permeate tank concentration Cy increases. The increase of salts concentration in
the feed tank makes the osmotic pressure to increase too; as a result, the volumetric
permeate flux Qp, decreases along the simulation run (Fig 5e). With the NF270
membrane and at VRF = 10, PFHXA concentration in the feed tank increased from 204
mg.L™ to 1779 mg.L™, after 6.7 h (Fig 5a). On the other hand, when the NF90
membrane unit is simulated, the PFHXA concentration in the feed tank increased to
2014 mg.L™" at VRF =10 after 9 h (Fig 5b). Thus, when the NF90 membrane is used,
more time is needed to achieve the same VRF, as a result of its lower permeability.
Overall, this property will increase the energy consumption of the pre-concentration
step, but with the benefit of getting much lower PFHXA concentrations in the permeate
tank than when using the NF270 membrane. Figs 5c and 5d show that at VRF = 10, the
permeate tank PFHXA concentration with the NF90 membrane is 3.4 mg L™, while with
the NF270 membrane its value is 30.7 mg.L™. The higher PFHXA concentration that is
achieved in the permeate tank by using the NF270 membrane could be a detrimental
factor in attaining the essential energy minimization objective. Also, the operation up to
long filtration times and high VRF could clog the membrane pores due to the
progressively higher solutes concentration, thus decreasing the permeate flux in a
greater way in a real large-scale process, forcing to include periodical cleaning
procedures. Increasing chloride concentration in the concentrate volume could also

facilitate the potential formation of chlorate in the subsequent BDD anodic oxidation

16



treatment. Nevertheless, the process waters under study have a low chloride initial
content (Table 1), being sulfate the major anion. On the other hand, nanofiltration
membranes such as NF270 offer preferential retention of divalent anions (sulfate) over
monovalent anions (chloride). As a result, Fig. 5 shows that chloride concentration. in
the retentate increased very little with the increase of VRF, also when working with the
NF90 membrane. Additionally, the low current density selected for the electrooxidation
of the concentrates (J=50 A m?) minimizes the potential chlorate formation in the

electrolysis treatment [38].

17
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Fig. 5. (1.5 column image) Membrane pre-concentration simulations. PFHxA and ions
concentration in the feed tank (a) and permeate tank (c) as a function of VRF with the
NF270 membrane. PFHxA and ions concentration in the feed tank (b) and permeate

tank (d) with the NFO0 membrane. Permeate flux (e). Initial feed tank volume: 5 m°.
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3.3 Effect of the NF pre-concentration on the electrooxidation stage and global

process behavior
Two different PFHXA target removal ratios (RR), RR = 90% and RR = 99%, were
considered for the simulation runs of the electrooxidation stage and of the integrated
NF-ELOX process. Fig. 6 shows the total energy consumption of the combined process
per cubic meter of treated water as a function of the VRF parameter. VRF =1 describes
the situation in which no pre-concentration is carried out, i.e., ELOX is the only applied
treatment. It is important to note that the maximum VRF value that is feasible to apply
in the pre-concentration stage differs for the different scenarios under study. According
to the PFHXA mass balance at the mixing point, Eq. (11), to meet a given Ciarger at the
end of the treatment train, different Cy; and Cgox Values are needed. With the increase
of VRF (or analogously, with the increase of the nanofiltration pre-concentration
operation time) the concentration in the permeate tank (Cy) increases too, forcing the
required Cg ox at the exit of the electrooxidation stage to become lower, in order to meet
Ctarget at the mixing point. Eventually Cg ox will become equal to zero. At this point,
VRF takes its maximum value.
For RR=90%; the use of ELOX alone consumes 14.3 kWh.m*, while the combination
of NF270-ELOX minimizes the energy needs at a VRF = 4.0, with a specific energy
consumption of 7.0 kWh.m™. Further energy savings can be obtained by using the NF90
membrane, that allows 90% PFHxA removal at a VRF=10 with only 3.3 kWh.m™ When
the target RR is set at 99%, the appropriate selection of the membrane module appears
to be more important. The integration with the NF270 does not bring any benefit in
terms of energy reduction. In fact, the pre-concentration step only contributes to
increase the total energy demands of the system. In contrast, significant energy savings

can be obtained with the NF90 —ELOX system. The energy consumption for the single
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electrooxidation system (28.4 kwh.m™), is reduced to less than half (11.6 kWh.m™) by
the integrated system.

Then, the different PFHXA rejections of the NF90 and NF270 membranes are a key
performance parameter for the design and optimization of the integrated NF-ELOX
process. When a low target concentration is demanded, the concentration in the
membrane permeate stream needs to be low (Eq. 11), and the NFO0 membrane fulfills
this need at a much higher extent than the NF270 membrane. In the RR = 99% scenario
and due to the insufficient NF270 PFHXA rejection, the PFHXA concentration in the
permeate tank (Cp) at initial time (12.9 mg.L™) is considerably higher than the objective
Crarget (2.0 mg.L™) and keeps increasing with the increase of VRF. The required Cg ox at
the exit of the electrooxidation stage to meet the PFHXA mass balance is therefore
progressively smaller as VRF gets higher. Thus, the ELOX energy requirements to treat
the NF concentrate to such low Cgox values are very high and keeps increasing with
the simulation run. Conversely, the NF90 allows to obtain much lower PFHXA
concentration in the permeate tank due to its higher PFHXA retention. For this reason,
the required Cgrox t0 meet the Ciarger IS much less demanding and the ELOX energy
consumption is reduced. The local minimum of the energy-VRF curve gives information
on the optimal VRF value that allows maximum energy savings. When the target
removal ratio is not so demanding (RR = 90%) the benefits of the NF-ELOX integration
strategy can be clearly seen, and it is possible to apply longer NF pre-concentration
times and thus higher VRF values with maximum energy savings in the process. For
higher target removal ratios, only the NFO0-ELOX combined strategy is able to reduce
the energy consumption compared to the single electrooxidation process. Information
about the optimal VRF for the different scenarios is gathered in Table 4. The reported

energy consumption values of the ELOX treatment in all the studied scenarios are
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significantly lower than the previously reported energy consumption of the
electrochemical degradation of long-chain PFASs, in the range of 41.7 — 76.6 kWh m™®
[32], especially when the integration with the NF90 is carried out (1.3 -10.0 kW m™ for

RR =90% and RR = 99%, respectively).
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; NF270 (RR=90%)
T RRRREE NF270 (RR=99%)
_ 40 eeaas NF90 (RR=90%) |
t?E —em NF90 (RR=99%)
< 30 T
=
x .
S \.
320" 1
%) g
w
n
0 L I ! 1 L 1 L 1

Fig. 6. (single column image) Specific energy consumption of the integrated NF-
ELOX process as function of VRF for different PFHXA removal ratios at the end of the

treatment train (RR = 90% and RR = 99%). V=5 m?®, Co= 204 mgL™.

Fig. 7 shows the contribution of the ELOX and membrane technologies to the total
energy consumption, in two situations: i) first, when no pre-concentration is applied and
only ELOX is considered for PFHXA removal; and ii) when the integrated process is
considered and NF pre-concentration is applied using the optimal VRF, that is, the VRF
that allows minimizing the energy consumption for each target removal ratio, as given
in Fig. 6. For RR = 90%, the hybrid process consumes 50.6% (NF270) and 76.7%
(NF90) less energy than the ELOX process alone. It is important to highlight that most

of the energy consumption comes from the ELOX step. For RR = 99%, the integration
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with the NF90 membrane is able to reduce the ELOX energy consumption by 64.9%.

As the optimal VRF is limited to 3.9, the nanofiltration contribution to the total energy

consumption

is noticeably reduced. In this case, the hybrid process consumes 59.2%

less energy than the ELOX process alone.

Table 4. Optimal variables allowing maximum energy savings in the integrated process.

Ci, NF Cpt, NF CeLox SECnr SECELox
Scenario VRF  (mgL"Y) (mgL") (mgLh (kWhm?® (kwhm?)
NF270
(RR=90%) 4.0 748.0 22.9 11.3 1.2 5.8
NF270
(RR=99%) - 204.0 - 2.0 - 28.4
NF90
(RR=90%) 10.0  2014.1 3.4 169.6 2.0 1.3
NF90
(RR=99%) 3.9 778.7 2.4 0.7 1.6 10.0
a) RR=90% b) RR=99%

NF90 integration

NF270 integration

Only ELOX

Fig. 7. (1.5

SECyr (kWh m™)
W SEC. oy (kWhm?)

SECye (kWh m™)
- SEC oy (kWh m™®)

NF90 integration

4 NF270 integration

. Only ELOX

5 10 15
SECiotal (kWh m™)

30 50

20
SECiotar (kWh m?)

20 40

column image) Comparison of specific energy consumption when

NF/ELOX are coupled at the optimal VRF and ELOX without previous NF pre-

concentration
RR=99%.

are used, for the different PFHXA removal ratios. (a) RR=90%; (b)
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4. Conclusions

The results presented herein stand out the integration of electrochemical technologies
with membrane processes as a promising strategy to reduce the energy consumption of
the electrochemical treatment of highly persistent organic pollutants in water. As a case
of study, this work analyzed the removal of perfluorohexanoic acid from industrial
process waters using a treatment train that combines nanofiltration and BDD
electrochemical degradation of the concentrate stream obtained in the membrane
separation unit. Mathematical simulation techniques, complemented by laboratory data
of mass transfer parameters and electrolysis kinetics, were employed. In our case of
study, the energy savings are clearly dependent on two factors: i) the final target PFHxXA
concentration in the treated water, that is, the ratio of PFHxA removal and ii) the
permeability and rejection properties of the selected membrane. Thereof, the NF90
membrane followed by BDD electrooxidation allowed to achieve 76.7% and 59.2%
energy savings for PFHXA removal ratios of 90% and 99%, compared to the direct
BDD electrolysis. The use of a highly productive but less selective NF270 membrane
provided 50.7% energy savings for a 90% removal ratio, although when the target
removal ratio was raised to 99% the hybrid strategy did not bring any benefit. Also, it is
relevant to point out that the contribution of NF to the process total energy consumption
was the lowest in most cases. These results direct future research to the design of
different membrane pre-concentration configurations. More sophisticated separations
such as membrane cascade systems with multiple NF/RO stages and different
recirculation and operation options could be useful to achieve higher purity in the
permeate and lower electrooxidation requirements in an integrated process. However,
the trade-off between PFHXA and ions selectivity and productivity should be taken into

account. In this way, further optimization studies are needed as the way to exploit the
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benefits of the integrated membrane separation-electrochemical treatment to reach high

PFHxA removal ratios.
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Nomenclature

Ctarget

EeLox
Enr

Active membrane area (m?)

Total anode area (m?)

PFHXA concentration in the concentrate (mg.L™)
Concentration in the ELOX reactor (mg.L™)
Equivalent ion concentration (molL™)

Feed tank concentration (mg.L™")

Permeate stream concentration (mg.L™)
Permeate tank concentration (mg.L™)
Retentate stream concentration (mg.L™)
PFHXA target concentration (mg.L™)

ELOX energy consumption (kWh)

NF energy consumption (kWh)

ELOX cell current intensity (A)

Current density (A.m™)

Kinetic constant (m.min)

Membrane permeability (L.m™2.h™.bar™)
Molality of the species dissolved (mol.kg™)
Feed volumetric flow rate to NF module (m*.h™)
Permeate volumetric flow rate (m*.h™)
Retentate volumetric flow rate (m*.h™)
ELOX specific energy consumption (KWh.m™)
NF specific energy consumption (kWh.m)
Total specific energy consumption (kWh.m)
Temperature of the solution (°C)

ELOX operation time (h)

NF operation time (h)

ELOX cell voltage (V)

Concentrate volume (m®)

Feed tank volume (m®)

Permeate tank volume (m°)

Volume reduction factor (-)

lonic valence (-)

Effective pressure difference (bar)

Osmotic pressure difference (bar)

Osmotic pressure (bar)
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Highlights

e Membrane pre-concentration was used to reduce electrooxidation energy needs

e Energy savings depend on the target removal rate and membrane type

e PFHXA was effectively removed by the integrated NF-electrolysis process

e NF90 membrane provided 60 - 71% energy savings for 99% and 90% removal
ratios

e NF270 granted energy benefits only at 90% removal ratio
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