
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
O

ct
ob

er
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

2/
2/

20
25

 7
:1

3:
25

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Reversible adsor
Department of Mechanical Engineering, U

66045, USA. E-mail: gbkwon@ku.edu

† Electronic supplementary informa
10.1039/d1ra04821j

‡ These authors contributed equally.

Cite this: RSC Adv., 2021, 11, 34652

Received 22nd June 2021
Accepted 18th October 2021

DOI: 10.1039/d1ra04821j

rsc.li/rsc-advances

34652 | RSC Adv., 2021, 11, 34652–3
ption and desorption of PFAS on
inexpensive graphite adsorbents via alternating
electric field†

Bishwash Shrestha, ‡ Mohammadamin Ezazi,‡ Sanjay Ajayan and Gibum Kwon *

Per- and polyfluoroalkyl substances (PFAS) have been extensively utilized in practical applications that

include surfactants, lubricants, and firefighting foams due to their thermal stability and chemical

inertness. Recent studies have revealed that PFAS were detected in groundwater and even drinking water

systems which can cause severe environmental and health issues. While adsorbents with a large specific

surface area have demonstrated effective removal of PFAS from water, their capability in desorbing the

retained PFAS has been often neglected despite its critical role in regeneration for reuse. Further, they

have demonstrated a relatively lower adsorption capacity for PFAS with a short fluoroalkyl chain length.

To overcome these limitations, electric field-aided adsorption has been explored. In this work, reversible

adsorption and desorption of PFAS dissolved in water upon alternating voltage is reported. An

inexpensive graphite adsorbent is fabricated by using a simple press resulting in a mesoporous structure

with a BET surface area of 132.9 � 10.0 m2 g�1. Electric field-aided adsorption and desorption

experiments are conducted by using a custom-made cell consisting of two graphite electrodes placed in

parallel in a polydimethylsiloxane container. Unlike the conventional sorption process, a graphite

electrode exhibits a higher adsorption capacity for PFAS with a short fluoroalkyl chain

(perfluoropentanoic acid, PFPA) in comparison to that with a long fluoroalkyl chain (perfluorooctanoic

acid, PFOA). Upon alternating the voltage to a negative value, the retained PFPA or PFOA is released into

the surrounding water. Finally, we engineered a device module mounted on a gravity-assisted apparatus

to demonstrate electrosorption of PFAS and collection of high purity water.
1. Introduction

Per- and polyuoroalkyl substances (PFAS)1–6 are a group of orga-
nouorine compounds that possess functional groups such as
carboxylic acid and sulfonic acid attached at one end while a u-
oroalkyl chain is attached to the other end. Due to uoroalkyl
chain's excellent thermal stability7,8 and chemical durability,8,9

PFAS have been used in a wide range of practical applications
including surfactants,10,11 lubricants,12,13 reghting foams,14,15 and
insulation.16,17 Extensive usage of PFAS over the past decades has
resulted in unexpected environmental contamination.5,18,19 A
recent study20 has revealed that groundwater near a PFAS
manufacturing facility was contaminated by more than 20
different types of PFAS. Further, PFAS have been detected in
drinking water systems21–23 which has raised health concerns
because they can accumulate in the human body.24,25 Thus, envi-
ronment agencies have made regulatory actions to hamper the
niversity of Kansas, Lawrence, Kansas

tion (ESI) available. See DOI:

4659
production of PFAS,26 and major manufacturing companies have
voluntarily agreed to phase out the use of PFAS.27 While these
actions have resulted in a decrease in the total amount of PFAS
manufacturing in past years,28 there has been a drastic increase in
the production of PFAS with a short uoroalkyl chain (e.g., (CF2)5
or shorter).29 This is because most regulations have targeted PFAS
with a long uoroalkyl chain30 such as peruorooctanoic acid
(PFOA) and peruorooctanesulfonic acid (PFOS).31

Remediation of PFAS contaminated water has been tested by
various technologies.3,32–34 Conventional coagulation or occula-
tion have demonstrated a limited performance due to the chem-
ical inertness of PFAS which makes the adsorption to the
coagulant ineffective.3,32While physico-chemical processes such as
plasma-based oxidation33 and chemical oxidation34 can decom-
pose PFAS, they oen result in secondary pollution by fragmented
parts aer the process.33 Membrane-based technologies6 (e.g.,
reverse osmosis and nanoltration) are relatively effective to
remove PFAS from water by size exclusion. However, they oen
require high operating pressure to collect water-rich permeate.6

Sorption is perhaps the most promising technology to
remove PFAS from water. Various adsorbents including metal–
organic frameworks (MOF),35,36 zeolites,37,38 activated
carbons,39,40 and anion exchange resins41–43 have been utilized.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Carbonaceous adsorbents39,40,44–46 (e.g., activated carbon, gra-
phene, carbon nanotubes) are attractive due to their chemical
durability and thermal stability,47 and a large specic surface
area that can accelerate the adsorption kinetics.48 However,
most carbonaceous adsorbents exhibit a relatively low adsorp-
tion capacity (i.e., the amount of contaminant taken up by the
unit mass of adsorbent)49 for PFAS with a short uoroalkyl chain
length.50–54 Further, these absorbents oen suffer from
a decrease in the adsorption capacity over time because the
residual PFAS remains even aer the regeneration process.55

Electric-eld aided sorption (i.e., electrosorption) is an
emerging technology to remove ionized contaminants from
water. When an external electric eld is applied across the
electrodes submerged in water, the ionized contaminants are
attracted and adsorb to an electrode surface with an opposite
charge.44,45,56,57 Thus, PFAS dissolved in water can adsorb to an
anode upon application of an electric eld. For example, Li
et al.44 demonstrated that PFOA adsorbed to a multiwalled
carbon nanotube electrode upon application of voltage (V ¼ 0.6
V) resulting in a 150-fold increase in adsorption capacity
compared to that without an electric eld. Niu et al.45 reported
that the adsorption rate and capacity for PFOA to a carbon
nanotube/graphene anode became 12 times and 3 times higher
than the results of adsorption without an electric eld. Recently,
Saeidi et al.46 demonstrated reversible adsorption and desorp-
tion for PFOA and peruorobutanoic acid upon reversing the
voltage across the activated carbon electrode.

Herein, we demonstrate an inexpensive graphite adsorbent
that enables reversible adsorption and desorption of PFAS with
both short and long uoroalkyl chain lengths (per-
uoropentanoic acid (PFPA) and PFOA) in water upon alter-
nating the voltage. The PFAS readily adsorbs to the graphite
adsorbent upon application of a positive voltage within z10 s.
We demonstrate that the adsorbed PFAS can be released into
water with a high desorption efficiency ofz96% andz94% for
PFPA and PFOA, respectively, upon alternating voltage to
a negative value. We also establish a quantitative relation to
describe the kinetics of electrosorption for PFAS on a graphite
adsorbent surface by utilizing a pseudo second-order kinetic
model. Finally, we engineer a device module that can be
mounted to a gravity-assisted apparatus and demonstrate
electrosorption of PFAS and collection of high purity water.
2. Experimental section
2.1 Materials

Graphite powder (particle size <20 mm), PFPA, peruorohexanoic
acid (PFHxA), peruoroheptanoic acid (PFHtA), PFOA, per-
uorononanoic acid (PFNA), and peruorodecanoic acid (PFDA)
were purchased from Sigma Aldrich. Teonized acetylene black
was purchased fromDenka Co. Ltd polydimethylsiloxane (PDMS)
Sylgard 184 was purchased from Dow Corning.
2.2 Fabrication of graphite adsorbents

We fabricated graphite adsorbents by mixing the graphite
powder and teonized acetylene black (conductive binder) at
© 2021 The Author(s). Published by the Royal Society of Chemistry
a ratio of 4 : 1 by weight. The mixture was pressed utilizing
a vice to a nal thickness of 0.2 cm. The resulting graphite lm
was then cut into the squares (2.5 � 2.5 cm2) utilizing a blade
followed by drying in an oven at 100 �C for 24 hours.

2.3 Characterization of graphite adsorbents

Surface morphology, surface area, and pore size distribu-
tion. The surface morphology of a graphite adsorbent was
analyzed by scanning electron microscopy (SEM, FEI Versa 3D
DualBeam). A graphite adsorbent was cut into a small piece of
sizez1.0 cm� 1.0 cm. Then it was attached to a mount with an
aid of carbon tape. SEM images were obtained at an accelerating
voltage of 10 kV. Please note that metal sputtering was not
involved. The Brunauer, Emmett and Teller (BET) surface area
and pore size distribution (PSD) were analyzed by measuring
the isotherms of nitrogen (N2) adsorption–desorption utilizing
a BET analyzer (TriStar II 3020 surface analyzer) at �196.15 �C.
The pore size distribution was measured by using the BJH
methodology to the desorption section of the isotherms of
nitrogen at �196.15 �C, assuming the pores to be cylindrical in
shape.58

Electrochemical analyses. The electrochemical analyses were
performed by utilizing a three-electrode cell setup (Model 760E
Series Bipotentiostat workstation). The setup included a square-
shaped graphite adsorbent (2.5 � 2.5 cm2, thickness ¼ 0.2 cm),
platinum (Pt), and an Ag/AgCl as a working electrode, a counter
electrode, and a reference electrode, respectively. Utilizing this
setup, we performed cyclic voltammetry to measure the capac-
itance of our graphite adsorbent. The cyclic voltammetry was
performed at 10 mV s�1 scan rates with the cyclic voltage of
�0.6 V and + 0.6 V. Please note that electrodes were conditioned
by running 100 cyclic voltammetry with a scan rate of 20 mV s�1

and cyclic voltage of �0.6 V and +0.6 V. Also, we carried out the
electrochemical impedance spectroscopy (EIS) to measure the
conductivity dynamics of PFAS dissolved in water by applying
10 mV amplitude sinusoidal potential perturbation scanned
over a frequency range from 200 kHz to 10 MHz at open circuit
potential. Please note that all measurements were conducted at
a constant temperature (T ¼ 25.0 � 1.4 �C).

2.4 Reversible adsorption and desorption of PFAS

The adsorption experiments for PFAS on a graphite adsorbent
was conducted by utilizing a custom-made cell consisting of two
graphite adsorbents (2.5 � 2.5 � 0.2 cm3) placed in parallel at
a distance ¼ 0.5 cm in a PDMS container. Please note that we
fabricated two PDMS containers with dimensions of 2.5 � 2.5 �
1.2 cm3 and 3.0 � 3.0 � 3.0 cm3. A power supply (TP3016M,
Tekpower) was connected to the electrodes. A 20 mL of deion-
ized (DI) water dissolved with PFAS (e.g., PFPA, PFHxA, PFHtA,
PFOA, PFNA, and PFDA) was injected at the inlet of the cell with
a ow rate of z3 mL min�1 by a syringe pump (KDS-230, KD
Scientic). While injecting PFAS solution, a positive voltage (V)
was applied across the electrodes. The solution was collected at
the outlet of the cell. The temperature was maintained at T ¼
22.0 � 1.4 �C. The desorption experiments were conducted by
utilizing the same custom-made cell. A 20 mL of DI water was
RSC Adv., 2021, 11, 34652–34659 | 34653
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injected at the inlet of the cell with a ow rate of z3 mL min�1

while applying a negative voltage across the graphite electrodes
that were adsorbed with PFAS. The DI water containing des-
orbed PFAS was collected at the outlet of the cell at T ¼ 22.0 �
1.4 �C.

2.5 Fabrication of a device module for electrosorption of
PFAS and gravity-assisted collection of high purity water

The device module was fabricated by alternatively stacking two
pairs of graphite electrodes (two anodes and two cathodes) with
a circular shape (diameter ¼ 2.0 cm and thickness ¼ 0.3 cm).
Please note that nylon mesh was utilized as the spacer between
the electrodes. The stacked electrodes were sandwiched
between two cylindrical tubes (diameter ¼ 2.0 cm and length ¼
15 cm) to form a gravity-assisted separation apparatus. Of note,
the device module and tubes were sealed by a silicone sealant to
prevent leakage.

2.6 PFAS concentration measurements

The concentration of PFAS was assessed by measuring the
electrical conductivity of the solution. We measured the elec-
trical conductivity by submerging two probes of a multimeter
(Gardner Bender GDT-3190) with an offset distance of 2.0 cm in
a PFAS solution. The multimeter measured the values of elec-
trical resistance (R). The electrical resistivity (r) was then
calculated by using the equation, R¼ rL/A. Here, L and A are the
offset distance between two probes (i.e., 2.0 cm), and the surface
area of probe (i.e., 1.5 cm2), respectively. The electrical
conductivity (s) of the PFAS solution was obtained by the
equation, s ¼ 1/r. The electrical conductivity values were
compared with a calibration curve of the electrical conductivity
as a function of PFAS concentration (Fig. S1†).

3. Results and discussion
3.1 Characterization of surface morphology, surface area,
and pore size distribution of graphite adsorbents

We characterized the surface morphology of a graphite adsor-
bent by SEM (Fig. 1a). It shows that graphite adsorbent
possesses interconnected and overlapped planar sheets. Please
note that such stacked sheets enable a large surface area for
transport and diffusion of ionized species. The BET surface area
was measured as approximately 132.9 � 10.0 m2 g�1 which is
comparable to those reported in the literature.45,59,60 The BET
measurements also show that our graphite adsorbent exhibits
a type IV isotherm with a hysteresis loop in the relative pressure
(i.e., P/P0, P0 is the saturation pressure of N2 at �195.15 �C)
range of 0.4–0.9 indicating that it possesses mesopores61 (i.e.,
pores size ¼ 2.0–50.0 nm) (Fig. 1b). This was further corrobo-
rated by the pore size distribution (PSD) (Fig. 1c). The average
pore size was measured as 18 nm and a total pore volume was
measured as 0.1645 cm3 g�1. A large surface area along with
a wide range of pore size (e.g., 3.0–130.0 nm)makes our graphite
adsorbent suitable for an electrode in the electrosorption for
PFAS as it helps relieve steric hindrance for adsorption of PFAS
molecules. This has been veried in previous reports. For
34654 | RSC Adv., 2021, 11, 34652–34659
example, Cao et al.62 have demonstrated that a silica gel with
a widened pore size (i.e., 6 nm) can facilitate the PFAS diffusion.
Similarly, Sasi et al.63 have shown that an adsorbent with a wide
range of pore size (e.g., mesopore, 2–50 nm) with an average
pore size of 9 nm can overcome the steric hindrance. An
adsorbent with a wide range of pore size can take advantage of
both large and small pores. Pores with large size can facilitate
the diffusion of PFAS molecules while small pores can
contribute to a larger surface area that can provide adsorption
sites. In contrast, an adsorbent with a narrow pore size distri-
bution may compromise either its diffusion kinetics or the
surface area. For example, when an adsorbent possesses a small
pore size with narrow distribution, it may suffer from steric
hindrance and exhibit slow diffusion kinetics. If an adsorbent
possesses large pores with narrow distribution, its surface area
is low which can limit its adsorption capacity.

3.2 Electrochemical analyses

Electrosorption for PFAS can be facilitated when an electrode
(i.e., anode) exhibits a high specic capacitance (i.e., capaci-
tance per unit mass).64 We measured a specic capacitance (C)
of our graphite adsorbent (electrode) by conducting cyclic vol-
tammetry (CV) measurements at a scan rate of 10 mV s�1 (see
Experimental). Fig. 2a and b show the measured CV curves for
PFPA and PFOA, respectively, by applying a cyclic voltage
between �0.6 V and +0.6 V. Here we utilized PFPA and PFOA as
representative PFAS with a short and a long uoroalkyl chain
length, respectively. The specic capacitance values were
determined by calculating the enclosed area of a CV curve (eqn
(S1)†). Table 1 lists the specic capacitance values for PFPA and
PFOA with varied concentrations. The results show that the C
values for PFPA are higher than those of PFOA at a given
concentration. This can be attributed to a higher resistivity and
lower polarization of PFOA in comparison to PFPA.65 Also, it was
observed that the C values are higher for solutions with higher
concentrations. This was attributed to the fact that a larger
number of PFAS can participate in the electrical double layer on
a graphite electrode surface.66

3.3 Reversible adsorption and desorption of PFAS upon
alternating electric eld

We utilized a custom-made cell (Fig. 3a, see also Experimental)
to conduct adsorption and desorption experiments. The
adsorption capacity (a, i.e., mass of the adsorbed PFAS on one
gram of anode, eqn (S2)†) was measured at varied voltage. The
results show that a higher value of a was obtained upon
applying a higher voltage. For example, the a value for PFPA at V
¼ +0.8 V is 3.6 mg g�1 while a ¼ 13.1 mg g�1 at V ¼ +1.4 V
(Fig. 3b). This can be attributed to an increase in the charge
density on the electrode surface. Also, the a value for PFPA is
higher than that for PFOA at a given applied voltage. For
example, the a value for PFPA is 10.2 mg g�1 while a ¼ 2.15 mg
g�1 for PFOA at V ¼ +1.2 V which can be attributed to higher
mobility and a higher diffusion coefficient for PFPA due to its
higher polarity along with its lower molecular weight.67 Please
note that the a values for PFHxA, PFHtA, PFNA, and PFDA are
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Scanning electronmicroscopy (SEM) image of a graphite adsorbent. (b) Brunauer, Emmett and Teller (BET) plot obtained by utilizing N2

adsorption–desorption isotherms at �196.15 �C. Inset shows isotherms in the relative pressure (P/P0) range of 0.55–0.85. (c) Pore size distri-
bution (PSD) data of a graphite adsorbent. Inset shows the PSD data of the pore diameter range of 2.0–10.0 nm.

Fig. 2 (a) and (b) Cyclic voltammetry measurements of graphite
adsorbent (electrode) for PFPA (a) and PFOA (b) solutions with varying
concentrations at a scan rate of 10 mV s�1. The temperature was
maintained at 25.0 � 1.4 �C during the measurements.

Table 1 Specific capacitance values calculated for PFPA and PFOA at
varied concentrations

Concentration
(mM)

PFPA (F
g�1)

PFOA (F
g�1)

10 45.44 43.37
2.5 30.25 29.06
0.625 24.08 23.91
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provided in ESI (Fig. S2†). It should be noted that the a values
for PFPA or PFOA without applying voltage were almost 50-fold
higher compared to those without applying voltage (Table S1†).

The concentration of PFAS in water can affect the adsorption
capacity at a given applied voltage. The results show that the
a values decrease with a decrease in the concentration (Fig. 3c).
For example, the a value for PFPA solution with a concentration
of C0 ¼ 4000 ppm was measured as 17.08 mg g�1 while that for
a solution with C0 ¼ 2000 ppm is 9.80 mg g�1 at V¼ +1.2 V. This
is a consequence of a decrease in the capacitance which can
result in a lower mass transfer rate for PFAS (see also Fig. 2a).65

We have also conducted Langmuir isotherm studies (Fig. 3c and
Table 2). The results show that Langmuir isotherm for PFOA
reasonably match well with the experimental data while that for
PFPA deviates at a higher concentration. Such a discrepancy of
© 2021 The Author(s). Published by the Royal Society of Chemistry
PFPA isotherm can be attributed to its lower molecular weight
which in turn results in a higher ionic strength. Consequently, it
is possible that PFPA exhibits multilayer deposition at a higher
concentration.

Our electrosorption technique enables reversible adsorption
and desorption of PFAS by alternating the applied voltage. A
20 mL of PFPA (or PFOA) solution with an initial concentration
(C0) of 30 ppm was poured into a custom-made cell. We
continuously measured the electrical conductivity values of the
solution by recording them. The measured values were
compared to those in a calibration curve (see Fig. S1†) to
determine the concentrations. Please note that the voltage was
alternated between +1.2 V and �1.2 V every 10 s. The results
show that PFOA concentration becomes 17.6 � 2.4 ppm and
28.1 � 2.1 ppm at V ¼ +1.2 V (adsorption) and V ¼ �1.2 V
(desorption), respectively (Fig. 3d). Similarly, PFPA concentra-
tion was measured as 9.8 � 2.5 ppm and 29.3 � 1.7 ppm at V ¼
+1.2 V and V ¼ �1.2 V, respectively. These results indicate that
our graphite electrode can adsorb and desorb PFAS upon
alternating the voltage. The adsorption and desorption effi-
ciency per each cycle is provided in ESI (Fig. S3†). Please note
that such on-demand reversibility is critical for regenerating the
electrode.

3.4 Kinetics of the reversible electrosorption for PFAS

We investigated the kinetics of electrosorption for PFAS. Fig. 4a
shows the time-dependent change in the concentration of PFOA
and PFPA solutions at V¼ +1.2 V. Note that we utilized the same
concentration values (different molar concentration) that are
shown in Fig. 3d. The results show that the concentration of
PFOA and PFPA solutions rapidly decreased and reached
constant values of 0.0426� 0.004 mM and 0.03714� 0.006 mM,
respectively, aerz5 s of voltage application indicating that the
equilibrium condition was attained. The electrosorption is
a kinetic process that can be described by pseudo-second order
kinetic model which is given as:

CðtÞ ¼ C0 � k1qe
2t

1þ k1qet
(1)
RSC Adv., 2021, 11, 34652–34659 | 34655
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Fig. 3 (a) Photographs of the custom-made cell for electrosorption of PFAS. (b) and (c) The measured adsorption capacity for PFPA and PFOA
aqueous solutions (C0 ¼ 0.01 M for both solutions) at varied applied voltages (b) and varied concentrations (V ¼ �1.2 V) (c). (d) The measured
concentration of PFPA and PFOA aqueous solutions upon reversible adsorption and desorption (C0 ¼ 30 ppm for both solutions) on graphite
electrode by alternating the applied voltage between +1.2 V and �1.2 V. Note that the voltage alternated every 10 s.

Table 2 Langmuir isotherm parameters for PFPA and PFOA
adsorption

PFAS qm (mg g�1)
b
(mL mg�1) R2

PFPA 13.58 0.99 0.85
PFOA 2.52 0.57 0.99

Fig. 4 (a) and (b) The measured concentrations for PFPA and PFOA
aqueous solutions upon applying voltage of V¼+1.2 V (a) or V¼�1.2 V
(b). The fitted values of concentration utilizing pseudo-second order
kinetic model for adsorption (eqn (1)) and desorption (eqn (2)) are also
provided.
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where C(t) and C0 are the concentration of PFAS in a solution at
time t and t ¼ 0 (i.e., the initial concentration). qe is the amount
of PFAS adsorbed on the electrode at equilibrium and k1 is the
34656 | RSC Adv., 2021, 11, 34652–34659
adsorption rate constant. By tting eqn (1) to the experimentally
measured values, we obtained the k1 values for PFPA and PFOA
as 84.44 s�1 and 101.30 s�1, respectively. This indicates that the
adsorption rate for PFPA is higher than that of PFOA which can
be attributed to higher mobility of the PFPA in comparison to
PFOA due to its lower molecular weight.67

Upon alternating the voltage (V ¼ �1.2 V), the concentration
of PFPA and PFOA started to increase and reached constant
values of 0.111� 0.004 mM and 0.106� 0.004 mM, respectively,
aer z10 s of voltage application (Fig. 4b). This can also be
described by pseudo-second order kinetic model which is given
as:

CðtÞ ¼ Cf þ k2q
0
e
2
t

1þ k2q
0
et

(2)

where Cf is the concentration of PFAS in a solution aer the
adsorption experiment, q0e is the amount of PFAS desorbed
from the electrode at equilibrium, and k2 is a desorption rate
constant. We determined the k2 values as 90.68 s�1 and 118.6
s�1 for PFPA and PFOA, respectively, by tting eqn (2) to the
experimentally measured values (Fig. 4b). The time-dependent
adsorption and desorption of PFPA and PFOA at varied volt-
ages are provided in Fig. S4 and S5,† respectively.
3.5 Electrosorption of PFAS and gravity-assisted collection of
high purity water

The module for electrosorption for PFAS and gravity-assisted
collection of clean water consists of two pairs of alternatively
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Photographs showing a device module utilized for gravity-assisted electrosorption for PFOA from water. (b) The measured
concentrations of PFOA in the permeate after introducing 10mL of feed PFOA solutions with varying concentrations (C0 ¼ 30 ppm, 20 ppm, and
10 ppm) to the device module. (c) The measured concentrations of PFOA after desorption for solutions with varying initial concentrations (C0 ¼
30 ppm, 20 ppm, and 10 ppm) utilizing the device module.
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stacked graphite electrodes (two anodes and two cathodes) with
a circular shape that are separated by nylon mesh as a spacer.
We found that a spacer with a width of 0.2 cm can result in the
highest adsorption rate for both PFPA and PFOA (Fig. S6 and
eqn (S3)†). Themodule was sandwiched between two cylindrical
tubes to form a gravity-assisted apparatus (Fig. 5a). Upon
pouring PFOA solution (C0 ¼ 10 ppm, 10 mL) into the upper
tube, it started to permeate through the module under gravity
and the permeate was collected in the bottom tube. A voltage of
V ¼ +1.2 V was continuously applied across a cathode and an
anode during permeation. Please note that the entire solution
passes through the module in approximately 300 � 12 s. The
concentration of PFOA in the permeate was measured as 1.1 �
0.1 ppm. We conducted the same experiments using PFOA
solution with varying concentrations (e.g., C0 ¼ 20 ppm and C0

¼ 30 ppm). The results show that the permeate contains 8.0 �
1.0 ppm (C0 ¼ 20 ppm) and 12.1 � 2.2 ppm (C0 ¼ 30 ppm),
respectively (Fig. 5b).

We conducted desorption experiments by submerging the
module in DI water and applying a voltage of V ¼ �1.2 V for
300 s. The results show that the water contained 9.45 ppm of
PFOA (C0 ¼ 10 ppm) indicating that nearly all PFOA was
released from graphite anodes. Please note that the water con-
tained 19.1 ppm (C0 ¼ 20 ppm) and 28.2 ppm (C0 ¼ 30 ppm) of
PFOA aer desorption experiments (Fig. 5c). The experimental
data of adsorption and desorption for PFPA solutions by using
the device module are provided in Fig. S7 and S8,† respectively.
We believe that our module has the potential for portable water
purication device that can remove the dissolved contaminants
and generate clean water at a low voltage (e.g., 1.2 V).
4. Conclusion

We demonstrated reversible adsorption and desorption of PFAS
in water by an electric-eld aided process utilizing an inex-
pensive graphite adsorbent as the electrode. A large BET surface
area along with mesopores of graphite enabled a large
© 2021 The Author(s). Published by the Royal Society of Chemistry
adsorption capacity for PFAS with both short and long uo-
roalkyl chain lengths (e.g., PFPA and PFOA, respectively) upon
application of the voltage. We demonstrated that an adsorption
capacity value increases with an increase in the applied voltage
as well as with the increase in the PFAS concentration. We also
showed multiple adsorption–desorption cycles by alternating
the voltage that can result in highly efficient adsorption and
desorption of PFAS from the graphite electrode surface. The
kinetics of electric-eld aided adsorption and desorption of
PFAS in water were investigated by utilizing a pseudo-second-
order model. Finally, a device module was engineered that
can be mounted to a gravity-assisted apparatus for electro-
sorption of PFAS and obtaining water with high purity.
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30 S. Brendel, É. Fetter, C. Staude, L. Vierke and A. Biegel-
Engler, Environ. Sci. Eur., 2018, 30, 1–11.

31 OECD/UNEP Global PFC Group, Synthesis paper on per- and
polyuorinated chemicals (PFCs), Environment, health and
safety, environment directorate, 2013, p. 60.
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