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Abstract: Per- and polyfluoroalkyl substances (PFAS) have concerned the public due to their world-
wide distribution and the threat they pose to drinking water safety and human health. Temperature
and DC field-induced electroosmotic flow (EOF) are powerful tools to regulate organic contaminant
adsorption and control PFOS (as a typical PFAS) transport in porous media. However, the co-driven
mechanisms of temperature–electrokinetic transport of contaminants are still unclear. Here, we
investigated the synergistic mechanisms of temperature–electrokinetic co-driven PFOS adsorption
on zeolite and activated carbon as model geo-adsorbents. We found that DC fields increased PFOS
adsorption on activated carbon by up to 19.8%, while they decreased PFOS adsorption on zeolite
by up to 21.4%. Increasing the temperature decreased the adsorption of PFOS by activated carbon
and zeolite. The temperature and electrokinetic synergistically drive EOF velocity to control PFOS
adsorption. Synergistic mechanisms of temperature–electrokinetic regulated kinetic and temperature-
regulated thermodynamic (the Gibbs free energy change ∆G) and kinetic (liquid viscosity) under
various temperatures and DC field situations were analyzed with models. A kinetic approach in-
terlinking viscosity, EOF velocity, and the kinetic adsorption constants was established to interpret
the synergistic mechanisms which can be further adopted to estimate temperature–electrokinetic
induced PFOS adsorption benefits to mineral and carbonaceous adsorbents. We concluded that such
kinetic regulation may provide support for controlling the transmission of PFOS.

Keywords: PFOS; temperature; electrokinetic; electroosmotic flow; adsorption kinetics; adsorption
thermodynamics

1. Introduction

In the past decades of industrial production and consumer usage, per- and polyfluo-
roalkyl substances (PFAS) have grown to be one of the most important of environmental
contaminations, garnering public, scientific, and regulatory concerns [1]. Related studies
have shown associations between exposure to specific PFAS and various health effects,
including altered thyroid and immune system dysfunction [2,3], lipid dysregulations [4,5],
and kidney diseases [6,7]. Perfluorooctane sulfonic acid (PFOS) is one of the most fre-
quently detected PFAS [8,9] and is extremely resistant to biodegradation [10–13] due to the
extreme stability of the C-F bond [14,15]. Therefore, removing PFOS from environmental
matrices becomes an important issue. Adsorption is an effective method for controlling
the PFOS concentration in soil and water, particularly at high concentration point source
pollution sites [16–19], where rapid adsorption kinetics and preventing the formation of
more difficult-to-manage short-chain byproducts are crucial [20,21].

Prior adsorption investigations were performed with a view to creating novel ad-
sorbent materials [22,23] and external controlling techniques. Mechanisms of external
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controlling techniques such as temperature [24,25] and DC field induced electrokinetic [26]
have been applied to adsorption processes. These techniques may elevate the performance
of commercial adsorbents such as activated carbon.

Temperature controls adsorption kinetics by altering the liquid viscosity [27] and
adsorption thermodynamics by altering the interaction energy [28]. Electroosmotic flow
(EOF), as a pore fluid flow induced by electrokinetic-driven ion movement on the solid
surface [29,30], is a powerful tool to control the adsorption kinetics by transporting chemical
molecules through the pores of adsorbent particles [26]. The adsorption/desorption of
chemicals from geo-adsorbents can be speeded up using EOF, while the adsorption capacity
will vary with temperature [31]. In the application of electrokinetic regulated adsorption
processes, temperature effects exist at the same time. However, the synergistic mechanisms
are still unclear. Consequently, the aim of our investigations is to elucidate the temperature–
electrokinetic synergistic mechanisms governing the PFOS adsorption processes.

In this study, the temperature–electrokinetic adsorption of PFOS on porous column
media packed with two common geo-adsorbents, activated carbon (carbonaceous adsor-
bent) and zeolite (mineral adsorbent), were investigated. Temperature and electrokinetic
adsorption kinetics were discussed using a pseudo-second-order kinetic model. Moreover,
temperature adsorption thermodynamics were calculated using Freundlich isotherms at
varying temperatures. An approach connecting EOF, liquid viscosity, and the resulting ad-
sorption kinetic constants was used to anticipate temperature–electrokinetically controlled
adsorption. The findings of this research contributed to a knowledge of the individual and
co-driving processes of temperature and electrokinetically controlled adsorption, enabling
quantitative control of the transport and destiny of PFOS on geo-adsorbents.

2. Materials and Methods
2.1. Chemicals

The solutions used in this study were prepared using ultra-pure water with resistivity
larger than 18.2 MΩ·cm (Millipore, Burlington, MA, USA). PFOS (95%) was purchased from
J&K Scientific (Beijing, China). Potassium dihydrogen phosphate (99.5%) and dipotassium
hydrogen phosphate (AR 98%) were acquired from Macklin (Shanghai, China).

Zeolite (Permutit, Si/Al (2.5), CAS:1318-02-1) and activated carbon were acquired
from Macklin (Shanghai, China).

2.2. Characterization of Activated Carbon and Zeolite

A six-station specific surface area analyzer was used to determine the specific surface
area and pore size of activated carbon and zeolites (ASAP 2460, Micromeritics, Norcross,
GA, USA) [32]. The zeta potential of the two adsorbents was determined using a zeta-
potential analyzer (ZS90, Malvern Instruments UK Ltd., Malvern, UK) with disposal folded
capillary cells [33].

2.3. Determination of PFOS Concentration

PFOS was quantified using LC-MS/MS (1290-6460, Agilent, Santa Clara, CA, USA)
on an Agilent ZOBRAX RR Eclipse Plus C18 column, with calibration curves established
using PFOS standards (J&K Scientific, Beijing, China). The LC-MS/MS measurements
were conducted with the following parameters: column temperature 30 ◦C, injection
volume 10 µL, and flow rate 0.4 mL min−1. Mobile phases of methanol and 10 mmol L−1

ammonium acetate were mixed with a gradient procedure (Table 1). Multiple reaction
monitoring (MRM) scanning (precursor ion: 498.85 and product ion: 79.97) with electron
spray ionization (ESI (−)) mode was adopted to quantitatively determine PFOS. A total
of 10 calibration standards ranging from 0.01 to 10 mg L−1 were determined at the start
of each measurement batch, and 3 calibration curves were established using standards
0.01–0.1 mg L−1, 0.1–1 mg L−1, and 1–10 mg L−1, to satisfy the quantification of various
PFOS concentration ranges (Figure 1) [34], with batch sample number ≤ 50 and R2 ≥ 0.999
to ensure data quality.
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Figure 1. Calibration curves of LC-MS/MS with PFOS concentration ranges 0.01 to 0.1 mg L−1, 0.1 to 

1.0 mg L−1, and 1.0 to 10.0 mg L−1, separately. 
Figure 1. Calibration curves of LC-MS/MS with PFOS concentration ranges 0.01 to 0.1 mg L−1, 0.1 to
1.0 mg L−1, and 1.0 to 10.0 mg L−1, separately.
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Table 1. The gradient of the mixture of mobile phase liquids.

Time (min) Methanol (%) 10 mM Ammonium Acetate (%)

0.00 30 70
0.30 30 70
0.40 90 10
2.50 90 10
2.60 30 70
6.00 30 70

2.4. Kinetics of PFOS Adsorption
2.4.1. Adsorption Kinetic Experiments

The electrokinetic porous media adsorption column reactor was designed according
to Figure 2, the percolation column was design as described in our previous research [31].
The column reactor was filled with 100 mmol L−1 potassium phosphate buffer (PB: i.e.,
K2HPO4 and KH2PO4, pH = 7), and wet-packed with 6 g zeolite or 2.4 g activated carbon
to form porous media before each experiment. The particle size of the zeolite and activated
carbon used in column experiments was 0.25 to 0.43 mm. To ensure that the pH was not
affected throughout the experiment, PB was used for the preparation of the stock solution
and the pH was tested before and after the test with an error of no more than 0.2. Two
disc-shaped Ti/Ir electrodes at the top (cathode) and bottom (anode) of the column were
connected to a power pack to produce electric field strengths of 1 V cm−1, 2 V cm−1,
and 3 V cm−1, resulting in stable direct currents of 0.009~0.012 A, 0.028~0.036 A, and
0.047~0.054 A. The peristaltic pump drove the PFOS solution through the porous media
downstream at a velocity of 19.6 mL h−1. The liquid is kept in and out of water balance
by gravity and the EOF does not change the overall flow rate. Additionally, the columns
and PFOS storage solution were maintained at constant temperature in a water bath with a
thermostatic circulation pump (DLSB-5L/10, Yuhua, Zhengzhou, China) to control static
temperatures under 10, 20, 30, 40, and 50 ◦C with deviations ≤2 ◦C. The peristaltic pump
ran 100 mmol L−1 PB at 19.6 mL h−1 for one hour before experiments allowing the system
to equilibrate. Then, 10 mg L−1 (for zeolite) or 100 mg L−1 (for activated carbon) PFOS
solution was pumped through the column. An amount of 1.0 mL liquid of the inlet and
outlet solution was sampled at certain intervals for 48 h. These samples were centrifuged at
5000× g rpm (DL-5-B, Anting, Shanghai, China) and measured with LC-MS/MS. Triplicate
experiments were conducted for each experimental condition.
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Figure 2. Schematic view of the electrokinetic setup used for adsorption experiments. PFOS solution
in PB buffer in a 1000 mL reagent bottle was kept thermostatic in a water bath and driven through a
column from top to bottom. The column was kept thermostatic in a water bath and electric fields
applied with a DC power generator [31].
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2.4.2. Adsorption Kinetic Models

Pseudo-first-order and pseudo-second-order kinetic models were adopted to investi-
gate the adsorption kinetics. The equations were described as follows:

Pseudo-first-order (PFO) equation:
The PFO equation [35] can be expressed using

ln(qe − qt) = −k1t + ln qe (1)

where qe and qt are the PFOS concentrations in the adsorbent at equilibrium and at time t
(h), respectively, while k1 is the PFO kinetic constant.

Pseudo-second-order [36] equation:
Expression for the linear form with a plot of t/qt versus. t [37]:

t
qt

=

(
1
qe

)
t +

1
k2q2

e
(2)

where k2 (g mg−1 min −1) is the PSO kinetic constant.

2.5. Thermodynamics of PFOS Adsorption
2.5.1. Adsorption Isotherm Experiments

Isotherm batch experiments were carried out in 100 mmol L−1 PB in sealed 15 mL
polypropylene centrifugal tubes with adsorbent-to-liquid ratios of 1:1000 (g mL−1) for
zeolite and 1:20,000 (g mL−1) for activated carbon. The 8 initial PFOS concentrations ranged
from 1.0 to 8.0 mg L−1 for zeolite and 10 to 80 mg L−1 for activated carbon, separately.
The adsorbents and liquids were allowed to equilibrate in a horizontal shaker (HNY-200B,
Ounuo, China) at 150 rpm for 7 days at controlled static temperatures of 10 ◦C, 20 ◦C,
30 ◦C, 40 ◦C, and 50 ◦C, with deviations ≤2 ◦C. To shorten the time required for adsorption
equilibrium, activated carbon and zeolite were ground into fine particles (average diameter
74 ± 4 µm). After 7 days, the supernatant was derived using centrifugation at 5000× g
rpm to allow PFOS concentration measurements using LC-MS/MS. All experiments were
conducted in triplicate.

2.5.2. Adsorption Isotherms

Adsorption isotherms were analyzed with the Langmuir equation and Freundlich
equation [38].

The non-linear form of the Langmuir equation [39] is described in Equation (3).

qe =
QmaxKLCe

1 + KLCe
(3)

The linear form of the Langmuir equation is defined in Equation (4).

1
qe

=
1

QmaxKLCe
+

1
Qmax

(4)

where qe (mg g−1) is PFOS concentration in the adsorbent at equilibrium, Qmax (mg g−1) is
the maximum saturated monolayer adsorption capacity of the adsorbent, Ce (mg L−1) is
PFOS concentration in liquid at equilibrium, and KL (L mg−1) is a constant related to the
affinity between the adsorbent and adsorbate.

Freundlich equation can be described by Equation (5) [37]

log qe = log KF + n log Ce (5)

where n is the Freundlich exponent as a measure of adsorption linearity, and KF is the
Freundlich isotherm constant (mg kg−1) (L mg−1)n.
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2.5.3. Adsorption Thermodynamic Model

Thermodynamic parameters were calculated based on the isotherms measured from
10 to 50 ◦C. The relationship between ∆G, ∆H and ∆S was described by equation: [40]

∆G = ∆H − T∆S (6)

where the ∆H (kJ mol−1) is the enthalpy change, T is the temperature in Kelvin, and the ∆S
(kJ mol−1 K−1) is the entropy change. while ∆G can be calculated according to the equation:

∆G = −RT ln Kc (7)

Kc is the equilibrium constant (being dimensionless), and based on the Freundlich
isotherm parameter KF and the aqueous density, Kc can be calculated by

Kc =
KFρ

1000

(
106

ρ

)(1−n)

(8)

∆H can be estimated using the van‘t Hoff equation by substituting Equation (8) for Equation (6)

ln Kc = −∆H
R

× 1
T
+

∆S
R

(9)

where R is the gas constant (8.314 × 10−3 kJ mol−1 K−1). The values of ∆H can be estimated
using the slope and intercept of a plot of ln Kc vs. T−1, and ∆H and ∆G can help to calculate
∆S (Equation (6)).

2.6. Quantification of the EOF Velocities

The EOF velocity (VEOF,r) in an intra-particle [41] pore of radius r can be calculated
using VEOF,max and a function of κr [42] (i.e., f (kr)) as detailed by Equations (10)–(12):

VEOF,r = VEOF,max ∗ f (kr) (10)

VEOF,max = − εrε0Xξ

η
(11)

f (kr) =
(

1 − 2I1(kr)
krI0(kr)

)
(12)

where εr is the dielectric constant of water (78.5), ε0 (8.85 × 10−12 F m−1) is the vacuum
permittivity, η is the liquid viscosity (Pa·s), ξ is the zeta potential (V) of the solid surface,
X is the electric field strength (V m−1), I0 and I1 are the zero and first-order modified Bessel
functions, and κ−1 is the thickness of the electrical double layer (nm) calculated using the
Guoy–Chapman theory.

k−1 =

(
3.29zC

1
2
1

)−1
(13)

where C1 and z are the molar bulk concentration and the charge number of the electrolytes,
respectively [43].

3. Results
3.1. Temperature–Electrokinetic Regulated Adsorption Breakthrough Curves

Physicochemical properties of the adsorbents were investigated in the first instance,
including specific surface area, average pore size, and zeta potential (Table 2). The activated
carbon has a larger specific surface area of 144.4 m2 g−1, comparing to 2.9 m2 g−1 for zeolite,
while the two absorbents have a similar average intra-particle pore size of 6.5–6.9 nm. The
zeolite used in this study has a similar specific surface area and pore size compared to the
same type of zeolite used in the literature [44,45]. Activated carbon is less charged with
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zeta potential of −17.2 mV, comparing to −30.9 mV for zeolite. Our research plan involved
using zeolite as a model sorbent to simulate the mineral geo-sorbents in soil; the chosen
zeolite has similar porosity and physio-chemical properties to mineral soils.

At temperatures between 10 and 50 ◦C and electric field intensities between 0 and
3 V cm−1, the degree and rate of PFOS adsorption were measured. The normalized effluent
PFOS concentration C/C0 was used to depict breakthrough curves (Figure 3). At all tempera-
tures and electric field intensities, the C/C0 ratio of zeolite (0.74–0.84) was significantly greater
than that of activated carbon (0.35–0.60), resulting in a significantly higher PFOS concentration
in the adsorbent after 48 h for activated carbon (15.6 ± 0.88–25.5 ± 1.01 mg g−1) than for
zeolite (0.26 ± 0.03–0.40 ± 0.04 mg g−1). The rising temperature increased C/C0 for both
adsorbents, and heating increased the C/C0 ratio of PFOS on activated carbon and zeolite
by 50.3% and 9.7%, respectively, resulting in the PFOS concentration in the adsorbent at 48 h
being reduced by 26.7% for activated carbon while there was a 18.8% reduction for zeolite.
The electric field increased the PFOS adsorption on activated carbon (C/C0 decreased up to
8.6%) and decreased the PFOS adsorption on zeolite (C/C0 increased up to 5.5%), resulting
in the PFOS concentration increased from 15.6 ± 0.88 to 18.7 ± 1.13 mg g−1 (p < 0.05) on
activated carbon, while it decreased from 0.29 ± 0.03 to 0.26 ± 0.03 mg g−1 (p < 0.05) on
zeolite. These findings are consistent with our previous research on electrokinetic effects on
phenanthrene adsorption at room temperature [31].
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Figure 3. Normalized effluent PFOS concentration (C/C0) over the adsorption time through the
zeolite (round symbols) and activated carbon (square symbols) packed porous media, under 10 ◦C
(dark blue lines), 20 ◦C (light blue lines), 30 ◦C (green lines), 40 ◦C (orange lines), and 50 ◦C (red
lines), and DC fields 0 V cm−1 (A), 1 V cm−1 (B), 2 V cm−1 (C), and 3 V cm−1 (D).
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Table 2. Basic properties of activated carbon and zeolite.

Adsorbent
Specific Surface Area Pore Size Zeta Potentia ζ

(m2 g−1) (nm) (mV)

Activated carbon 144.4 6.9 −17.2

Zeolite 2.9 6.5 −30.9

3.2. Temperature-Regulated PFOS Adsorption Kinetics and Thermodynamics

Pseudo-first-order and the pseudo-second-order were used to analyze the break-
through curves: example of 0 V cm−1 and 3 V cm−1 conditions (Figure 4). The ad-
sorption of PFOS was more consistent with the pseudo-second-order kinetic model due
to the better regression correlations of the pseudo-second-order kinetic model with all
R2 ≥ 0.94 (Tables 3 and 4). To quantify the adsorption kinetics, subsequent analyses used
the kinetic constants of a pseudo-second-order kinetic model. Physically, the kinetic con-
stants represent the rate of adsorption and indicate the amount of adsorbent required to
adsorb 1 mg of adsorbate (PFOS) per unit time (per hour: h−1). It should be noted that the
value of k2 decreased as adsorption rate increased [37].
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and zeolite (B,D) at electric field strengths 0 and 3 V cm−1.
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Table 3. Kinetic parameters of the pseudo-second-order model for PFOS adsorption on the two
adsorbents at different temperatures and DC field strengths.

Adsorbent Temperature
◦C

Pseudo-Second-Order
Parameters with the

Absence of DC Fields

Pseudo-Second-Order
Parameters under

1 V cm−1

Pseudo-Second-Order
Parameters

under 2 V cm−1

Pseudo-Second-Order
Parameters

under 3 V cm−1

qe
k2

(10−3) R2 qe
k2

(10−3) R2 qe
k2

(10−3) R2 qe
k2

(10−3) R2

Activated
carbon

10 66.7 0.19 0.95 70.9 0.17 0.94 74.6 0.15 0.94 84.0 0.12 0.94
20 47.9 0.36 0.97 52.9 0.29 0.97 59.5 0.23 0.96 67.6 0.18 0.96
30 37.8 0.57 0.97 41.7 0.47 0.97 48.5 0.35 0.97 55.0 0.27 0.96
40 31.6 0.83 0.98 36.2 0.63 0.97 39.5 0.53 0.97 44.8 0.42 0.97
50 28.4 1.03 0.98 31.3 0.85 0.98 34.3 0.71 0.97 39.6 0.52 0.98

Zeolite

10 0.54 139.6 0.98 0.45 213.7 0.98 0.43 238.4 0.98 0.40 280.8 0.98
20 0.46 195.8 0.99 0.43 228.9 0.99 0.39 280.4 0.99 0.37 302.1 0.99
30 0.44 205.2 0.99 0.39 266.1 0.99 0.36 313.1 0.99 0.35 343.0 0.99
40 0.38 273.7 1.00 0.36 311.1 1.00 0.32 390.5 1.00 0.31 421.4 1.00
50 0.35 326.6 1.00 0.33 366.9 1.00 0.32 395.8 1.00 0.30 434.6 1.00

Table 4. Kinetic parameters of the pseudo-first-order model for PFOS adsorption on the two adsor-
bents at different temperatures and DC field strengths.

Adsorbent Temperature
◦C

Pseudo-First-Order
Parameters with the

Absence of DC Fields

Pseudo-First-Order
Parameters under

1 V cm−1

Pseudo-First-Order
Parameters under

2 V cm−1

Pseudo-First-Order
Parameters under

3 V cm−1

qe k1 R2 qe k1 R2 qe k1 R2 qe k1 R2

Activated
carbon

10 57.24 0.18 0.74 57.60 0.17 0.74 57.68 0.17 0.74 59.84 0.17 0.74
20 47.10 0.17 0.77 50.11 0.17 0.75 50.80 0.17 0.77 54.10 0.17 0.75
30 39.15 0.17 0.81 41.09 0.17 0.79 44.63 0.16 0.78 45.98 0.16 0.80
40 34.14 0.17 0.82 35.37 0.16 0.88 37.68 0.16 0.84 40.17 0.16 0.81
50 30.30 0.16 0.85 32.12 0.16 0.83 33.12 0.16 0.87 35.72 0.16 0.82

Zeolite

10 0.57 0.15 0.94 0.50 0.19 0.97 0.44 0.20 0.97 0.43 0.21 0.95
20 0.49 0.15 0.92 0.46 0.16 0.92 0.43 0.16 0.90 0.41 0.19 0.90
30 0.46 0.15 0.96 0.43 0.16 0.92 0.39 0.17 0.97 0.37 0.16 0.96
40 0.40 0.15 0.93 0.39 0.15 0.92 0.33 0.15 0.96 0.32 0.16 0.95
50 0.35 0.15 0.94 0.33 0.15 0.94 0.33 0.15 0.93 0.31 0.15 0.94

With the temperature increasing from 10 to 50 ◦C, the k2 value increased at all DC
electric field strengths. In the absence of DC fields, heating increased the adsorption kinetic
constant of PFOS from 0.19 to 1.03 (ca. 442.1%) on activated carbon, and from 139.6 to 326.6
(ca. 134.0%) on zeolite. Similar trends were observed in the presence of DC fields, with
rates of k2 variation ranging from 10 to 50 ◦C on activated carbon of 400.0% at 1 V cm−1,
373.3% at 2 V cm−1, to 346.2% at 3 V cm−1, and on zeolite of 71.6% at 1 V cm−1, 66.0% at
2 V cm−1, to 55.5% at 3 V cm−1. Summarizing these results, it can be affirmed that the
temperature–electrokinetically regulated adsorption was better than a single technique.

Temperature effects can be quantitatively described by the adsorption equilibrium
properties, which may be depicted using isotherm and thermodynamic parameters. The
isotherms represented the equilibrium adsorption properties at different temperatures. The
Freundlich equation and Langmuir equation were used to analyze isotherm data. The
regression correlations of the Langmuir model of PFOS adsorption on activated carbon
ranged from 0.88 to 0.89 and from 0.98 to 0.99 on zeolite. In contrast, the regression
correlations of the Freundlich equation were all higher than 0.97 (Table 5). As a result,
the Freundlich equation was adopted to characterize the isotherms and calculate the
thermodynamic parameters.
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Table 5. Overview of the sorbents and their temperature-dependent Freundlich adsorption isotherm
parameters (KF and n) and Langmuir adsorption isotherm parameters (Qmax and KL) of PFOS
adsorption in 100 mmol L−1 electrolytes.

Adsorbent
Temperature Freundlich Isotherm Parameters Langmuir Isotherm Parameters

(◦C) log KF n R2 Qmax (mg g−1) KL (103 L mg−1) R2

Activated
carbon

10 6.09 0.43 0.99 925.9 21.60 0.89
20 6.03 0.42 0.98 909.1 18.33 0.89
30 5.92 0.41 0.99 900.9 12.33 0.89
40 5.88 0.42 0.97 885.0 9.42 0.88
50 5.85 0.42 0.97 877.2 8.14 0.88

Zeolite

10 3.90 0.78 0.98 19.23 0.71 0.99
20 3.86 0.77 0.98 18.52 0.64 0.98
30 3.83 0.79 0.99 17.86 0.60 0.98
40 3.77 0.81 0.99 15.87 0.54 0.99
50 3.70 0.81 1.00 14.93 0.48 0.99

Thermodynamic parameters were used to further interpret temperature regulated
PFOS adsorption. ∆G, ∆H and ∆S of PFOS adsorption were calculated (Table 6). Negative
∆G values (−24.7 to −47.0 kJ mol−1) indicated spontaneous adsorption of PFOS on both
adsorbents. Negative ∆H and positive ∆S showed an exothermic and entropy reduction
process during PFOS adsorption. The adsorption strengths, represented by ∆G [31], ranged
from −42.3 to −47.0 kJ mol−1 for activated carbon and from −24.7 to −26.5 kJ mol−1 for
zeolite, between 10 and 50 ◦C.

Table 6. Overview of the thermodynamic parameters (∆G, ∆H, and ∆S) of PFOS adsorption calculated
based on Freundlich isotherm parameters.

Adsorbent
Temperature ∆G ∆H ∆S

(◦C) (kJ mol−1) (kJ mol−1) (kJ mol−1 k−1)

Activated carbon

10 −42.26 ± 0.34

−9.79 ± 1.44 0.12 ± 0.01
20 −43.68 ± 0.34
30 −44.69 ± 0.11
40 −45.66 ± 0.24
50 −47.01 ± 1.18

Zeolite

10 −24.70 ± 0.49

−12.92 ± 1.16 0.042 ± 0.003
20 −25.48 ± 0.50
30 −25.90 ± 0.69
40 −26.03 ± 0.56
50 −26.51 ± 0.55

3.3. Electrokinetic-Regulated PFOS Adsorption Kinetics

The effects of electrokinetic on adsorption kinetics at various temperatures were
analyzed using the pseudo-second-order kinetic model, separately (Figure 5). The pseudo-
second-order kinetic constant k2 was adopted to quantitatively describe the electrokinetic
regulated PFOS adsorption. With DC electric field strength increasing from 0 to 3 V cm−1,
the k2 value decreased for activated carbon while increasing for zeolite for all temperatures:
example of 10 ◦C and 50 ◦C conditions (Figure 5 and Table 4). Compared to using no DC
electric field strength, a 3 V cm−1 electric field decreased k2 from 0.19 to 0.12 (ca. 36.8%) on
activated carbon, while increasing k2 from 139.6 to 280.8 (ca. 101.1%) on zeolite at 10 ◦C.
Similar electrokinetic effect trends were observed under temperatures ranging from 20 to
50 ◦C, with rates of variation on activated carbon ranging from 50%, 52.6%, 49.4%, to 49.5%,
and from 54.3%, 67.2%, 54.0%, to 33.1% on zeolite.
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3.4. Temperature–Electrokinetic Regulated PFOS Adsorption

To further understand the temperature–electrokinetic co-driven mechanisms, the
effects of temperature and electrokinetic on the variations of adsorption kinetic constants
k2 were depicted. (Figure 6). It is important to note that there are four steps associate with
transport processes during adsorption by porous adsorbents. The first step is transport in
the solution phase (known as “bulk transport”). The second step is “film diffusion”. The
third step involves diffusion of the adsorbate molecules from the exterior of the adsorbent
into the pores of the adsorbent, along pore-wall surfaces, or both (known as “intraparticle
diffusion”) The last step is adsorptive attachment [28]. PFOS is homogeneously distributed
in the bulk liquid, therefore, the bulk transport is not a limit step of its adsorption. While
the electroosmotic flow controls the liquid flow of the film in an area adjacent to the sorbent
surface, it is essential for film diffusion, which determines sorption kinetics. Therefore, we
considered electroosmotic flow as the possible driving factor rather than electro-migration.
It should be noted that the EOF velocity is co-driven by the effects of both electrokinetic
and temperature, while at the same time the adsorption capacity varies with temperature.
Temperature plays an essential role by varying the liquid viscosity, resulting in significant
variations of EOF velocity. The k2 values were found to be linearly correlated to the
temperature–electrokinetic co-driven EOF velocity (R2 ≥ 0.93, p < 0.01) (Figure 6 and
Table 7), the fitting slope values (Table 7) were found to be negatively related to the
temperature, and the slope values differ due to temperature effects on the adsorption
capacity. For activated carbon, the slopes of kinetic constant variation were negative, with
the slopes decreasing with increasing temperature. While the slopes of kinetic constant
variation were positive for zeolite, the slope values decreased with increasing temperature.
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Figure 6. Temperature effects on the pseudo-second-order adsorption kinetic constant exposed to
various electroosmotic flow velocities at temperature 10 ◦C (blue), 20 ◦C (light blue), 30 ◦C (green),
40 ◦C (orange), and 50 ◦C (red) on activated carbon (A) and zeolite (B).

Table 7. Linear fitting results of the slope and intercept values of pseudo-second-order kinetic
constants and EOF velocities, with standard errors, p and R2 values as quality control of static fitting.

Intercept Std. Error p Slope Std. Error p R2

AC−10 a 0.19 0.004 0.000 −0.009 0.001 0.009 0.98
AC−20 0.35 0.004 0.000 −0.018 0.001 0.001 1.00
AC−30 0.57 0.012 0.000 −0.025 0.002 0.004 0.98
AC−40 0.81 0.030 0.001 −0.027 0.003 0.013 0.96
AC−50 1.01 0.011 0.001 −0.027 0.001 0.003 1.00

ZE−10 b 0.15 0.013 0.007 0.010 0.002 0.023 0.95
ZE−20 0.20 0.007 0.001 0.006 0.001 0.011 0.97
ZE−30 0.21 0.009 0.002 0.006 0.001 0.011 0.98
ZE−40 0.27 0.012 0.002 0.006 0.001 0.015 0.97
ZE−50 0.33 0.029 0.000 0.003 0.000 0.002 1.00

a “AC” represents the activated carbon while “10” represents the temperature under 10 ◦C. b “ZE” represents the
zeolite while “10” represents the temperature under 10 ◦C.

Based on the previously mentioned physical meanings of k2, the slope values of kinetic
constants vs. the EOF velocities correspond to the variation of PFOS adsorption rate caused
per unit EOF velocity. Similarly, the slope values at different temperatures represent the
temperature effects on EOF efficiencies. The EOF efficiencies on activated carbon decreased
from −0.009 to −0.027 as the temperature increased from 10 to 50 ◦C. This indicated that
the synergistic effect of temperature enhanced EOF efficiencies (the negative sign denotes
EOF enhanced adsorption) is 3.0-fold for activated carbon. On the other hand, from 10 to
50 ◦C, the EOF efficiencies decreased from 0.01 to 0.003, indicating that the synergistic
effect of temperature increased EOF efficiencies is 3.3-fold for zeolite (the positive slope
values stand for EOF increased adsorption). It can be concluded that the temperature
and electrokinetic synergy demonstrated much stronger regulating kinetics than single
factors, the synergistic effects are controlled by the temperature–electrokinetic co-driven
EOF velocity and temperature driven adsorption capacity.

3.5. Temperature–Electrokinetic Interactions and Their Regulation Framework

Furthermore, we investigated the temperature–electrokinetic co-driven PFOS adsorp-
tion from an energy standpoint by correlating ∆G, which could indicate the adsorption
strength (thermodynamically), the electroosmotic flow velocity, showing the adsorption
strength (kinetically), and the resultant kinetic constant variations (Figure 7). This extended
previous established approaches from room temperature to a wider temperature range.
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However, as the adsorption strength is derived thermodynamically, this approach
has a problem in describing the mechanisms between thermodynamic parameters and
kinetic parameters. Hence, based on the previous discussions, as an essential parameter of
temperature, viscosity was chosen to interlink with EOF velocity and the kinetic constant k2
to develop the approach to depict the mechanisms from a pure kinetic perspective (Figure 8).
Higher liquid viscosity and higher EOF velocity generally result in enhanced adsorption
(in the cold color areas in Figure 8A). In contrast, smaller liquid viscosity and a higher EOF
velocity appear to result in electrokinetic suppression of PFOS adsorption (warm color areas
in Figure 8B). The established approach, thus, can depict the temperature–electrokinetic
co-driven PFOS adsorption kinetics.
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3.6. Potential Engineering Applications

The transport of contaminants is the main threat to ecosystems and humans. For ex-
ample, the low adsorption capacity or high permeability of soil porous media may impose
severe limitations on bioconversion rates while threatening groundwater security [46–48].
To ensure the safety of drinking water, environmental biotechnology must manage and
control contaminants transport [49]. Annual temperature fluctuations may surpass 40 ◦C in
regions with strong seasonal temperature swings, which would be an obvious factor. Using
adsorbents which were either purely mineral or carbonaceous, we argued that temperature,
in conjunction with EOF, might be utilized to regulate PFOS-matrix interactions as a driver
for determining the fate of PFOS and protecting drinking water safety. Moreover, the effect
of electroosmotic flow is proportional to the intensity of the electric field, which can be
amplified in practice to produce larger effects. Because soil matrices in natural systems
frequently contain a mixture of mineral and carbonaceous elements, it is challenging to
anticipate the effects of temperature and electrokinetics on adsorption processes. It is
essential to elucidate the soil composition, physio-chemical properties, adsorption thermo-
dynamic parameters, and the kinetic properties to forecast the impacts of temperature on
electrokinetically regulated PFOS-matrix interactions.
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On the other hand, for the treatment of PFOS-contaminated groundwater, low temper-
ature coupling electrokinetics on carbonaceous adsorbents may increase the adsorption
capacity, reducing the waste adsorption materials and preventing the risk of PFOS emis-
sion. In environmental (bio-)technology, temperature and electrokinetic methods may
be used to fine-tune the kinetics of the interaction between adsorbates and adsorbents.
This kinetic regulation may lead to future technical applications that restrict adsorption
processes, such as in response to fluctuating adsorbate concentrations in contaminated
water streams, in electro-bioremediation, or to prevent unwanted adsorption of solutes in
technical applications.

4. Conclusions

We investigated the temperature–electrokinetic adsorption mechanisms of PFOS on
porous column media packed with two typical geo-adsorbents, activated carbon and zeolite.
DC fields increased PFOS adsorption on activated carbon while decreasing it on zeolite.
Increasing temperature decreased PFOS adsorption on both adsorbents also in the presence
of DC fields. The DC electric field effect was found to be correlated with the rate of
electroosmotic flow. The temperature changed the DC field effect by changing the viscosity
of the liquid. Then, an approach correlating viscosity-EOF velocity-adsorption kinetics was
developed, predicting the adsorption of PFOS regulated by temperature and electrokinetics.
This kinetic approach may predict temperature–electrokinetic co-driven PFOS adsorption
in various natural and man-made porous media in technical applications.
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