
Citation: Yi, H.; Chen, X.; Liu, Z.; Xi,

H.; Ding, Z.; Cui, K.; Hu, Y. Effective

Adsorption of Chlorinated

Polyfluoroalkyl Ether Sulfonates

from Wastewater by Nano-Activated

Carbon: Performance and

Mechanisms. Water 2023, 15, 4013.

https://doi.org/10.3390/w15224013

Academic Editor: Cidália Botelho

Received: 23 October 2023

Revised: 13 November 2023

Accepted: 17 November 2023

Published: 19 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

Effective Adsorption of Chlorinated Polyfluoroalkyl Ether
Sulfonates from Wastewater by Nano-Activated Carbon:
Performance and Mechanisms
Hao Yi 1,2, Xiaolin Chen 3, Zewei Liu 4 , Hongxia Xi 3, Zecong Ding 2, Kai Cui 1,2,* and Yongyou Hu 1,*

1 School of Environment and Energy, South China University of Technology, Guangzhou 510006, China
2 South China Environmental Forensic Center, South China Institute of Environmental Science, Ministry of

Ecology and Environment (MEE), Guangzhou 510655, China
3 School of Chemistry and Chemical Engineering, South China University of Technology,

Guangzhou 510006, China
4 School of Environmental and Chemical Engineering, Foshan University, Foshan 528225, China
* Correspondence: cuikai@scies.org (K.C.); ppyyhu@scut.edu.cn (Y.H.)

Abstract: Chlorinated polyfluoroalkyl ether sulfonates (F-53B) were often used as mist suppressants
in the chrome plating industry, resulting in the large discharge of F-53B-containing electroplating
wastewater into the aquatic environment. Due to the high toxicity of F-53B, increasing attention has
been paid to its efficient removal from wastewater. In this study, three nano-activated carbons were
successfully prepared from coconut shell carbons by a simple one-step KOH activation method. The
nitrogen adsorption/desorption experiments showed that the synthesized coconut shell activated
carbons possessed a well-developed nano-pore structure, which was favorable for the adsorption
of F-53B. The results suggested that the adsorption of F-53B on the coconut shell activated carbons
followed pseudo-second-order kinetics and was better fitted in the Langmuir isotherm, indicating that
the adsorption of F-53B was mainly controlled by chemical adsorption and was mainly monolayer ad-
sorption. Theoretical calculation results revealed that the faster adsorption rate of F-53B on CSAC_800
than on CSAC_600 and CSAC_700 could be contributed to the lower adsorption energy of F-53B on
CSAC_800 and the higher self-diffusion coefficients of F-53B in CSAC_800. The higher adsorption
capacity of CSAC_800 (qm = 537.6 mg·g−1) for F-53B than that of CSAC_600 (qm = 396.83 mg·g−1)
and CSAC_700 (qm = 476.19 mg·g−1) could be attributed to the higher specific surface area and larger
number of adsorption sites of CSAC_800. The results of this study demonstrate that coconut shell
activated carbons with a well-developed nano-pore structure are an effective adsorbent for F-53B
removal and have a good application prospect.

Keywords: coconut shell activated carbon; nano-pore structure; chlorinated polyfluoroalkyl ether
sulfonates; grand canonical Monte Carlo; adsorption energy

1. Introduction

Perfluorooctane sulfonate (PFOS), a representative long-chain (C = 8) perfluoroalkyl
compound, was widely used in industrial production fields such as surface coatings, fire-
fighting foams, and metal plating [1,2]. However, due to the persistence, bioaccumulation,
and toxicity of PFOS in the environment [3], PFOS was listed as one of the persistent organic
pollutants of the Stockholm Convention in 2009, with strict restrictions on its production
and utilization in many countries [4]. Hence, the industrial demand for related alternatives
to PFOS has increased [5]. As an important alternative to PFOS, chlorinated polyfluoroalkyl
ether sulfonates (F-53B) have occupied a large market in the electroplating industry due
to their low production cost and simple preparation process and have gradually replaced
PFOS as a mist suppressant in the chrome plating industry [6].

Due to the widespread use of F-53B in the chrome plating industry, a large amount
of F-53B-containing wastewater was discharged into the aquatic environment, and its

Water 2023, 15, 4013. https://doi.org/10.3390/w15224013 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w15224013
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0001-9770-4781
https://doi.org/10.3390/w15224013
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w15224013?type=check_update&version=1


Water 2023, 15, 4013 2 of 14

environmental risks and health hazards have received increasing concern [7,8]. At the
same time, toxicological studies have shown that F-53B has various toxic effects, such as
hepatotoxicity, reproductive toxicity, and developmental toxicity, posing a great threat
to human health [9]. In view of the wide distribution and potential harm of F-53B, it is
necessary to take effective measures to reduce its threat.

At present, the main methods for removing perfluoroalkyl compounds include adsorp-
tion [10–12], biodegradation [13,14], photocatalysis [15–17], and electrocatalysis [18–20].
Among them, adsorption is widely used because of its advantages of easy operation, low
cost, and low energy consumption [21]. Clay [22], anion exchange resin [23], activated
carbon [24], and metal-organic skeleton materials [25] were usually used as adsorbents.
Among them, activated carbon has become an important adsorbent for removing perfluo-
roalkyl compounds due to its low cost, renewable nature, high porosity, and large specific
surface area [26]. Since F-53B is a substitute for PFOS and has a similar chemical structure
and properties to PFOS, it is speculated that activated carbon can also efficiently adsorb
F-53B.

In this study, coconut shell-activated carbons with a well-developed nano-pore struc-
ture were prepared by one-step activation of potassium hydroxide (KOH) for efficient
adsorption of F-53B-form wastewater. The nitrogen (N2) adsorption/desorption experi-
ments were carried out to investigate the specific surface area and pore structure of the
synthesized activated carbon. Adsorption kinetics and adsorption equilibrium experiments
were carried out to investigate the adsorption rate and capacity of F-53B by the synthesized
activated carbon. Finally, grand canonical Monte Carlo (GCMC) simulation combined with
molecular dynamics (MD) was used to study the adsorption mechanism of F-53B by the
synthesized activated carbon. This study offered a comprehensive understanding of the
adsorption performance and mechanisms of F-53B by coconut shell activated carbons, so
as to explore the potential of its industrial application.

2. Materials and Methods
2.1. Materials

F-53B (Figure 1) was purchased from Jianglai Biotechnology Co., Ltd. (Shanghai,
China). Coconut shell carbon was purchased from Bailingwei Technology Co., Ltd. (Beijing,
China). Potassium hydroxide (KOH) and hydrochloric acid (HCl) were purchased from
Guanghua Sci-Tech Co., Ltd. (Guangzhou, China). High-purity nitrogen (99.999%) was
purchased from Guangzhou Yingsheng Gas Co., Ltd. (Guangzhou, China). All chemicals
used in this study were analytical grade or better, and all solutions were prepared with
deionized (DI) water.
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Figure 1. Scheme of the molecular structure of F-53B.

2.2. Preparation of Coconut Shell Active Carbon

The commercial coconut shell carbon was crushed with a grinder, and 0.5 g of coconut
shell carbon particles were mixed with 2 g of KOH, and they were ground into powder.
Then, the powder was placed in a tube furnace, which was raised to a certain temperature at
a heating rate of 5 ◦C/min in an N2 atmosphere for 2 h. Finally, the products were washed
to neutrality with 1 mol/L HCl solution and DI water and dried at 105 ◦C for 12 h. To
investigate the impacts of activation temperature on the pore structure of activated carbons,
three activation temperatures were studied in this work. When the activation temperature
is too high (≥900 ◦C), KOH is too corrosive, and it is easy to corrode the porcelain boat
and introduce impurities, which eventually leads to a significant decline in sample purity.
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Therefore, the active temperature was set to 600, 700, and 800 ◦C in this study, and the
products were denoted as CSAC_600, CSAC_700, and CSAC_800, respectively.

2.3. Characterization of Coconut Shell Active Carbon

The specific surface area of coconut shell active carbons was measured by BET N2
adsorption analysis using a Micromeritics ASAP2460 apparatus (Micromeritics ASAP2460,
Atlanta, GA, USA). The BET surface area was calculated from the isotherms using the
Brunauer–Emmett–Teller (BET) model. The pore size distribution and pore volume were
derived from the Barrett-Joyner-Halenda (BJH) model. Elemental analysis of coconut shell
active carbons was performed on an elemental analyzer (Flash 2000, Thermo Fisher Sci-
entific, Bremen, Germany). The samples were dried at 105 ◦C for 1 h and then placed in
the analyzer and mixed with vanadium pentoxide (V2O5) to enhance combustion. The
prepared sample was then burned for 600 s at a temperature of 960 ◦C using a standard
methionine for hydrogen determination and 2,5-(bis (5-tert-butyl-2-benz-axazol-2-yl) thio-
phene for oxygen determination.

2.4. Adsorption Experiments

All batch adsorption experiments were performed in 100 mL conical flasks containing
50 mL of F-53B stock solution, and the concentration of coconut shell active carbon was
0.2 g/L. The pH of the reaction was controlled at 7.0 ± 0.3. All conical flasks were shaken
in a thermostatic shaker (180 ± 5 rpm) at 25 ± 1 ◦C. Adsorption kinetics were performed
in a 50 mg/L F-53B solution, and the suspension samples were taken after reactions for
0.5, 1, 1.5, 2, 4, 6, 8, 10, 15, 20, 60, 180, 420, 960, and 1440 min. Adsorption isotherms were
performed at initial F-53B concentrations of 5–150 mg/L, and the reaction time was set to
24 h to ensure the adsorption equilibrium was reached. After reactions, the suspension
samples were filtered through 0.22 µm membrane filters to remove coconut shell active
carbon, and the 0.22 µm membrane filters had negligible impacts on the determination of F-
53B [23]. The concentration of F-53B in the filtrates was determined with high-performance
liquid chromatography (Dionex UltiMate 3000, Thermo Fisher Scientific, Waltham, MA,
USA) coupled with a triple quadrupole mass spectrometer (TSQ Vantage, Thermo Fisher
Scientific, Waltham, MA, USA) (HPLC-MS/MS). A HPH-C18 analytical column was used
in this study. Mobile phases consisted of 2 mM ammonium acetate (A) and acetonitrile
(B). Gradient conditions were used at a 0.3 mL/min flow rate, and 5 µL of the sample
was injected, starting with 80% A and 20% B. The initial conditions were held for 1.8 min
and then decreased to 10% A at 2 min, held till 4 min, returned to the initial condition at
4.2 min, and finally held constant until 6 min. The temperature of the column oven was
kept constant at 40 ◦C.

2.5. Analysis of Adsorption Kinetics and Isotherms

The adsorption capacity and the adsorption efficiency of coconut shell active carbon
for F-53B were calculated by the following equations:

qt =
(C0 − Ct)×V

m
(1)

qe =
(C0 − Ce)×V

m
(2)

η =
(C0 − Ce)

C0
× 100% (3)

where qt and qe are the capacities at time (t) and at equilibrium, respectively, and η repre-
sents the adsorption efficiency. In addition, C0, Ct, and Ce (mg/L) are the concentrations of
F-53B at the adsorption times (min) at zero, t, and equilibrium. V (L) is the solution volume,
and m (g) is the mass of coconut shell active carbon used.
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The adsorption kinetic data were analyzed by pseudo-first-order and pseudo-second-
order kinetic models using the following equations:

Pseudo-first-order kinetic model:

qt = qe

(
1− e−k1t

)
(4)

Pseudo-second-order kinetic model:

t
qt

=
1

q2
e k2

+
t
qe

(5)

where k1 (min−1) and k2 (min−1) are the pseudo-first-order rate constant and pseudo-
second-order rate constant, respectively.

The adsorption isotherm data were analyzed using the Langmuir and Freundlich
isotherm models as follows:

Langmuir isotherm model:

qe =
KLqmCe

1 + KLCe
(6)

Freundlich isotherm model:
qe = KFC1/n

e (7)

where KL (L/mg) is the Langmuir constant; qm (mg/g) is the maximum adsorption capacity;
KF and n are the Freundlich constants.

2.6. Theoretical Calculations

In this study, the effects of different pore sizes on the adsorption of F-53B by co-
conut shell activated carbon were investigated using a slit pore model. The model of
coconut shell activated carbon was modified from the original graphite carbon model
(11 × 11 × 1 supercell) according to the atomic ratio obtained from the elemental analysis
results, in which several common oxygen-containing groups were considered for the cor-
responding oxygen elements, such as heteroepoxy atoms, hydroxyl groups, and carboxyl
groups. It is inferred that the coconut shell activated carbon exhibits varying degrees of
defects because the oxygen content of the three materials is high.

In addition, GCMC simulation combined with MD was used to study the adsorption
mechanism of F-53B by coconut shell activated carbon. All calculations were carried out
in Materials Studio 7.0. The model of coconut shell activated carbon was optimized by
the Forcite module. In the optimization, the convergence standards of energy, force, and
displacement were 1 × 10−4 kcal/mol/Å, 1 × 10−5 kcal/mol, and 5 × 10−5 Å, respectively.
Based on the optimized model, the fixed loading task of the Sorption module is used to
calculate the adsorption interaction energy curve of a single F-53B molecule in coconut
shell activated carbon models with different pore sizes. The van der Waals force involved
in the adsorption process is described by Lennard-Jones 12-6 [27], and its parameters are
derived from the UFF force field [28]. The electrostatic force is calculated using the Ewald
method. The charge of the skeleton atom is calculated by the QEq method, while the atomic
partition charge of the F-53B molecule is calculated by the ESP method. Before charge
calculation, F-53B molecules should be optimized with the DMOL3 module in fine quality.
The basis set is GGA/PBE, and the dispersion force is corrected by Grimme. In order to
accurately simulate the adsorption behavior of F-53B molecules in the skeleton, the motion
of F-53B is described by different moving types, including insertion, deletion, translation,
regeneration, and rotation. The total number of steps for both initialization and balancing
is 2 × 105, and the simulated cut-off radius is 12.0 Å.

The radial distribution function (RDF) curve is often used to qualitatively analyze
the strength of interactions between different sites in the adsorbent molecule and different
sites in the adsorbate molecule [29–31]. In this study, the RDF curves between different
sites in a single F-53B molecule and different adsorption sites in the coconut shell activated
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carbon skeleton were calculated using Materials Studio 7.0. The Locate task of the Sorption
module is used to insert an F-53B molecule into the coconut shell activated carbon model.
The Dynamic task in the Forcite module is used to conduct a dynamic simulation of the
coconut shell activated carbon model that adsorbs a single F-53B molecule. The NVT
ensemble is used to achieve the system’s equilibrium, and the temperature is adjusted
by the Nose–Hoover hot bath method, and then the NVE ensemble is used to calculate
the equilibrium system further. The step size of the two calculations is 1 fs, and the total
time is 10 ns. Based on the calculation results, the self-diffusion coefficient of a single
F-53B molecule in different coconut shell activated carbon models was also calculated
(Equation (8)).

DS =
1
6

lim
t→∞

d
dt
(

1
N

N

∑
i=1

[ri(t)− ri(t0)]
2) (8)

where N is the number of F-53B molecules, and ri(t) is the location of the F-53B molecule i
at time t.

3. Results and Discussion
3.1. Characterization of Coconut Shell Activated Carbon

The adsorption capacity of adsorbents is closely related to the specific surface area and
pore structure of the adsorbents [32]. In order to investigate the effect of different activation
temperatures on the pore structure of coconut shell-activated carbon, N2 adsorption and
desorption experiments were carried out on the prepared coconut shell-based activated
carbons at 77 K. As shown in Figure 2a, the N2 adsorption-desorption isotherms of three
coconut shell activated carbons are all type I, and when the relative pressure P/P0 is less
than 0.1, the adsorption amount of N2 increases rapidly, indicating that three coconut shell
activated carbons all have a rich microporous structure. The P and P0 represent the actual
pressure and saturated vapor pressure of N2 at the measured temperature, respectively. The
relative pressure P/P0 can be increased by increasing the input of N2, which enhances the
adsorption of N2 on adsorbents. According to the International Union of Pure and Applied
Chemistry (IUPAC) classification, there are six types of N2 adsorption-desorption isotherm
curves. The N2 adsorption-desorption isotherms of activated carbons usually exhibit type
I, suggesting that they are microporous [33,34]. The results of pore size distribution further
confirmed that the three kinds of coconut shell activated carbons were mainly micropores,
which were mainly distributed at 0.8 nm, 1.2 nm, and 1.5 nm, and had a small number
of mesoporous pores (>2 nm) (Figure 2b). According to the parameters of pore structure
(Table 1), the specific surface area and total pore volume of coconut shell activated carbon
increase with the increase of activation temperature, which can be attributed to the fact
that the increase of activation temperature promotes the corrosion of KOH to the coconut
shell carbon and promotes the formation of nanopores. During the corrosion process,
potassium-containing compounds such as K2CO3, K2O, and K were formed. When the
activation temperature further reaches the boiling point of metal potassium (762 ◦C), the
potassium vapor escapes and diffuses into the carbon layer, resulting in an enlarged carbon
lattice and richer nanopore structure.

Table 1. Specific surface area and total pore volume of three coconut shell-activated carbons.

Samples SBET/(m2/g−1) V tol/(cm3/g)

CSAC_600 1117 0.49
CSAC-700 1355 0.56
CSAC-800 1509 0.71

The elemental analysis results of coconut shell activated carbons are shown in Table 2.
As the activation temperature increased from 600 ◦C to 800 ◦C, the carbon content of
the coconut shell activated carbon increased, indicating that the activation temperature
increased the carbonization degree of the coconut shell carbon [35]. The decrease in the
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content of hydrogen and oxygen elements may be due to the escape of gases (such as water
vapor (H2O) and potassium oxide (K2O) gas) produced in the process of high-temperature
pyrolysis [36,37]. The escape of gases creased a complex porous network and increased the
specific surface area of coconut shell activated carbons (Figure 2 and Table 1).
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Table 2. Elemental analysis results for coconut shell activated carbon.

Samples C (%) H (%) O (%)

CSAC_600 73.83 1.21 24.96
CSAC_700 77.59 1.00 21.41
CSAC_800 84.75 0.26 14.99

3.2. Adsorption Kinetics

The adsorption kinetics of F-53B by three coconut shell activated carbons were inves-
tigated in this study, and the results are shown in Figure 3a. At the first 20 min, F-53B
was quickly adsorbed to coconut shell activated carbon, which can be attributed to the
large number of adsorption sites on the coconut shell activated carbons. Due to the long
hydrophobic C-F chains in F-53B (Figure 1) and the hydrophobicity of activated carbon,
the hydrophobic interaction contributed to the quick adsorption of F-53B onto coconut
shell activated carbon [38]. In addition, π-π interaction also contributes to the adsorption
of F-53B onto coconut shell activated carbon [39,40]. With the progress of adsorption,
the adsorption sites were gradually occupied by F-53B molecules, and the density of ex-
posed adsorption sites decreased. Therefore, the concentration difference between the
F-53B molecules adsorbed on the surface of coconut shell activated carbon and the F-53B
molecules in solution decreased, the driving force for F-53B diffusion weakened, and the
adsorption rate slowed down. After reactions for 60, 180, and 420 min, the adsorption
of F-53B on CSAC800, CSAC_700, and CSAC-600 was closed to equilibrium, respectively.
CSAC_800 has a higher adsorption rate for F-53B, which may be due to the larger specific
surface area and pore volume of CSAC_800 than that of CSAC_600 and CSAC_700 (Table 1).
After reactions for 24 h, the adsorption capacity of CSAC_800 and CSAC_700 for F-53B was
approximately the same, and the removal rate of F-53B was about 100%, both higher than
that of CSAC_600 (87.7%) (Figure 3b). This was attributed to the excess adsorption sites of
CSAC_800 and CSAC_700 at the initial concentration of 0.2 g/L for 50 mg/L F-53B, and the
CSAC_800 and CSAC_700 did not reach adsorption saturation when F-53B in the system
was completely adsorbed. However, the lower specific surface area and small number of
adsorption sites of CSAC_600 resulted in its lower adsorption capacity for F-53B.
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The adsorption kinetics of F-53B were further analyzed using pseudo-first-order and
pseudo-second-order kinetic models (Figure 4 and Table 3). The fitting results showed
that the experimental data were better fitted by the pseudo-second-order kinetic model
than that by the pseudo-first-order kinetic models, along with much higher correlation
coefficient values (R2 ≥ 0.9999) (Table 3), indicating that the adsorption of F-53B involved
chemical reactions rather than only physical diffusion [41].
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Table 3. Kinetic parameters of pseudo-first-order and pseudo-second-order models.

Kinetic Models Kinetic Parameters CSAC_600 CSAC_700 CSAC_800

Pseudo-first-
order

qe/(mg·g−1) 81.43 76.38 43.36
k1/(min−1) 0.005 0.007 0.010

R2 0.8222 0.8573 0.7119

Pseudo-second-
order

qe/(mg·g−1) 219.30 250.63 250.63
k2/(g·mg−1·min−1) 8.6 × 10−4 1.19 × 10−3 2.4 × 10−3

R2 0.9999 0.9999 0.9999
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3.3. Adsorption Isotherm

Figure 5 exhibits the adsorption isotherms of F-53B by three coconut shell-activated
carbons. The adsorption capacities of coconut shell activated carbons for F-53B increased
quickly at low concentrations (<10 mg/L) and then increased slowly to equilibrium at
high concentrations (>10 mg/L). The rapid adsorption performance at low concentrations
indicated that the coconut shell activated carbons were very effective in removing F-53B
from wastewater. As shown in Figure 5, CSAC_800 has the highest adsorption capacity
for F-53B, followed by CSAC_700 and CSAC_600, which may be attributed to the fact that
CSAC_800 has a larger specific surface area and a larger number of adsorption sites than
that of CSAC_700 and CSAC_600.
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Figure 5. Adsorption isotherms of F-53B on CSAC adsorbents at 25 ◦C.

The adsorption isotherm of F-53B was further analyzed using the Langmuir and
Freundlich models. As shown in Figure 6, the Langmuir model is described much better
than the Freundlich model, with a higher R2 for the Langmuir model (≥0.9664) than that
for the Freundlich model (≤0.8733) (Table 4), indicating that the adsorption of F-53B on
coconut shell activated carbons was mainly monolayer adsorption [42]. According to the
fitting results of Langmuir models, the maximum adsorption capacities of CSAC_800,
CSAC_700, and CSAC_600 were 537.63 mg/g, 476.19 mg/g, and 396.83 mg/g, respectively,
being consistent with the experimental results (Figure 5) that CSAC_800 has a higher
adsorption capacity for F-53B than CSAC_700 and CSAC_600. Compared with previous
studies (Table 5) [23,43,44], the adsorption capacity of coconut shell activated carbons for F-
53B was higher than that of alumina nanopowder, alumina nanowires, hydrophilic bentonite
nanoclay, and surface modified nanoclay, but lower than that of anion-exchange resin IRA67
and layered double hydroxides. Given that the actual wastewater contains other pollutants
(such as heavy metals), the adsorption capacity of coconut shell activated carbons for F-53B
may be reduced when treating the actual wastewater, which needs further investigation.

Table 4. Adsorption isotherm parameters of the Langmuir and Freundlich models.

Isotherm Models Isotherm Parameters CSAC_600 CSAC_700 CSAC_800

Langmuir
qm/(mg·g−1) 396.83 476.19 537.63
KL/(L·mg−1) 0.41 1.44 4.56

R2 0.9664 0.9923 0.9963

Freundlich
n 6.02 7.01 5.10

KF/(mg·g−1)·(L·mg−1)1/n 185.22 278.98 372.97
R2 0.8733 0.6619 0.8329
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Table 5. Adsorption capacity of some adsorbents for F-53B.

Adsorbents Adsorption Capacity (mg·g−1) Reference

CSAC_600 396.83 This work
CSAC_700 476.19 This work
CSAC_800 537.63 This work

Alumina nanopowder 0.87 [43]
Alumina nanowires 0.09 [43]

Hydrophilic bentonite nanoclay 0.01 [43]
Surface modified nanoclay 2.47 [43]

Anion-exchange resin IRA67 2232.3 [23]
Layered double hydroxides >860 [44]

3.4. Theoretical Calculations

The nanopores of coconut shell-activated carbons provide a good place for the adsorp-
tion of F-53B. To investigate the adsorption of F-53B on coconut shell activated carbons
with different pore sizes, the adsorption energy was calculated. Since the pore sizes of these
three materials are mainly distributed at 0.8 nm, 12 nm, and 1.5 nm, the adsorption energy
of F-53B on coconut shell activated carbons with these three pore sizes was calculated in
this study. As shown in Figure 7a, under the condition of a 0.8 nm pore size, the adsorp-
tion energies of F-53B on CSAC_600, CSAC_700, and CSAC_800 were −52.8 kcal/mol,
−52.6 kcal/mol, and −46.7 kcal/mol, respectively, indicating that the adsorption energy of
F-53B on CSAC_800 was lower than that of CSAC_600 and CSAC_700. Moreover, under
the conditions of 1.2 nm and 1.5 nm pore sizes, the CSAC_800 also had a lower adsorption
energy for F-53B than the CSAC_600 and CSAC_700 (Figure 7b,c). The lower adsorp-
tion energy is favorable for the adsorption of F-53B onto coconut shell activated carbons;
thus, the results (Figure 7) of this work indicate that F-53B is transported more easily in
CSAC_800 than in CSAC_600 and CSAC_700 at all pore sizes studied. Due to the high
content of oxygen in CSAC_600 (Table 2), its degree of defect is large, which resulted in
the adsorption energy between F-53B and different sites on CSAC_600 varying greatly.
Therefore, when the pore size increased to 1.2 nm and 1.5 nm, the adsorption energy curves
of F-53B on CSAC_600 showed two different peaks (Figure 7b,c). Table 6 exhibits the
self-diffusion coefficients of F-53B molecules in CSAC absorbents with different pore sizes.
It can be found that CSAC_800 had the highest self-diffusion coefficients under all studied
pore sizes, which was attributed to the lowest adsorption energy of F-53B on CSAC_800
(Figure 7). Furthermore, CSAC_800 had the highest self-diffusion coefficients, which was
one of the reasons why CSAC_800 had a higher adsorption rate for F-53B than CSAC_600
and CSAC_700 (Figure 3a).
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Table 6. The self-diffusion coefficients of F-53B on three coconut shell- activated carbons with different
pore sizes.

Pore Sizes CSAC_600 CSAC_700 CSAC_800

0.8 nm 7.08 10.07 9.82
1.2 nm 9.20 9.38 8.90
1.5 nm 13.92 14.50 13.70

To investigate the interaction between F-53B and CSAC_800, the RDF curves between
different atoms in F-53B and different adsorption sites on CSAC_800 are analyzed in this
study. As shown in Figure 8a, the shortest distance between F/Cl atoms in F-53 B molecules
and C atoms in CSAC_800 is more than 5 Å, while the shortest distance between O atoms
in F-53 B molecules and C atoms in CSAC_800 is 4.6 Å. In addition, the shortest distance
between F/Cl/O atoms in F-53 B molecules and O atoms in CSAC_800 is more than 5 Å
(Figure 8b). As shown in Figure 8c, the shortest distance between F-53B molecule and H
atoms in CSAC_800 is significantly smaller than that between F-53B molecule and other
atoms in CSAC_800, and the shortest distance between F, Cl, and O atoms in F-53B and
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H atoms in CSAC_800 is 3.67 Å, 2.85 Å, and 2.47 Å, respectively. This indicated that the
interaction between the F-53B molecule and CSAC_800 was dominated by the interaction
between F, Cl, and O atoms in F-53B and H atoms in CSAC_800, where the interaction
between O atoms in F-53B and H atoms in CSAC_800 was the most important.

Water 2023, 15, x FOR PEER REVIEW 12 of 15 
 

 

and H atoms in CSAC_800 is 3.67 Å, 2.85 Å, and 2.47 Å, respectively. This indicated that 
the interaction between the F−53B molecule and CSAC_800 was dominated by the inter-
action between F, Cl, and O atoms in F−53B and H atoms in CSAC_800, where the inter-
action between O atoms in F−53B and H atoms in CSAC_800 was the most important. 

 
Figure 8. RDF curves between different atoms in F−53B and elements (a) C, (b) O, and (c) H in 
CSAC_800. 

  

Figure 8. RDF curves between different atoms in F-53B and elements (a) C, (b) O, and (c) H in
CSAC_800.



Water 2023, 15, 4013 12 of 14

4. Conclusions

In this study, three coconut shell-active carbons were successfully synthesized via a
simple one-step KOH activation method. The coconut shell activated carbon synthesized
at 800 ◦C (CSAC_800) had a more developed nanopore structure than that synthesized
at 600 ◦C (CSAC_600) and 700 ◦C (CSAC_700), which is favorable for the adsorption of
F-53B. Adsorption experiments showed that the adsorption of F-53B on coconut shell active
carbons followed the Langmuir isotherm model and pseudo-second-order kinetic model.
The maximum adsorption capacity of CSAC_800 for F-53B was 537.63 mg/g, higher than
that of CSAC_600 (396.83 mg/g) and CSAC_700 (476.19 mg/g), which was attributed
to the higher specific surface area and larger number of adsorption sites of CSAC_800
for F-53B. The adsorption rate of CSAC_800 was also higher than that of CSAC_600 and
CSAC_700, which was attributed to the lower adsorption energy and higher self-diffusion
coefficients of CSAC_800 for F-53B. Considering the low cost and high performance of
coconut shell activated carbon, it is expected to add an adsorption process before the
coagulation treatment of electroplating wastewater to improve the removal efficiency of
F-53B. Overall, the results of this study indicated that the adsorptive removal of F-53B by
CSAC_800 has a good application prospect.
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Nomenclature

F-53B chlorinated polyfluoroalkyl ether sulfonates
CSAC_600 coconut shell activated carbon prepared at 600 ◦C
CSAC_700 coconut shell activated carbon prepared at 700 ◦C
CSAC_800 coconut shell activated carbon prepared at 800 ◦C
qt adsorption capacities at time t
qe adsorption capacities at equilibrium
qm the maximum adsorption capacity
C0 concentrations of F-53B at the adsorption times at zero
Ct concentrations of F-53B at the adsorption times at t
Ce concentrations of F-53B at the adsorption times at equilibrium
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