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ABSTRACT: Perfluorooctanoic acid (PFOA) persists in the environment
for a long time due to its stable physical and chemical properties, and it is
harmful to the environment and biological system. In order to effectively
remove PFOA from aqueous solution, Cu nanoparticles and fluorine-
modified graphene aerogel (Cu/F-rGA) were fabricated by the microbubble
template method. Compared with unmodified aerogels (rGA), the
adsorption rate of PFOA on Cu/F-rGA was enhanced 2.68-fold. These
significant improvements were assumed to benefit from the ligand exchange
reaction and hydrophobic and F−F interactions. The regeneration of Cu/F-
rGA maintained 73.26% with ethanol as the desorption solvent after 10 times
adsorption−desorption. The fitting results of the statistical physics model
showed that PFOA tended to be parallel to the adsorption site at low
temperature and perpendicular at high temperature. The number of PFOA
molecules connected to each adsorption site was 0.53 to 1.41, and the
number of adsorption layers of PFOA on the Cu/F-rGA was between 1.63 and 2.51. Compared with the response surface
methodology and artificial neural network, an adaptive neuro-fuzzy inference system had more accurate analysis and prediction
results. These results provide an effective and alternative strategy to remove PFOA from aqueous solution with environment-friendly
consumption.

1. INTRODUCTION
Per- and polyfluoroalkyl substances (PFASs) are a series of
synthetic organic chemicals and are widely used in industrial
and consumer products.1−4 PFOA is one of the most stable
PFASs, and some long-chain PFASs and precursors can form
PFOA after degradation.5 However, due to its specific physical
and chemical properties (Table S1), PFOA persists in the
environment for a long time without being degraded by various
approaches. This led to the concentration of PFOA in some
environmental media, especially in water environments,
reaching the level of μg L−1 or even mg L−1.6 Therefore,
PFOA is transferred and circulated in the ecosystem through
various media. For example, PFOA could be detected in soil,
water, plants, and even polar glaciers in the environment.7−10

This is a serious threat to the health of organisms and
humans.11,12 Therefore, it is an urgent task to effectively
remove PFOA from an aqueous medium, especially from tap
water.
Nowadays, the traditional treatment methods, such as the

flocculation, sand filtration, catalysis, and so on, were widely
used to remove PFOA in water.13−19 However, the effect of
these methods was not optimistic, or some harmful
intermediate products were produced, which limited their
large-scale application.20 The adsorption method has the
advantages of low cost, simple operation, high efficiency, and
environmental friendliness and has been widely used to remove

pollutants in aqueous solutions. Traditional adsorbents, such as
activated carbon and mineral materials, can absorb PFOA from
high-concentration wastewater.21,22 However, the adsorption
efficiency of these adsorbents was not as high as expected.23

Therefore, it is necessary to develop novel adsorption materials
or technologies with a high adsorption capacity and high
adsorption rate.
Some studies found that the adsorption capacity of PFOA

on carbon-based materials such as biochar or carbon
nanotubes was higher than that of minerals and sedi-
ment.3,24−26 This was due to the excellent hydrophobicity of
carbon nanotubes and biochar. In addition, metal nanoparticles
(i.e., zero-valent iron, Fe2O3, and Fe3O4) had an outstanding
removal effect on PFOA.27−30 Complex exchange and
hydrogen bonding played indelible roles in this process.31−33

However, the particle sizes of carbon nanotubes and metal
nanoparticles were so fine that they need high-speed
centrifugal separation or filtration to achieve solid−liquid
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separation.31 Likewise, this caused great resistance to industrial
promotion.
Graphene oxide (GO) has abundant oxygen-containing

functional groups and has high dispersity and functionality in
aqueous media. In addition, GO is ideal as a starting material
for the preparation of functional materials such as aerogel
because the oxygen moieties presence on the basal plane and
edges can covalently react with different compounds.34

Compared with the adsorbent with a loose structure, the
stable three-dimensional structure of aerogel makes it possible
to achieve solid−liquid separation through simple filtration
after equilibrium adsorption. This greatly simplifies the
separation process and reduces the operation cost.34 The
network of aerogel possesses a high surface area, low density,
and high porosity, which makes it have great application
potential in the treatment of pollutants.35

Based on previous research studies, carbon nanotubes
loaded with metal nanoparticles improved their adsorption
capacity for PFOA.31,36 In addition, the F−F interaction had a
positive effect on the removal of PFASs.37 Therefore, in this
study, it is hypothesized that the graphene aerogel loaded with
Cu nanoparticles (Cu NPs) and doped with F elements can
increase the adsorption capacity of PFOA. That is, the F
element was doped into the graphene structure first, and then
the three-dimensional aerogel was prepared by the micro-
bubble template method. Finally, the Cu NPs were loaded
onto the aerogel. The modified aerogel was used to study the
adsorption behaviors of PFOA through adsorption kinetics,
isotherms, and the influence of environmental factors and
comprehensively evaluate the adsorption potential and
application value of the aerogel to PFOA.

2. RESULTS AND DISCUSSION
2.1. Characterization of Cu/F-rGA. In order to be used in

different environments, Cu/F-rGA needs a stable structure.

After equilibrating in different pH values (4, 7, and 10), ionic
strengths (10, 50, and 100 mM), and liquid media (ethanol,
acetone, and chloroform) for 48 h, Cu/F-rGA still maintained
its original shape and did not spread into the medium (Figure
S1). This showed that Cu/F-rGA can remove PFOA in
different liquid environments. Figure 1a exhibits the SEM
image of Cu/F-rGA. It had a honeycomb structure with a
diameter of 100−250 μm. This structure can greatly improve
the stability of the three-dimensional structure of Cu/F-rGA.38

Figure 1b shows the nitrogen adsorption−desorption
isotherms of Cu/F-rGA. The obvious H3 hysteresis loops
indicated that Cu/F-rGA had a rich mesoporous structure.39

This was conducive to the diffusion of solution inside Cu/F-
rGA. In addition, the embedded graph in Figure 1b showed
that the pore size of Cu/F-rGA ranged from 1.18 to 14.76 nm,
and it mainly contains micropores (1.27 nm) and mesopores
(3.43 nm). The physical and chemical properties of the
prepared aerogels are listed in Table S2. The results showed
that the specific surface area (SSA) of F-rGA was improved by
doping an F element. This was attributed to the fact that the
doping of the F element increased the spacing of graphene
sheets.40 However, the SSA of Cu/F-rGA was smaller than that
of other aerogels. This was mainly due to the load of Cu NPs,
which caused partial pore size of the aerogel to be blocked.
In the XRD pattern of Cu/F-rGA, the diffraction peaks of

Cu NPs (JCPDS card no. 04-0836) appeared at 43.3, 50.5, and
74.3° (Figure 1c), respectively. In addition, the diffraction
peaks of CuO (JCPDS card no. 05-0661) appeared at 32.4 and
61.7°. The possible cause of CuO was that Cu NPs were
oxidized in air. A graphite diffraction peak of rGO appeared at
2θ = 25.8°. This was because GO was reduced to form rGO
under the action of L-ascorbic acid. In addition, the results of
EDS in Figure S2 showed that C, O, F, and Cu elements were
distributed on Cu/F-rGA. This indicated that the F element

Figure 1. Characterization of Cu/F-rGA. (a) SEM, (b) nitrogen adsorption−desorption isotherms of Cu/F-rGA (inset: the corresponding pore
size distribution curves), (c) XRD patterns, and (d) FTIR spectra before and after the adsorption.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.1c00044
ACS Omega 2021, 6, 7073−7085

7074

http://pubs.acs.org/doi/suppl/10.1021/acsomega.1c00044/suppl_file/ao1c00044_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.1c00044/suppl_file/ao1c00044_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.1c00044/suppl_file/ao1c00044_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.1c00044/suppl_file/ao1c00044_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00044?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00044?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00044?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00044?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.1c00044?ref=pdf


was doped on the graphene, and the Cu NPs were also loaded
on the aerogel.
Functional groups of Cu/F-rGA were identified by the FTIR

spectrum and are exhibited in Figure 1d and Figure S3b. The
peak at 1420 cm−1 was ascribed to the C−F bond because F
atoms were doped on graphite.41 The band appeared at 3432
cm−1 was due to the stretching of O−H. This attributed to the
coordination between OH and Cu NPs.42 The peaks at 528
and 559 cm−1 were the characteristic peaks of Cu−O,
belonging to Cu−OH and CuO, respectively.43

2.2. Adsorption Trait. 2.2.1. Adsorption Kinetics. Figure
2 shows the adsorption kinetics of PFOA on GO and the
aerogels, and the results were fitted by different models. It was
clearly seen in Figure 2a that PFOA was rapidly transferred to
the aerogel surface at the initial 60 min. In the next 60−360
min, PFOA slowly diffused into the aerogels and then reached
the equilibrium of adsorption (>360 min). In the initial stage,
there were a large number of adsorption sites on the surface of
the aerogels, which rapidly bound PFOA in the solution.31 As
the adsorption proceeded, PFOA diffused into the aerogels,
and the available effective adsorption sites gradually decreased.
Therefore, the adsorption rate decreased, and the adsorption
equilibrium gradually reached. Relatively speaking, the
adsorption process of PFOA on GO was shorter than this
time. This was mainly because GO had a loose structure, and
there was no barrier or obstacle to the PFOA diffusion.
In order to understand the adsorption process in detail, four

different kinetic models were used to fit the transient behavior
of the adsorption process. By comparing the correlation

coefficient r2, the pseudo-second-order model was more
suitable to describe the adsorption behavior of PFOA on
Cu/F-rGA. This showed that the adsorption process involved
both physical and chemical adsorption. The initial adsorption
rate (v0) of PFOA on Cu/F-rGA was 0.7813 mg g−1 min−1,
which was 2.68 times of that of rGA (Table S3). It indicated
that the adsorption rate was improved by grafted F elements
and Cu NPs. As reported, the rate constants of bamboo-
derived activated carbon and Fe3O4 nanoparticle-loaded
activated carbon were around 2.62 × 10−5 and 3.94 × 10−4

g mg−1 min−1, respectively.32,44 Cu/F-rGA showed a higher
adsorption rate, which may be related to its more regular pore
structure than activated carbon. The fitting results of the
intraparticle diffusion model (Figure 2b) and Boyd model
(Figure 2c) also showed that intraparticle diffusion was the
main rate control step of PFOA adsorption on rGA, while the
adsorption rates of PFOA on F-rGA, Cu-rGA, and Cu/F-rGA
were controlled by both boundary diffusion and intraparticle
diffusion.31

2.2.2. Adsorption Isotherms. The adsorption of PFOA on
aerogels is shown in Figure 3. The results in Figure 3a showed
that the adsorption capacity of PFOA on Cu/F-rGA was
significantly higher than that of the control group. For
example, when the equilibrium concentration of PFOA was 2
mg L−1, the adsorption capacity of Cu/F-rGA was 17.86 mg
g−1, while the adsorption capacities of GO, rGA, F-rGA, and
Cu-rGA were 1.51, 3.76, 6.24, and 13.72 mg g−1, respectively.
The adsorption capacity of PFOA on Cu/F-rGA was increased
about 4.75-fold in comparison with rGA. Compared with

Figure 2. Adsorption kinetic data of PFOA on GO, rGA, F-rGA, Cu-rGA, and Cu/F-rGA were fitted by (a) pseudo-first-order model and pseudo-
second-order models, (b) intraparticle diffusion model, and (c) Boyd model.

Figure 3. Adsorption isotherm data of PFOA on (a) GO, rGA, F-rGA, Cu-rGA, and Cu/F-rGA, and (b) normalized by the specific surface area.
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boehmite, graphene oxide, and lanthanum-modified graphene
oxide, Cu/F-rGA had higher adsorption capacity.45,46 This
may be attributed to the large surface area, F−F interaction,
and complex reaction of Cu/F-rGA.
As we know, the specific surface area was a very important

factor for affecting the adsorption.24 The adsorbents used in
this study had different SSAs, which had different effects on the
adsorption results. In order to eliminate the difference of
adsorption capacity caused by the SSA, the adsorption capacity
of these adsorbents was standardized by the SSA (Figure 3b).
The adsorption capacity and adsorption trend of PFOA on
these adsorbents did not significantly change. This indicated
that the SSA was not the only key factor to affect the
adsorption process. Some other factors also played an
irreplaceable role in the adsorption.
The F−F interaction was formed with CF2 and CF3 of

PFOA after the F element doped on GO, which improved the
adsorption capacity of Cu/F-rGA.47 In addition, after loading
Cu NPs onto aerogels, PFOA formed spherical complexes
through complexation to enhance its adsorption capacity.31 It
should be noted that after the adsorption process, Cu ions
were detected in the supernatant and its content occupied only
0.47% of the total content of Cu NPs in Cu/F-rGA, but no F
ions were detected. Cu ions can form bridges between Cu/F-
rGA and PFOA, which promoted the adsorption capacity of
Cu/F-rGA.31

Some theoretical models were also used to analyze the
adsorption of PFOA on Cu/F-rGA. At present, the most
frequently used models were the traditional classical
adsorption models, Langmuir and Freundlich (Eqs S5 and
S6, respectively).48,49 As it is known, the two models assumed
that the adsorption of the adsorbate was only carried out by
forming uniform adsorption layer(s), without considering the
influence of the properties of the adsorbent and the adsorbate
on the adsorption. The statistical physics model comprehen-
sively considers the influence of a variety of external factors on
the adsorption, which made the fitting result more close to the
actual process. Therefore, the statistical physics models
(models 1−3) were selected to analyze the adsorption
isotherm of Cu/F-rGA (Figure 4). By comparing R2 and
RMSE calculated in Table S4, it was determined that model 3
had an ideal fitting effect on adsorption isotherm results. At the
same time, the fitting parameters of model 3 are listed in Table
S5.

The captured number (n) of PFOA molecules on Cu/F-rGA
was different at different temperatures. For instance, the n
value was 1.32 at 35 °C, which indicated that one or two
PFOA molecules were attached to an adsorption site at this
temperature. ξ and 1 − ξ represent the percentage of one and
two PFOA molecules, respectively, that is, 1 × ξ + 2 × (1 − ξ)
= 1.32. Therefore, 68% of the adsorption sites were anchored
by one PFOA molecule, and 32% was anchored by two PFOA
molecules. When n < 1 (20−30 °C), one PFOA molecule
occupied multiple adsorption sites. In addition, the change in
the value of n indicated that the orientation of adsorbed PFOA
on Cu/F-rGA was angularly changed.50 It tended to be parallel
to the adsorption site at low temperature and perpendicular at
high temperature.51 The similar results were also obtained by
the research of Deng et al.24

The density of receptor sites on Cu/F-rGA dropped from
25.51 to 12.54 mg g−1 (Table S5) with the increase in
temperature from 20 to 40 °C. As the temperature increased,
the amount of PFOA anchored to the adsorption sites of Cu/
F-rGA increased. This limited the accessible free adsorption
space of Cu/F-rGA, which resulted in a decrease in NM with
increasing temperature.
With the increase in temperature, the total adsorption layers

(NC = 1 + N2) formed on the Cu/F-rGA surface decreased
from 2.51 to 1.63. On the one hand, the temperature increase
weakened the stability of the Cu/F-rGA electrical double layer
and reduced the adsorption capacity of PFOA molecules in the
outer layer.52 On the other hand, the increase in temperature
weakened the hydrophobicity of PFOA molecules and at the
same time strengthened the thermal vibration of PFOA
molecules. Finally, this reduced the adsorption layer formed
by PFOA molecules on Cu/F-rGA.53,54

2.2.3. Adsorption−Desorption and Recycling of Cu/F-rGA.
By studying the adsorption kinetics and isotherm of PFOA on
aerogels, it could be known that Cu/F-rGA had the best
removal effect. Therefore, the desorption behavior of Cu/F-
rGA was subsequently explored, and several different electro-
lyte solutions were used as desorption solvents. The
adsorption−desorption results are shown in Figure S4a−c.
With the increase in the desorption cycles, the adsorption
amount of PFOA on Cu/F-rGA gradually decreased. After the
fifth desorption process, the desorption rates were 32.42,
52.31, and 74.46% with 1 mM Na2SO4, 100 mM Na2SO4, and
ethanol, respectively. With the increase in ionic strength, more
SO4

2− formed competitive adsorption with PFOA, which led to

Figure 4. Adsorption isotherm data were fitted by (a) Langmuir, Freundlich, and model 3 obtained at 25 °C and (b) model 3 at different
temperatures.
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the desorption of PFOA into the solution. Ethanol was an
organic solvent with higher solubility of PFOA than water,
which led to the desorption of adsorbed PFOA into ethanol.55

Compared with high ionic strength, ethanol was more decisive
for the desorption of PFOA.
The regeneration and reusability of Cu/F-rGA were

determined through multiple adsorption−desorption processes
(Figure S4d). The results showed that after 10 times
adsorption−desorption, the adsorption capacity of PFOA on
Cu/F-rGA still maintained 73.26% of its initial capacity.
Compared with the initial removal ratio of 79.58% (the 0 cycle
in Figure S4d), the removal ratios of PFOA on Cu/F-rGA
decreased after 10 times desorption, and the removal ratios
were stable at 57.50−64.04%. This indicated that the removal
ratio of Cu/F-rGA had no significant change after multiple
desorption. The PFOA desorbed into the electrolyte was
absorbed by the Cu/F-rGA through the physical adsorption
such as the F−F interaction and hydrophobic interaction. The
doping of F elements improved the apparent removal ratio of
Cu/F-rGA through the F−F interaction.37 Meanwhile, the
PFOA molecules adsorbed by the chemical adsorption such as
the complexation reaction between Cu NPs and PFOA were
finally fixed on the Cu/F-rGA and little PFOA molecules were
desorbed into the solution.56 So, Cu/F-rGA could effectively
remove PFOA from water by using ethanol and possessed
excellent potential of regeneration and reuse.
2.3. Simulation. As a traditional research method, the

control variable method is not only time-consuming and
tedious but also does not completely describe the compre-
hensive effect of each variable in the adsorption process. This
may lead to misinterpretation in the analysis of the results. In
order to overcome these shortcomings, some statistical
methods, such as the response surface method (RSM),
artificial neural networks (ANNs), and adaptive neuro-fuzzy
inference system (ANFIS), were used in the analysis. The RSM

is useful for analyzing the effects of several independent
variables.57 It can assess the relationships between the
response(s) and the independent variables. The ANN has
reliable and salient characteristics in capturing the nonlinear
relationships existing between variables.57 The ANFIS can mix
the learning effect of the ANN and the reasoning effect of the
FIS, to result in a more realistic result.58 Therefore, the three
different methods were used to simulate the effect of variable
factor (adsorbent dosage, pH, ionic strength, and temperature)
on the removal rate of PFOA.

2.3.1. Analysis of CCD and RSM. Table 3 lists the design
matrix of variable factors and corresponding results, including
experimental values and predicted response values. The results
were evaluated and analyzed by ANOVA (Table 4) using
Design-Expert 11, and the approximate function (eq 1)
between the variable factor and PFOA removal rate was
obtained. The predicted response values corresponding to the
variable factors are shown in Figure 5a. According to ANOVA
analysis, the r2 value of the model function was 0.9811, and
adjusted r2 was 0.9663, which indicated that the model
accurately predicted the removal rate of PFOA.59 In addition,
the F-value of the model was 27.6902 and p-value was <0.0001,
which proved that the model had statistical significance and
was suitable for simulating the adsorption process of PFOA on
Cu/F-rGA.

= + − −

− − −

− + +

+ − +

−

y x x x

x x x

x x x x

x x x x x x

x x

31.63188 10.01542 0.86833 0.14881

0.23150 0.23430 0.05664

0.00006 0.00414 0.03859

0.01055 0.0024 0.00730

0.00219

1 2 3

4 1
2

2
2

3
2

4
2

1 2

1 3 1 4 2 3

2 4 (1)

The corresponding response surface is generated in Figure
S5. The response surface also proved that the dosage of Cu/F-

Figure 5. Removal rate of PFOA on Cu/F-rGA. The experimental values were compared with the predicted response values of (a) RSM, (b) ANN,
and (c) ANFIS. (d) Comparison of predicted response values of the RSM, ANN, and ANFIS.
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rGA had a significant effect on the removal rate of PFOA, and
the pH value of the solution had a second effect on it. The
ionic strength and temperature within the selected range had
little effect. As the dosage of Cu/F-rGA increased, the number
of available effective adsorption sites increased accordingly,
thereby improving the removal rate of PFOA. The increase in
the pH value caused the surface of the adsorbent to appear
electronegative, which increased the electrostatic repulsion of
PFOA anions, and this reduced the adsorption capacity of
PFOA on Cu/F-rGA.
2.3.2. Analysis of ANN. In this study, the most suitable

ANN topology included four input layers, a hidden layer with
10 neurons, and an output layer. Among them, the number of
neurons in the hidden layer was considered by training various
ANN topologies and selecting the best topology based on the
smallest epochs and MSE.60 As shown in Figure S6, when the
hidden layer contains 10 neurons, the epoch and MSE were
the smallest. Therefore, an ANN with a 4-1-1 topology was
selected to determine the correlation between the PFOA
removal rate and variable factors. Figure S7 shows the training,
test, and validation results under the ANN topology, and r2 was

higher than 0.99. Figure 5b,d shows that the predicted
response values obtained under the ANN topology were
highly consistent with the experimental values, indicating that
the ANN could be used to predict the removal rate of PFOA
on Cu/F-rGA under a specific adsorbent dosage, pH, ionic
strength, and temperature.

2.3.3. Analysis of ANFIS. The ANFIS architecture was
selected by evaluating the minimum MSE for verification and
running time (Figure S8).58 The results showed that when the
ANFIS contained three membership functions for adsorbent
dosage, three for pH, two for ionic strength, and two for
temperature, 36 multiple rules can be generated. The ANFIS in
this case had the most ideal topological structure for predicting
the adsorption of PFOA on Cu/F-rGA (Figure 5c,d). Figure
S9 shows the three-dimensional prediction graph between the
removal rate of PFOA and different variable factors. The
increase in the adsorbent dosage can significantly increase the
removal rate of PFOA; however, the increase in pH, ionic
strength, and temperature would inhibit the removal rate.
From this perspective, the predicted response values of the
ANFIS were consistent with experimental values.

Table 1. Error Rates of the RSM, ANN, and ANFIS Prediction Models

RSM ANN ANFIS

parameters training checking training checking training checking

R2 0.9811 0.8933 0.9989 0.9943 0.9995 0.9966
MSE 0.4094 3.5344 0.1954 1.2258 0.0992 0.6291
SSE 0.6398 1.8800 0.4421 1.1072 0.3150 0.7931
ARE 0.4128 2.0028 0.2835 1.3428 0.1952 0.9161

Figure 6. XPS (a, b) C 1s and (c, d) Cu 2p3/2 spectra of Cu/F-rGA before and after PFOA adsorption, respectively.
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2.3.4. Comparison of RSM, ANN, and ANFIS. The RSM,
ANN, and ANFIS were excellent models that could solve linear
and nonlinear multivariate variables. The three models were
used to predict the removal rate of PFOA on Cu/F-rGA under
given conditions, and the predicted response values were very
suitable for experimental values (Figure 5d). Unlike the ANN
and ANFIS, the RSM had a regression equation for predicting
and realizing optimal conditions for variables.59 However, the
main limitation of the RSM was that it can only solve the
correlation of second-order nonlinearity. In contrast, ANN and
ANFIS models could solve any form of nonlinearity.60 Table 1
lists R2, MSE, SSE, and ARE of the RSM, ANN, and ANFIS. It
indicated that compared with the RSM and ANN, the ANFIS
had better accuracy and predictability in predicting the
removal rate of PFOA on Cu/F-rGA. Therefore, the ANFIS
could effectively evaluate and predict the removal rate of
PFOA on Cu/F-rGA from aqueous solution.
2.3.5. Influence of Environmental Factors on Adsorption.

As the dosage of Cu/F-rGA increased, it could provide more
effective and available adsorption sites, which effectively
improved the removal rate of PFOA. According to the zeta
potential under different pH values in Figure S3, the zero
potential point (pHpzc) of Cu/F-rGA was about pH 6.3. When
the equilibrium pH of the solution was less than pHpzc, Cu/F-
rGA exhibited electropositivity, which can improve the
adsorption capacity of Cu/F-rGA for PFOA anions through
electrostatic attraction; when the equilibrium pH of the
solution was greater than pHpzc, Cu/F-rGA exhibited electro-
negativity, and the Cu/F-rGA surface carried large number of
positive charges and formed electrostatic repulsion with PFOA
anions, which inhibited the adsorption of PFOA. The
concentration of SO4

2− was increased with the increase in
ionic strength. So, the SO4

2− and PFOA anions formed
competitive adsorption and thereby weakened the adsorption
capacity of PFOA on Cu/F-rGA.61 In addition, the increase in
Na+ concentration can compress the electric double layer of
Cu/F-rGA, which would reduce the removal rate of PFOA by
Cu/F-rGA.62

2.4. Mechanisms of Adsorption. Cu/F-rGA was
characterized by FTIR and XPS before and after adsorption
to explore its combination with PFOA. After the adsorption,
two new peaks appeared near 1149 and 1208 cm−1,
respectively, which were speculated to be the vibration of
CF2 and CF3, respectively (Figure 1d and Figure S3b).40

However, at this time, the position of the peaks was slightly
shifted from the CF2 and CF3 characteristic peaks inherent in
PFOA (1148 and 1205 cm−1, respectively). This was due to
the ligand exchange reaction between PFOA and Cu NPs and
the F−F interaction between PFOA and doped F atoms.
As shown in Figure 6a,b, the characteristic peaks of CF2 and

CF3 belonging to PFOA in C 1s spectra appeared at 291.5 and
294.6 eV, respectively, after the adsorption. This indicated that
PFOA was adsorbed on the Cu/F-rGA. In addition, the Cu
2p3/2 spectrum slightly shifted to the high binding energy after
adsorption, indicating the complexation reaction between Cu
NPs and the PFOA anion (Figure 6c,d). In addition, the
intensity of the Cu−O−R peak in the O 1s spectrum increased
obviously (Figure S10), which indicated that the complexation
exchange occurred between Cu−OH and the carboxyl group of
PFOA in the adsorption.
Because the C−F chain of PFOA had strong hydrophobicity,

micelles or semimicelle aggregates of PFOA were easily formed
in water.63 In addition, the unmodified regions on Cu/F-rGA

were also quite hydrophobic. Therefore, the hydrophobic
interaction easily occurred in this area, which promoted PFOA
adsorbed on Cu/F-rGA. The free PFOA in the solution and
PFOA adsorbed on the Cu/F-rGA surface were also adsorbed
through the hydrophobic interaction. Meng et al. proved the
key role of the hydrophobic interaction in the adsorption of
PFOA.64

It was worth mentioning that the doping of the F element in
graphene had a positive effect on the adsorption of PFOA. The
doped F elements and the F atoms in the PFOA molecule form
an F−F interaction, thereby improving the adsorption capacity
of PFOA on Cu/F-rGA.37 In addition, by comparing the
adsorption capacity of PFOA on F-rGA and rGA (Figure 2a),
it also reflected the contribution of the F−F interaction.
In addition, hydrogen bonds also participate in the

adsorption of the PFOA anion on Cu/F-rGA. There were
abundant hydroxyl groups on the surface of Cu NPs, which
formed a complexation structure with water molecules.65 The
carboxyl and CF3 groups of the PFOA anion formed a
hydrogen bond with complex water molecules.65,66 Beyond
that, the oxygen-containing functional groups on the Cu/F-
rGA could adsorb PFOA through negative charge-assisted
hydrogen bonding.67

3. CONCLUSIONS

In this work, Cu/F-rGA was prepared by the microbubble
template method. Through a series of characterizations, such
as SEM, EDS, FTIR, XRD, and XPS, it was proved that the F
element was doped and Cu NPs were loaded on Cu/F-rGA.
The adsorption kinetics showed that the adsorption of PFOA
on Cu/F-rGA reached equilibrium within 360 min, and the
internal diffusion process was the main rate-limiting step. The
adsorption process involved physical and chemical adsorption.
The adsorption isotherm indicated that F doping and Cu NP
loading significantly increased the adsorption capacity of
PFOA on Cu/F-rGA. The adsorption isotherm from 20 to
40 °C showed that the density of receptor sites and the
number of adsorption layers of PFOA on Cu/F-rGA decreased
with the increase in temperature in the medium. The
hydrophobic interaction, ligand exchange reaction, F−F
interaction, and hydrogen bonding play important roles in
the adsorption. Ethanol can effectively regenerate Cu/F-rGA.
Three models of the RSM, ANN, and ANFIS were used to fit
the predicted response values of the removal rate of PFOA on
Cu/F-rGA under different variable factors. Compared with the
RSM and ANN, the ANFIS model had more accurate analysis
and prediction response values. These provided a theoretical
basis and microscopic explanation for the adsorption of PFOA
on Cu/F-rGA.

4. EXPERIMENTAL SECTION

4.1. Materials. Graphite powder (325 mesh) was
purchased from Qingdao Nanshu Ruiying Graphite Co., Ltd.
(Qingdao, China). PFOA (96% purity) was purchased from
KMF Laborchemie Handels GmbH (Germany). Other
chemicals and reagents (including acetonitrile, methanol,
ethanol, Na2SO4, etc.) used in the experiments were of
analytical grade or higher. PFOA stock solution was prepared
by dissolving in methanol and stored at 4 °C. In order to
reduce the cosolvent effect, the volume ratio of methanol in
aqueous solution of all adsorption systems was controlled
below 0.1%.
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4.2. Fabrication of F-rGA. GO was prepared from
graphite according to a modified Hummer’s method
(Supporting Information).68 In order to obtain F-rGA,
fluorinated GO (F-GO) was first prepared (Supporting
Information).40 In a typical fabrication process, 50 mg of F-
GO and 50 mg of sodium dodecyl sulfate (SDS) were
dispersed in 10 and 1 mL of deionized water, respectively, and
mixed evenly. Then, 100 mg of L-ascorbic acid (L-AA) was
added into the mixed solution. The template foams were
formed after stirring the mixed solution at 2500 rpm for 10
min. Then, the template foam was sealed and heated at 80 °C
for 12 h to obtain hydrogel. The hydrogel was frozen at −18
°C for 4 h and then thawed at 25 °C. The hydrogel was
washed several times with ethanol to remove unreacted
substances. F-rGA could be obtained by drying the hydrogel
at room temperature.

4.3. Fabrication of Cu/F-rGA. First, 16 mg of poly-
(vinylpyrrolidone) (PVP) and 80 mg of CuSO4·5H2O were
dissolved into 50 mL of deionized water. Then, 5 mg of F-rGA
was soaked in the above mixed solution at 25 °C for 24 h and
was dried in a vacuum drying oven. Finally, the sample was
pyrolyzed at 500 °C for 2 h under the protection of Ar, and
Cu/F-rGA aerogel can be obtained after cooling to room
temperature.
In addition, reduced graphene oxide aerogel (rGA) and Cu

NP-loaded rGA (Cu-rGA) were also prepared as control
groups (Supporting Information).

4.4. Characterization. The specific surface areas (SSAs) of
aerogels determined by nitrogen adsorption−desorption
isotherms were measured using a surface area analyzer
(NOVA 1200e, Quantachrome, America) through the multi-
point Brunauer−Emmett−Teller (BET) method, and the pore

Table 2. Independent Variables and Their Levels Used in the Central Composite Design

levels of factors

variables unit factor code lowest (−α) low (−1) central (0) high (+1) highest (+α)

adsorbent dosage mg x1 2 4 6 8 10
pH x2 2 4 6 8 10
ionic strength mM x3 0 20 40 60 80
temperature °C x4 20 25 30 35 40

Table 3. Experimental Design Matrix with Observed and Predicted Values Using RSM, ANN, and ANFIS Models

factors predicted response value (%)

run x1 x2 x3 x4 experimental value (%) RSM ANN ANFIS

1 2 6 40 30 37.77 35.87 38.81 38.57
2 4 4 20 35 56.45 58.73 58.20 56.17
3 4 4 20 25 57.73 58.74 58.20 58.07
4 4 8 60 25 51.08 49.65 50.35 51.00
5 4 4 60 35 53.46 53.70 53.78 54.56
6 4 8 20 35 52.95 53.43 53.83 53.11
7 4 8 60 35 50.87 49.57 53.05 50.20
8 4 8 20 25 53.56 53.53 53.87 53.91
9 4 4 60 25 53.85 53.69 51.10 54.26
10 6 6 40 20 68.76 71.27 71.08 69.90
11 6 6 80 30 61.61 66.16 63.37 62.19
12 6 6 40 30 70.46 70.76 70.80 69.80
13 6 10 40 30 61.31 65.49 63.66 62.44
14 6 6 40 30 70.23 70.76 70.80 69.80
15 6 6 40 30 71.49 70.76 70.80 70.80
16 6 6 0 30 75.21 73.38 75.06 75.41
17 6 6 40 40 70.86 71.07 71.28 69.71
18 6 6 40 30 70.43 70.76 70.80 69.80
19 6 6 40 30 70.67 70.76 70.80 70.80
20 6 6 40 30 71.78 70.76 70.80 70.80
21 6 6 40 30 69.72 70.76 70.80 69.80
22 6 6 40 30 70.98 70.76 70.80 69.80
23 6 2 40 30 75.68 74.21 75.55 74.96
24 6 6 40 30 71.06 70.76 70.80 70.80
25 8 4 60 25 87.16 85.42 87.00 85.80
26 8 4 20 25 88.92 88.77 88.15 89.41
27 8 4 20 35 88.50 88.66 87.54 89.31
28 8 8 60 25 85.72 81.99 85.22 85.44
29 8 4 60 35 86.74 85.32 86.63 86.70
30 8 8 60 35 84.08 81.81 83.29 84.34
31 8 8 20 35 85.28 83.98 84.63 84.95
32 8 8 20 25 85.68 84.18 86.13 85.05
33 10 6 40 30 93.53 98.14 92.24 95.94
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size distribution was based on the nonlocal density functional
theory (NL-DFT) model. The zeta potentials of aerogels were
determined using a laser particle size analyzer (Zetasizer Nano
S, Malvern, UK). Microscopy images were observed by
scanning electron microscopy (SEM, SU8020, Hitachi,
Japan). X-ray diffraction (XRD, Rigaku D/max 2550,
Shimadzu, Japan) with Cu Kα radiation was used to identify
the phase composition. The surface functional groups were
ensured by X-ray photoelectron spectroscopy (XPS, Thermo
ESCALAB 250Xi, America) and Fourier transform infrared
spectroscopy (FTIR, Thermo Fisher, America). XPS spectra
were analyzed by Thermo Avantage software. FTIR spectra
were recorded on the spectrum in the 4000−400 cm−1 region
with a resolution of 2 cm−1 in transmission mode. ICP-OES
(iCAP 7000, Thermo Fisher, America) was used to determine
the concentrations of Cu and F ions in solution.
4.5. Adsorption Experiments. All adsorption experi-

ments were performed by a batch equilibration technique, and
each treatment was executed in three replications. The
adsorption kinetics of adsorbents were carried out using 10
mg L−1 PFOA. Adsorbents (6 mg) were weighted into 40 mL
of aqueous solution (pH 6.00 ± 0.10) containing 1 mM
Na2SO4 and prewetted for 24 h. Then, the adsorption capacity
of adsorbent was measured at the set time point. The whole
process was carried out under shading conditions.
For adsorption isotherms, different initial PFOA concen-

trations (0.5−10 mg L−1) were used to determine the
adsorption isotherms of adsorbents. According to the
adsorption kinetic results, 12 h was selected as the adsorption
time, and then the supernatant was taken out to determine the
concentration of PFOA. After reaching the adsorption
equilibrium, 5.0 mL of supernatant was taken out and filtered,
and then it was used to detect the concentration of PFOA.
Other conditions were the same as adsorption kinetics.
Ultraperformance liquid chromatography (UPLC) was used
to quantify the concentration of PFOA, and the specific
analysis method was described in the Supporting Information.
The pH value of electrolyte solution was adjusted to 6.07
before adsorption and changed to 5.92 after adsorption. The
ionic strength was measured using a Na+ electrode, and there
was no significant change before and after adsorption.
In order to study the regeneration of Cu/F-rGA, 1 and 100

mM Na2SO4 and ethanol were selected as the desorption
solvent. After adsorption equilibrium, 50% volume of solution
was displaced by the desorption solvent. Other conditions were
the same as the adsorption process. This operation was carried
out five times.
4.6. Simulation Analysis. 4.6.1. Response Surface

Methodology (RSM). In order to explore the common
influence of different environmental factors on the adsorption
of PFOA on Cu/F-rGA, the RSM was used to optimize and
analyze the relationship between variables and responses.
Central composite design (CCD, Design-Expert 11, Stat-Ease,
Inc.) was selected to design the combination of different
environmental factors. In this work, four important factors,
namely, adsorbent dosage (x1), solution pH (x2), ionic
strength (x3), and temperature (x4), were considered. Table
2 shows the actual and coded values of these four factors. Each
variable was coded as high (+1) and low (−1), while the axis
points were coded as +α and −α. In order to make the design
between various factors more stable, 9 points were selected and
33 groups of experiments were carried out. The corresponding
combination design and test results are listed in Table 3. The

correlation between environmental factors and responses was
expressed as the following quadratic equation

∑ ∑ ∑ ε= + + + +
= = = =

y b b x b x b x x
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where y is the predicted response (predicted removal rate, R
%); xi and xj are the independent variables in coded levels; and
bi, bii, bij are the coefficient for linear, quadratic, and interaction
effect, respectively. b0 and ε are the model coefficient and
error, respectively. N is the number of factors (independent
variables). The analysis of variance (ANOVA) was applied to
estimate the significance of the independent parameters and
their interactions.

4.6.2. Artificial Neural Network (ANN). In this study, the
ANN was selected to apply for the nonparametric modeling
and the optimization. This process was carried out using the
MATLAB neural network toolboxes, and the removal
efficiency of PFOA in aqueous solution was predicted. One
input layer, one hidden layer, and one output layer were set in
the selected ANN (Figure S11). The input layer neurons
include four variables, i.e., the adsorbent dosage, solution pH,
ionic strength, and temperature. The output layer had one
neuron, namely, removal efficiency. The Levenberg−Mar-
quardt back propagation algorithm was selected to train the
network. The input−output data were divided into three
subsets, of which 70% was used for training, 15% for testing,
and 15% for verification. The same other parameters of the
ANN are shown in Table S6.

4.6.3. Adaptive Neuro-Fuzzy Inference System (ANFIS).
The ANFIS is an inference system formed by the combination
of the fuzzy inference system (FIS) and ANN. It can effectively
solve nonlinear and complex problems within a framework.
The ANFIS is also analyzed using the toolbox embedded in
MATLAB, and the removal efficiency of PFOA in aqueous
solution was predicted. In this study, the ANFIS structure was
built in four layers (Figure S12), that is, the input layer (the
adsorbent dosage, solution pH, ionic strength, and temper-

Table 4. ANOVA for the Response Surface Quadratic Model

source of
variation

sum of
squares

degree of
freedom

mean
square F-value p-value

model 6043.4721 14 431.6766 66.6194 <0.0001
x1 5816.9521 1 5816.9521 897.7140 <0.0001
x2 114.1012 1 114.1012 17.6089 0.0005
x3 78.1926 1 78.1926 12.0672 0.0027
x4 0.0570 1 0.0570 0.0088 0.9263
x1x2 0.3813 1 0.3813 0.0588 0.8111
x1x3 2.8477 1 2.8477 0.4395 0.5158
x1x4 0.0095 1 0.0095 0.0015 0.9699
x2x3 1.3631 1 1.3631 0.2104 0.6520
x2x4 0.0077 1 0.0077 0.0012 0.9730
x3x4 0.0002 1 0.0002 0.0000 0.9961
x1

2 26.6270 1 26.6270 4.1093 0.0577
x2

2 1.5561 1 1.5561 0.2402 0.6300
x3

2 1.8523 1 1.8523 0.2859 0.5994
x4

2 0.3244 1 0.3244 0.0501 0.8255
residual 116.6353 18 6.4797
lack of fit 113.3602 10 11.3360 27.6902 <0.0001
pure
error

3.2751 8 0.4094

cor. total 6160.1074 32
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ature), the inference layer with weight rules, the defuzzification
layer, and the output layer (removal efficiency). The
parameters of the ANFIS are shown in Table S7.
The performance of the RSM, ANN, and ANFIS models was

evaluated by the sum of squared errors (SSE), mean squared
error (MSE), average relative error (ARE), and coefficient of
determination (R2), which were calculated using the following
equations69,70
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where N is the number of experimental data and yi,pred and yi,exp
are the predicted and experimental values, respectively. yavg,exp
is the average of experimental values.
The removal rate (%) of PFOA was calculated using the

following equation
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−
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where C0 (mg L−1) is the initial PFOA concentration and Ce
(mg L−1) is the equilibrium concentration.
4.7. Data Analysis. Specific information about the

mathematical models simulated adsorption kinetic and
isotherm data is shown in the Supporting Information.
Pseudo-first-order, pseudo-second-order, intraparticle diffu-
sion, and Boyd models were used to fit adsorption kinetic
data, and Langmuir, Freundlich, and three statistical physics
models (models 1−3)71,72 were used to fit adsorption isotherm

data, respectively. The models were analyzed using Origin
2019. In addition, bars in the figures represent standard errors.

4.7.1. Model 1: Statistical Physics Model with One Layer
of Adsorbed PFOA Molecules. This model assumed that there
was only one adsorption layer between PFOA molecules and
Cu/F-rGA but could capture a variable number of PFOA
molecules, which was different to the fundaments of the
Langmuir model. The expression of the model was given by
the following expression
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·

+ ( )
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1 C
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e

where the parameter n represents the captured number of
PFOA molecules per adsorption site, NM (mg g−1) is the
density of receptor sites of Cu/F-rGA, and C1/2 (mg L−1) is the
concentration at half-saturation.

4.7.2. Model 2: Statistical Physics Model with Two Layers
of adsorbed PFOA Molecules. This model assumed that
PFOA adsorption on Cu/F-rGA occurred by a formation of
two adsorbed layers. The first layer was PFOA molecules
anchored on the adsorption site, and the second one involved
the anchored PFOA molecules and free PFOA molecules. The
expression of the model was given by the following expression
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where C1 (mg L−1) and C2 (mg L−1) are defined as
concentrations at half-saturation that were related to first and
second adsorbed layers of the PFOA molecules, respectively.

4.7.3. Model 3: Statistical Physics Model with a Variable
Number of Layers of Adsorbed PFOA Molecules. This model
assumed that PFOA adsorption on Cu/F-rGA was performed
via a variable number of layers (1 + N2). The number 1
represents the first adsorbed layer that PFOA molecules
anchored on the adsorption site, and N2 represents a variable
number of layers formed by free PFOA molecules. The
expression of the model was given by the following expression
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where C1 (mg L−1) and C2 (mg L−1) are the concentrations at
half-saturation of the first and the N2 layers, respectively.
Therefore, the total number of adsorbed dye layers is defined
as NC = 1 + N2.
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