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a b s t r a c t
The aquatic environment is the main sink for perfluorooctane sulfonate (PFOS) accumulation, 
which is a typical persistent organic pollutant with high toxicity. In this study, a novel modification 
method was developed to prepare chitosan-modified hydrous ferric oxide (HFO), and then the 
adsorbent was used to remove PFOS from aqueous solution. The results found that the suitable 
added amount of chitosan for HFO modification was 8%. The influence of chitosan modifica-
tion on HFO was characterized using scanning electron microscopy, Brunauer–Emmett–Teller, 
zeta potential, X-ray diffraction, Fourier-transform infrared spectroscopy, and X-ray photoelec-
tron spectroscopy analysis. Chitosan modification could introduce functional groups on HFO, 
change its surface charge, and reduce its surface area. The pseudo-second-order kinetic model and 
Freundlich model could best describe the adsorption process of PFOS on 8%C-mHFO. The maxi-
mum adsorption capacity of PFOS on 8%C-mHFO reached 221.6 mg g–1. The adsorption capacity 
gradually decreased with the increase of pH. Furthermore, coexisting anions and organic acids also 
reduced PFOS adsorption on 8%C-mHFO. Hydrophobic interaction, hydrogen bonding, ion-ex-
change, and electrostatic attraction may jointly play important roles in PFOS removal. Therefore, 
chitosan-modified HFO has the potential to remove PFOS from an aquatic environment.

Keywords:  Hydrous ferric oxide; Chitosan; Perfluorooctane sulfonate; Characterization; Adsorption 
mechanisms

1. Introduction

Perfluorinated compounds (PFCs), as stable fluoro-
surfactants, have attracted much attention in water bodies 
due to their persistence, toxicity, and bioaccumulation [1]. 
Perfluorooctane sulfonate (PFOS) is one of a class of indus-
trial chemicals known as perfluoroalkyl acids, which have 
been widely used in food paper packaging, carpet surface 
protection, firefighting foam, and in the semiconductor 
industry [2]. PFOS shows both hydrophobic and hydro-
philic properties owing to the C-F chain and sulfonate head 
group, which make PFOS being more soluble in aquatic 

solution than traditional hydrophobic pollutants [3,4]. 
PFOS pollution to varying degrees has been found in sev-
eral water bodies, such as surface water, groundwater, and 
drinking water. The widespread appearance of PFOS poses 
great potential harm to human health and the ecological 
environment [5]. Thus, the removal of PFOS from aquatic 
environments has received much attention.

Many strategies have been adopted to remove PFCs 
from water effectively, involving adsorption [6], membrane 
filtration [7], sonochemical pyrolysis [8], and advanced oxi-
dation [9]. Among them, adsorption is a feasible technology 
due to its simple operation, low environmental impact, high 
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removal efficiency, and low cost. Many adsorbents, such as 
activated carbon [10–12], carbon nanotubes [13], organic 
polymers [14,15], and boehmite [16], metal oxidants [3], 
and biochar [17–19], have been widely investigated in pre-
vious studies. However, the application of most adsorbents 
was restricted by its high cost or low sorption capacities. 
Therefore, the preparation of a highly efficient and low-cost 
adsorbent is still in demand.

Hydrous ferric oxide (HFO) is a ubiquitous substance 
in aquatic ecosystems, which is widely distributed and has 
a high sorption capacity to pollutant in aquatic environ-
ment. In addition, HFO has been used as a cost-efficient and 
environmentally friendly adsorbent to remove pollutants 
in wastewater, such as tetracycline, phosphate, and arse-
nate [20–22]. As an effective adsorbent, HFO has received 
extensive attention in water pollution control [20,23]. To 
enhance the adsorption effect further, modification of 
HFO can be used to increase its specific properties, such as 
functional groups and surface charge. Therefore, the selec-
tion of modification method is crucial.

Chitosan is among one of the most important and most 
studied natural polymers due to its cationic nature, biocom-
patible, biodegradable as well as having adsorptive prop-
erties, therefore, it exhibits important potential application 
in wastewater treatment [24–26]. Chitosan is regarded as a 
good modifying agent since it contains amino groups and 
hydroxyl groups, and the polyanion properties determin-
ing it can bind anions in water treatment [27,28]. Further, 
chitosan modification increases the mechanical stability as 
well as providing more binding sites onto the surface of the 
matrix [29]. Previous studies have shown that chitosan-mod-
ified adsorbent can be used for the removal of different types 
of pollutants (i.e., dye wastewater, heavy metals, As(III), 
and phosphate anions) from aqueous solutions [27,29–34] 
Therefore, chitosan modification onto HFO can be a suit-
able choice, and the composite can be used as an adsorbent 
for the removal of PFOS. However, the influence of chi-
tosan modification on the properties of HFO is still unclear 
and the adsorption mechanism needs further exploration.

In this study, a chitosan-modified hydrous ferric oxide 
(C-mHFO) composite material was synthesized and was 
used to remove PFOS from an aquatic environment. The 
aims of this study were (1) to investigate the effect of chi-
tosan modification on the properties of HFO, (2) to study 
the adsorption performance of PFOS on C-mHFO, and (3) 
to reveal the adsorption mechanisms of PFOS on C-mHFO. 
Therefore, this study explored a novel modification method 
on HFO, which provided a reference for the removal of PFOS.

2. Materials and methods

2.1. Materials

PFOS (≥98% purity) was provided by MAYA Reagent 
(Zhejiang, China) and Pansine Chemical Co., Ltd. Analytical 
grade chitosan (>80% degree of deacetylation), sodium 
hydroxide, ammonium acetate, hydrochloric acid, and fer-
ric chloride hexahydrate (FeCl3·6H2O) were purchased 
from National Reagents Group (Shanghai, China, P.R.). 
Chromatographically pure acetonitrile and methanol were 
obtained from Tedia (Tedia, USA).

2.2. Preparation of chitosan-modified HFO

The C-mHFO composite material was prepared by 
dispersing 0, 0.2, 0.4, 0.6, 0.8, and 1 g of chitosan into 4% 
aqueous acetic acid solution (100 mL) and then 10 g of 
FeCl3·6H2O was added and stirred for 1 h until the mixture 
was completely homogeneous [35]. During continuous stir-
ring, NaOH solution was slowly added to the above-mix-
ture solution until reaching pH 7–8 to form a red-brown 
precipitate. The prepared suspension was kept at room 
temperature for 24 h to form the C-mHFO. The obtained 
C-mHFO particles were separated by centrifuging and then 
washed with ultrapure Milli-Q water several times. Finally, 
the wet solid C-mHFO was freeze-dried, and then manually 
milled, sieved through a 0.075 mm mesh to obtain a uniform 
powder, and stored in a brown glass bottle for further study. 
The 0%C-mHFO, 2%C-mHFO, 4%C-mHFO, 6%C-mHFO, 
8%C-mHFO, and 10%C-mHFO denote 0%, 2%, 4%, 6%, 
8%, and 10%, respectively, as the theoretical chitosan per-
centage in the composite.

2.3. Characterization of chitosan-modified HFO

A scanning electron microscope (FEI Q45, USA) was 
used to observe the HFO surface morphology. The mineral 
composition and type were confirmed using X-ray diffrac-
tion (Bruker D8 Advance, Germany) analysis. Fourier-
transform infrared spectroscopy (FTIR) (Nicolette is50, 
Thermo Fisher Scientific, NY, USA) was used to characterize 
the functional groups in these samples within a wavenum-
ber range from 4,000 to 400 cm–1. X-ray photoelectron spec-
troscopy (XPS) was measured using a Thermo ESCALAB 
250 (Thermo-VG Scientific, USA) spectrometer. The spe-
cific surface area of the C-mHFO was analyzed by a sur-
face area and porosity analyzer (Micromeritics, Tristar II 
3020, USA). zeta potentials of HFOs in the same electrolyte 
solution and concentration as in diameter monitoring using 
dynamic light scattering were measured with a zeta poten-
tial analyzer (ZetaPALS, Brookhaven, USA).

2.4. Sorption experiments

A 5,000 mg L–1 PFOS methanol stock solution was 
prepared, and then was diluted to the desired concen-
tration for the adsorption experiments. A mass of 5 mg 
HFO or mHFO was added to 50 mL solutions of PFOS 
(PFOS = 5 mg L–1, pH = 6.0). All experiments were per-
formed under mechanical stirring with a speed of 150 rpm 
under darkness at 25°C.

The initial pH values of the PFOS solution were adjusted 
to 3–11 using 0.1 mol L–1 NaOH or 0.1 mol L–1 HCl. Adsorption 
kinetics experiments were carried out at pH = 6 with PFOS 
initial concentration of 5, 7.5, and 10 mg L–1. Samples 
were collected at different time intervals. Adsorption iso-
therm experiments were performed with PFOS concen-
tration ranging from 1 to 50 mg L–1.

The PFOS amount adsorbed and removal efficiency were 
obtained based on Eqs. (1) and (2), respectively.

Adsorption amount mg·g−( ) ( ) 
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where C0 is the initial PFOS concentration (mg L–1), Ce is the 
equilibrium PFOS concentration (mg L–1), V is the volume 
of PFOS solution (L), and m is the weight of adsorbent (g).

Each group of the above-experiments was done in trip-
licate and values averaged to account for experimental 
reproducibility.

2.5. Measurement of PFOS in solution

After the adsorption experiments, all tubes were cen-
trifuged at 10,000 rpm for 10 min, and the supernatant was 
filtered with a 0.22 µm filter membrane, 0.5 mL of PFOS 
solution taken from the supernatant was diluted with 0.5 mL 
water containing 50% methanol (v/v = 1:1). PFOS in solu-
tion was analyzed using a Waters Acquity™ ultra perfor-
mance liquid chromatography-tandem mass spectrometry 
(UPLC-MS/MS) system after sample treatment. Electrospray 
parameters in the negative ionization mode were set as fol-
lows: capillary voltage 2.0 kV, cone voltage 30 V, source tem-
perature 150°C, desolvation temperature (N2) 350°C, cone 
gas flow (N2) 50 L h–1, and desolvation gas flow (N2) 700 L h–1. 
Methanol containing 1‰ formic acid and water containing 
5 mM ammonium acetate were used as the mobile phases 
B and A, respectively. The mobile phase had a flow rate 
of 0.3 mL min–1 and a 10 µL sample was injected for PFOS 
detection in the UPLC-MS/MS system with the temperature 
of the column controlled at around 40°C ± 2°C. The gradient 
program lasted for 5 min. Mobile phase “A” was set to 60%, 
60%, 10%, 10%, 60%, and 60% at 0, 0.2, 2, 3, 3.1, and 5 min, 
respectively.

2.6. Model fitting

To investigate the adsorption kinetics of PFOS adsorp-
tion on HFO (including 0%C-mHFO and 8%C-mHFO), pseu-
do-first-order and pseudo-second-order models (Eqs. (3) 
and (4), respectively) were used to fit the adsorption kinetics 
process.

The linear expression of the pseudo-first-order equation 
is described as [36]:

q q k tt e� � �� �� �1 1exp  (3)

The linear expression of the pseudo-second-order equa-
tion is described as [37]:
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where qt (mg g–1) and qe (mg g–1) are the adsorption amount 
at time t and equilibrium amount, respectively. k1 (min–1) 
and k2 (g (mg min)–1) represent the reaction rate constants 
of pseudo-first-order and pseudo-second-order models, 
respectively.

To describe the adsorption isotherm process of PFOS 
solution onto HFO (including 0%C-mHFO and 8%C-mHFO), 
Langmuir and Freundlich models (Eqs. (5) and (6), 

respectively) were examined to describe the adsorption 
process.

The Langmuir adsorption isotherm is described as [38]:

q
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The Freundlich adsorption isotherm is described as [39]:

q K Ce F e
n= 1/  (6)

where qe (mg g–1) is the equilibrium adsorption capacity and 
qm (mg g–1) is the maximum adsorption capacity. KF and KL 
(L mg–1) are the Freundlich and Langmuir adsorption iso-
therm constants, respectively; 1/n is the adsorption affinity 
constant.

3. Results and discussion

3.1. Effect of chitosan amount on PFOS adsorption and surface 
area change

The effects of adding various amounts of chitosan in 
the HFO composite (0%, 2%, 4%, 6%, 8%, and 10%, wt.%) 
on the removal efficiency of PFOS and the change of sur-
face area are shown in Fig. 1. The adsorption capacity of 
the PFOS increased with the increasing amount of chitosan 
in the adsorbent over the range of 0% to 8%. However, 
as the chitosan amount increased to a value of 10%, the 
adsorption capacity of PFOS on HFO decreased, which 
was mainly because the surface of HFO was saturated by 
chitosan molecules at the 8% loading level and that fur-
ther increasing the amount of chitosan mixed with the HFO 
did not lead to higher surface coverage [40]. 8%C-mHFO 
exhibited the highest adsorption capacity. The 8% chitosan 
content in the modified adsorbent increased adsorption 
capacity for PFOS by 35%. The specific surface area of HFO 
decreased with the increase of chitosan amount since the 
pore structure may be blocked. Therefore, the 8%C-mHFO 
adsorbent was assumed optimal for the preparation of 
modified adsorbent and was used for adsorptive removal 
of PFOS in the subsequent experiments.

3.2. Characterization of HFO

scanning electron microscopy (SEM) images of 
0%C-mHFO and 8%C-mHFO with different magnifications 
are displayed in Fig. 2. It can be seen that 8%C-mHFO had 
some irregularly shaped granules and micropores in the 
matrix and very rough microstructure. However, the surface 
of 0%C-mHFO was quite smooth, indicating that the chi-
tosan was successfully attached to the surfaces. The surface 
of 8%C-mHFO was much rougher than the HFO (Fig. 2g), 
which may provide additional adsorption sites for PFOS, 
thus increasing the adsorption capacity of HFO.

X-ray diffraction (XRD) was used to analyze the crys-
tal structure of the material [41,42]. Fig. 3a shows the XRD 
spectra of 0%C-mHFO and 8%C-mHFO; the peak shapes of 
0%C-mHFO and 8%C-mHFO in the range of 20°–60° (2θ) 
were not sharp, and these peaks were similar to ferrihy-
drite [43]. The XRD pattern indicated that 0%C-mHFO and 
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8%C-mHFO showed one broad peak at 35.2°, suggesting that 
the synthesized HFO used in this study was an amorphous 
HFO with poor crystallinity.

The zeta potentials of 0%C-mHFO and 8%C-mHFO are 
listed in Fig. 3b. The 0%C-mHFO shows typical ampho-
teric nature with an isoelectric point of about 6.7, whereas 
8%C-mHFO had a positive surface charge at pH lower than 
9.64 due to the presence of amino groups on the surface [44]. 
Thus, chitosan modification significantly influenced the sur-
face charge of HFO, which may affect the removal of PFOS.

FTIR spectra of 0%C-mHFO, 8%C-mHFO, and 8%C- 
mHFO + PFOS are shown in Fig. 4 and specific functional 
groups are listed in Table 1. To understand better the role 
of chitosan-enhancement on the removal of PFOS by HFO, 
the differences in functional groups of 8%C-mHFO before 
and after adsorption with PFOS were analyzed using FTIR 
spectroscopy. After the HFO was modified with chitosan, 
new characteristic peaks at 895 cm–1 (C–H deformation of 
β-1,4 glycosidic linkage) and 1,069 cm–1 (skeletal vibration 

Fig. 2. SEM of 0%C-mHFO (a–c) and 8%C-mHFO (d–f) with different magnifications.

Fig. 1. Adsorptive removal of PFOS on the hydrous ferric oxide 
of different chitosan amount (adsorption time = 4 h; initial con-
centration of PFOS = 5 mg L–1; adsorbent dose = 0.1 g L–1; rotating 
speed = 150 rpm; temperature = 25°C).
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involving the bridge C–O stretch) were observed in Fig. 4b, 
which were characteristic peaks of chitosan. The above-men-
tioned analysis clearly indicated that HFO was success-
fully modified with chitosan [45–48]. The FTIR spectra of 
8%C-mHFO after PFOS adsorption is shown in Fig. 4c. The 
peak at 1,024 cm–1 attributed to O–H vibration disappeared 
after the sorption of the PFOS on the 8%C-mHFO [49]. This 
strongly suggested that the sorption of PFOS on 8%C-mHFO 
involved ion-exchange between PFOS and the OH–, and 
the OH– may be replaced by PFOS–. For PFOS adsorbed on 
8%C-mHFO, the new bands at 1,242; 1,205 and 1,401 cm–1 
were ascribed to CF2, CF3, and carboxylate groups, respec-
tively [50,51]. This provided evidence for the successful 
adsorption of PFOS on 8%C-mHFO. After the adsorptive 
reaction, the peak of 8%C-mHFO at 3,417 cm–1 (attributed to 
O–H stretching) shifted to 3,405 and 1,336 cm–1 (attributed 
to C–H bending) disappeared [52], which implied the 
chemical interaction of adsorbents with PFOS molecules. 
The C–H groups on chitosan can develop relatively weak 
ion-dipole interactions with the S–O groups of PFOS [53]. 
Bands at 1,067 cm–1 corresponded to C–O stretching for the 
glucosamine residue, these groups procured the adsorp-
tion of PFOS by the distribution of its hydrophobic C–F 
chains over the biochar hydrophobic regions [54,55]. In con-
trast, the bands at 3,417 cm–1 corresponded to O–H groups, 
which could develop relatively weak hydrophilic force 
interactions with the S–OH groups of PFOS.

XPS spectra of HFO are shown in Fig. 5 and the ele-
ments Fe 2p, N 1s, O 1s, and F 1s could be observed on 
the surface of HFO (Fig. 5a–c). According to the XPS 
spectra of 0%C-mHFO and 8%C-mHFO, the relative per-
centage of elements on the surfaces of the original, chi-
tosan-loaded HFO samples were determined, and the 
results are listed in Table 2. From Table 2, after modifi-
cation with chitosan, the relative percentage of N con-
tent greatly increased from 0.14% to 2.59%, indicating 
that the chitosan was successfully grafted on the surfaces 
of HFO. The presence of F 1s in 8%C-mHFO after PFOS 
adsorption confirmed that PFOS had been adsorbed on 
the surface of 8%C-mHFO (Fig. 5h).

The surface O 1s spectra of 8%C-mHFO before and 
after PFOS adsorption were analyzed by XPS peak differ-
entiating, and are demonstrated in Fig. 5d and f. Fig. 5d 
shows that the O 1s core-level spectrum could be decom-
posed into three peaks at 530.09, 531.56, and 532.98 eV, 
which were assigned to Fe–O, –OH, and C–O, respec-
tively. After PFOS adsorption, the relative percentage of 
O 1s content greatly decreased from 39.11% to 30.56%, 
whereas that of –OH reduced from 34.15% to 22.52%. This 
result indicated that the decrease in O element was mainly 
ascribed to the ion-exchange between PFOS and –OH [56], 
which is in accordance with the results of FTIR studies.

The N 1s core-level spectra before and after PFOS 
adsorption are explained in Fig. 5c and g. For the 8%C- 
mHFO before sorption, the binding energies at 399.61 
and 401.89 eV were attributed to the nitrogen in the –NH/
NH2 and –NH3

+ [57]. After the sorption of PFOS on the 
8%C-mHFO, the peaks belonging to the protonated nitrogen 
atom (NH3

+) on the 8%C-mHFO increased distinctly, the per-
centage of NH3

+ increased from 31.05% to 65.18%, signifying 

Fig. 3. XRD patterns of 0%C-mHFO and 8%C-mHFO (a), zeta potential of 0%C-mHFO and 8%C-mHFO (b).

Fig. 4. FTIR spectra of 0%C-mHFO (a), 8%C-mHFO (b) and 
8%C-mHFO + PFOS (c).
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that the anionic PFOS were adsorbed on the protonated 
amine groups on the adsorbent surface via the electrostatic 
interaction. Similar results were obtained by Deng et al. [6].

3.3. Effect of initial solution pH

Solution pH is an important factor during the adsorption 
process, which can influence the speciation of pollutants 
and the surface charge of adsorbents. As shown in Fig. 6, 
the impact of initial solution pH on PFOS sorption exhib-
ited a similar trend for 0%C-mHFO and 8%C-mHFO. The 
results showed that solution pH obviously influenced the 
PFOS removal efficiency. As the pH increased from 3.66 
to 10.61, the adsorption quantity decreased significantly. 
Specifically, the adsorption performance decreased very 
slightly from pH 3.66 to pH 6.68, while it dropped much 
faster with the pH increase after pH 7.31. A similar solu-
tion pH effect has also been observed in previous reports 
for various adsorbents [56,58]. The pKa value of PFOS was 
–3.4 and PFOS showed a negative charge as a whole. This 
was because pH in the acidic region was conducive to the 
protonation of the adsorbent surface, which could enhance 
the electrostatic attraction between the adsorbent surface 
and the PFOS anions and promotes PFOS adsorption. This 
was because pH in the acidic region was conducive to the 
protonation of the adsorbent surface, which could enhance 
the electrostatic attraction between the adsorbent surface 
and the PFOS anions and promoted PFOS adsorption. 
However, the PFOS adsorption on the two adsorbents is 
a chemisorption-dominated process, and the adsorption 
from the electrostatic attraction is not a major contribution 
to this process. The PFOS adsorption performance of the 
two adsorbents just decreased very slightly from pH 3.66 

to 6.68. The removal rate of PFOS decreased significantly 
at pH > 7.31 due to the occurrence of electrostatic repulsion.

3.4. Effect of organic acid and coexisting anions

The presence of organic acid and coexisting anions in 
solution can affect the PFOS adsorption on HFO. Organic 
acid and coexisting anions involved Cl–, SO4

2–, NO3
–, L-malic 

acid (L-MA), citric acid (CA), and oxalic acid (OX). Fig. 7 
depicts the adsorption capacity of PFOS (5 mg L–1) in the 
presence of the other competitive anions and organic acids 
(20 mg L–1) at room temperature. The PFOS adsorption 
capacity significantly decreased in the presence of compet-
ing anions and organic acid due to saturation of the limited 
sites on the surface of HFO. The anionic Cl– had almost 
no effect on the adsorption of PFOS by 8%C-mHFO, while 
the organic acids had significant effects on PFOS removal, 
and the 0%C-mHFO hardly showed removal effect for 
PFOS in the presence of 20 mg L–1 OX. The adsorption 
capacity was significantly lower in the case of the binary 
solute systems PFOS + SO4

2– than with a single solute sys-
tem, and this could be explained by the competition of 
PFOS with SO4

2– ions and the larger ionic radius than the 
other anions chosen in this study [59]. The aforementioned 
observations indicated that the synthesized 8%C-mHFO 
had better adsorption of PFOS than 0%C-mHFO even in 
the presence of other inorganic anions and organic acids 
when used for water treatment.

3.5. Adsorption kinetics

The adsorption kinetics curves are shown in Fig. 8. 
The adsorption process exhibited the same trend, namely, 

Table 1
Functional groups of 0%C-mHFO, 8%C-mHFO and 8%C-mHFO + PFOS

0%C-mHFO (cm–1) 8%C-mHFO (cm–1) 8%C-mHFO + PFOS (cm–1) Assignment

3,397 3,416 3,405 O–H stretching
1,629 1,629 1,630 Bending vibration of OH

1,149 1,149 C–N stretching
1,336 1,336 C–H bending

1,242 CF2 and CF3 groups
1,205 CF2 and CF3 groups

1,067 1,069 C–O stretching for glucosamine residue
1,021 1,024 –OH

889 894 C–H deformation for β-1,4 glycosidic linkage
433 448 441 Fe–O

Table 2
Relative content of elements on the surface of 0%C-mHFO, 8%C-mHFO and 8%C-mHFO + PFOS

Element 0%C-mHFO (%) 8%C-mHFO (%) 8%C-mHFO + PFOS (%)

Fe 2p 7.75 9.79 7.51
N 1s 0.14 2.59 2.88
O 1s 45.04 39.11 30.56
F 1s 0.1 0.11 20.09
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that adsorption proceeded quickly in the first 3 h. As the 
active sites on the adsorbent were gradually occupied, 
the adsorption rate became slower, a similar trend was 
also reported by other studies [60,61]. The fitting param-
eters are listed in Table 3. The coefficient of determination 
(R2) of the HFO adsorbent suggested that the pseudo- 
second-order model better fitted the experimental data 
than the pseudo-first-order model, suggesting that the 
chemical adsorption was mainly controlled by the adsorp-
tion rate which involved valency forces through sharing or 
exchanging electrons between the 8%C-mHFO and PFOS 
[62]. Besides, 8%C-mHFO exhibited a better adsorption 
capacity than 0%C-mHFO. This behavior was attributed to 
the modification of HFO by chitosan to increase various func-
tional groups (including –NH2 and –OH), thus there existed 
electrostatic adsorption sites and chemical adsorption sites 
for the sorption of PFOS by electrostatic adsorption and 
chemical adsorption. This is consistent with the results 
found from FTIR and XPS. The kinetics study showed that 
4 h was sufficient for adsorption completion. It is commonly 
considered that the hydrogen bond between the sulfonate 
groups in PFOS molecules and amino, hydroxyl groups 
on the 8%C-mHFO surface as well as the electrostatic 
interaction are responsible for the fast sorption of PFOS 
and equilibrium may be reached in a short period [6,53].

3.6. Adsorption isotherms

Fig. 9 illustrates the adsorption isotherms of PFOS on 
0%C-mHFO and 8%C-mHFO. The obtained parameters are 
listed in Table 4. The results showed that the PFOS adsorption 

 

Fig. 5. XPS survey scan of (a) 0%C-mHFO, (b) 8%C-mHFO and (c) 8%C-mHFO + PFOS, and XPS analysis of (d) O 1s, (e) N 1s for 
8%C-mHFO, (f) O 1s, (g) N 1s, and (h) F 1s for PFOS adsorption on 8%C-mHFO.

Fig. 6. Effect of pH on PFOS adsorption on 0%C-mHFO 
and 8%C-mHFO (adsorption time = 4 h; initial concentra-
tion of PFOS = 5 mg L–1; adsorbent dose = 0.1 g L–1; rotating 
speed = 150 rpm; temperature = 25°C).
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behaviors by 0%C-mHFO and 8%C-mHFO were differ-
ent. The coefficient of determination (R2) for the Freundlich 
model was higher than that for the Langmuir model for 
8%C-mHFO adsorption isotherms. This could be due to the 

introduction of amino groups with higher affinity for PFOS 
and the uptakes occurred by multilayer adsorption [55]. 
However, for 0%C-mHFO adsorbent, the Langmuir model 
fit the data better, showing possible monolayer sorption. 
Thus, it can be concluded that the adsorption mechanisms 
were different for the two different adsorbents.

As can be seen from Table 4, according to the Langmuir 
fitting, the maximum adsorption capacity of PFOS on the 
8%C-mHFO was 221.6 mg g–1, which was 1.67 times that 
of 0%C-mHFO. The higher adsorption capacity for the 
adsorption of PFOS on 8%C-mHFO may be due to the 
higher content of –OH, –NH2, and C–H groups present in 
this adsorbent. The KL of 8%C-mHFO was larger than that 
of 0%C-mHFO, suggesting the high affinity of 8%C-mHFO 
to PFOS. Furthermore, the factor “1/n” gave an indication 
of the favorability of adsorption. Values of 1/n smaller than 
0.5 represented that the adsorbate was easily adsorbed; 
values of 1/n larger than 2 indicated the adsorbate was 
hardly adsorbed [63]. In this study, the values of 1/n 
obtained (around 0.5164 and 0.2647 for 0%C-mHFO and 
8%C-mHFO, respectively) indicated that C-mHFO was 
favorable to the adsorption process. Moreover, the value 
of 1/n from the Freundlich model indicated the surface 
properties of the adsorbents. If the values were close to 
1, it indicated a homogeneous surface [53]. However, the 
1/n value of 8%C-mHFO was lower than the 0%C-mHFO 

Table 3
Fitting parameters of adsorption kinetic of PFOS on HFO

Adsorben+ts Concentration (mg L−1) Pseudo-first-order equation Pseudo-second-order equation

k1 (min−1) qe (mg g−1) R2 k2 (g mg−1 min−1) qe (mg g−1) R2

0%C-mHFO 5 0.04120 25.19 0.9592 2.500 × 10–3 26.80 0.9947
7.5 0.04570 27.17 0.8881 2.500 × 10–3 28.90 0.9296
10 0.03520 34.78 0.9623 1.400 × 10–3 37.59 0.9338

8%C-mHFO 5 0.04050 40.64 0.9347 1.500 × 10–3 43.30 0.9983
7.5 0.02920 69.59 0.9677 5.467 × 10–4 76.48 0.9949
10 0.02850 94.35 0.9484 3.793 × 10–4 103.79 0.9964

Fig. 8. Kinetic fits for PFOS adsorption on hydrous ferric oxide (25°C) using different kinetic models: (a) initial concentration = 5 ppm, 
(b) initial concentration = 7.5 ppm, (c) initial concentration = 10 ppm (adsorption time = 4 h; adsorbent dose = 0.1 g L–1; rotating 
speed = 150 rpm; temperature = 25°C).

Fig. 7. Effect of coexisting anions and organic acid on PFOS 
adsorption on 0%C-mHFO and 8%C-mHFO (adsorption 
time = 4 h; initial concentration of PFOS = 5 mg L–1; adsorbent 
dose = 0.1 g L–1; rotating speed = 150 rpm; temperature = 25°C).
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value, indicating heterogeneity of the 8%C-mHFO, 
which was further confirmed by the SEM image Fig. 2.

3.7. Comparison of the 8%C-mHFO adsorbent with previous 
adsorbents

The maximum adsorption capacity obtained in this 
research was compared with previous adsorbents. As shown 
in Table 5, the adsorbent used in this study showed envi-
ronmental friendliness, higher adsorption capacity, and 
cost-effectiveness compared with other adsorbents. Thus, 
the adoption of C-mHFO for the preparation of adsorbent 
for PFOS removal from aqueous solutions showed promise.

3.8. Adsorbent regeneration study

Reusability property is an important factor to assess 
the practical application of adsorbents. A regeneration 
study of 8%C-mHFO is shown in Fig. 10. After the first run 

of PFOS, the spent materials were collected and washed 
several times with 1 M ethanol, which was used as an elu-
tion agent to rinse the adsorbed PFOS molecules from the 
surface of the materials. Then, the materials were dried 
in vacuum for the first regeneration cycle. The adsorp-
tion density of 8%C-mHFO slightly decreased in the sec-
ond and third cycles, which could be explained by more 
adsorption sites being occupied after more cycles of 
reuse. The results indicated that 8%C-mHFO possessed 
sufficient chemical stability for reuse after three cycles 
and had practical application potential.

3.9. Adsorption mechanisms of PFOS onto 8%C-mHFO

According to the results of adsorption kinetics of 
8%C-mHFO (as shown in Fig. 8), the adsorption process 
involved physical action and chemical bonding (elec-
trostatic interaction, ion-exchange, chemical action, also 
hydrogen bonding). According to FTIR analysis (as shown 

Table 4
Adsorption isotherm parameters of PFOS sorption onto the adsorbents

Adsorbents Freundlich Langmuir

KF 1/n R2 qm (mg g–1) KL (L mg–1) R2

0%C-mHFO 15.23 0.5164 0.9786 132.5 0.07080 0.9939
8%C-mHFO 102.3 0.2647 0.9902 221.6 1.047 0.8682

Table 5
Comparison of different adsorbents in the removal of PFOS based on adsorption capacity

Adsorbent Adsorption capacity (mg g–1) Reference

Alumina 0.02200 [61]
Boehmite 0.2630 [16]
AC-H3PO4 75.13 [10]
Activated carbon 138.0 [12]
Corn straw-derived biochar 169.3 [54]
Sawdust and red mud derived biochar 194.6 [53]
Polyaniline nanotubes 1651 [14]
8%C-mHFO 221.6 Present study

Fig. 9. Adsorption isotherm models fitting for PFOS adsorption onto 0%C-mHFO (a) and 8%C-mHFO (b).
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in Fig. 4) and XPS analysis (as shown in Fig. 5), surface 
complexation played an important role during the adsorp-
tion between PFOS and 8%C-mHFO, including hydro-
gen bonding and electronic attraction. –OH and –NH2 
functional groups were likely to participate in PFOS 
binding. The O–H disappears after the sorption of the 
PFOS on the 8%C-mHFO, indicating that the mechanism 
referred to ion-exchange between 8%C-mHFO and PFOS. 
Furthermore, hydrophobic interaction was an important 
mechanism involved in PFOS adsorption onto 8%C-mHFO. 
In summary, a schematic diagram of adsorption mecha-
nisms of PFOS on 8%C-mHFO is presented in Fig. 11.

4. Conclusions

FTIR and XPS analysis confirmed that 8% (w/w) C-mHFO 
significantly increased the content of –NH2 and –OH func-
tional groups, which was beneficial for PFOS adsorption. 
The adsorption of PFOS on the HFO samples decreased as 
pH value increased. The pseudo-second-order model and 
Freundlich model better described the adsorption perfor-
mance of PFOS on 8%C-mHFO. The maximum adsorp-
tion capacity of the 8%C-mHFO toward PFOS reached 

221.6 mg g–1. Electrostatic interactions, hydrogen bonding, 
ion-exchange, and hydrophobic interaction were the main 
adsorption mechanisms between PFOS and 8%C-mHFO. 
Therefore, C-mHFO had a promising application in waste-
water treatment for the removal of high or low concentra-
tions of PFOS.
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