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a b s t r a c t
In a facile one-step hydrothermal process, Fe-graphene hydrogel FC1 was prepared through the 
reaction of graphene and iron ions, besides that, FC2 to FC5 were prepared with the addition of 
ethylene glycol (EG), EG+NaClO, EG+ ascorbic acid (VC)+NaClO and EG+VC respectively. EG 
showed to promote the assembly process of graphene hydrogels. The structure of the hydrogel FC4 
had the lowest degree of agglomeration and the most porous structure among the samples, indicat-
ing that the graphene and iron oxides could support each other with the addition of VC and NaClO. 
The iron crystals in FC1 and FC5 were α-FeOOH, in FC2 and FC3 were α-FeOOH and Fe3O4, while 
in FC4 were Fe3O4 and Na3FeO4. The perfluorooctanoic acid (PFOA) removal by FC1 to FC5 through 
Fenton reaction were 73.61%, 75.2%, 84.35%, 89.9% and 75.44% respectively. The PFOA removal 
through adsorption by FC4 was 41.5%. PFOA removal by FC4 could reach equilibrium in 120 min. 
Based on the Langmuir model, FC4 had higher maximum adsorption capacity (218.4 mg/g) for PFOA 
than FC1 (158.3 mg/g). The Fe-graphene hydrogels had excellent removal performance in a wide 
pH range, and the removal rates were retained well over 5 cycles.
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1. Introduction

In recent decades, perfluorooctanoic acid (PFOA) is 
the representative of perfluorooctanoic acids (PFASs) 
which is widely used in industry and consumer goods 
[1–3]. PFASs have high toxicity risks and were classified 
as persistent organic pollutants (POPs) [4]. Besides its own 
toxicity risks, Zhuang et al. [5] firstly found that PFASs 
could lead to structural transformation particles in drink-
ing water and obviously increase the toxicity of particles, 
which further revealed the necessity to remove PFASs from 
water. The C–F bond in PFASs had high energy (531.5 kJ/
mol), which makes it chemically stable and resistant to 
traditional treatments [6]. Advanced oxidation processes 

(AOPs), which produce strong oxidants at room tempera-
ture, have attracted much attention in the degradation 
of organic pollutants [7]. In AOPs, Fenton reaction had 
the advantage of simple operation [8]. With the develop-
ment of nanotechnology, various nanomaterials have been 
studied as Fenton catalyst. Metal-containing Fenton cata-
lysts (such as those containing copper, cobalt, chromium, 
cerium and ruthenium) are widely investigated due to 
their efficient decomposition of H2O2 to HO•. Graphene 
is an excellent nanomaterial with a large surface area and 
abundant accessible atoms, and its preparation procedure 
allows for control over the composition and lateral dimen-
sion [9]. In addition to traditional two- dimensional (2D) 
graphene-based nanomaterials, an increasing number of 
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three-dimensional (3D) nanostructured graphene-based 
nanomaterials were demonstrated to exhibit excellent prop-
erties for adsorption and catalysis over the years due to their 
high surface area and easy separation [10]. Establishing 
graphene-based metal-free Fenton-like catalyst could be 
helpful to address the problems of the metal-containing 
Fenton catalysts: (i) the requirement for an acidic solution 
(pH = 2–4), (ii) the presence of a rate-limiting step causing a 
low amount of reduction from M(n+m)+ to Mn+, (iii) the forma-
tion of iron-containing sludge and (iv) metal leaching [11]. 
In addition, two-dimensional graphene-based composite 
is likely to form a closely stacked structure and is difficult 
to separate from water after water treatment. Hydrogels, 
especially inorganic hydrogels, are regarded as outstanding 
growth matrices for iron oxides because they can establish 
diffusion-limited conditions to control the morphology and 
internal structure of the resulting crystals [12]. Graphene 
oxide (GO) has a two-dimensional (2D) layered structure 
with sp2 and sp3 hybridized carbon atoms arranged in 
hexagonal rings. Using simple hydrothermal treatments, 
the 2D GO powders could be turned into 3D reduced GO 
(RGO) hydrogels through the self-assembly of GO sheets, 
which restrains the agglomeration of the graphene sheets 
[13,14]. Moreover, RGO possesses excellent electrical con-
ductivity for fast electron transfer and enhanced visible 
light response [15].

There are abundant chemical groups on graphene sur-
faces that make it easy to load other nanomaterials on 
graphene. Introducing foreign materials into graphene 
could not only inhibit the aggregation and stacking between 
individual graphene sheets but also expand the application 
of these graphene-based nanocomposites in new areas [16]. 
Among various methods for the preparation of 3D graphene-
based nanocomposites, the growth of nanostructures on 
graphene sheets could overcome the above- mentioned 
problems due to their mutual support function. EG had 
been found to effectively enhance Fenton-like property of 
α-FeOOH/RGO hydrogels and even make it able to generate 
reactive oxygen species (ROS) without H2O2 due to (i) more 
defects in graphene sheets, (ii) stronger Fe–O–C bonds 
[17]. Due to the well interaction between iron species and 
graphene, Fe-graphene based hydrogel has been hot issues 
among Fenton catalysts [18,19].

Hence, we prepared Fe-graphene hydrogel using EG 
as assistant under different redox conditions to further 
modified the structure of the hydrogel. Through various 
characterizations, we discussed the structure property of 
the hydrogels. Furthermore, the obtained Fe-graphene 
hydrogels were used to remove PFOA from water through a 
heterogeneous Fenton process to evaluate its potential appli-
cation in water treatment.

2. Materials and methods

All of the chemicals used were analytical grade, and 
all solutions were prepared using deionized water.

2.1. Preparation of α-FeOOH/RGO hydrogel

GO was prepared from natural powder graphite 
by a modified Hummers’ method. The FC1 hydrogel 

was prepared as follows: 20 mg of GO and 0.4 mmol of 
FeSO4·7H2O were dispersed into distilled water followed 
by ultrasonication for approximately 1 h to obtain uniform 
dispersions. Then, they were transferred into 50 mL Teflon-
lined stainless-steel autoclaves and heated in an electric 
oven at 120°C for 24 h. After the reaction, the autoclaves 
were cooled down to room temperature. The resulting 
hydrogels were washed by distilled water. The FC2 hydro-
gel was prepared as follows: The EG assisted Fe-graphene 
hydrogel was prepared as follows: 20 mg of GO and 
0.4 mmol of FeSO4·7H2O were dispersed into a 40 mL 
EG-water mixture (EG to water 1:1) followed by ultrasoni-
cation for approximately 1 h to obtain uniform dispersions. 
Then, they were transferred into 50 mL Teflon-lined stain-
less-steel autoclaves and heated in an electric oven at 120°C 
for 24 h. After the reaction, the autoclaves were cooled 
down to room temperature. The resulting hydrogels were 
washed by distilled water. The FC3 hydrogel was prepared 
based on FC2 with the addition of 10 mg NaClO. The FC4 
hydrogel was prepared based on FC3 with the addition of 
10 mg ascorbic acid (VC). The FC5 hydrogel was prepared 
based on FC2 with the addition of 10 mg ascorbic acid (VC).

2.2. Materials characterization

The surface morphologies of all the samples were char-
acterized using field-emission scanning electron micros-
copy (SEM, JEOL, JSM-7001F) and transmission electron 
microscopy (TEM, jem2100plus). The surface functional 
groups were observed by Fourier transform infrared spec-
troscopy (FTIR, Bruker, Vertex 70). The surface elements 
were analysed using X-ray photoelectron spectroscopy (XPS, 
ULVAC-PHI, Quantro SXM). The X-ray diffraction (XRD) 
spectra were collected on a Bragg–Brentano diffractometer 
(Bruker D8 advance) with monochromatic Cu Kα radiation 
(λ = 0.1542 nm). The zeta potential of the material was tested 
by using a zeta potential analyser (Malvern, Zetasizer2000). 
The specific surface area, pore volume and pore size distri-
bution were tested by nitrogen adsorption/desorption at 
77.4 K using an Accelerated Surface Area and Porosimetry 
system (Micromeritics, ASAP 2020) and were degassed at 
373 K for 8 h before the measurements.

2.3. PFOA removal tests

For PFOA degradation, Fe-graphene hydrogels were 
placed in 10 mg/L PFOA solution containing H2O2 (20 mM). 
The pH values were adjusted to 4~8 (with 6.5 as optimum). 
After the process, the materials were separated from the 
solution through a 0.45 μm membrane. PFOA analysis was 
performed using an Agilent 1290 Infinity HPLC system 
coupled to an Agilent 6460 triple quadrupole LC/MS sys-
tem (Agilent Technologies, Palo Alto, CA) that was oper-
ated in negative electrospray ionization (ESI-) mode. The 
reusability of the Fe-graphene hydrogels were assessed 
using filtration for regeneration. Typically, after one Fenton 
cycle, the Fe-graphene hydrogels were filtered out of solu-
tion by passage through a 0.22-μm Millipore filter. The 
solid material was then washed with deionized water three 
times, dried at 40°C for 3 h, and reused in the next cycle. 
Total organic carbon (TOC) was detected by TOC analyzer 
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(Shimadzu, Japan). The experiments were performed in 
triplicate. The reported results are the mean of the measured 
values.

3. Results and discussion

3.1. Morphology characterization

Optical images of the Fe-graphene hydrogels under dif-
ferent initial EG/water ratios are shown in Fig. 1. It can be 
observed that the all the products are uniform into hydro-
gels, indicating that the GO could be reduced by FeSO4 to 
assemble into hydrogels. At the same time, FeSO4 could be 
oxidized by GO into iron oxides [20]. The aqueous solu-
tion of FC4 was not clear due to the redox reaction between 
VC and NaClO. The samples contained EG had larger size 
than FC1, indicating EG played important role on the for-
mation of the hydrogels. EG could form hydrogen bonds 
with Fe-graphene hydrogel to induce a more porous and 
larger structures; furthermore, the hydroxyl groups in 
EG could help the hydrogel absorb more water. Thus, the 
addition of EG may help the graphene sheets and iron 
species to better support each other.

To study the microstructure of the Fe-graphene hydro-
gels, TEM images of the samples were taken and are shown 
in Fig. 2. The iron oxides gathered into urchin-like nanorod 
structures in the samples. In the Fe-graphene hydrogels, the 
thin plate structure of graphene provides a wide space for 
iron oxides to be loaded; thus, the spindle-shaped iron oxides 
are well dispersed in the graphene network. Furthermore, 
the FC4 shows the lowest degree of agglomeration among 
the samples, indicating that the graphene and iron oxides 
could support each other under this condition. To further 
study the microstructure, SEM results are shown in Fig. 3. 
It could be seen that FC4 had the most porous structure, 
which further indicated that the graphene and iron oxides 
could support each other under this condition. The low 
agglomeration of the nanorods and porous structure of the 
hydrogel would help it to have more contact sites.

3.2. Structure analysis

Fig. 4a shows typical XRD patterns of the samples. The 
reflections of the XRD patterns of FC1 and FC5 are well 
indexed to the orthorhombic phase of α-FeOOH. The iron 
crystals in FC2 and FC3 were α-FeOOH and Fe3O4. The iron 
oxides in FC4 were Fe3O4 and Na3FeO4. FTIR results of the 

samples are shown in Fig. 5b. The bands at approximately 
640 cm−1 correspond to Fe–O stretching vibrations and the 
bands at approximately 800 and 900 cm−1 correspond to the 
in and out of plane (100) vibrations caused by Fe–OH stretch-
ing vibrations, which are characteristic bands of the goethite 
phase. Peaks at approximately 1,225 are assigned to the 
C–O–C vibrations in GO.

XPS analysis was performed to further study the struc-
ture of the Fe-graphene hydrogels. The full survey XPS 
spectra is shown in Fig. 5a. The photoelectron lines at the 
binding energies of 197.8, 684.2, and 712 eV are attributed 
to the C1s, O1s and Fe2p respectively [21]. As shown in 

Fig. 1. Optical images of the Fe-graphene hydrogel FC1 to FC5.

Fig. 2. TEM of the Fe-graphene hydrogels FC1 to FC5.
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Fig. 6b, the C1s region could be deconvoluted into three 
overlapped peaks: C=C (sp2) at 284.5 eV, C–O at 286.5 eV and 
C=O at 287.9 eV [22]. The O1s region could be assigned to 
Fe–O (530.2 eV), Fe–O–C (531.6 eV), and Fe–OH (532.6 eV), 
as shown in Fig. 6c, and the presence of Fe−O−C illus-
trates the linkage between iron species with graphene [23]. 
In the Fe2p XPS spectrum, as shown in Fig. 5d, the peaks 

at 711.1 eV (Fe 2p3/2) and 724.6 eV (Fe 2p1/2) were the 
characteristic peaks of iron oxides [24].

3.3. PFOA removal through heterogeneous Fenton reaction

The removal rates of PFOA by the Fe-graphene hydro-
gels are shown in Fig. 6a (PFOA initial concentration 

Fig. 3. SEM of the Fe-graphene hydrogels FC1 to FC5.

Fig. 4. (a) XRD patterns and (b) FTIR of the Fe-graphene hydrogels FC1 to FC5.
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10 mg/L, H2O2 20 mM, pH 6.5). The PFOA removal by FC1 to 
FC5 through Fenton reaction were 73.61%, 75.2%, 84.35%, 
89.9% and 75.44% respectively. Among these Fe-graphene 
hydrogels, FC4 have the best removal performance. It 

can be seen from Fig. 6b that TOC removal by FC4 could 
reach equilibrium in 120 min. The PFOA removal through 
adsorption by FC4 was 41.5%. TOC removal by FC4 was 
43.57%. The incomplete removal of TOC indicated that 

Fig. 6. (a) Removal rates of PFOA by Fe-graphene hydrogels (pH 6, room temperature), (b) PFOA removal by H2O2, PFOA adsorp-
tion and chemical oxygen demand removal by FC4 (pH 6, room temperature), (c) Langmuir and Freundlich isotherms, (d) removal 
rates of PFOA by FC4 at initial different pH values, (e) regeneration property of FC4, and (f) iron leaching during PFOA by FC4.

Fig. 5. XPS spectra: (a) full survey XPS spectra, (b) C1s XPS spectra, (c) O1s XPS spectra, and (d) Fe2p XPS spectra.
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PFOA, although effectively decomposed via this micro-
wave assisted photo-Fenton reaction, may be converted 
to other organic by-products as reported elsewhere [25]. 
For example, PFOA degradation may follow a stepwise 
CF2 flake-off manner toward short-chain PFOAs under 
catalytic degradation [26]. Equilibrium adsorption iso-
therm is one of the most common ways to investigate the 
adsorption mechanism, to further study the adsorption 
interaction between the material and PFOA, the adsorp-
tion processes are fitted by Langmuir and Freundlich 
isotherm models as shown in Fig. 6c, and the parameters 
are shown in Table 1. Through Langmuir model, the RL 
value indicates the type of the isotherm to be either favor-
able (0 < RL < 1), unfavorable (RL > 1), linear (RL = 1), or 
irreversible (RL = 0) [27]. Values of RL are found to be less 
than 1 for FC1 and FC4, which confirms that the PFOA 
adsorption on Fe-graphene hydrogels were favorable. The 
applicability of Freundlich isotherm suggests that differ-
ent sites with several adsorption energies were involved. 
Based on Langmuir model, FC4 had higher maximum 
adsorption capacity (218.4 mg/g) for PFOA than FC1 
(158.3 mg/g). The maximum adsorption capacity of mate-
rials in literature are 16.07 mg/g (magnetic chitosan) [28], 
62.5 mg/g (Fe3O4 nanoparticles) [29], 1,969 mg/g (Mg-Al 
hydrotalcites nanosheets) [30]. The main physicochemi-
cal properties affecting removal of organic pollutants are 
pore size (micro and meso) and functional groups [31]. 
The role of adsorption on Fenton catalysis is to promote 
the contact between PFOA and the material. The higher 
adsorption capacity of FC4 could further promote its 
Fenton degradation of PFOA then FC1. The central Fe ion 
in material could then react with H2O2 to produce a large 
number of •OH that can attack various chemical bonds 
in the adsorbed PFOA molecules. The pH value has an 
important influence on the catalytic performance. The 
removal rates of PFOA by FC4 at different initial pH val-
ues are shown in Fig. 6d, and the removal rate of PFOA 
by adsorption increases at first and then decreases with 
increasing pH. The Fe-graphene hydrogels had excellent 
removal performance in a wide pH range [32–34]. When 
the initial pH values are below 6, the iron center in the 
material will react with H+ and enhance the Fenton catal-
ysis reaction, resulting the increase of removal rate under 
higher pH. When the initial pH are higher than 8, OH− 
ions will be adsorbed by the COOH in PFOA, which 
could reduce the electrostatic interaction between PFOA 
and the material and resulting in the decrease of removal 

rate [25]. The regeneration property of FC4 is shown in 
Fig. 6e, which demonstrates that the removal rates were 
retained well over 5 cycles. Fig. 6f showed the iron leach-
ing during PFOA by FC4. The low concentration of iron 
leaching reflected that the PFOA degradation was con-
tributed by heterogeneous Fenton reaction.

4. Conclusions

Here, Fe-graphene hydrogels FC1 and FC5 were pre-
pared using a facile one-step hydrothermal process. The 
iron crystals in FC1 and FC5 were α-FeOOH, in FC2 and 
FC3 were α-FeOOH and Fe3O4, while in FC4 were Fe3O4 and 
Na3FeO4. The PFOA removal by FC4 was 89.9%, in which 
adsorption contributed 41.5%. The Fe-graphene hydrogels 
had excellent removal performance in a wide pH range 
and had good reuse performance.
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