
RESEARCH ARTICLE

Jingda Chen1,2
& Qianwei Liang1,2

& Sittipranee Ploychompoo1,2
& Hanjin Luo1,2,3

Received: 29 August 2019 /Accepted: 9 December 2019 /Published online: 16 January 2020
# Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
A novel functional rGO aerogel was synthesized by a facile hydrothermal method. In this process, graphene oxide (GO)was used
as the precursor and oxidant to synthesize the aerogels. Ethylenediaminetetraacetic acid disodium salt (EDTA-2Na) and pyrrole
monomer (reducing agent) were selected to use as hole scavenger and nitrogen sources. The obtained EDTA-2Na/polypyrrole
(Ppy)/rGO aerogel (EPGA) has a high adsorption capacity for Cr(VI) anions, and the maximum adsorption capacity reached
361 mg/g at 298 K at pH of 2. In addition, EPGA exhibited a good ability to selectively remove Cr(VI) anions under the effect of
coexisting ions (Cl−, NO3

−, SO4
2−, PO4

3−, Ni+, Cu2+, Zn2+, and Cd2+) and good regeneration ability. The kinetics process and
adsorption isotherm can be fitted well with the pseudo-second-order kinetic model and Freundlich isotherm model, respectively.
The removal mechanism involved electrostatic interaction, reduction, ion exchange, and chelation process. This work provides a
simple and environmentally friendly synthetic route for EPGA, which will be a potential candidate for efficient removal Cr(VI)
anions from industrial wastewater.
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Introduction

In the process of industrial production, a great deal of
hexavalent chromium (Cr(VI)) will be discharged, such as
semiconductor industry (Aoudj et al. 2015), leather tanneries,
electroplating processes and dyes (Jobby et al. 2018). Cr(VI)

pollution is a great threat for human being and ecosystem,
because it has high biological toxicity, carcinogenic, and
non-biodegradability (He and Chen 2014). Excessive intake
of Cr(VI) in the human body can cause a series of diseases,
including liver damage, pulmonary congestion, vomiting, and
so on (Fang et al. 2007). Therefore, the Environmental
Protection Agency lists Cr(VI) as one of the priority pollutants
(Geng et al. 2019), and we should attach great importance to
the removal of Cr(VI). Currently, methods for removing
Cr(VI) from an aqueous solution include photocatalysis,
membrane separation, ion exchange, and adsorption, etc.
(Han et al. 2019; Liu et al. 2009; Upadhyay et al. 2019).
Among these methods, adsorption is considered as the most
practical approach due to its high efficiency, economics, and
environmentally friendly. Conventional materials, such as ac-
tivated carbon (Gong et al. 2018), chitosan (Shen et al. 2013),
and biochar (Han et al. 2016), have been reported as good
adsorbents for the removal of Cr(VI). However, with the
Cr(VI) pollution becoming more and more serious, the ad-
sorption capacity of traditional materials is still insufficient,
so it is necessary to develop innovative materials to remove
Cr(VI).
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Graphene is a new two-dimensional (2D) carbon material
with a single-layer structure. It has many excellent properties,
such as huge surface area, multiple oxygen functional groups,
good electron transfer ability, and superior chemical stability
(Chen et al. 2017; Liu et al. 2015). However, under the influ-
ence of the strong π-π interaction between graphene sheets
and van der Waals force, graphene flakes tend to restack to
form graphite-like powders, so that the specific surface area of
graphene is much lower than the theoretical value (2630 m2/g)
(Cao et al. 2014; Xu et al. 2015). To produce the best possible
results of graphene, the suitable approach is making 2D
graphene sheets into hierarchical three-dimensional (3D)
structure, which retains high specific surface area (Khan
et al. 2018; Wan et al. 2016). Besides, the adsorption ability
of graphene composites to heavy metal is higher than
graphene materials (GO, rGO) (Chen et al. 2015; Li et al.
2018; Najafi et al. 2015; Yang et al. 2010). As we all know
that ethylenediaminetetraacetic acid disodium salt (EDTA-
2Na) is a common complexing agent in chemistry. It has six
coordinating atoms and is capable of forming stable chelates
with metal ions. Previous reports showed that EDTA-2Na
modified graphene oxide/chitosan composite can improve
the removal capacity of Cr(VI), and this composite reached
the maximum adsorption capacity (86.2 mg/g) at pH 2 (Zhang
et al. 2016). Chaúque et al. modified polyacrylonitrile nanofi-
bers with EDTA and the obtained composites had good ad-
sorption capacity for Cr(VI) (66.24 mg/g) (Chaúque et al.
2016).

The toxicity of Cr(VI) is almost 100 times that of Cr(III)
because the Cr(III) complex is difficult to pass through the cell
membrane. Therefore, the conversion of Cr(VI) to Cr(III) is a
desirable method for detoxification of Cr(VI) (Jobby et al.
2018). Polypyrrole (Ppy), a conducting polymer, has been
widely used in the fields of electrocatalysis, chemical and
super capacitors, because it has many unique properties, in-
cluding facile synthesis, environmental stability, and excellent
electrical conductivity (Tuo et al. 2018; Zhang et al. 2018a).
More interesting, there are positively charged nitrogen atoms
in the polymer chain, so that it can adsorb and reduce Cr(VI)
(Bhaumik et al. 2011), which making it possible to extend the
application of this conducting polymer to remove Cr(VI).
However, Ppy particles have the trend to self-aggregate, ow-
ing to its strong π-π interactions, which will reduce specific
surface area and hinder its development in Cr(VI) removal
(Amalraj et al. 2016). In order to solve this shortcoming, re-
searchers have synthesized Ppy composites, such as modifi-
cation and copolymerization (Huang et al. 2014). Kera et al.
used 2,5-diaminobenzene sulfonic acid to modify Ppy. The
composites can selectively remove Cr(VI), with the maximum
adsorption capacity of 303 mg/g at 25 °C (Kera et al. 2016).
Thao et al. synthesized polypyrrole/polyaniline copolymer by
interfacial polymerization at the vapor/liquid interface, and
FeCl3 was employed as an oxidant. The adsorption capacity

of the obtained composite material for Cr(VI) was 256.41 mg/
g (Thao et al. 2019). Moreover, the polypyrrole can be effec-
tively dispersed through rGO aerogel support, and the perfor-
mance of Cr(VI) removal can be improve with effect (Zhang
et al. 2018a).

Hence, a kind of functional rGO aerogel was successfully
synthesized via a hydrothermal self-assembly method in this
study. In the preparation process, GO was used as an oxidant
to promote the polymerization of pyrrole to form polypyrrole.
Ppy and EDTA-2Na were used as cross-linkers and hole scav-
engers. In addition, they can bring more reactive functional
groups to the aerogel. The as-prepared adsorbents were char-
acterized by various methods, such as SEM, XRD, Raman,
XPS, and FTIR. In order to better exert the removal effect of
the obtained adsorbent on Cr(VI), the effects of initial pH and
coexisting ions were investigated. Besides, the reusability and
adsorption mechanisms were also investigated.

Materials and methods

Chemicals

Graphite powder was offered by Qingdao Nanshu
Ruiy ing Graphi te Co. Ltd . (Qingdao, China) .
Ethylenediaminetetraacetic acid disodium salt (EDTA-2Na)
was purchased from Macklin Reagent Co. Ltd. (Shanghai,
China). Pyrrole was obtained from Aladdin Reagent Co.
Ltd. (Shanghai, China). Potassium dichromate (K2Cr2O7)
was of G.R. grade from Sinopharm Chemical Reagent Co.
Ltd. (Shanghai, China), while all the other reagents were of
analytical grade and used without further purification. All so-
lutions were prepared using deionized (DI) water.

Preparation of EDTA-2Na/Ppy/rGO composite

Graphene oxide (GO) was synthesized by a modified
Hummers method (Liang et al. 2018). EDTA-2Na/Ppy/rGO
aerogel (EPGA) was synthesized according to a one-step
method (Jiang et al. 2016; Zhang et al. 2018b). Briefly, the
GO was ultrasonically dispersed in deionized water (1 mg/ml,
30 ml) for 30 min and then certain amount of fresh pyrrole
(mass ratio of GO/pyrrole 1:1.5) was added into the above GO
dispersion and sonicated for 30 min. Finally, EDTA-2Na
(mass ratio of GO/EDTA-2Na 1:5) was added to the solution
and sonicated for another 30 min. Then adjust the pH of the
mixture to 4 and the mixture was sealed and transferred into a
Teflon stainless steel autoclave and heated at 180 °C for 6 h.
After cooling to the room temperature naturally, the hydrogel
was token out and washed several times with deionized water.
Thereafter, the pure hydrogel was freeze dried for 48 h to
obtain the aerogel (Fig. 1). Methods for the synthesis of con-
trast materials, such as GO aerogel (GA), Ppy/GO aerogel
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(PGA), and EDTA-2Na/GO aerogel (EGA), are displayed in
Text. S1.

Apparatus and measurements

The concentration of Cr(VI) (Ministry of Ecology and
Environmental of the People’s Republic of China, n.d.-a.
GB 7467-87) and total Cr (Ministry of Ecology and
Environmental of the People’s Republic of China, n.d.-b,
GB 7466-87) were measured by UV-vis spectrophotometer
(UV-1750, SHIMADZU, Japan). Scanning electron micro-
scope (SEM, S-3700 N, Hitachi, Japan) was applied to ob-
serve the morphology at different magnifications. The X-ray
diffraction (XRD) patterns were obtained by a D8-advance X-
ray diffractometer (Bruker, Germany) with a Cu Kα radiation
source (λ = 1.5418 Å) at a scan rate of 5°/min (2θ range from
5° to 80°), used to understand the crystal structures of the
materials. X-ray photoelectron spectroscopy (XPS) analysis
was carried on the spectrometer (Thermo Fisher Scientific
K-Alpha) with an Al monochromatic X-ray source
(1486.6 eV). Fourier transform infrared spectrum (FTIR) were
obtained by using a Nicolet-460 (ThermoNicolet, USA) FTIR
spectrophotometer in the range of 500–4000 cm−1 with a spec-
tral resolution of 4 cm−1. Raman spectrum were carried out on
a JYHR800 (France) spectrometer with a wavenumber rang-
ing from 800 to 2000 cm−1.

Batch experiments

The batch adsorption experiments were carried out in a con-
stant temperature shaker at an agitation speed of 200 rpm at
25 °C. A certain amount of adsorbent (dosage 0.4 mg/ml) was
added into Cr(VI) solution (10–500 mg/L) under shaken for a

certain time. The pH of solution ranged from 1 to 8, adjusted
by 0.1 M HCl and NaOH solution. Kinetics study was carried
out at various concentrations of Cr(VI) solution (50 mg/L,
75 mg/L, and 100 mg/L), and the adsorption isotherm exper-
iments were conducted at 25 °C, 35 °C, and 45 °C. The ions
(Ni+, Cu2+, Zn2+, Cd2+, Cl−, NO3

−, SO4
2−, PO4

3−) with the
same concentration as Cr(VI) (100 mg/L) were used to study
the effect of coexisting ions on Cr(VI) adsorption. After ad-
sorption equilibrium, a 0.45-μm filter membrane was used to
separate the adsorbent, and the Cr(VI) concentration in the
solution was measured by a UV-vis spectrophotometer. To
investigate the regeneration capacity, the EPGA after adsorp-
tion of Cr(VI) was desorbed in a 1.0 M NaOH solution and
recycled four times. The following equation can be used to
calculate the adsorption capacity (qe, mg/g). All experiments
were repeated three times, and the data presented were aver-
age.

qe ¼
C0−Ceð ÞV

m
ð1Þ

where C0 and Ce (mg/L) are the initial and equilibrium Cr(VI)
concentrations in solution, V (L) is the volume of solution, and
m (g) is the adsorbent mass.

Results and discussion

Characterization and analysis

To further investigate the micromorphology, SEMwas used to
analyze the porous structure and morphologies of GA, PGA,
EGA, and EPGA. The morphologies of GA, PGA, EGA, and
EPGAwere magnified 1000 times; as presented in Fig. 2, GA,
PGA, EGA, and EPGA display 3D structures. GA and PGA
exhibited nanosheets cross-linked structures, and in the case
of introducing the hole scavenger EDTA-2Na, EGA and
EPGA showed homogeneous 3D network structure.
Compared to EGA, with the introduction of EDTA-2Na and
pyrrole, EPGA has more pore structure and a more uniform
3D network structure. The possible explanation is that pyrrole
reacted with both GO and EDTA-2Na to form a larger molec-
ular weight complex, which provides better support for the
aerogels. Furthermore, the BET surface area of GA deter-
mined by the nitrogen adsorption-desorption isotherm curve
was 176.2 m2/g, and the specific surface area of PGA was
23.9 m2/g, which was smaller than GA. This may be due to
the fact that the PPy nanoparticles were anchored to the sur-
face and blocked the porous network, resulting in the decrease
of the exposed surface area (Fang et al. 2018). For EGA and
EPGA, the measured specific surface areas were 75.7 m2/g
and 53.6 m2/g, respectively. They were smaller than the spe-
cific surface area of GA. However, the average pore diameter

Fig. 1 Schematic of synthesis route of EPGA
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of EGA (6.9 nm) and EPGA (7.4 nm) was larger than the
average pore diameter of GA (4.3 nm).

Figure 3 a depicts the X-ray diffraction patterns of EGPA,
GO, GA, EGA, and PGA. The results showed that the sharp
diffraction peak at 8.95° and the calculated d-spacing were
about 0.99 nm, which can be attributed to GO. However, the
peak of GO disappeared after hydrothermal reaction to form
GA, PGA, and EGA, indicating that GO has been reduced by
deoxygenation. Compared with GO, there was a broad and
gentle diffraction peak at 25° and the calculated d-spacing
were 0.37 nm, 0.36 nm, and 0.36 nm for GA, PGA, and
EGA, showing that the GO involved in the hydrothermal re-
action was converted to rGO. The XRD pattern of EPGA
showed a broad and weak diffraction at 16.14°–33.53°, which
suggested the amorphous structure of EPGA. In addition, the
diffraction peak of EPGA is much lower than PGA and EGA,
so we can conclude that the introduction of polypyrrole and
EDTA-2Na overlap each other in diffraction and the combi-
nation of polypyrrole and EDTA-2Na with GO is mainly
through chemical reaction.

The structure of the nanocomposites was further analyzed
by Raman spectrum. According to previous reports, we know
that graphene materials have two typical peaks at about
1352 cm−1 (D-band) and 1596 cm−1 (G-band). The G-band
is the result of in-plane stretching vibrations of the sp2 C–C
bond in graphene materials, while the D-band corresponds to
the defect structure caused by the destruction of the sp2 do-
main or introduction of functional groups (Ding et al. 2017;
Mondal et al. 2018). As presented in Fig. 3b, GA, PGA, EGA,
and EPGA all have a characteristic peak at 1352 cm−1 and
another characteristic peak at between 1581 and 1597 cm−1,

demonstrating that all of these aerogels have graphene struc-
ture. Furthermore, the G-band of EPGA appeared at
1581 cm−1, but for GO, it was at1596 cm−1, indicating partial
recovery of the sp2 domain during the functionalization of
aerogels (Mondal et al. 2018). Moreover, EPGA has an inten-
sity ratio ID/IG of about 1.04, which is slightly higher than GO
(1.00) and GA (1.01), demonstrating that there are a large
number of defects in the functionalized EPGA. In summary,
the results of the Raman spectrum further indicated that the
GO involved in the hydrothermal reaction was converted to
rGO.

XPS was employed to analyze the variation of elemental
composition, and the functional groups of the materials
were characterized (Fig. 3c). GA, PGA, EGA, and EPGA
have two peaks appeared at 285 eV and 532 eV, corre-
sponding to C1s and O1s. Compared with GA, there was
a new peak appeared at 400 eV in PGA and EGA, corre-
sponding to N1s. In addition, EGA has a peak at 496 eV
(Na1s), which was derived from EDTA-2Na. Therefore,
polypyrrole and EDTA-2Na were successfully introduced
into PGA and EGA, respectively. For EPGA, it has the four
peaks as described above and the N1s peak is higher than
EGA but lower than PGA. Core-level N1s spectra of PGA,
EGA, and EPGA are presented in Fig. 4. Compared to
PGA and EGA, EPGA has a new peak at 402.2 eV, attrib-
uted to pyrrolic-N-oxide, which clearly declared that poly-
pyrrole and EDTA-2Na were introduced into EPGA and
polypyrrole was modified by EDTA-2Na. In summary,
EDTA-2Na/Ppy/rGO aerogel (EPGA) have been success-
fully synthesized through hydrothermal reaction, which
can be further confirmed by FTIR spectra.

Fig. 2 SEM images of a GA, b
PGA, c EGA, and d EPGA
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FTIR spectroscopy was used to investigate the functional
groups of the prepared materials (Fig. 3d and Fig. S1). The
peaks of GA appear at 3400, 1714, 1645, and 1394 cm−1,
corresponding to the stretching vibration of C–H bonds from
the adsorbed H2O and GO component, C=O stretching vibra-
tion of the carboxyl, the stretching vibrations of C=C bonds,
and the stretching vibrations of O–H bonds. The main peaks
of PGA appeared at 1551 and 1487 cm−1, corresponding to
conjugated C–N and C–H stretching vibration from the pyr-
role ring (Fang et al. 2018). The band at 1045 cm−1 was
assigned to N–H in-plane deformation vibration. Compared
to PGA, EPGA has new peaks at 1558 and 1080 cm−1, which
were caused by the N–H stretching vibration and reflected the
introduced EDTA-2Na (Cui et al. 2015). The band at
3024 cm−1 can be assigned to the stretching vibrations of C–

H saturated bond. FTIR spectroscopy confirmed that Ppy and
EDTA-2Na were introduced into EPGA, which contained a
large number of oxygen-containing and nitrogen-containing
reactive groups.

Effect of initial pH

Based on previous reports, we can see that pH is one of the
most important factor in adsorption of Cr(VI), because pH has
a strong impact on the existing state of Cr(VI) anion and
protonation of adsorbents. In order to study the effect of pH,
the adsorption experiment was carried out in the range of pH
from 1 to 8 (dosage 0.4 g/L, concentration 100 mg/L, volume
25 mL). The result is depicted in Fig. 5a.The adsorption ca-
pacity of EPGA reached a maximum at pH 2.0 and the

Fig. 3 a X-ray diffraction patterns of GO, GA, PGA, EGA, and EPGA. b Raman spectra of GO, GA, PGA, EGA, and EPGA. c XPS spectra of GA,
PGA, EGA, and EPGA. d FTIR spectra of GA, PGA, EGA, and EPGA
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adsorption capacity decreased rapidly with the increase of pH.
When the pH < 2, the adsorption capacity of EPGA tended to
decrease slowly. But the adsorption capacity of EPGA was
maintained at a high level at the pH range of 1.0–3.0, which
is much higher than other contrast materials (GA, PGA, and
EGA). EPGA exhibited excellent adsorption performance at
low pH because it has strongest reducing groups, which could
partially reduce Cr(VI) to Cr(III). Moreover, it has a large
number of reactive groups (–COOH, –NH–) which can be
protonated (–COOH+, –NH+–) in acidic conditions, and they
could adsorb HCrO4

− and Cr2O7
2− (the dominant species of

Cr(VI) at low pH) by electrostatic attraction (Zhang et al.
2016).

The trend of GA, PGA, and EGA adsorption capacity
changed similar to EPGA; this phenomenon is related to

adsorbate and adsorbent. Various species of Cr(VI) existed
in different pH solutions. Cr2O7

2− and HCrO4
− predominate

at acidic pH, while CrO4
2− is dominant at pH > 6.

Furthermore, HCrO4
− is more readily adsorbed on the surface

of the adsorbent than CrO4
2−, because HCrO4

− requires only
one active site and CrO4

2− requires two active sites (Norouzi
et al. 2018). Moreover, surface charge of adsorbent is another
important factor. The zeta potential (ζ) was measured at dif-
ferent pH to investigate the surface charge of adsorbents. As
shown in Fig. S2, the protonation of the functional groups on
the surface of the adsorbent caused the surface charge to be
positively charged at low pH, promoting the adsorption of the
Cr(VI) anion. As the pH increased, the functional groups on
the surface of the adsorbent deprotonated, and the zeta poten-
tial decreased. At higher pH, the surface charge of the

Fig. 4 Core-level N1s spectra of a PGA, b EGA, and c EPGA
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adsorbent was negative, which led to the repulsive force of
Cr(VI) adsorption, resulting in a decrease of adsorption
capacity.

Effect of coexisting ions

In most cases, the composition of industrial wastewater is
complex and may contain one type or more metal cations
and a variety of common inorganic anions, such as Cl−,
NO3

−, SO4
2−, PO4

3−, Cu2+, Zn2+, Cd2+, and Ni+. Therefore,
it is necessary to study the influence of these coexisting ions in
the adsorption process. In the experiment, we kept the con-
centration of Cr(VI) and coexisting ions in agreement
(100 mg/L), and added 10 mg of adsorbent to the solution
(dose 0.4 g/L, pH = 2, 25 °C). The experimental results are
shown in Fig. 5b. We can find that Cl− anions and NO3

−

anions have no significant effect on the removal of Cr(VI).
However, the other two anions (SO4

2−, PO4
3−) have an effect

on the adsorption of Cr(VI), and the removal efficiency de-
creased by 5.4 and 4.4%, respectively; owing to SO4

2−, PO4
3−

anions have similar molecular size and closer ionic radius with
HCrO4

− (Cai et al. 2019). Compared with anions, metal cat-
ions have a more pronounced effect on the adsorption of
Cr(VI) anions. This can be explained as follows: the doping
of EDTA-2Na introduced a large number of reactive groups (–
COOH) into EPGA, which can complex with most metal ions.
In general, coexisting ions have little effect on the adsorption
of Cr(VI) by EPGA. Cd2+ cations has the greatest influence on
the adsorption of Cr(VI), and the removal efficiency was re-
duced by 8.4%, but still maintains high removal efficiency and
large adsorption capacity, indicating that EPGA can selective-
ly remove Cr(VI).

Adsorption kinetics

Excellent adsorbent materials not only need to have high ad-
sorption capacity, but also should be able to achieve adsorp-
tion equilibrium in a short time. Kinetics adsorption experi-
ments were performed using three initial Cr(VI) concentra-
tions (50 mg/L, 75 mg/L, 100 mg/L) at different time. The
result is shown in Fig. 6. It can be seen that when the initial
Cr(VI) concentration was 50 mg/L, the adsorption capacity
rapidly increased in the first 80 min and reached the adsorp-
tion equilibrium in 180 min. As the initial concentration in-
creased, both the adsorption capacity and the equilibrium time
increased (360 min for 75 mg/L, 900 min for 100 mg/L).

To better understand the adsorption mechanism, pseudo-
first-order (Eqs. (2)) and pseudo-second-order models (Eqs.
(3)) were used to fitting the experimental data.

qt ¼ qe 1−exp −k1tð Þ½ � ð2Þ

qt ¼
q2ek2t

1þ qek2t
ð3Þ

where qt (mg/g) is the adsorption capacity at time, t; qe (mg/g)
is the adsorption capacity at equilibrium; k1 (min−1) and k2
(g/(mg min)) are the rate constants of the pseudo-first-order
model and the pseudo-second-order model, respectively.

The fitting plots of the kinetic data are shown in Fig. 6, and
Table 1 shows the kinetic constants and other parameters cal-
culated from the non-linear regression. Since the determina-
tion coefficients (r2) for pseudo-second-order kinetic models
are significantly higher than that of pseudo-first-order kinetic
model, we can conclude that pseudo-second-order kinetic
models fitted the experimental data better for all the concen-
trations. This suggested that chemisorption between the

Fig. 5 a Effect of pH on adsorption capacity. b Effect of coexisting ions for adsorption of Cr(VI) onto EGPA

Environ Sci Pollut Res (2020) 27:10715–10728 10721



EPGA and Cr(VI) was the rate-controlling step (Lyu et al.
2019). Moreover, the calculated adsorption capacity was con-
sistent with the experimental values at various initial
concentrations.

Adsorption isotherms

Adsorption isotherms play an important role in the adsorption
system, because it can help to understand the distribution of
adsorbed molecules between the aqueous and solid phases
under equilibrium conditions (Yan et al. 2017). The isothermal
adsorption of Cr(VI) on EPGAwas studied at 298 K, 308 K,
and 318 K, respectively. The result is presented in Fig. 7a; as
the equilibrium concentration of Cr(VI) increased, we can see
that the adsorption capacity of EPGA increased. This may be
due to an increase in driving force at higher concentrations,
overcoming the mass transfer resistance of the adsorbate be-
tween the aqueous phase and the solid phase (Yuan et al.
2013). Moreover, we could conclude that the adsorption of
EPGA was an endothermic process, because the adsorption
capacity increased with increasing temperature. More interest-
ingly, at the initial Cr(VI) concentration of 50 mg/L, the
Cr(VI) concentration at equilibrium was 4S2 μg/L (Fig. 7b),
which indicates that if the initial Cr(VI) concentration is lower
than 50 mg/L, the Cr(VI) concentration after adsorption can
meet the Chinese industrial wastewater discharge standards
(0.5 mg/L) (Ministry of Ecology and Environmental of the
People’s Republic of China, n.d.-c, GB 8978-96).

Langmuir and Freundlich isotherm models were used to
analyze the experimental adsorption data. The Langmuir ad-
sorption model assumes that adsorption is monolayer adsorp-
tion. The solid surface is considered to be homogeneous, and
each adsorption site has the same affinity for the molecule,
resulting in one adsorption site capable of adsorbing only one
molecule. The Freundlich isotherm model considers the solid
surface to be non-uniform and one molecule can be adsorbed
by multiple adjacent binding sites on the solid surface. The
adsorption capacity is the sum of adsorption at all sites (Foo
and Hameed 2010). The equations were expressed as follows
(Liang et al. 2018):

qe ¼
bqmaxCe

1þ bCe
ð4Þ

qe ¼ k f c1=ne ð5Þ

whereCe (mg/L) is the Cr(VI) concentration at equilibrium; qe
(mg/g) is the adsorption capacity at equilibrium; qmax (mg/g)
is the maximum adsorption capacity; b, n and kf are the
Langmuir and Freundlich constants.

The isotherm constants were calculated and summarized in
Table 2. The results showed that the determination coefficients
(r2) for Freundlich were higher than that of Langmuir, dem-
onstrating that the Freundlich model fitted the experimental
data better. Therefore, the adsorption of Cr(VI) onto EPGA
may be multilayer adsorption on the energetically heteroge-
neous surface. For the Freundlich model, a higher kf value
indicated that EPGA had a higher adsorption capacity and
affinity for Cr(VI). The value of n reflects the heterogeneity

Fig. 6 Adsorption kinetics with
pseudo-first-order and pseudo-
second-order model
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of the adsorbent or the strength of the adsorption reaction and
a larger value of n means better adsorption performance. The
comparison of adsorption performance of EPGA and other
adsorbents on Cr(VI) was shown in Table S1. Compared to
these materials, EPGA has excellent adsorption capacity,
which indicates that it is a promising adsorbent for removing
Cr(VI).

Regeneration performance evaluation

The regenerative properties of the adsorbent reflect its stability
to some extent. The stability of the adsorbent plays an impor-
tant role in the treatment of industrial wastewater, and even
affects the development of adsorbent materials. If the adsor-
bent can be recycled multiple times and still maintain excel-
lent adsorption performance, the economic cost can be re-
duced. Therefore, the preparation of the adsorbent requires
to study its reusability. In order to investigate the reusability
of EPGA, we compared the effects of various desorption
agents (Fig. S3). And 1 M NaOH solution was selected as
the regeneration agent. In Fig. 8, it could be seen that after
four times of adsorption-desorption cycle, the adsorption ca-
pacity of EPGA decreased from 194 to 143 mg/g, but still

retained 73.7% removal efficiency. It means that EPGA had
excellent regeneration ability. Figure 9 d shows that the peak
of pyrrolic-N became weak after adsorption. In addition, the
FTIR analysis (Fig. S4), showed that the intensity of the peak
corresponding to pyrrole was also became weak, but the other
peaks did not change significantly after adsorption-desorp-
tion. This explained why the removal efficiency after regen-
eration was slightly decreased, but still maintained high ad-
sorption efficiency.

Adsorption mechanism

In order to investigate the mechanisms of Cr(VI) removal, the
EPGA before and after Cr(VI) adsorption were characterized
by XPS. The result is shown in Fig. 9a. Compared with the
EPGA before loading Cr(VI), a new peak appeared at
577.6 eV in the full-range XPS spectrum of EPGA after
Cr(VI) adsorption, which confirmed that Cr was successfully
adsorbed onto the surface of EPGA. The Cr2p core-level spec-
tra can be divided into two peaks: Cr2p1/2 and Cr2p3/2 (Fig.
9b). In addition, both Cr2p1/2 and Cr2p3/2 were deconvoluted
to two components at around 576.8 eV, 578.0 eV, 586.6 eV,
and 587.7 eV, which attributed to Cr(III)2p1/2, Cr(VI)2p1/2,

Fig. 7 a Adsorption isotherm. b Removal efficiency at different initial concentrations at pH = 2 at 298 K

Table 1 Comparison of pseudo-first-order and pseudo-second-order kinetic model constants

C0 qe,exp Pseudo-first-order kinetic model Pseudo-second-order kinetic model

(mg/
L)

(mg/g) K1 (min−1) qe,cal (mg/g) r2 K2 (g/(mg min)) qe,cal (mg/g) r2

50 124.91 0.1556 120.3053 0.9429 0.0022 123.8148 0.9912

75 171.69 0.1064 162.3417 0.9074 9.8465 × 10−4 168.6083 0.9780

100 211.63 0.0913 188.1194 0.8340 6.6048 × 10−4 197.0520 0.9338
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Cr(III)2p3/2, and Cr(VI)2p3/2, respectively. This result indicat-
ed that Cr(VI) was adsorbed by EPGA and partially reduced to
Cr(III). Furthermore, we can conclude that 45.2% of the
Cr(VI) anions have been reduced to Cr(III), from the calcula-
tions of peak area percentage.

Figure 9 c and d present the C1s and N1s core-level spectra
of EPGA before and after Cr adsorption. The parameters of
C1s and N1s peaks are shown in Table S2. From the C1s
spectra before Cr adsorption, there are three component peaks,
including C in graphite (284.6 eV), C–OH/C–N (285.9 eV)
and C=O (288.5 eV). Cr adsorption slightly shifts the charac-
teristic peaks of specific groups and the molar ratio of C=O
decreases from 16.14 to 13.16%, which suggests that the C=O
groups play an important role in the reduction process (Deng
et al. 2017). For the N1s spectra, it consists of three parts—
399.6 eV (=N–), 400.0 eV (pyrrolic-N), and 402.2 eV (pyrro-
lic-N-oxide). Compared with the N1s spectra before Cr ad-
sorption, the molar ratio of pyrrolic-N decreased from 44.75 to
38.64% and pyrrolic-N-oxide decreased from 30.78 to
19.95% in the N1s spectra after Cr adsorption. While the

molar ratio of =N– increased from 24.47 to 41.40%. This
result can be explained as follow: during the Cr removal pro-
cess, Ppy is oxidized and pyrrolic-N and pyrrolic-N-oxide are
converted to =N– groups (Fang et al. 2018). Therefore, it can
be reasonably assumed that Cr(VI) is reduced to Cr(III) by the
following equations:

R−C ¼ Oþ HCrO−
4 þ 6Hþ→R−COOHþ Cr3þ þ 3H2O ð6Þ

3R−Ppy0 þ HCrO−
4 þ 7Hþ→3R−Ppyþ þ Cr3þ þ 4H2O ð7Þ

or

R−C ¼ Oþ Cr2O
2−
7 þ 13Hþ→R−COOHþ 2Cr3þ þ 6H2O

ð8Þ
6R−Ppy0 þ Cr2O

2−
7 þ 14Hþ→6R−Ppyþ þ 2Cr3þ þ 7H2O ð9Þ

On the basis of above reduction process, electrostatic at-
traction, ion exchange and chelation also involved in the ad-
sorption process (Fig. 10). From the zeta potential (ζ) analysis,
we know that the surface charge of EPGA is positive at low

Fig. 8 Reusability of EPGA

Table 2 Comparison of
Langmuir model and Freundlich
model constants

Temperature (K) Langmuir model Freundlich model

qmax (mg/g) b (L/mg) r2 kf n r2

298 336.12695 0.29152 0.75224 156.1177 6.69485 0.97279

308 362.58127 0.40041 0.78873 169.16258 6.56918 0.97686

318 394.84753 0.7935 0.82475 192.76497 6.76208 0.9569
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pH. Therefore, Cr(VI) anions (HCrO4
− and Cr2O7

2−) were
attracted by plenty amount of pronated reactive groups—(–
NH+–), imine groups (–N=+) and (–COOH+). As for Cr(III),
[Cr(H2O)6]

3+ specie was the main Cr(III) ions in an acidic
solution. It can be adsorbed by ion exchange with Na+ ions.
In Fig. 9a, we can see that the Na1s peak disappeared in the
full-range XPS spectrum of EPGA after Cr(VI) adsorption
which confirms the existence of ion exchange during the re-
moval process. Besides, EDTA-2Na is a common complexing
agent in chemistry, which can be easily chelated with Cr(III)
cations (Cerar 2015). The ion exchange and chelation can be
summarized by Eqs. (10) and (11).

3 R−COONað Þ þ Cr H2Oð Þ6
� �3þ

→ RCOOð Þ3−Cr þ 6H2Oþ 3Naþ

ð10Þ

3 R−COOHð Þ þ Cr H2Oð Þ6
� �3þ

→ RCOOð Þ3−Cr þ 6H2Oþ 3Hþ

ð11Þ

In order to reveal the relationship between adsorption and
reduction during Cr(VI) removal, the concentration of total Cr,
Cr(VI), and Cr(III) in solution upon different adsorption times
were studied, as shown in Fig. 11. At the first minute of ad-
sorption, 7.3 mg/L of Cr(III) could be measured in solution,
probably because adsorption and reduction were carried out
simultaneously, rather than that Cr(VI) was reduced after ad-
sorption onto the EPGA surface. In the initial stage, the reduc-
tion reaction carried out rapidly, resulting in the reduction of a
large amount of Cr(VI) to Cr(III), which was partially released
into the solution. As the reducing active sites decreased,

Fig. 9 XPS spectra of the EPGA before and after adsorption. a Full-range XPS spectrum. bCr2p core-level spectra. cC1s core-level spectra. dN1s core-
level spectra
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adsorption dominated at this stage. The concentration of
Cr(III) in the solution gradually decreased until the adsorption
equilibrium was reached.

Conclusions

A kind of functional rGO aerogel (EPGA) was synthesized
successfully and used to remove Cr(VI) from aqueous solu-
tion. Experimental result indicated that the obtained EPGA

has an excellent adsorption ability for Cr(VI) anions, and the
maximum adsorption capacity reached 361 mg/g at 298 K
under pH of 2. In addition, when the initial concentration of
Cr(VI) solution was below 50 mg/L, after adsorption by
EPGA the concentration of Cr(VI) could reach the emission
standard of Cr(VI) in industrial wastewater of China. The
coexisting ions, including Cl−, NO3

−, SO4
2−, PO4

3−, Ni+,
Cu2+, Zn2+, and Cd2+, had no significant influence on remov-
ing Cr(VI), indicating that EPGA can selectively remove
Cr(VI). The adsorption kinetic data fitted well with the

Fig. 11 Concentrations of total
Cr, Cr(VI), and Cr(III) in solution
upon different adsorption times
on EPGA

Fig. 10 Possible adsorption
mechanism of Cr(VI) ions on
EPGA aerogel
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pseudo-second-order kinetic model. The adsorption isotherm
followed by the Freundlich isotherm and the adsorption pro-
cess was endothermic. Moreover, EPGA had excellent regen-
eration ability and could repeat four adsorption-desorption
cycles. In summary, EPGA is a potential candidate for effi-
cient removal Cr(VI) anions from industrial wastewater.

Funding information This study is financially supported by the Social
Development Fund of Guangdong Province (No. 2017A020216018) and
Guangzhou Science and Technology Project (No. 201904010319).
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