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mium removal over magnetic
carbon nanoadsorbents: synergistic effect of
fluorine and nitrogen co-doping†
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Qian Shao,d Hu Liu e and Zhanhu Guo *f

Fluorine and nitrogen co-doped magnetic carbons (FN-MCs) were obtained through a facile pyrolysis–

carbonization processes. The physical and chemical properties of FN-MCs were comprehensively

studied by various characterization techniques. FN-MCs were applied as adsorbents for the removal of

chromium(VI) ions from aqueous solutions. The adsorption performance and kinetic characteristics were

evaluated in batch mode. The results showed that the FN-MCs displayed an enhanced removal

efficiency in neutral solution, higher than solo N or F doped adsorbents. The highest removal capacity in

both neutral and acidic solutions was 188.7 and 740.7 mg g�1, respectively, competitive with the state-

of-the-art carbon adsorbents. The unexpectedly high adsorption performance in the neutral solution can

be attributed to the incorporation of the fluorine and nitrogen atoms simultaneously, which increased

the negative charge density on the surface of the adsorbent. The removal efficiency increased along with

the content of the heteroatoms and the defect value. The density functional theory (DFT) calculations

demonstrated that the F and N co-doping reduced the adsorption energy between the Cr(VI) ions and

adsorbent, thus boosting the adsorption efficiency in the neutral solution. Furthermore, the FN-MCs

showed high stability in recycling tests for Cr(VI) removal.
1. Introduction

Heterogeneous atom dopants, such as nitrogen, uorine and
sulfur, in carbon-based materials ameliorate electronic features
and provide rich functional groups, which are highly relevant to
the active performance in a wide range of applications,
including energy storage materials,1 photocatalysts,2 electro-
catalysts,3 heterogeneous catalysts,4 environmental remedia-
tion,5–7 etc. Su and co-workers found that phosphorous doped
carbon nanotubes can be used as efficient catalysts for the
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oxidative dehydrogenation of n-butane and believe that the
surface functionality is responsible for the activation of hydro-
carbons.8,9 Yu et al. found that nitrogen, phosphorous and
boron doping can tune the catalytic activity in selective oxida-
tion.10,11 Gao et al. reported that nanocarbons can achieve
a ultrahigh volumetric capacitance aer uorine and nitrogen
co-doping.12 The defect sites and surface chemistry were
believed to play a signicant role in their performance.13,14

Recently, heteroatom doped carbon-based materials were
discovered to be excellent adsorbents for heavy metal removal
from aqueous solutions.5,15

Heavy metal pollution has become an urgent issue for our
society caused by the rapid industrialization.16 Cr(VI) is a typical
contaminant because of its wide industrial application. It is
crucial to remove Cr(VI) ions from waste water due to its high
toxicity and mobility.17 Adsorption was considered as a conven-
tional and effective process because of its simple operation
without producing by-products.18,19 Typical adsorbents have
been developed to improve the removal efficiency, such as clay
minerals, biosorbents, zeolites, metal phosphates, activated
carbon and magnetic carbons.20–27 Among these adsorbents,
magnetic carbons have become more popular due to their
highly porous structure with easily controlled chemical prop-
erties and magnetization for easy separation.19,25,26,28–31 In fact,
waste water containing chromium discharged from the leather
industry is usually acidic (see Table 4), and various studies were
This journal is © The Royal Society of Chemistry 2018
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conducted under acid conditions as well. Meanwhile, a pH
adjustment with lime prior to this type of separation procedure
was under consideration due to the process, cost and sludge
treatment in this process. Recently, nitrogen doped magnetic
carbons were proved to be an efficient adsorbent for heavymetal
removal since the nitrogen dopant can adjust the electron
density on the carbon surface.5 The adsorption onto nitrogen
doped magnetic carbon composites occurs through a chemical
process involving valence forces. The Cr(III) adsorption capacity
of nitrogen doped magnetic carbons was 10 times higher than
that of active carbons.32 Our previous work also demonstrated
that the introduction of heteroatom dopants (N, F, etc.) can
efficiently increase its negative charge density and simulta-
neously increase the adsorption ability for Cr(VI) and produced
Cr(III) ions.13,14 Hence, doping with two or more kinds of
heteroatoms, such as nitrogen, uorine, and sulphur, can
afford a much more negative charge density on the material
surface, which may be more favorable for metal adsorption.
More recently, uorine and nitrogen co-doped carbons gradu-
ally attracted attention in the scientic community, since uo-
rine atoms have more electronegativity than nitrogen and
carbon atoms, displaying a much stronger ability to modulate
the negative density charge on the adsorbent surface,33–35 thus
further enhancing its electron transfer properties. Doping with
two kinds of heteroatoms into a carbon skeleton is believed to
endow the material surface with distinguished electronic
features, which could be more favorable for the adsorption of
metal ions.5,12,36 However, most studies showed that uorine
and nitrogen co-doped carbons have been only intensively
studied in the eld of electrochemistry, due to the strong ability
to modulate the negative density charge on the carbon surface.32

Li and co-workers found that uorine and nitrogen co-doped
graphene displayed a good performance in the oxygen reduc-
tion reaction, comparable with the-state-of-the-art Pt/C catalyst
in an alkaline medium.35 Gao et al. reported that uorine and
nitrogen co-doping endowed nanocarbons with high capaci-
tance and stability in electrochemistry and believed that the
uorine doping could have an acidic character, acting as elec-
tron acceptors, while the nitrogen doping generally provided
basic characteristics with electron-donor properties.12 These
results demonstrated that uorine and nitrogen co-doping
would provide unique properties for nanocarbons. Inspired by
the aforementioned work, we aimed at synthesizing the two
kinds of heterogeneous atom doped magnetic carbons with
a high performance and stability in Cr(VI) removal. To the best
of our knowledge, this is the rst time to prepare the two kinds
of heteroatom co-doped magnetic carbons for environmental
remediation.

In this study, the uorine- and nitrogen-codoped magnetic
carbons (FN-MCs) were synthesized through a simple one step
thermal pyrolysis method by using polyvinylidene uoride
(PVDF) and melamine as F and N precursors without post-pro-
cessing, and utilized as adsorbents for Cr(VI) removal. The
comprehensive characterization of the chemical and physical
properties of these carbon adsorbents was performed. The
adsorption performance and mechanism were carefully
studied. The density functional theory (DFT) calculation was
This journal is © The Royal Society of Chemistry 2018
applied to help us to understand the inner removal mechanism
over the co-doped magnetic carbon.

2. Experimental section
2.1 Materials

Potassium dichromate (99%, K2Cr2O7), ethanol (99.9%), 1,5-
diphenylcarbazide (97%, DPC) and denatured ethyl alcohol
(92.2%) were purchased from Alfa Aesar Company. Sodium
hydroxide (NaOH, 99.1%), Fe(NO3)3$9H2O (99%), sulfuric acid
(H2SO4, 95%), polyvinylidene uoride (PVDF, 99%), phosphoric
acid (H3PO4, 85 wt%) and melamine (99%) were obtained from
Fisher Scientic Co. Ltd. All the chemicals were used as received
without any further purication.

2.2 Synthesis of doped magnetic carbon nanoadsorbents

The magnetic carbon nanoadsorbents were prepared as follows:
typically, the FN-MCs were synthesized as follows: 3 g mixtures
of melamine and PVDF at mass ratios (based on the weight of
PVDF) 0%, 33%, 50%, 66, 80%, 100% and 6 g Fe(NO3)3$9H2O
were added to an ethyl alcohol solution, and then the mixtures
were treated under ultrasonication for 2 h. Aer that, the
mixtures were dried at 110 �C overnight. The obtained solid
samples were then carbonized at 800 �C for 2 h under a N2

atmosphere. The obtained carbon samples can be identied as
FN-MC-0, FN-MC-33, FN-MC-50, FN-MC-66, FN-MC-88 and FN-
MC-100, respectively.

2.3 Characterization

Brunauer–Emmett–Teller (BET) specic surface areas were
measured by N2 adsorption at liquid N2 temperature using an
ASAP 2010 analyzer. Raman spectra were obtained using a Lab-
RAM Aramis micro Raman spectrometer with an excitation
wavelength at 630 nm with 2 mm spot size. Scanning electron
microscope (SEM) images were obtained with a FEI Quanta
600F electron microscope. Transmission electron microscope
(TEM) images were obtained with a FEI Tecnai G2 12 micro-
scope which was operated at 100 kV and a high resolution TEM
(Techni F20) with a double tilt holder operating at an emission
voltage of 200 kV. The specimens for TEM were prepared by
ultrasonically suspending the sample in acetone and depositing
a drop of the suspension onto a grid. X-ray photoelectron
spectroscopy (XPS) was performed using a Kratos Axis Ultra
(DLD) spectrometer equipped with an Al Ka X-ray source in an
ultrahigh vacuum (UHV) (<10�10 Torr). The binding energies
(�0.2 eV) were referenced to the C1s peak at 284.6 eV. The
surfaces of the samples were cleaned by heat treatment at 100
�C in UHV prior to the measurements. X-ray diffraction (XRD)
patterns were recorded on a Bruker D8 ADVANCE diffractom-
eter equipped with a rotating anode using Cu Ka radiation
(40 kV, 40 mA). The magnetic property measurements were
carried out using a 2 T physical property measurement system
(PPMS) by Quantum Design at room temperature. Thermogra-
vimetric analysis (TGA) was conducted using a TA Instruments
Q-500 at a heating rate of 10 �C min�1 and an air ow rate of
20 mL min�1 from 25 to 800 �C.
J. Mater. Chem. A, 2018, 6, 13062–13074 | 13063
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A Mössbauer spectrometer was set to produce a high-preci-
sion Doppler velocity modulation of the source g radiation. The
effects of the Doppler velocity modulation on the absorption of
g radiation were recorded synchronously in the 1024 channels
of a multichannel analyzer. The result was 1024 numbers rep-
resenting registered gamma quanta (representing a singular
quantum) passing through the absorber under the condition of
different Doppler velocities. A separate calibration procedure
was used to establish the exact correspondence channel-velocity
(spectrometer calibration was performed by measuring a stan-
dard a-Fe absorber, which produces a well-known six line
spectrum. The whole velocity range was calibrated using these
six velocity points). The shape of the absorption spectrum was
tted to a theoretical model line shape, which was a superpo-
sition of singlets, doublets and sextets (57Fe case) of a Lor-
entzian form. The result was investigated using the chi2

criterion and the theoretical line shape was tailored to t the
experimental spectrum by the adjustment of spectral parame-
ters like isomer shi, quadrupole splitting, hyper ne magnetic
eld, and so on.

2.4 Cr(VI) removal

Typically, the FN-MCs were added to the Cr(VI) solution and
treated under ultrasonication for a certain time at room
temperature. Cr(VI) removal efficiency based on the effects of
different Cr(VI) concentrations (from 1.0 to 320 mg L�1), nano-
adsorbent doses (from 0.5 to 5 g L�1), treatment times (from 0 to
15 min) and pH values (from 1.0 to 13, measured with a pH
meter, Vernier Lab Quest with a pH-BTA sensor) was investi-
gated in detail in this experiment. HCl (1 mol L�1) and NaOH
(1 mol L�1) solutions were used to adjust the solution pH value.
For the kinetic study, the synthesized magnetic carbons were
used to treat different concentrations of Cr(VI) solution with the
initial pH at 1.0 and 7.0, respectively. In order to make sure that
the adsorbent was dispersed in the solution fully and quickly,
the suspension liquid with adsorbents was treated under ultra-
sonication (300 W, KQ-300DE, Kunshan Ultrasonic Instrument
Co., LTD) at room temperature. And the rated power was set
accordingly since it has a strong inuence on the Cr(VI) removal
efficiency.37,38 The Cr(VI) concentrations that remained in solu-
tions were measured at different time intervals. The Cr(VI)
concentration in solution was measured by the colorimetric
method based on our earlier publications.13,14

2.5 Computational methods

The adsorption properties were investigated by spin-polarized
DFT calculations with the DMol3 package.39 Exchange–correla-
tion functions were described by GGA/PBE.40 The electronic
basis set was a double numerical plus polarization (DNP) set,
which is equal to 6-31G** in Gaussian. The “DFT semi-core
pseudopods (DSPPs)” method was adopted as the core treat-
ment.41 The orbital cutoff with 5.0 Å was set for all atoms. To
avoid the shortage of handling weak interactions by DFT, the
long range dispersion was corrected by using the Grimme
scheme.42,43 The conductor-like screening model (COSMO) with
a permittivity of 78.54 was considered to mimic structures
13064 | J. Mater. Chem. A, 2018, 6, 13062–13074
encased by the aqueous layer.44 It is essential to extract
a simplied model as the initial structure in DFT calculations.
The surface of the nanomaterial synthesized in this contribu-
tion basically consists of graphitic carbon atoms. The partial
surface, referring to the adsorption location for Cr(VI), can be
treated as a planar structure. Thus, the graphene model was
adopted in calculations. The primitive hexagonal graphene cell
was extended to a (4 � 4 � 1) supercell with the optimized
parameters of 9.84 Å � 9.84 Å � 25 Å, where the extension along
the c axis represented the elimination of interactions between
adjacent layers. The k-point was set to 8 � 8 � 1 aer conver-
gence tests. We assumed that Cr(VI) exists as a form of CrO4

2�

clusters with two negative charges in the neutral solution. The
adsorption energy Eads was calculated according to the formula
as below:

Eads ¼ E(X/CrO4
2�) � E(X) � E(CrO4

2�) (1)

where E(X/CrO4
2�) is the energy of the steady adsorption state

on different adsorbents; E(X) is the energy of the isolated
adsorbent; E(CrO4

2�) is the energy of the isolated adsorbate
CrO4

2� cluster with two negative charges.
3. Results and discussion
3.1 Textural properties

Fig. 1a and b show the typical granulated structure of the FN-
MCs, where the iron or iron oxides were encapsulated by carbon
layers with about 3 nm thickness. This structure was similar to
that of solo F or N doped magnetic carbons (Fig. S1†).13,14

HRTEM results demonstrated that a lattice fringe of 2.03 Å was
obtained for the core component, corresponding to the (110)
plane of Fe0 particles, while the lattice fringe of 2.35 Å in the le
upper corner indicated the (111) plane of FeF2. The aggregation
of the iron oxide nanoparticles probably occurred during the
carbonization leading to non-uniform particle sizes of about
30–120 nm.19 Bulged and wrinkled graphene sheets were
observed on the carbon surface of FN-MCs, offering a high
surface area and lots of active open-edge sites.34 The uniform
distribution of N and F elements was observed (Fig. 1c), which
was also observed in the XPS results (Fig. 1d and Table S1†),
demonstrating that the introduction of N and F atoms into the
carbon skeleton was achieved. Meanwhile, the Fe element was
observed spread all over the surface of the carbon nano-
composites. XRD and Mössbauer results further revealed that
metallic irons existed on the surface (Fig. 1e, 2 and Table 1), due
to the reduction reaction with carbons during the calcination at
800 �C.19 A large number of FeF2 nanoparticles were synthesized
over F containing samples in this procedure, attributed to the
pyrolysis reaction between the FeOx and PVDF.45

Raman spectral results of FN-MCs are shown in Fig. 1f and
Table S2.† The nitrogen and uorine atom doping enables
extremely broadened peaks, demonstrating that the disorder
degree (ID/IG) of the graphene layer was greatly enhanced aer
the F and N doping.34 In this study, 5 peaks, i.e., I (1170 cm�1), D
(1320 cm�1), D00 (1490 cm�1), G (1560 cm�1), and D0 (1640 cm�1),
were deconvoluted with an appropriate Lorentzian–Gass ratio.
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Typical morphology and element distribution of FN-MCs, (a) SEM and (b) TEM and HRTEM images, (c) SEM image and the corresponding
EDS elemental mappings, carbon (red), oxygen (blue), fluorine (purple), nitrogen (green) and iron (yellow). (d) XPS survey, (e) XRD patterns and (f)
Raman spectra of the FN-MCs used in this work.
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The intensity ratio of D to G band (ID/IG) was used to evaluate the
defective degree of FN-MCs.46 The widening and overlapping of
G and D bands of the samples can be attributed to the enhanced
vibrations from I, D00 and D0 bands.47 The ID/IG value increased
from 1.09 to 1.62 rstly (FN-MC-0 to FN-MC-66) and then
declined to 1.21 (FN-MC-66 to FN-MC-100) along with the
addition of melamine dosage in the precursor. The FN-MC-66
has the highest ID/IG value at 1.62. These results demonstrated
that the defects and distortions over the FN-MCs can be tuned by
modifying the ratio of uorine and nitrogen dopants into the
carbon skeleton.34

The surface chemistry of the FN-MCs was investigated by
XPS. According to Table S1,† the N content increased from 0 to
4.28 at% with the melamine dosage increasing in the precursor,
while the F content decreased from 0 to 2.46 at%. To provide an
intrinsic insight into the effect of F and N doping in this work,
the high-resolution N 1s and F 1s spectra of the doped magnetic
carbons were obtained. For the N 1s spectra, ve peaks were
tted at 398.3, 399.9, 401.04, 403.0 and 405.0 eV, which were
assigned to pyridinic N (N1), pyrrolic N (N2), graphitic N (N3),
pyridine-N-oxide (N4) and C–O–N (N5), respectively (Fig. 3a and
Table S3†).46,48 The high-resolution F 1s spectra of the doped
magnetic carbons were tted to four peaks, centered at about
684.8, 685.8, 687.3 and 689.2 eV, corresponding to FeF2 (F1),
ionic C–F(F2), semi-ionic C–F (F3) and covalent C–F (F4),
respectively (Fig. 3b and Table S4†).45,49–51 The gross heteroatom
This journal is © The Royal Society of Chemistry 2018
and functionality contents are summarized in Fig. 4. In this
study, the N content changed slightly according to the variation
of the melamine amount in the precursor, and pyridinic,
pyrrolic and graphitic N were observed as the dominant
components for the N doping. For the F doping, the F content
could be tuned signicantly when the PVDF loading varied,
while the functionalities FeF2, ionic and semi-ionic C–F were
found to be the major components.

3.2 Cr(VI) removal

The textural properties of FN-MCs (see Fig. S2 and Table S5†)
and their Cr(VI) removal performance in the neutral solution are
summarized in Table 2. The solely F doped magnetic carbons
(FN-MC-0) showed a comparatively low efficiency, 43.4%, in the
Cr(VI) removal. The Cr(VI) removal activity increased when the N
content increased at the beginning (Table S1†). The FN-MC-66
displayed the best performance (92% Cr(VI) removal
percentage). However, continuing to increase the N doping
would lead to the decrease of Cr(VI) removal efficiency, and
might be due to the decrease of the content of the F dopant in
the adsorbent. FN-MC-100 showed the lowest activity, 24.7%
removal percentage, ascribed to the solely N doping in this
carbon adsorbent. These results demonstrated that the F and N
co-doped carbon adsorbents can achieve a higher removal
performance. In the case of the carbon adsorbent, the adop-
tion rate normalized by adsorbent weight or area is a very
J. Mater. Chem. A, 2018, 6, 13062–13074 | 13065
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Fig. 2 Mössbauer spectra of FN-MCs used in this work.
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important parameter.13,14 Therefore, we dened that the
removal rate is the Cr(VI) removal efficiency normalized by the
adsorbent weight (rg) and specic surface area (rs). In this
work, similar to the Cr(VI) removal percentages, the Cr(VI)
removal rate rstly increased and then decreased with the N
content increasing. Adsorption capacities as high as
20.69 mg g�1 min�1 and 0.250 mgm�2 min�1 were obtained in
the Cr(VI) removal in the neutral solution. These results
demonstrated that there is a synergistic effect between the F
and N dopants, enhancing the removal of Cr(VI) ions.12,36

Based on the aforementioned results, the FN-MC-66 was
proved to be the best adsorbent. The effects of parameters such
as Cr(VI) concentration, adsorbent dose, treatment time and pH
on the Cr(VI) removal efficiency of FN-MC-66 were then investi-
gated carefully (Fig. 5). In this study, up to 175 mg g�1 Cr(VI) can
Table 1 Room-temperature Mössbauer spectral data of the FN-MCs

Adsorbent Metallic iron Cementite Fe3C Fe2+ Fe3+

FN-MC-0 31 10 39 20
FN-MC-33 4 24 62 10
FN-MC-50 39 21 30 10
FN-MC-66 20 28 34 18
FN-MC-80 8 65 25 2
FN-MC-100 50 32 8 10

13066 | J. Mater. Chem. A, 2018, 6, 13062–13074
be totally removed by the adsorbent with 2.5 g L�1 dosage. The
removal percentage then decreased from 200 mg g�1, due to the
limited active sites (Fig. 5a). When the Cr(VI) concentration was
320mg g�1, up to 75% Cr(VI) ions were still removed; meanwhile
the qt was as high as 97 mg g�1 in the neutral solution. By
increasing the adsorbent dose to 3.5 g L�1, 320mg g�1 Cr(VI) was
completely removed within 10 min (Fig. 5b). As the treatment
time was prolonged, the Cr(VI) removal percentages increased,
whereas the removal capacity gradually became lower, since the
adsorption tended to be saturated. The Cr(VI) removal rate and
adsorption isotherms were also investigated. As shown in
Fig. 5c, a rapid removal performance, 2.5 min for 64.7% Cr(VI)
removal at 320 mg g�1 (initial Cr(VI) concentration), was ob-
tained rstly, and then the removal rate became slower, indi-
cating that the adsorption is gradually saturated and the surface
of the adsorbent is covered by Cr(VI) ions and as-reduced Cr(III)
ions.5,19 The pH value has a signicant effect on the Cr(VI)
removal efficiency (Fig. 5d). We adjusted the pH value ranging
from 1.0 to 13. Acid medium in the solution usually can greatly
improve the removal of Cr(VI).19,52 In this work, Cr(VI) with
a concentration of 1000 mg g�1 was totally removed at pH lower
than 2, and then the removal activity decreased from 3 (pH
value). These results may be attributed to the redox of HCrO4

�

as well as the electrostatic attraction between the Cr(VI) ions and
magnetic carbons, which also can be enhanced by the uorine
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 N1s (a) and F1s (b) XPS spectra of the FN-MCs used in this work: pyridinic N (N1), pyrrolic N (N2), graphitic N (N3), pyridine-N-oxide (N4),
C–O–N (N5), FeF2 (F1), ionic C–F (F2), semi-ionic C–F (F3) and covalent C–F (F4), respectively.

Fig. 4 Distribution of the N and F functionalities of FN-MCs used in
this work.
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and nitrogen dopants.5,15 The introduction of N or F doping can
decrease the pHzc,13,14 enhancing the adsorption ability of FN-
MCs. The apparent adverse inuence of the basic medium was
Table 2 Physical properties and performance of magnetic carbon in Cr

Entry Adsorbent SBET
b (m2 g�1) X

1 FN-MC-0 124.6 4
2 FN-MC-33 121.9 5
3 FN-MC-50 97.9 6
4 FN-MC-66 82.7 9
5 FN-MC-80 62.8 4
6 FN-MC-100 56.2 2

a Conditions: [Cr(VI)]¼ 200 mg L�1, pH¼ 7.0, adsorbent dosage: 2.5 g L�1,
size and pore volumes can be seen in Fig. S3 and Table S5. c X: removal p
treatment for 2.5 min. e Removal rate of Cr(VI) per m2 of adsorbent surfac

This journal is © The Royal Society of Chemistry 2018
also observed with the pH ranging from 8 to 13. Only 7.0% Cr(VI)
removal percentage was obtained when the pH value is 13,
which can be attributed to the adsorption competition between
the high OH� concentration and Cr(VI) ions on the adsorbent
surface.14
3.3 Adsorption kinetics and isotherm

From the aforementioned results, Cr(VI) ions can be removed
rapidly with the FN-MC-66 adsorbent. Two typical models, i.e.,
pseudo-rst-order and pseudo-second-order models, were
utilized to evaluate the Cr(VI) removal kinetics in the current
study. As can be seen from Fig. S3,† the removal process was
found to be favorable as the pseudo-second-order models with
a high correlation coefficient at 0.99, indicating that the Cr(VI)
removal by FN-MC-66 was a chemical adsorption, which was
consistent with our earlier publications.13,14,53

For the adsorption isotherm, the Langmuir and Freundlich
models are generally used to elaborate the adsorption mecha-
nism.19,26,29 In this study, the relationship between the removal
ability of the material and the concentration of the contaminant
(VI) removala

c (%) rg
d (mg g�1 min�1) rs

e (mg m�2 min�1)

3.4 9.29 0.075
2.5 11.26 0.093
6.2 14.19 0.145
6.6 20.69 0.250
5.2 9.68 0.154
4.7 5.28 0.094

and treatment time: 10 min. b The information of BET surface area, pore
ercentage. d Removal rate of Cr(VI) per gram of adsorbent based on the
e based on the treatment for 2.5 min.
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Fig. 5 (a) Effect of initial Cr(VI) concentration on Cr(VI) removal performance (adsorbent dosage: 50.0 mg, volume: 20 mL, pH: 7.0, treatment
time: 10 min) and the transformed rate plot Ce vs. qt (open circle with blue color); (b) Cr(VI) removal performance for different adsorbent
concentrations ([Cr(VI)] ¼ 320 mg L�1, pH ¼ 7.0, adsorbent dosage: 50.0 mg, volume: 20 mL, treatment time: 10 min); (c) Cr(VI) removal
performance with different treatment times ([Cr(VI)] ¼ 200 mg L�1, pH ¼ 7, adsorbent dosage: 50.0 mg, volume: 20 mL); (d) effect of pH on the
Cr(VI) removal performance (adsorbent dosage: 50.0 mg, volume: 20 mL, pH ¼ 7.0, treatment time: 10 min).
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solution was illustrated. The Langmuir isotherm was described
as the following equation:

Ce

qe
¼ 1

bqmax

þ Ce

qmax

(2)

The Freundlich isotherm is an empirical model that
considers heterogeneous adsorptive energies on the surface of
the absorbent and can be described as the following equation:

log qe ¼ log kf þ 1

n
log Ce (3)

where Ce (mg L�1) is the equilibrium Cr(VI) concentration, qe
(mg g�1) is the Cr(VI) amount adsorbed at equilibrium, qmax (mg
g�1) is the adsorption capacity of adsorbents, and b, kf and n are
constants.

Fig. S4† shows the adsorption isotherms of Cr(VI) for the FN-
MC-66. The Langmuir and Freundlich models were used to t
the adsorption behavior (Table 3). The excellent tted results,
with correlation coefficients of 0.992 and 0.987 for the Lang-
muir and Freundlich models, respectively. The maximum
Table 3 Isotherms and kinetic parameters for the adsorption of
chromium on FN-MC-66

pH

Langmuir Freundlich

qmax (mg g�1) b R2 n kf R2

7 188.7 0.0033 0.992 1.84 0.453 0.987
1 740.7 0.0043 0.951 1.03 0.424 0.992

13068 | J. Mater. Chem. A, 2018, 6, 13062–13074
adsorption capacity (qmax) of FN-MC-66 was found to be
188.7 mg g�1 in the neutral and acid solutions respectively,
which is much higher than that of other adsorbents in the
neutral solution (Table 4). For the acid solution, the qmax of FN-
MC-66 was 740.7 mg g�1, which is competitive with the state-of-
the-art carbon adsorbents. The qmax of the solely N and F doped
carbons was higher than that of FN-MC-66 in the acid solution,
due to the higher content of Fe0 and Fe2+ particles (Fig. S5†),
which were the important reductants for the Cr(VI) reduction.14

The adsorption capacity per m2 of the adsorbent surface (qs) is
another important property for adsorbents.13,14 In this work, the
qs of FN-MC-66 was 2.283 and 8.96 mg m�2 in the neutral and
acid solutions, much higher than those of other adsorbents.
These results demonstrated that the FN-MC-66 can be used as
an alternative adsorbent for heavy metal removal from
wastewater.
3.4 Stability

The recyclability of an adsorbent is very important for its
commercial application by reducing the overall cost. In this work,
we selected the FN-MC-66 as the adsorbent with 200mg g�1 Cr(VI)
initial concentration in neutral solution for the reusability study.
Aer each adsorption, the adsorbent was washed with deionized
water and 0.01 M NaOH solution for the regeneration.54,55 As
shown in Fig. 6a, the FN-MC-66 possessedmore than 80.7%Cr(VI)
removal capacity aer 5 cycles. The removal capacity qt was
64.5 mg g�1. A slight loss of the removal activity was observed,
as a result of the consumption of metallic iron and the blocking
of active sites. Signicant decreases were observed in the
This journal is © The Royal Society of Chemistry 2018
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Table 4 Comparison of Cr(VI) adsorption capacities with other adsorbents

Adsorbent SBET (m2 g�1) qmax
a (mg g�1) qs

b (mg m�2) pH Ref.

Neutral solution FN-MC-66 82.7 188.7 2.28 7 This work
N-MC 56.2 29.46 0.52 7 13
F-MC 121.6 48.78 0.40 7 14
Magnetic carbon (cellulose) 111.4 15.3 0.14 7 19
MN (cotton fabric) 91.1 3.74 0.04 7 26
Graphene nanocomposites 42.1 1.03 0.02 7 58

Acid solution FN-MC-66 82.7 740.7 8.96 1 This work
N-MC 56.2 2001.4 35.61 1 13
F-MC 121.6 1423.4 11.71 1 14
MRT 628.0 102.88 0.16 3 63
Activated carbon n/a 112.36 n/a 1 64
MnO2/Fe3O4/o-WCNTs 92.0 186.9 2.03 2 54
a-Fe2O3 40.0 4.47 0.11 3 52
N doped porous carbon (Fe) 1136.0 16 0.02 3 5
N-doped porous carbon (Ni) 2148.4 96.27 0.04 2.5 65
Micron Fe — 2.16–1.33 — 3 66
Nano-Fe 35 64.16–67.67 1.83–1.93 3 66
CNT core-in-hematite shell capsules 270 29.16 0.1 5 67
PAN-NH2 nanobers — 137.6 — 2 68
PEI-modied aerobic granular sludge — 348.1 — 5.2 69
MRT 628.0 102.88 16.4 3 63
Surface functionalized PAN ber — 20.7 — 2.5 70
Surface modied tannery residual biomass — 177–217 — 2 71
Activated carbon — 112.36 — 1 64

a qmax is obtained through the Langmuir isotherm model. b qs represents the adsorption capacity per m2 of adsorbent surface.
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magnetization and TGA of the used adsorbent (Fig. 6b and c),
demonstrating that the iron was consumed by Cr(VI) ions
through the redox reaction.19 The peaks centered at 576.9 and
586.6 eV are associated with Cr(III), and the peaks at 578.9 and
588.7 eV are attributed to the presence of Cr(VI). The XPS
analysis indicates that Cr is adsorbed as Cr(III) and Cr(VI),
Fig. 6 (a) Reusability of FN-MC-66 for Cr(VI) removal in neutral solution.
magnetic carbons. (c) The TGA curve of the fresh and used FN codoped
rate of 10 �C min�1. (d) Cr2p XPS spectra of the recycled FN-MC-66.

This journal is © The Royal Society of Chemistry 2018
suggesting that some of the adsorbed Cr(VI) anions were
reduced to Cr(III) before depositing on the surfaces of the
adsorbent.5 Meanwhile Cr(VI) and the as-produced Cr(III) ions
were tightly adsorbed on this surface of the adsorbent (see
Fig. 6d and S6†). These results demonstrated that FN-MC-66
has a good reusability for Cr(VI) removal and also evidenced
(b) Room temperature magnetic hysteresis loops of the fresh and used
magnetic carbons from 25 to 800 �C in air atmosphere with a heating

J. Mater. Chem. A, 2018, 6, 13062–13074 | 13069
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that the uorine and nitrogen atoms can efficiently maintain
the Cr(VI) removal stability.

Additionally, to investigate the removal efficiency of FN-MC-
66 in the presence of different ions, several types of ions with
200 mg L�1 concentration were added to the solution and the
variation of the performance was observed (Fig. S7†). The
cations, such as Na+, Fe3+, Zn2+, Pb2+, Cu2+, etc., were selected.
Most of them displayed a negligible effect on the Cr(VI) removal.
The anions, PO3

3�, SO4
2� and Cl�, were added as well. The

anions, SO4
2� and Cl� ions, showed no signicant inuence on

the Cr(VI) removal except PO3
3�. These results demonstrated

that the FN-MC-66 in this study still could provide a good
selectivity for Cr(VI) removal while most of the typical foreign
ions existed, and the removal performance could be hindered in
the presence of Na+ and PO3

3� ions.
3.5 Mechanism study

To investigate the mechanism of Cr(VI) removal over FN-MCs,
the relationship between the Cr(VI) removal efficiency and the
physical and chemical properties as well as the structure was
discussed in detail. According to previous work, there is
a chemical reduction reaction of Cr(VI) ions to nontoxic Cr(III)
ions occurring in this system, which is very important for the
Cr(VI) removal.19,25,26,56,57 The zero-valent iron and Fe2+ ions play
a signicant role in the magnetic carbon–Cr(VI) removal system,
since the low pH value can effectively improve the Cr(VI)
removal, involving more H+ in the system.26,58 Nevertheless, very
low removal performances were still obtained in the neutral
solution or low pH solution (pH value at 2–3) with undoped
magnetic carbons or solely nitrogen doped magnetic carbons as
an adsorbent (Table 4). Therefore, there is a signicant factor
that can dramatically increase the Cr(VI) ion removal perfor-
mance. From Table 1, the results evidently demonstrated that
the activities of FN-MCs could be modulated by the mass ratio
of melamine and PVDF, which means that the physical and
chemical properties of FN-MCs will dramatically affect the
adsorbent performance. These distinct activities of FN-MCs for
Cr(VI) removal propelled us to nd the intrinsic effects on the
structure–performance relationship of the MCs with different
heteroatom doping levels and architecture in Cr(VI) removal in
the neutral solution. As the adsorption and redox occur on the
surface of magnetic carbons, the surface-area-normalized
removal rates were utilized to evaluate the removal performance
in this study.

The magnetization of the magnetic adsorbent is not only
benecial for the withdrawal of the adsorbents, but also may be
important for the adsorption of metal ions.58 In the case of Cr(VI)
removal, the Cr(VI) and as-synthesized Cr(III) ions can be
adsorbed onto the surface of magnetic carbons due to electro-
static attraction. Is there any relationship between the magne-
tization and removal efficiency? Work focused on this issue has
been rarely reported. In this work, the magnetic property of
these carbon adsorbents was carefully measured (see Fig. S8
and Table S6†). The removal rate increased dramatically and
then decreased along with the magnetization increasing (see
Fig. S9†). Very narrow intervals were observed for the Cr(VI)
13070 | J. Mater. Chem. A, 2018, 6, 13062–13074
removal rate, which indicated that the magnetization is not the
elemental factor for the FN-MC performance, and a similar
phenomenon was observed in graphene oxide based magnetic
materials, in which Ppy–Fe3O4/rGO displayed better removal
performance but has lower magnetization than Fe3O4/rGO.59

More recently, heteroatom doping is believed to increase the
negative charge density and simultaneously increase the
adsorption ability of the carbon adsorbent.13,14 As mentioned by
earlier publications, heteroatom functionalities play a signi-
cant role in the adsorption of heavy metals. We here correlated
the Cr(VI) removal rate with the amount of uorine and nitrogen
functionalities. Although heteroatoms can indeed increase the
removal efficiency, there is no monotonic relationship between
the gross heteroatom content and the removal efficiency, as
shown in Fig. S10.† The volcanic type curve indicated that the
specic activity based on the two kinds of heteroatom dopants
has a signicant effect on promotion of the Cr(VI) removal. Also,
the relationships between the content of the deconvoluted
heteroatom functionalities and removal rate were investigated.
A positive relationship between the removal rate and graphitic
N was observed (Fig. 7a), demonstrating that graphitic Nmay be
one of the most important active sites for the improvement of
Cr(VI) removal. Meanwhile, the chaotic relationships between
the removal rate with other functionalities (i.e., pyridinic N,
pyrrolic N and C–F bonds) demonstrated that the unique Cr(VI)
removal efficiency cannot be simply attributed to certain
heteroatom functionalities (Fig. S11 and S12†). According to the
aforementioned results, the uorine and nitrogen co-doped
carbons (FN-MC-33, FN-MC-50, FN-MC-66 and FN-MC-80) dis-
played better removal efficiency than the solely heteroatom
doped magnetic carbons (FN-MC-0 and FN-MC-100), indicating
that there is a synergistic effect between the uorine and
nitrogen dopants on the Cr(VI) removal, thus facilitating the
removal efficiency. Based on reported work, pyridinic N, pyrrolic
N and C–F bonds universally emerge at defects such as vacan-
cies, free edges, or domain boundaries.11,60 Heterogeneous or
carbon atoms exposed at the edges or vacancies are usually
considered as the active sites in various elds due to their high
density of electrons,60,61 which reminds us that defect sites are
also the signicant active sites for the adsorption of Cr(VI) ions
over FN-MCs. As shown in Fig. 7b, a positive effect of defects on
the Cr(VI) removal rate of FN-MCs was observed, which
demonstrated that the defect was a signicant factor for the
Cr(VI) adsorption, since lots of heteroatoms were dispersed at
the defects. Therefore, we correlated the removal rate with the
uorine and nitrogen dopants at defects (including pyridinic N,
pyrrolic N and all the C–F bond functionalities, see Fig. 7c). An
excellent monotonic relationship was observed, strongly
revealing the positive effect of the heterogeneous dopant at
defects on the Cr(VI) removal.
3.6 Computational simulations

To further understand the intrinsic effect of F and N co-doping,
DFT calculations were carried out to show the adsorption ability
between the heteroatoms and Cr(VI) ions. According to the re-
ported literature, heteroatom functionalities play a critical role
This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Dependences of the Cr(VI) removal rate on the amounts of (a) the quaternary N, (b) the defects of FN-MCs and (c) the F and N dopants at
the edges of carbons in this work.
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in the adsorption of reactive species to improve the reaction.9–11

In this study, CrO4
2� ions were selected as the model ions, due

to the existence of the Cr(VI) form in neutral solution.19 The
steady-state congurations between CrO4

2� ions and
Fig. 8 The optimized adsorption configurations for (a) MC/CrO4
2�, (

CrO4
2�, (e) FN-MC (external)/CrO4

2� and (f) FN-MC (internal)/CrO4
2�.

iron, fluorine and chromium atoms, respectively.

This journal is © The Royal Society of Chemistry 2018
adsorbents are shown in Fig. 8. One iron atom under the gra-
phene plane was believed to be the adsorption location. The
nitrogen and uorine atoms were located near iron. It was
noteworthy that the uorine atom existed as two kinds of bond
b) N-MC/CrO4
2�, (c) F-MC (external)/CrO4

2� (d) F-MC (internal)/
The red, blue, purple, cyan and orange balls stand for oxygen, nitrogen,

J. Mater. Chem. A, 2018, 6, 13062–13074 | 13071
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forms: in the carbon skeleton (F-MC (external)) and the Fe–F (F-
MC (internal)).45,60 Meanwhile, the electrostatic interaction
between the negative CrO4

2� cluster and the adsorbent is shown
in Fig. S13.† Themore negative adsorption energy indicates that
the Cr(VI) cluster is more easily adsorbed and the cluster
conguration is more stable.62 The results showed that the
adsorption energy for F atoms inside adsorbents is much lower
than that of the outside samples, F-MC (external) (�3.169 eV) >
F-MC (internal) (�3.635 eV) and FN-MC (external) (�3.342 eV) >
FN-MC (internal) (�3.709 eV). The F doped inside is more stable
and greatly enhanced the Cr(VI) removal. As shown in Table S7,†
the FN-MC-w, washed with concentrated HCl to remove the Fe0

and Fe2+ nanoparticles on the surface of the adsorbent, still
exhibited a high removal activity. According to the survey on the
magnetic adsorbents, the adsorption energy was sequenced as
MC (�3.344 eV) > N-MC (�3.456 eV) > F-MC (internal) > FN-MC
(internal), which was consistent with the experimental results
(Table 2), demonstrating the synergistic inuence of the
nitrogen and uorine co-doping on the Cr(VI) removal.
4. Conclusion

In summary, FN-MCs were synthesised through a simple
pyrolysis method and used as an adsorbent for Cr(VI) removal.
Good performance and stability of the heteroatom doped
adsorbent were achieved, which will essentially reduce the
cost of its practical application. Negative density charge on
the adsorbent surface plays a signicant role, which was
facilitated by the nitrogen and uorine co-doping. The uo-
rine and nitrogen dopants on the magnetic carbons had
a synergistic effect on the Cr(VI) removal, and adsorption
capacities as high as 188.7 mg g�1 and 2.28 mg m�2 in neutral
solution and 740.7 mg g�1 and 8.96 mg m�2 in acid solution
were obtained. Graphitic N and heteroatoms at defects, edges
or vacancies are the most important active sites for the Cr(VI)
removal. The results presented herein provide a new approach
for the development of magnetic adsorbents for environ-
mental remediation. In addition, carbon based nano-
composites similar to that reported in the current work may
also nd great potential applications, such as electromag-
netic,72–74 structural,75–77 thermochromic,78 sensory,79–81 and
conductive82,83 elds.
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