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Abstract: Newly designed fluorine-doped magnetic carbon (F-MC) was synthesized in situ though
a facile one-step pyrolysis-carbonization method. Poly(vinylidene fluoride) (PVDF) served as the
precursor for both carbon and fluorine. 2.5 % F content with core-shell structure was obtained over
F-MC, which was used as a adsorbent for the Cr(VI) removal. To our best knowledge, this is the
first time to report that the fluorine doped material was applied for the Cr(VI) removal,
demonstrating very high removal capacity (1423.4 mg g-1), higher than most reported adsorbents.
The unexpected performance of F-MC can be attributed to the configuration of F dopants on the
surface. The observed pseudo-second-order kinetic study indicated the dominance of chemical
adsorption for this process. High stability of F-MC after 5 recycling test for the Cr(VI) removal
was also observed, indicating that F-MC could be used as an excellent adsorbent for the toxic
heavy metal removal from the wastewater.

2

1. Introduction
The effective disposal of wastewater for the heavy metal removal is attracting more and more
attention in the social and academic communities. Cr(VI), a classical heavy metal pollutant emitted
from the industrialization, is one of the most toxic metal ions in the surface water [1]. Trace amount
of Cr(VI) will cause serious physiological and neurological damages. As reported that the
concentration range of Cr(VI) ions in wastewater was about 60~1800 mg/L [2, 3]. Be aware of this
problem, less than 100 μg L-1 of the total Cr in drinking water is permitted to protect the human
body [4]. Thus, it is indispensable to remove Cr(VI) from waste water for further utilization. In
order to improve the removal efficiency, various methods have been developed, such as ion
exchange, chemical precipitation, membrane separation, biosorption and reverse osmosis [5-9].
Among those technologies, adsorption is considered as the most suitable method for the industries
due to its high efficiency, low cost and independence on facilities without any side-products and
second-pollution. Several adsorbents, i.e., bio-absorbents, clay minerals, metal phosphates,
zeolites, active carbon and magnetic carbons, have been utilized in the environmental remediation
[10-17]. Recently, magnetic carbons have recently drawn a great deal of interests due to their
highly porous structure with easy-controllable chemical properties and the magnetization for the
separation [1, 15, 16, 18-20]. For example, Qiu et al. recently synthesized the magnetic carbons
by one-step pyrolysis of cellulose and Fe(NO3)3 with high activity for the Cr(VI) removal
(maximum capacity (qmax) is 327.5 mg g-1, pH = 2) [1]. In this process, the redox reaction between
the Cr(VI) ions and magnetic nanoparticles (Fe) played a significant role for the Cr(VI) removal.
After treatment, the magnetic carbon showed a good magnetism and could be easily separated.
Nevertheless, these magnetic adsorbents displayed a relatively low efficiency for the Cr(VI)
removal.
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Recently, surface modification with heteroatoms, such as nitrogen, sulfur et al., is a new
approach for enhancing the ability of environmental remediation [21-25]. For instance, Qiu and
co-workers found that the polyethylenimine (PEI) facilitated ethyl cellulose and fibers displayed
an excellent performance for Cr(VI) removal in a wide pH range. After modified by PEI, the
adsorption capacity (36.8 mg g-1) was greatly enhanced, higher than the unmodified sample (12
mg g-1) [21]. The doping of heteroatoms, such as nitrogen and sulfur et al, into the adsorbents is
another approach for enhanced environmental remediation [24-26]. The heteroatoms can adjust
the negative charge density on the surface of adsorbent, therefore facilitating the adsorption of
contaminants [24, 25, 27, 28]. For example, Shin and co-workers reported that nitrogen doped
magnetic carbon nanoparticles (N-MCs), fabricated by the pyrrole and ferric chloride, displayed a
good performance in the adsorption of heavy metal. The adsorption on the surface of N-MCs took
place through a chemical process involving the valence forces. The enhanced adsorption capacity
of heavy metal ions over nitrogen doped sample was 10 folds higher than the undoped active
carbon [29]. Nitrogen doping greatly enhanced the removal efficiency of carbon due to the
improved interaction between the adsorbents and Cr(VI) ions [30]. More recently, fluorination was
proposed as a novel process for the surface modification to improve the performance [31-35].
Many efforts were made to prepare the fluorine modified anatase materials to reduce the Cr(VI) to
Cr(III) ions in the photocatalysis. For instance, Song and his co-workers synthesized fluorinated
TiO2 nanostructures for the Cr(VI) removal and obtained a rate constant 7 times greater than that
achieved using pure-TiO2. The surface fluorination facilitates the adsorption process by increasing
the number of surface OH groups generated, thus enhancing the adsorption ability [33]. These
results indicated that the fluorination was a promising approach to clean waste water. For the
carbon materials, the fluorine atoms can increase electron transfer as well as high electronegative
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fluorine functionalities [32]. Nevertheless, in the case of environmental remediation, there has
been very little research reported on the waste water treatment by the fluorine doped carbon
adsorbents.
In this work, fluorine doped magnetic carbons (F-MC) were synthesized through a simple
one-step thermal pyrolysis method using poly(vinylidene fluoride) (PVDF) as carbon and fluorine
precursor. To our best knowledge, it is the first time to report the Cr(VI) ions removal by fluorine
doped adsorbent with considerable activity and stability. The influence of Cr(VI) concentration,
adsorbents loading, adsorption time, pH and the adsorption kinetics were investigated in detail.
The complex relationships between the physical/chemical properties of adsorbent and Cr(VI)
removal efficiency were correlated to reveal the enhancement of F dopant for the Cr(VI) removal.
2. Experimental Section
2.1 Materials
Potassium dichromate (99%, K2Cr2O7), 1,5-diphenylcarbazide (97%, DPC) and ethanol (99%)
were purchased from Alfa Aesar Company. Fe(NO3)3·9H2O (99%), sodium hydroxide (NaOH,
99.1%), sulfuric acid (H2SO4, 95%), phosphoric acid (H3PO4, 85%), PVDF (99%) and glucose
(99%) were obtained from Fisher Scientific Ltd. All the chemicals were used as received without
any further purification.
2.2 Synthesis of F-MCs nanoadsorbents
The F-MCs were synthesized as follows. Typically, 6 g Fe(NO3)3·9H2O and 3 g PVDF were
added into ethyl alcohol solvent (100 mL) and then treated under ultra-sonication for 2 h to be
mixed intensively. After that, the mixture was dried at 110 oC overnight. The obtained solid
samples then were carbonized at 800 oC for 2 h under N2 atmosphere. To control the fluorine doped
5

levels, glucose was added into mixtures to adjust the PVDF concentration at 0, 33, 50, 66 and 100
wt%, which were noted as the F-MC-0, F-MC-33, F-MC-50, F-MC-66 and F-MC-100,
respectively.
2.3 Characterization
Transmission electron microscope (TEM) images were obtained with a FEI Tecnai G2 12
microscope operated at 100 kV. The samplse were prepared by ultrasonically suspending in
acetone and depositing several drops of the suspension onto a grid. Scanning electron microscope
(SEM) images were obtained with a FEI Quanta 600F electron microscope. X-ray diffraction
(XRD) patterns were obtained from a Bruker D8 ADVANCE diffractometer equipped with a
rotating anode using Cu Kα radiation (40 kV, 40 mA). Raman spectra were obtained in a LabRAM
Aramis micro Raman spectrometer with an excitation wavelength at 532 nm with 2 mm spot size.
X-ray photoelectron spectroscopy (XPS) were performed in a Kratos Axis ultra (DLD)
spectrometer equipped with an Al Kα X-ray source in ultrahigh vacuum (UHV) (<10-10 Torr). The
binding energies were referenced to the C1s peak at 284.6 eV. Brunauer-Emmett-Teller (BET)
specific surface areas were measured by N2 adsorption at liquid N2 temperature in an ASAP 2010
analyzer. The magnetic property measurements were carried out in a 2 T physical property
measurement system (PPMS) by Quantum Design at room temperature.
2.4 The removal of Cr(VI)
Typically, the selected nanoadsorbents were added into the Cr(VI) solution and treated under
ultrasonication for certain time at room temperature. Cr(VI) removal efficiency based on the
effects of different Cr(VI) concentration, treatment time and pH value (measured by a pH meter,
Vernier Lab Quest with pH-BTA sensor) were investigated in detail. The Cr(VI) concentration in
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solution was measured by the colorimetric method7 by using the obtained standard fitting Equation
(1):
Ce = 3.8716A-0.00039

(1)

where Ce is the concentration of Cr(VI) and A is the absorbance at 540 nm obtained from the UVvis test.
The Cr(VI) removal percentage (R%) was calculated using Equotion (2):
𝑅% =

(𝐶0 −𝐶𝑒 )
𝐶0

× 100%

(2)

where C0 and Ce (mg L-1) are the Cr(VI) concentrations in solution before and after treatment,
respectively. The removal capacity (qe, mg g-1) is quantified by Equation (3):
qe =

(C0 -Ce )V
m

× 100%

(3)

where V (L) represents the volume of Cr(VI) solution and m (g) is the mass of the used magnetic
carbon nanoadsorbents.
3. Results and discussion
3.1 Synthesis of F-MCs
Fig. 1 shows the typical SEM and TEM images of as-synthesized samples. All of the samples
displayed nanospheres with core-shell structure. From Fig. 1a, the MC displayed the core-shell
structure with a carbon coating at about 3-5 nm. With the addition of PVDF (Fig. 1b to e, 1g to j),
much more amorphous carbons were synthesized, and the particles were covered by the amorphous
carbons. The sizes of particles in F-MCs were random. Meanwhile, the thickness of carbon coating
increased with the increasing of PVDF loading from 33 wt% to 100 wt%. The tightly
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interconnected nanospheres by the amorphous carbons were also observed in the F-MCs,
benefiting the synthesis of zero valence iron (ZVI, the redox reaction between carbon and FeOx)
[1]. The XRD pattern evidenced that four kinds of iron state existed on the surface of all the
samples (Fig. 2). Large amount of ZVI particles were observed, indicating that the FeOx were
partially reduced by the PVDF or glucose during the calcination process [36]. In addition, iron (II)
fluoride (FeF2) nanoparticles were observed after adding the PVDF with even a small amount (33
wt%) into the precursor, attributing to the synthetic reaction between the PVDF and Fe(NO3)3
during the carbonization process, i.e., CFx + FeOx → CO2 + FeF2 [36-38]. With increasing the
addition of PVDF, the FeF2 became dominant in the adsorbents, which was also observed in the
porous Fe3O4-FeF2@CFx composites for the electrochemistry [36-38].

Fig. 1. SEM (a to e) and TEM (f to j) images of magnetic adsorbents: (a and f) for F-MC-0; (b
and g) for F-MC-33; (c and h) for F-MC-50; (d and i) for F-MC -66; and (e and j) for F-MC-100.
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Fig. 2. XRD patterns of F-MCs used in this study. (a) ~ (e) are represented as F-MC-0, F-MC33, F-MC-50, F-MC-66, F-MC-100, respectively.
These fluorine functionalities in this work endowed stronger adsorption ability for the metal
ions [23-25, 29]. Therefore, the fluorine content of doped magnetic carbons was measured by XPS
(Fig. 3 and S1, Table 1). The full-range XPS survey demonstrated four main peaks such as C1s,
O1s, F1s and Fe2p, located at about 284.6, 530, 685 and 711 eV, respectively, indicating that F atoms
were successfully incorporated into the magnetic carbons during the carbonization procedure.
From Table 1, alone with the increase of PVDF loading, the atomic ratio in the F-MCs increased
from 0% to 2.5%. The F1s spectra of doped magnetic carbons were then deconvoluted into four
peaks centered at about 684.8, 685.8, 687.3 and 689.2 eV, which could be assigned to FeF2 (F1),
ionic C-F (F2), semi-ionic C-F (F3) and covalent C-F (F4), respectively [36, 39-41]. A large
portion of FeF2 with 31%~45% was observed over F-MCs, confirming the previous discussion in
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the XRD section [36]. In addition, abundance of ionic C-F bond and semi-ionic C-F bond
functionalities were synthesized on the surface of F-MCs. With increase the PVDF loading from
33 wt% to 100 wt% in the precursor, the ionic C-F bonding increased from 37.0 to 43.9 %. Semiionic C-F and C-F covalent bonding displayed a fluctuation within a narrow range with the increase
of PVDF.
Fig. 4 presents the high-resolution XPS C1s spectra with peak deconvolution of F-MCs. Six
components were deconvoluted as sp2 carbon (284.4 eV), sp3 carbon (285.2 eV), C–O (286.4 eV),
C=O (287.9 eV), O–C=O (e.g. carbonyl and carboxylic: 289.7 eV), and π* interaction (290.9 eV)
[36, 39, 42]. It was noted that an additional weak intensity peak at 288.9 ± 0.2 eV was obtained in
all the F doped samples, which was reported as C-F bond. The quantitative analysis of C 1s spectra
was summarized in Table 2. The slight decrease of sp2 carbon content with the increasing of
fluorine doping content was observed. The phenomenal might be attributed to the incorporation of
fluorine atoms into the carbon skeleton, which causes the structural deformation or lowers the
degree of sp2 bonding of the carbon structure, causing more defects (sp3 carbon) [39].
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Fig. 3. F1s XPS spectra of the F-MCs.
Table 1 Quantitative XPS analysis of the F-MCs and deconvolution of F functionalities: FeF2
(F1), ionic C-F bond (F2), semi-ionic C-F bond (F3) and covalent C-F bond (F4).
Deconvoluted F1s [%]
C
O
F
Fe
Magnetic Carbons
[at%] [at%] [at%] [at%]
F1
F2
F3
F4
F-MC-0

87.0

10.8

0

2.2

－

－

－

－

F-MC-33

91.5

6.5

0.9

1.1

40.4

37.0

18.6

4.0

F-MC-50

90.8

6.5

1.7

1.0

44.6

38.6

15.7

1.1

F-MC-66

90.4

6.4

2.1

0.7

31.4

43.2

23.1

2.3

F-MC-100

89.1

6.5

2.5

1.0

35.9

43.9

19.1

1.1
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Intensity (a.u.)

Intensity (a.u.)
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280
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285
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Intensity (a.u.)

Binding Energy (eV)
(e)

280

285

290

295

Binding Energy (eV)

Intensity (a.u.)

Intensity (a.u.)

Binding Energy (eV)
(c)

F-MC-33

(b)

F-MC-66

(d)

280

285

290

295

Binding Energy (eV)

F-MC-100

285

290

295

Binding Energy (eV)
Fig. 4. C1s XPS spectra of the F-MCs.
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Table 2 Quantitative XPS analysis of the deconvoluted C 1s.
Deconvoluted C1s [%]
sp2 carbon

sp3 carbon

C-O

C=O

C-F

COOH

π*

F-MC-0

68.2

9.3

11.5

2.8

－

3.9

4.3

F-MC-33

61.5

14.4

10.7

3.8

2.9

2.7

3.9

F-MC-50

59.4

16.4

10.2

4.2

2.4

3.7

3.7

F-MC-66

58.8

15.9

11.6

4.3

3.4

3.0

3.0

F-MC-100

54.8

24.9

7.6

4.0

3.3

2.9

2.5

Fig. 5 shows the Raman spectra of F-MCs. The introduction of F heteroatoms into the carbons
can significantly vary the adsorbents architecture, causing high disorder degree in the graphene
sheets [43]. Therefore, the deconvolution of Raman result was conducted to figure out the variation
of the defect degree based on the F doping [43]. Five peaks in Raman results were fitted for each
sample, such as I (1166 cm-1), D (1320 cm-1), D’’ (1490 cm-1), D’ (1600 cm-1) and G (1560 cm-1)
bands [44]. The intensity ratio of D to G band (ID/IG) was used to evaluate the defect degree of FMCs. The F-MC-0 displayed sharp and narrow peak width with the ID/IG value of 0.12, which was
also observed in the Fe3O4@C nanospheres synthesized by hydrothermal reaction using Fe(NO3)3
and glucose as precursor [45]. In this work, the ID/IG ratio gradually increased from 1.14 to 1.21
with increasing the fluorine content from 0.9% to 2.5% for the fluorine doped samples (Table 1).
Since the C-F bonds usually emerged at the vacancies, free edges, or domain boundaries, thus
greatly caused higher ID/IG value [46, 47]. These results demonstrated that the defect degree of the
samples could be modulated by the PVDF loading.
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Fig. 5. Raman spectra of F-MCs used in this work.
The specific surface area (SSA), pore volume and size distribution also play significant roles
on the metal ions adsorption, greatly affecting the interaction between the contaminant and active
sites [15, 16]. The N2 adsorption-desorption isotherms and pore size distribution of the F-MCs are
shown in Fig. 6 and the results are summarized in Table 3. The type-IV adsorption-desorption
isotherm curves of all the samples displayed typical property of mesoporous materials. N2-BET
surface area, pore volume and pore size based on the F doped samples were much larger than the
un-doped sample (F-MC-0). The highest SSA was 121.6 m2 g-1 (F-MC-100), 6 times larger than
that of the un-doped one (F-MC-0, 21.7 m2 g-1). Similar result was observed in the pore volume of
F-MCs, with 0.28 cm3 g-1 in F-MC-100, 6 times higher than the F-MC-0. It is worth noting that
the SSA of F-MCs gradually increased with increasing the PVDF concentration in precursor, since
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the incorporation of F dopant into the carbon skeleton can efficiently create more mesoporous
carbons, contact surface sites and change the morphologies of carbon adsorbents during the
carbonization process [47].
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Fig. 6. N2 adsorption–desorption isotherms and pore size distribution of F-MCs used in this
work.
Table 3 BET SSAs, pore volume (PV) and average pore size (APZ) of the fluorine doped
magnetic carbons.
F-MC-0

F-MC-33

FMC-50

FMC-66

F-MC-100
15

SSA (m2 g-1)

21.7

84.4

108.0

116.5

121.6

PV(10-2) (cm3 g-1)

4.6

23.7

26.8

31.9

28.0

APZ (nm)

9.6

13.5

11.7

13.2

11.8

3.2 Cr(VI) removal
The Cr(VI) removal performance and comparison based on various adsorbents are
summarized in Table 4. All the samples exhibited good removal capacities for the Cr(VI) removal
with an initial Cr(VI) concentration at 40 mg L-1 within 10 min. The un-doped sample displayed
relatively low efficiency in the Cr(VI) removal, 15.8% removal and 0.44 mg g-1 min-1. The doping
of F heteroatoms apparently enhanced the Cr(VI) removal performance. With the increase of F
content (from 0.9 to 2.5 atom%, see Fig. 3 and Table 1) in the F-MC, the Cr(VI) removal percentage
was greatly improved to 100%. The F-MC displayed highest removal efficiency with a mass
adsorption ability of 5.9 mg g-1 min-1, about 3 times higher than the undoped one (MC). This
removal capacity of F-MC was much comparable with state-of-the-art magnetic adsorbent reported
before, such as magnetic carbon, N-doped porous carbon and surface modified adsorbents (see
Table 4, entries 4-6) [1, 22, 24], indicating the enhancement of adsorption ability based on F
functionalities on the surface of adsorbents.
Table 4 The performance comparison of different adsorbents in the Cr(VI) removal.[a]

Entry

Adsorbent

1

MC[f]

SBET [b]
(m2 g-1)
21.7

2

F-MC[g]

3
4

X[c](%)

rg [d] (mg g-1 min-1)

rs[e] (mg m-2 min-1)

15.8

0.44

0.020

56.2

100

5.9

0.049

F-MC-w[h]

−

87.4

−

−

Iron nanoparticles[i]

35.0

100

0.008

7.0×10-4
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5
6
[a]

N-doped porous
carbon[j]
PEI/CF[k]

1136.0

92

0.063

5.6×10-5

1622.4

100

0.018

1.1×10-5

Condition: [Cr (VI)] = 40 mg L-1, pH = 7.0, adsorbent dosage: 50.0 mg, volume: 20 mL,

treatment time: 10 min; [b] BET surface area; [c] X: removal percentages; [d] Removal rate of Cr(VI)
per gram of adsorbent within 2.5 min. [e] Removal rate of Cr(VI) per m2 of adsorbent surface based
on the ultrasonic treatment with 2.5 min; [f] MC is represented as F-MC-0; [g] F-MC is represented
as F-MC-100; [h] Washed by concentrated HCl for 4 h. [i] Condition: [Cr (VI)] = 42.83±0.52 mg L1

, pH = 11.0±0.5, adsorbent dosage: 60.0 mg, volume: 40 mL, treatment time: 10 min (ref. [48]);

[j]

Condition: [Cr (VI)] = 31.73 mg L-1, pH = 3, adsorbent dosage: 2 g L-1, treatment time: 10 min

(ref. [24]); [k] PEI/CF is carbon fiber coated with polyethylenimine. Condition: [Cr (VI)] = 2 mg
L-1, pH = 1.0, adsorbent dosage: 2.25 g L-1, treatment time: 45 min (ref. [21]).
The magnetic carbons are usually combined with mesoporous carbons and metal particles (Fe,
Ni, et al.) [15, 16, 49]. In this work, F-MC obviously has ZVI nanoparticles on their surface (Fig.
2). Our previous work has revealed that ZVI and produced Fe2+ particles played an important role
in the Cr(VI) removal, since the redox reaction took place between the Fe2+ particles and Cr(VI)
ions, which could be presented as Equations (4-6) [1, 48]:
Fe0 + H+ → Fe2+ + R (eaq- and/or H)
Cr(VI) + R → Cr(III)
Cr(VI) + Fe2+ → Cr(III) + Fe3+

(4)
(5)
(6)

It may be claimed that the great performance of Cr(VI) removal based on F-MC was simply
achieved by the redox between the Fe2+ particles and Cr(VI). To exclude this speculation, F-MC
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was washed by using concentrated HCl for 4 hours to eliminate all the metal particles on the
surface of adsorbent, noted as F-MC-w (Table 4, entry 3). 87.4% removal percentage was still
obtained, demonstrating that the ZVI nanoparticles and Fe2+ particles on the surface were not the
dominant factor for the Cr(VI) removal in the neutral solution.
From the above discussion, F-MC was the best adsorbent for the Cr(VI) removal, which was
chosen as the model adsorbent for further investigations. As shown in Fig. 7a, a rapid Cr(VI)
removal performance was observed for the F-MC with Cr(VI) concentration at 70 mg g-1. Almost
53% Cr(VI) removal percentage was obtained within 2.5 min. When the treatment time was
prolonged to > 5 min, the removal rate of Cr(VI) ions then became slower, demonstrating that the
active sites might be gradually covered by metal ions and thus caused adsorption saturation [1].
The pH value of solution was noticed to great influence the heavy metal removal [1, 16]. In this
work, pH value ranged from 1 to 11 with an initial Cr(VI) concentration of 1000 mg L-1 and
adsorbent dosage at 2.5 g L-1 were studied (Fig. 7b). The 100% Cr(VI) removal percentage was
obtained when the pH was lower than 2, indicating that the acid medium had the positive effect on
the Cr(VI) removal. Increasing the pH from 3 to 11, the Cr(VI) removal efficiency gradually
decreased, from 85.99% to 24.88%, displaying that the Cr(VI) removal efficiency was hindered
under the alkaline environment [1]. In fact, several kinds of anionic forms of Cr(VI) ions existed
in the aqueous solutions, for instance, chromate (CrO42-), dichromate (Cr2O72-) and hydrogen
chromate (HCrO4-) [16]. It was well known that in a pH value below 6.8, HCrO4- existed as the
main ions; and higher pH favored the CrO42- oxyanion [24]. The great removal performance of FMC-100 for the Cr(VI) removal at acidic circumstance can be attributed to two aspects: a) The
dissolved ZVIs by acidic solution were much more easily set to produce the intermediates, for
example H+ and Fe2+, which could be used as reactant for the reduction of Cr(VI) ions to Cr(III)
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[1]; b) The F dopant in the surface might react with Cr(VI) and form the covalent bond [24]. In
addition, the electrostatic adsorption between the Cr(VI) ions and the active sites on the surface of
F-MC would enhance the adsorption behavior [25].
The Cr(VI) removal performances with different Cr(VI) concentrations by F-MC in the
neutral and acidic solution (pH at 1) are shown in Fig. 7c and 7d, respectively. In the neutral
solution, Cr(VI) solution with 40 mg L-1 could be completely removed by 2.5 g L-1 F-MC within
10 min, attributing to the abundant active sites to attract heavy metal ions on the F-MC surfaces.
When the Cr(VI) concentration increased to 70 mg L-1, a decline trend was observed, mainly due
to the limited active adsorption sites covered by Cr(VI) ions on the surface of the adsorbents [1].
The removal capacity increased alone with increasing the initial Cr(VI) concentration. This can be
ascribed to the enhanced driving force by the high initial Cr(VI) concentration, enabling more
collisions between the Cr(VI) ions and active sites. Therefore the active sites were gradually
saturated with adsorbed Cr(VI) or produced Cr(III) ions [16, 25]. When the pH value was adjusted
to 1, the activity of F-MC was greatly improved, due to abundance of protons (H+), which could
enhance the redox reaction between the Fe2+ particles and Cr(VI) ions [16]. The Cr(VI) ions were
totally removed even when the initial Cr(VI) concentration was 2300 mg L-1. And also, similar
removal capacity tendency was also observed in the acidic solutions.
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Fig. 7. (a) Cr(VI) removal performance with different treatment time ([Cr (VI)] = 70 mg L-1, pH
= 7, adsorbent dosage: 50.0 mg, volume: 20 mL); (b) Effect of solution pH on the Cr(VI)
removal efficiency. ([Cr(VI)] = 1000 mg/L, adsorbent dosage: 50.0 mg, volume: 20 mL, treating
time: 10 min.); the effect of initial Cr(VI) concentration with pH at 7 (c) and 1 (d) (adsorbent
dosage: 50.0 mg, volume: 20 mL, treating time: 10 min).
3.3 Kinetic study and adsorption isotherms of Cr(VI) over F-MC
Two kinetic models (i.e., pseudo-first-order and pseudo-second-order models) were
employed in this work (Fig. S2). The fitting followed a pseudo-second-order model with R2 more
than 0.99, indicating a chemical adsorption for the F-MC adsorbents [50]. The Cr (VI) ions
adsorption isotherms fitted by Langmuir and Freundlich models were conducted for the F-MC in
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the neutral and acidic solutions (Fig. S3 and Table S1). Two models were used for the fittings.
Based on the correlation coefficient values and the R2 value, it can be seen that the adsorption
linear isotherm by Langmuir model fits superior to the Freundlich model. The calculated maximum
adsorption capacities of adsorbents by the Langmuir model were 48.78 and 1423.4 mg g-1 in
neutral and acidic solution, respectively, much higher than the reported adsorbent so far and
displaying a competitive activity with the state-of-the-art surface modified and magnetic
adsorbents, such as surface functionalized PAN fibers, CNT core-in-hematite shell capsules and
activated carbon [51-53], even though these adsorbents have higher SSA (see Table 5). To verify
the reasonableness of the obtained qmax, the adsorption isotherms in a non-linear plot of Ce vs. qe
were carried out in neutral and acid solutions. As shown in Fig.S4 and Table S2, the calculated
qmax were 35.3 and 970.8 mg g-1 in neutral and acidic solution, respectively, a little lower than the
obtained results from linear-isotherm. Meanwhile, for the Langmuir adsorption isotherm, the value
of R2 (0.81 and 0.92, non-linear fitting in neutral and acid solution) is lower than that of R2 (0.95
and 0.94, linear fitting in neutral and acid solution). These results demonstrated that the linear
method is a better way to obtain the adsorption parameters for our experiment, which is the reverse
of the literature conclusion [54-56]. The reason for this result is that the process of Cr(VI) removal
over F-MC is more complicated, involving of redox reaction and adsorption. And the redox
reaction plays significant role in this process [1, 15, 30]. The driving force from the electrostatic
attraction for the Cr(VI) ions on the surface of adsorbent was also enhanced by the fluorine doping.
Therefore, such excellent activities on the Cr(VI) removal can be attributed to the much more
active sites over F-MC, resulting in the enhancement for the Cr(VI) ions adsorption.

Table 5 Comparison of Cr(VI) adsorption capacities with other adsorbents.
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Adsorbent

SBET
(m2 g-1)

qmax [a]
(mg g-1)

qs [b]×102
(mg m-2)

pH

121.6

48.78

40.1

7

121.6

35.3

40.1

7

111.4

15.3

13.7

7

[1]

91.1
42.1

3.74
1.03

4.1
2.4

7
7

273.4[c]

1423.4

520.6

1

273.4[c]

970.8

355.1

1

[16]
[57]
This work
（linear）
This work
（non-linear）

ￚ
1017.3

36.8
18.1

ￚ
1.8

3
1

[21]
[22]

270

29.16

0.1

5

[51]

ￚ

137.6

ￚ

2

[58]

ￚ

348.1

ￚ

5.2

[59]

628.0

102.88

16.4

3

[28]

ￚ

20.7

ￚ

2.5

[52]

ￚ

177-217

ￚ

2

[60]

ￚ

112.36

ￚ

1

[53]

ￚ

2.0

[61]

F-MC
Neutral
solution

Magnetic Carbon
(Cellulose)
MN (Cotton fabric)
Graphene nanocomposites
F-MC

Acidic
solution

[a]

PEI/ECs
PANI/CFs
CNT core-in-hematite
shell capsules
PAN-NH2 nanofibers
PEI-modified aerobic
granular sludge
MRT
Surface functionalized
PAN fiber
Surface modified tannery
residual biomass
Activated carbon
PAN/Ppy core shell
nanofibers
MnO2/Fe3O4/o-WCNTs
α-Fe2O3
N doped porous carbon
(Fe)
N-doped porous carbon
(Ni)

ￚ

74.9

Refs.
This work
（linear）
This work
（non-linear）

92.0
40.0

186.9
4.47

203.2
11.2

2
3

[62]
[63]

1136.0

16

2.6

3

[24]

2148.4

96.27

4.5

2.5

[25]

qmax is obtained through the Langmuir isotherm; [b] qs is represented as the adsorption capacity

per m2 of catalyst surface. [c] The SSA of treated F-MC in acid solution. The result was obtained
from Fig. S5.
3.4 Stability
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The F-MC also shows desired stability in the Cr(VI) removal. After each run, the recycled
adsorbent was washed by deionized water and 0.01 mol L-1 NaOH solution repeatedly several
times for the adsorbent regeneration [61, 62]. The collected solid was then dried at 80 oC overnight.
Fig. 8 shows the stability of the F-MC in the Cr(VI) removal during five recycling tests. A very
small decline in the Cr(VI) removal was observed after each test. Nevertheless, about 93.6%
removal percentage of Cr(VI) and 15 mg g-1 removal capacity after the 5th cycle were still obtained.
Moreover, as shown in Fig. S6, compared with the fresh F-MC, the morphology and surface
defects were unchanged apparently after 5 recycles, indicating that the F-MC have an high stability
for the Cr(VI) removal under the mild conditions. Nevertheless, the magnetism of the treated
sample decreased, ascribed to the consumption of ZVI particles on the surface of adsorbent. In
addition, compared with the fresh sample, the F1s XPS spectra of the recycled F-MC showed that
the F functionalities were covered by the Cr(VI) or produced Cr(III) ions after treatment (Fig. S7).

23

100
15
80

60
9
40

-1

12

qe (mg g )

Cr(VI) removal efficiency (%)

18

6

20

3

0

0
1

2

3

4

5

Runs

Fig. 8. The reusability of the F-MC for the Cr(VI) removal in this work. Condition: [Cr (VI)] =
40 mg L-1, pH = 7.0, adsorbent dosage: 50.0 mg, volume: 20 mL, treatment time: 10 min.
3.4 Cr(VI) removal mechanism
To investigate the mechanism of Cr(VI) removal over F-MCs, the relationships between the
Cr(VI) removal efficiency with the physical- and chemical-property as well as the structure were
discussed in detail. According to the previous work, there was a chemical redox reaction for the
Cr(VI) ions to produce Cr(III) ions in this system, which was very important for the Cr(VI)
removal [1, 16, 22]. ZVI was reported to play a significant role in the magnetic carbon-Cr(VI)
removal system. The low pH value can effectively improve the Cr(VI) removal, because of the
participation of more H+ ions in the system [64]. Nevertheless, very low removal performances
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were obtained in the neutral solution or low pH solution (pH value at 2-3) with undoped magnetic
carbons or sole nitrogen doped magnetic carbons as adsorbent (see Table 4). Therefore, there was
a certain significant factor such as F dopant, which can dramatically increase the Cr(VI) ions
removal performance. From the Table 1 and Fig. 1, the results evidenced that the activities of FMC could be enhanced by the introduction of F dopant, indicating that the physical- and chemicalproperty can be changed by the F dopant. The distinct activity of F-MC for the Cr(VI) removal
propelled us to find the essential factors on the structure-performance relationship of the F-MCs
with different F doping levels and architecture in the Cr(VI) removal in the neutral solution. As
the adsorption and redox occurred on the surface of magnetic carbons, the surface-area-normalized
removal rates were utilized to evaluate the removal performance in this study.
The Cr(VI) removal performances of F-MCs are summarized in Table 6. The Cr(VI) removal
efficiency with an initial Cr(VI) concentration at 70 mg g-1 increased with increasing the F content
(Fig. 3 and Table 1), from 5.84% to 79.92% removal within 10 min. The highest efficiency for the
Cr(VI) removal was obtained on the F-MC-100. Generally speaking, larger BET surface area and
bigger pore size can improve the Cr(VI) diffusion into the internal pores and facilitate the redox
reaction between the electron donors (ZVI or Fe2+ particles) and Cr(VI) ions, thus enhancing the
removal efficiency (Table 3, Fig. 9a) [1]. To exclude the structure dependence of adsorbents, the
removal rate normalized by mass weight and surface area were applied to represent the Cr(VI)
removal efficiency of F-MC. As revealed in Table 6, the removal rates based on the dose and
specific surface areas of adsorbents also increased with the increase of the F doping level. The
highest removal activities, 5.92 mg g-1 min-1 and 0.049 mg m-2 min-1, were obtained over the
adsorbent synthesized from PVDF. These results evidenced that the removal performance of FMCs can be modulated by the fluorine doping levels.
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Table 6 The performance of F-MCs in the Cr(VI) removal.[a]
Entry

Adsorbent

X[c](%)

rg [d] (mg g-1 min-1)

rs[e] (mg m-2 min-1)

1

F-MC-0

5.84

0.48

0.022

2

F-MC-33

25.11

2.36

0.028

3

F-MC-50

58.20

4.31

0.040

4

F-MC-66

74.17

5.49

0.047

5

F-MC-100

79.92

5.92

0.049

[a]

Condition: [Cr (VI)] = 70 mg L-1, pH = 7.0, adsorbent dosage: 50.0 mg, volume: 20 mL,

treatment time: 10 min; [b] BET surface area; [c] X: removal percentages; [d] Removal rate of Cr(VI)
per gram of adsorbent within 2.5 min. [e] Removal rate of Cr(VI) per m2 of adsorbent surface within
2.5 min.
Heterogeneous atoms were usually considered as the active sites in many fields, such as
hydrocarbon oxidation, electrochemistry and photocatalysis [42, 47, 65-70]. In the case of Cr(VI)
removal, the nitrogen heterogeneous dopant has been reported to play a significant role in the
enhancement of Cr(VI) removal [23-25, 29, 49]. In this work, we speculated that the F dopants
also can adjust electron density in the surface of F-MC. Meanwhile, F atom has a higher
electronegativity than N atom [71], indicating that the F dopant also can be used as the active sites
in the heavy metal removal. From the dependence of the defects (ID/IG) and removal rate, as shown
in Fig. 9b, it can be clearly observed that the defects can improve the Cr(VI) removal efficiency,
indicating that the F dopants at edges may be used as active sites in the heavy metal removal, since
the F dopant emerged at edges [36]. In order to uncover the influence of F dopant, the dependences
of surface-area-normalized removal efficiency on the fluorine gross content and functionalities
content in F-MCs were investigated in detail. The fluorine contents of each adsorbent were
measured by XPS (see Fig. 3 and Table 1). From Fig. 10, the gross F doping and two specific types
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of the F functionalities on the surface of magnetic carbons were correlated with the removal rate
and a positive effect of fluorine functionalities in the Cr(VI) removal was observed. The content
of covalent C-F was negligible to fitted the relationship with Cr(VI) removal efficiency (Table 1).
Nevertheless, based on our current work, to distinguish the separate role of the specific
functionality on the Cr(VI) removal rate is still a challenge, since these four kinds of fluorine
functionalities increased alone with increasing the gross fluorine content simultaneously during
the carbonization of PVDF in this work.
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Fig. 9. Dependence of Cr(VI) removal rate on the SSA surface area (a) and defect degree (b) of
F-MCs.
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F-MCs: (a) gross F and the deconvoluted F (ionic C-F bonding (b) and semi-ionic C-F bonding
(c).
According to the previous work, the redox reaction between the Cr(VI) ions and Fe2+ particles
occurred in the Cr(VI) removal, indicating that the consumption of iron from F-MCs is inevitable.
In fact, the enhancement of Cr(VI) removal performance in the acidic circumstance can be
attributed to the boosting of redox reaction between Cr(VI) ions and the Fe2+ particles on the
adsorbents surface. To investigate the effect of redox reaction on the surface of adsorbent, the F
doped adsorbents before and after treated in the neutral solution were characterized. The element
of Cr and Fe were detected on the F-MC surface by XPS (Fig. S8). Fig. 11a shows the Cr2p XPS
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spectra of F-MC after treated in the neutral solution. The Cr2p curve was deconvoluted into four
components, peaks at 577.5, 587.2, 579.0 and 589.2 eV attributing to Cr(VI) and Cr(III),
respectively, indicating that the Cr(VI) ions were partly reduced to Cr(III) ions based on the redox
reaction [24]. The oxygen-containing functionalities on the surface were also investigated, since
the functional group on the adsorbents surface could also react with Cr(VI) ions in the solution
[64]. Fig. 11b shows the O1s XPS spectra of the fresh and the 5th recycled F-MC. Four peaks at
530.7, 531.7, 532.8 and 533.6 eV were attributed to quinonic C=O (O1), ketonic C=O (O2),
etherlike C–O–C (O3) and hydroxyl C–OH (O4) groups, respectively [72]. It can be seen that after
treatment, the content of oxygen containing groups, such as quinonic C=O and ketonic C=O, were
greatly increased, indicating that the carbons surface was oxidized by the Cr(VI) ions with more
oxygen species and Cr(III) ions produced [64]. The oxidation reaction could be abbreviated by
Equation (5):
HCrO4−(aq.) + Carbons (s) → Cr3+(aq.) +Carbons-O (s)

(5)

Hence, Cr(VI) ions reacted with the carbon species and were reduced to Cr(III) ions eventually,
which were attached on the surface of F-MC in this process, subsequently (Fig. 11a). Furthermore,
researchers such as Gu and Hu have reported that the oxygen containing groups (e.g. carboxyl
group) was proved to enhance the removal capacity in the Cr(VI) removal [64, 73]. The interaction
between the Cr(VI) ions and oxygen containing groups can be attributed to surface complexation.
However, in current work, it is hard to exclude the effect of oxygen containing groups, since it
combines the adsorption and redox reaction in the Cr(VI) removal [1, 30]. To this end, the
controllable synthesis of F doped carbons with a known content of oxygen containing group is
desirable in the future.
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Fig. 11. (a) Cr 2p XPS spectral of treated F-MC, (b) O 1s XPS spectral of the fresh and after
treated F-MC.
4. Conclusion
In summary, F-MC was synthesized through a one-step pyrolysis method and used as
adsorbent in the Cr(VI) removal for the first time. As high as 48.78 and 1423.4 mg g-1 removal
capacities for the Cr(VI) removal in the neutral and acidic solution were achieved, higher than the
state-of-the-art adsorbents such as magnetic carbons, active carbon and surface modified
adsorbents in the environment remediation. The higher Cr(VI) removal capacitance was obtained
at low pH solution, ascribed to the more involved H+ ions for the redox reaction. F functionalities
such as ionic, semi-ionic and covalent C-F bonds displayed positive influences on the removal
efficiency. Also, the carbon atoms on the adsorbent surface reacted with Cr(VI) to produce Cr(III)
ions while more oxygen functionalities increased. These results showed that great Cr(VI) removal
performance of F-MC could be attributed to the adsorption and redox reaction, which were greatly
enhanced by the F dopant. In addition, the F-MC with demonstrated outstanding recyclability can
be applied as the potential adsorbents in the Cr(VI) removal for industrial application.
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