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« Excellent magnetic separation
performance and effective reuse.
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ABSTRACT

In this study, a novel nitrogen-functionalized magnetic ordered mesoporous carbon (N-Fe/OMC) with
uniform pore size (3.8 nm) and excellent magnetic property (8.46 emu/g) was fabricated through simple
impregnation then polymerization and calcination. The resultant adsorbent exhibited more preferential
sorption toward Pb(Il) and phenol than simple equivalent mixture of magnetic ordered mesoporous
carbon (Fe/OMC) and pristine ordered mesoporous carbon (OMC). Binary adsorption showed that the
coexistence of Pb(II) and phenol at low concentrations would slightly accelerate their jointly adsorption
because of partial complexation between Pb(Il) and phenol. While at high concentrations, Pb(II) adsorp-
tion would be inhibited in relation to the competition from phenol, but phenol adsorption was scarcely
affected due to the directly phenol molecular adsorption pattern. Pb(II) adsorption was more suitable in
alkaline solution and affected by ionic strength on account of electrostatic interaction, whereas phenol
adsorption was better in neutral pH and hardly interfered by ionic strength as the adsorption was a phys-
ical combination process. Thermodynamics indicated that the uptakes of Pb(Il) and phenol were endo-
thermic and exothermic processes, respectively. Moreover, N-Fe/OMC could be regenerated effectively
and recycled by using dilute NaOH and acetone solutions. These superior properties demonstrate that
N-Fe/OMC is attractive for practical applications in treatment of water contamination by Pb(II) and
phenol.
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1. Introduction

Heavy metals and phenolic compounds are common pollu-
tants in surface water and ground water, and pose a potential
threat to the flora and fauna because of their toxicity, carcinoge-
nicity and accumulation in the food chains [1,2]. For example,
lead ions (Pb(II)) may cause stomachache, dysphoria, even cancer
in human beings, and phenol also may contribute to nausea and
skin corrosion. Additionally, heavy metals and phenolic com-
pounds may occur together in contaminated water and soil, giv-
ing rise to more serious damage to the environment with their
combined toxicity and relative mobility [3,4]. Such phenomenon
commonly exists in printing, agricultural irrigation and plastic
manufacturing. Consequently, finding effective ways to treat
these pollutants, especially for their simultaneous removal has
aroused worldwide interest recently. Among all possible tech-
niques, adsorption is one of the most attractive approaches for
heavy metals and phenolic compounds removal due to its high
efficiency, simple and safe treating processes, versatility for dif-
ferent water systems and low cost [5]. Many adsorbents, includ-
ing active carbons [6], chitosans [7], resins [8] and carbon nano-
tubes [4] have been applied for removal of heavy metals or/and
phenolic compounds. However, there are some defects, such as
low efficiency, bad stability and difficult separation, limiting their
practical application.

Compared to traditional adsorbents, ordered mesoporous car-
bons (OMCs) with large surface area and pore volume, unique pore
size, and excellent physicochemical and thermal stability are
promising candidates in pollutant removal [9-11]. Whereas the
adsorption behaviors of OMCs for specific pollutants, such as heavy
metals and low molecular weight organic matters are often hin-
dered due to the overlarge pore sizes and ordinary hydrophilicities.
Previous studies demonstrated that transition elements, for exam-
ple, metal nanoparticles of Co, Fe and Pt [12-14] or nonmetal
atoms of N and P [15,16] can be utilized as catalysts to accomplish
primary amorphous OMCs graphitization, strengthening their
excellent acid-base stability, catalytic and hydrophilic properties.
Besides, these transition elements introduction sometimes brings
about some magical results. For example, introduction of magnetic
nanoparticle of Fe can greatly improve their practical application in
separation and reutilization [17], and introduction of nonmetal
heteroatom of N element will equip OMCs with —NH; and —NH
groups [ 18], boosting the chelation with heavy metals or organics.

According to the above considerations, it is supposed to triply
improve the features of OMCs by incorporating with magnetic
nanoparticles, and subsequently introducing nonmetal atoms to
enhance and extend their physiochemical properties. Recently,
similar functional carbon materials have been reported to be
applied in the aspects of catalysis and electrochemistry [13,19].
But their outstanding abilities in adsorption and separation scar-
cely have been mentioned.

In this paper, a novel functional adsorbent, nitrogen-functional-
ized magnetic ordered mesoporous carbon (N-Fe/OMC) was pre-
pared by adopting two-step method that primarily synthesizes
magnetic ordered mesoporous carbon (Fe/OMC), and then followed
by doping with nitrogen atoms using aniline as a nitrogen precur-
sor and ammonium persulfate as an oxidant. After comprehensive
characterization of its physicochemical properties, N-Fe/OMC is
firstly used to investigate the removal behaviors of Pb(II) and phe-
nol from wastewater. The single and binary adsorption systems
were applied to investigate the distinct interaction of Pb(II) and
phenol with N-Fe/OMC, and the complexation and competition
between the two target pollutants, respectively. The effects of
PH, ionic strength and temperature were studied, and the adsorp-
tion isotherms, kinetics and thermodynamics were proposed to
analyze the adsorption mechanisms. The actual application was

investigated by combining with the regeneration of N-Fe/OMC
and its application in different water samples.

2. Materials and methods
2.1. Preparation of Fe/OMC

Mesoporous silicon templates (SBA-15) were prepared by
hydrothermal synthesis method [20]. Fe/OMC was synthesized by
following a co-impregnation method with slight alterations [21].
Typically, 1.0 g as-synthesized SBA-15 was impregnated with
10 mL multi-component alcohol solution containing 0.721g
Fe(NOs3)3-9H,0 and 0.05 g oxalic acid, and then 2.0 mL furfuryl
alcohol was added dropwise into the above mixture. After that,
the mixture thus prepared was heated at 90 °C for 10 h in air and
calcinated at 900 °C for 2 h under flowing nitrogen atmosphere.
After dissolving the silica framework with 2.0 mol/L NaOH solution
at 90 °C, the resultant solid was filtered, washed, dried and then
stored in a nitrogen-filled glovebox until required. For comparison,
OMC was also prepared without iron.

2.2. Preparation of N-Fe/OMC

N-Fe/OMC was synthesized as follows: 1.0 g Fe/OMC nanocom-
posite was first dissolved into 300 mL 0.1 mol/L HCI under 3.0 h
mechanically stirring, and subsequently 1.0 mL aniline was in situ
polymerized using 2.5 g ammonium persulfate as the initiator and
HCI as the catalyst. The polymerization was conducted in an ice
bath (<5 °C) for 24 h. Then the samples were repeatedly washed
with 50 wt% ethanol solution and dried at 60 °C overnight. After
carbonization the immature nanocomposites at 950 °C for 3 h
under nitrogen atmosphere, the synthetic N-Fe/OMC was acquired.

2.3. Characterization

Transmission electron microscopy (TEM, JEOL JEM-1230) and
Scanning electron microscope (SEM, JEOL JSM-6700) images were
used to investigate the morphology and structure of N-Fe/OMC.
The Energy dispersive X-ray (EDX) analysis in the SEM image
was applied to detect the element composition of the resultant
sample. X-ray diffraction (Rigaku D/max-II B) and FTIR spectrome-
ter (Nicolet NEXUS 670) were applied to analyze the likely exis-
tence of compositions and functional groups. Nitrogen adsorption
measurements at 77 K were performed using an ASAP 2020 volu-
metric adsorption analyzer. Raman spectroscopy was mounted
by using a LabRam HR800 Raman spectrometry. X-ray photoelec-
tron spectroscopy (XPS, Thermo Fisher Scientific, UK) was pro-
posed to analyze the surface elemental composition. Zetasizer
Nano (ZEN3600, Malvern) and vibrating sample magnetometer
(VSM National Institute of Metrology) were used to determine
the zeta potential and magnetization of the samples, respectively.

2.4. Batch adsorption experiments

Adsorption of Pb(Il) and/or phenol on N-Fe/OMC were per-
formed in 50-mL stoppered conical flasks undergoing shaking at
150 rpm in a water bath shaker. 0.1 mol/L HCI or NaOH was used
to adjust the solution pH, and NaCl was used as a function of ionic
strength. Before each experiment, 5 mg of specific mesoporous
adsorbent was dispersed into 10 mL of homogeneous aqueous
solution containing certain amount of NaCl. At each preselected
time point, the solid and liquid phases were separated using an
external magnet for magnetic OMC or centrifugation for OMC,
and then the supernatant was filtered through 0.45-pm membrane
for measurement of the residual pollutant concentrations.
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Pb(II) concentration was determined by a Perkin-Elmer Analyst
700 atomic absorption spectrophotometer (AAS, Perkin-Elmer,
USA), and phenol was determined on a UV-vis spectrophotometer
(UV-754N shanghai, China) at 274 nm. All measurements were
performed in triplicate, and average values and standard devia-
tions were presented. The amount of adsorbed Pb(II) or phenol
was calculated by Eq. (1):

(Co—Co)x V
m

Q.= (1)
where Q. was the equilibrium adsorption capacity (mg/g); Co and C,
were the initial and equilibrium concentration of Pb(II) or phenol in
solution (mg/L), respectively; V was the volume of aqueous solution
(mL) and m was the mass of adsorbent used (mg).

2.5. Regeneration and reuse experiments

The feasibility of regenerating N-Fe/OMC for reuse was investi-
gated by using dilute NaOH and acetone solutions. Specifically,
after accomplishment of the adsorption experiments, the Pb(II)-
loaded (or phenol-loaded) adsorbent was magnetically separated
and subsequently added into 10 mL 0.2 mol/L NaOH solution (or
20% acetone solution) for desorption at 150 rpm at 30+ 1 °C for
24 h. After washing thoroughly with ultrapure water to neutrality,
the regenerated adsorbent was recycled and reused, and the
adsorption performance of N-Fe/OMC was investigated again.

2.6. Application in real water samples

Four different water samples were applied to investigate the
actual application of N-Fe/OMC. Specifically, 5 mg N-Fe/OMC was
added into different initial concentrations of Pb(II) and/or phenol
solution for adsorption test at 150 rpm at 30+ 1 °C for 240 min.
Then, the residual Pb(Il) and phenol concentrations were deter-
mined by AAS and UV-vis spectrophotometer, respectively. The
Pb(II) and phenol stock solutions were prepared using ultrapure
water, tap water, river water and landfill leachate. River water
and landfill leachate samples were acquired from Xiang River
(Changsha, China) and Heimifeng Refuse Landfill (Changsha,
China), respectively.

3. Results and discussion
3.1. Characterization of materials

SEM images revealed that the mesoporous sample consisted of
many rope-like domains with relatively uniform lengths of 0.8 um
or so, which were aggregated into wheat-like macrostructures
(Fig. 1a and b). The EDX analysis in the SEM image indicated that
the presence of iron and nitrogen elements on N-Fe/OMC surface,
and the relevant EDX image and elements percentages of the resul-
tant sample were shown in the inset of Fig. S1 and Table S1, respec-
tively in the Supporting Information. TEM images showed that N-
Fe/OMC had well-ordered mesopore arrays and 2D hexagonal pore
structure (Fig. 1c and d). Fig. 1c showed that the distance between
mesopores was approximately 10.2 nm, and the nanoparticles with
an average diameter about 14 nm were dispersed on the carbon
matrix. These nanoparticles were o-Fe, Fe;04 and y-Fe,O5 parti-
cles, and the details could be seen in XRD diffraction patterns
(Fig. S2). The iron nanoparticles were in situ formed during the first
calcinations and could be found clearly in the Fig. 1d, inset. Fig. 1d
also showed that after incorporation of iron nanoparticles and
nitrogen atoms, the mesoporous adsorbent was been partly
graphitized.

Raman spectra of Fe/OMC and N-Fe/OMC show that the two
mesoporous adsorbents both possess D mode peak and G mode
peak, which are near 1349 cm™' and 1593 cm™!, respectively
(Fig. 2a). D mode is corresponding to the disordered sp?-hybridized
carbon atoms while G mode is related to the structural integrity of
sp?-hybridized carbon atoms of ordered mesoporous carbons [22].
The ratio between the disorder and graphite area bands (Ip/I;) is
interpreted as a measure of the degree of the material’s orderliness
and graphitization. As seen, the Ip/I; ratio of N-Fe/OMC (0.941) is
lower than that of Fe/OMC (1.055), indicating that the graphitiza-
tion of degree of N-Fe/OMC outweighs than that of Fe/OMC. FTIR
spectra of three samples were used to assess the functional groups
of three nanoparticles (Fig. 2b). The broad band centered at about
3400 cm~! can be assigned to the O—H stretching vibration for
OMC and Fe/OMC, and N—H stretching combined with O—H vibra-
tion model for N-Fe/OMC [23]. The common peaks at 1120 cm™!
for three nanoparticles correspond to C—O stretching vibration
[17], which is the skeleton structure of these mesoporous carbons.
The band at 1640 cm™! is attributed to the O—H deformation of
water or C=0 stretching vibration observed in OMC and Fe/OMC,
which translated into N—H vibration coupled with C—N stretching
mode (1630cm™") after incorporation with nitrogen [24]. The
peaks at 570 cm™! in Fe/OMC (b) and N-Fe/OMC (c) spectra are
attributed to the Fe—O bond vibration, demonstrating that mag-
netic iron nanoparticles were successfully introduced in or on the
OMC matrix [25]. For N-Fe/OMC spectrum, the peaks located at
2225 and 1348 cm™! were assigned to the C=N stretching vibra-
tion and the C—N stretching vibration, respectively, which were
shaped during the second calcination process [24].

The isotherm curves of Fe/OMC and N-Fe/OMC (Fig. 3) shows
representative type-IV curves with H1 hysteresis loops in the P/
Py range 0.4-0.8, indicating the uniform mesoporous sizes of mes-
oporous samples. The pore-size distribution curves (Fig. 3, insert)
confirmed after incorporating with nitrogen atoms, the pore size
decreased from 4.9 to 3.8 nm. The reduction was probably related
to nitrogen entering into channels, combining with the inherent
carbon of the carbon matrix and partially occupying or blocking
mesopores. Given that the sizes of lead ions and phenol molecules
were centered at 0.1-0.2 and 0.6-0.7 nm, respectively, the
decrease in pore size is more propitious to pollutants removal.
The BET surface areas of Fe/OMC and N-Fe/OMC were 523 and
886 m?/g, respectively. This increase was probably because of the
occurring of C—N structures during the second pyrolysis process,
which generated new sites and thereby aggrandized the surface
area.

The magnetic behavior of the N-Fe/OMC nanocomposite was
shown in Fig. 4. The extremely weak hysteresis revealed that the
sample was close to superparamagnetic (no remanence remained
once the applied magnetic field was removed). The saturation
magnetization (Ms) of the resultant sample was 8.46 emu/g, which
indicated that N-Fe/OMC could be easily separated from aqueous
solution using high density magnet.

XPS spectra of N-Fe/OMC indicated that iron and nitrogen
atoms were successfully introduced into OMC (Fig. S3 and
Table S1). The water-solubility and acid-base stability tests indi-
cated that N-Fe/OMC was highly hydrophilic and more stable in
alkaline than acidic condition, respectively (Fig. S4 and Table S2).

3.2. Single and binary adsorption

The sorption isotherms of Pb(Il) and phenol on three samples
were shown in Fig. 5a and b. The Pb(II) adsorption capacities were
in the following order: N-Fe/OMC > Fe/OMC > OMC (Fig. 5a), indi-
cating the enhanced adsorption capacity of OMC by magnetic iron
nanoparticles and nitrogen atoms incorporation. Specifically, the
modification not only imports the additional adsorption sites
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provided by the oxygen atoms of iron oxide nanoparticles on the
surface of OMCs [26], but also produces —NH, and —NH functional
groups, chelating strongly with targeted Pb(II). While for phenol
adsorption, the maximum sorption amounts of three adsorbents
were all not less than 160 mg/g (Fig. 5b). This was ascribed to
the high surface areas and unique mesopores of mesoporous sam-
ples. The almost same sorption capacities of three mesoporous
adsorbents indicated that the functionalization had no obvious
effect on phenol adsorption, and the uptake of phenol was proba-
bly dependent only on the available pores of N-Fe/OMC. The
slightly better for phenol adsorption on N-Fe/OMC was connected
with the structure of N-Fe/OMC since the pore size became smaller
and the surface area got higher after the modification.

Langmuir model was applied to describe isotherm data. The rel-
evant isotherm equation was represented as Eq. (2):
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where Q,, (mg/g) was the maximum amount of adsorption
corresponding to the monolayer coverage, and K; (L/mg) was the
Langmuir constant related to the adsorption energy. The
corresponding values of Q,,, K; and correlation coefficients (R?) for
Langmuir isotherm were listed in Table 1. As seen, the adsorption
data of three mesoporous adsorbents for Pb(II) and phenol were both
fitted commendably with Langmuir isotherm model, assuming that
the adsorbed Pb(II) and phenol formed monolayer coverage on the
adsorbent surface and all sorption sites were equal with uniform
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adsorption energies without any interaction between the adsorbed
substances [27,28]. For Pb(Il), the maximum adsorption amount of
N-Fe/OMC was 159.93 mg/g, which was obviously superior to OMC
(113.79 mg/g) and Fe/OMC (136.11 mg/g). For phenol, the maximum
adsorption amounts were all around 180 mg/g. The above excellent
sorption performance indicated that N-Fe/OMC had great advantage
in Pb(II) and phenol adsorptive removal from wastewater.

The mutual effects of coexisting Pb(II) and phenol on adsorption
of each other were evaluated and the results were shown in Fig. 5¢
and d. In comparison with the single system, the coexistence of
Pb(II) and phenol at low concentrations (25 mg/L) slightly acceler-
ated their jointly adsorption. While at high concentrations, the
Pb(II) adsorption was inhibited, but the uptake of phenol almost
maintained the same level as no addition. The large difference sug-
gested different mechanisms between Pb(Il) and phenol adsorption
onto N-Fe/OMC. A complexation interaction would probably occur
between Pb(II) and phenol. Specifically, in addition to the original
adsorption, an ion exchange occurred between Pb(II) and hydrogen
atoms on the hydroxy groups of phenol molecules, which conse-
quently formed Pb(II)-phenol complexes and were finally adsorbed
on the adsorbent surface or chelated with —NH and —NH, groups.
Thus more Pb(II) and phenol would be adsorbed on N-Fe/OMC
hybrids at lower concentrations. However, the complex reaction
was limited to a handful of Pb(II) and phenol molecules. As phenol
concentration increased, excessive phenol could compete with
Pb(Il) for the available adsorption sites on N-Fe/OMC, and thus
suppressed obviously the uptake of Pb(II). This effect was not obvi-
ous on phenol adsorption with addition of high concentration of
Pb(II), which was probably ascribed to the uptake of phenol onto
N-Fe/OMC by the molecular form [29].
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Fig. 5. The adsorption isotherms for Pb(Il) and phenol removal on three different adsorbents (OMC, Fe/OMC and N-Fe/OMC) in the single system (a and b) and on N-Fe/OMC
in the binary system (c and d). Adsorbents dose of 5 mg, pH 7.0, temperature of 30 + 1 °C, contact time of 240 min and ionic strength of 0.01 mol/L NaCl.
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Table 1
The parameters for the Langmuir adsorption isotherms of Pb(Il) and phenol on N-Fe/OMC (OMC and Fe/OMC) in single system or binary system.
Water environment Adsorbent/addition Pb(II) Phenol
Ki (Ljmg) Qm (mg/g) LS Ki (L/mg) Qm (mg/g) R?
Single system OMC 0.042 113.79+3.29 0.995 0.089 175.96 £ 6.51 0.991
Fe/OMC 0.052 136.11+3.61 0.996 0.108 183.71+1.52 0.999
N-Fe/OMC 0.083 159.93+5.24 0.987 0.113 185.51+4.43 0.995
Binary system 25 mg/L phenol + Pb(II) 0.102 166.01 +7.63 0.989 / / /
50 mg/L phenol + Pb(II) 0.058 156.03+7.34 0.991 / / /
80 mg/L phenol + Pb(II) 0.032 141.12+7.81 0.995 / / /
25 mg/L Pb(II)+phenol / / / 0.241 189.42 +5.02 0.993
50 mg/L Pb(II)+phenol / / / 0.108 183.33+3.75 0.995
80 mg/L Pb(Il)+phenol / / / 0.089 181.95+6.34 0.991
Table 2
The comparison of removal performance of various adsorbents used for Pb(II) removal.
Adsorbent Qmn (mg/g) Equilibrium time Isotherm model Adsorption condition References
Graphene nanosheets 35.46 60 min Langmuir model pH=4.0,T=30°C [30]
Imprinted polymer supported by SBA-15 38.01 90 min Langmuir model pH=6.0, T=25°C [31]
Iron oxide coated sepiolite 119.34 >1h Langmuir model pH=5.0, T=45°C [32]
Acidic cation resin 65.4 360 min Koble-Corrigan model pH=5.0 [33]
Porous NiFe,0,4 adsorbent 48.98 60 min Langmuir and Sips models pH=5.0,T=35°C [34]
Manganese oxide coated zeolite 74.52 180 min Langmuir and Redlich-Peterson model pH=4-6,T=45°C [35]
Titanium dioxide/carbon nanotube composites 137 60 min Langmuir model pH=6.0, T=25°C [36]
OMC 113.79 60 min Langmuir model pH=7.0,T=30°C This study
Fe/OMC 136.11 60 min Langmuir model pH=7.0,T=30°C This study
N-Fe/OMC 159.93 60 min Langmuir model pH=7.0,T=30°C This study
Table 3
The comparison of removal performance of various adsorbents used for phenol removal.
Adsorbent Qn (mg/g) Equilibrium time Isotherm model Adsorption condition References
SWCNTs/calcined-sepiolite 155.8 48 h Langmuir model T=30°C [37]
Manganese nodule leached residue 100.00 4h Langmuir model pH=7.7, T=25°C [38]
Starch-derived starbon S800 100.4 24h Langmuir model T=25°C [39]
Activated carbon (ACK1) 17.83 240 min Langmuir model pH=7.0,T=25°C [40]
Magnetic porous carbon microspheres 35 10h / pH=7.0,T=25°C [41]
Magnetic mesoporous carbon (FePt@C-L-700) 139 10h / pH=7.0, T=25°C [42]
Modified natural red clay (HDTMA-clay) 11.28 6h Langmuir-Freundlich model pH=5.8,T=20°C [43]
OMC 175.96 90 min Langmuir model pH=7.0,T=30°C This study
Fe/OMC 183.71 90 min Langmuir model pH=7.0, T=30°C This study
N-Fe/OMC 185.51 90 min Langmuir model pH=7.0,T=30°C This study

The corresponding values of Langmuir isotherm model in binary
system were also listed in Table 1. The results showed that
Langmuir isotherm model was suitable for description of Pb(II)
and phenol removal with high correlation coefficients R

Two common kinetic models, pseudo-first-order and pseudo-sec-
ond-order models are applied to decrease the adsorption process.
The corresponding equations are listed as follows:

Meanwhile, the maximum adsorption amounts for Pb(II) decreased @ =K;(Q, - Q) (3)
significantly with the increase of phenol, while for phenol, it dt

almost kept stable with Pb(Il) increase. Such phenomenon again

proved distinct adsorption mechanisms between Pb(II) and phenol & =K1(Q, — Qr)2 (4)
with N-Fe/OMC in the binary system: complexation and dt

competition for Pb(Il), while only slight complexation for phenol.
In addition, compared with other adsorbents [30-43], shown in
Tables 2 and 3, N-Fe/OMC also exerted excellent adsorptive
removal performance towards Pb(II) and phenol in adsorption
capacity, equilibrium time and adsorption conditions.

3.3. Effect of pH

Adsorption of Pb(Il) and phenol on N-Fe/OMC as a function of
contact time at different pH were presented in Fig. 6a and b. The
Pb(II) and phenol adsorption were both rapid in their infancy and
then slowed down gradually till reaching sorption equilibrium.
The equilibrium time and efficiencies for Pb(Il) and phenol sorption
were approximately 60 min, 80% and 90 min, 90% respectively.

where Q. and Q; (mg/g) are the adsorption capacities of N-Fe/OMC
towards Pb(Il) and phenol at equilibrium and time t (min), respec-
tively; K; (min~!) and K- (g/mg min) are the related rate constants,
respectively. The relevant kinetic parameters were listed in Table 4.
It could be found that the data of Pb(Il) adsorption could be better
described by the pseudo-second-order model, whereas phenol
adsorption could be well fitted with both of pseudo-first-order
and pseudo-second-order models. Such results indicated Pb(II)
adsorption was related to the chemisorption rate-controlling mech-
anism [1], while phenol removal was probably related to mesopor-
ous structures on the N-Fe/OMC [29].

The change of pH had different effects on Pb(II) and phenol
adsorption. For Pb(II), the adsorption rate and efficiency increased
gradually as pH increases from 3.05 to 8.12 (Fig. 6a). The sorption
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Fig. 6. Removal of Pb(Il) and phenol as a function of contact time at different pH values (a and b), different ionic strengths (c and d) and different temperatures (e and f),
respectively. Initial Pb(II) and phenol concentrations of 50 mg/L and 50 mg/L, respectively, and adsorbent dose of 5 mg.

Table 4

Kinetic model parameters for the adsorption of Pb(Il) and phenol onto N-Fe/OMC at different pH values.

Pollutants pH values Pseudo-first-order Pseudo-second-order
K; (g/mg/min) Q. (mg/g) R? K; (min") Q. (mg/g) R?
Pb(II) 3.05 0.110 67.43+2.24 0.955 0.0028 70.82 +3.52 0.995
5.17 0.126 78.16 £3.26 0.972 0.0034 80.77 £2.42 0.999
8.12 0.198 80.42 £2.52 0.968 0.0074 81.77 £2.85 0.999
Phenol 3.05 0.077 79.99 £2.25 0.995 0.0015 85.18 £3.12 0.994
5.17 0.092 86.52 £3.26 0.992 0.0016 92.34+2.78 0.993
8.12 0.068 69.83 £2.92 0.992 0.0014 75.19 £3.51 0.992

behaviors might be in relation with the existence forms of Pb(II)
and the surface charges of N-Fe/OMC. Since lead exists in different
species (Fig. S5a), it is mainly Pb?* ions at pH < 7, whereas it trans-
forms into Pb(OH)", Pb(OH), and Pb(OH)3 at pH > 7. The isoelectric

point (pHzpc) of N-Fe/OMC was 3.62 (Fig. S5b), which indicated
that N-Fe/OMC became protonated and showed a positive net
charge on its surface at pH 3.05, and thus, a significant electrostatic
repulsion existed between the positively charged surface and the
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cationic Pb(Il) under this conditions. At pH > pHzpc (pH 5.17 or
8.12), the N-Fe/OMC surface was negatively charged. Meanwhile,
Pb(Il) existed in the style of Pb®* and Pb(OH)*, and consequently,
cationic Pb(II) had access to the surface of N-Fe/OMC due to elec-
trostatic attraction. Furthermore, the occurring of the chemical
precipitation of Pb(II) (Pb(OH),) at higher solution pH (pH 8.12)
also accelerated the removal of Pb(II).

On the other hand, neutral pH was more suitable for phenol
adsorption (Fig. 6b). In the alkaline solution (pH 8.12), the surface
of phenol easily revealed negatively charged because of the reac-
tion with OH™, while the net surface charge of N-Fe/OMC was neg-
ative, inconvenient for phenol adsorption. Furthermore, the
competition from H* was non-ignorable when the adsorption
occurs at pH below the isoelectric point of N-Fe/OMC (pH 3.05).
Thus, an eclectic pH (pH 5.17) catered to the uptake of phenol. In
ordered to avoid the chemical precipitation of Pb(Il) and simulta-
neously obtain high sorption efficiencies, pH 7.0 was selected
eclectically to perform Pb(II) and phenol adsorption in other
procedures.

3.4. Effect of ionic strength

The effect of ionic strength was investigated to explore the
interaction mechanisms between Pb(II) and phenol with N-Fe/
OMC. The sorption efficiencies of Pb(Il) slightly decreased with
the increase of NaCl concentration (Fig. 6¢). The phenomenon
could be explained by that Pb(Il) would shape electrical double-
layer complexes with N-Fe/OMC, and thus the adsorption would
be hindered as the strong-electrolyte NaCl concentration
increased. This was consistent with an ion-exchange mechanism
since the adsorption interaction between the functional groups of
N-Fe/OMC and Pb(II) was mainly ionic [33]. In addition, the contact
between Pb(II) and N-Fe/OMC surface was limited since the activ-
ity coefficient of Pb(Il) was affected by the solution ionic strength.
The electrostatic repulsion between adsorbents with adsorbates
increased as the ionic strength increased, and thus the available
adsorption sites for Pb(II) decreased because of the competition
of Na* ions. Whereas the decrease was limited, which was probably
due to that in addition to direct adsorption on the surface of N-Fe/
OMC, the chemical surface complexation between Pb(Il) and —NH,
or —NH groups occurred and also conduced to the removal of
Pb(II).

However, it is different for phenol adsorption. Generally, if phe-
nol was adsorbed onto N-Fe/OMC by the dissociated anion forms,
cationic Na* in NaCl would pair with the negative adsorbates and
the ionic repulsion among substances adsorbed on the surface of
N-Fe/OMC would be reduced on the basis of the electrostatic forces
theory. Thus, the adsorption capacity would increase with the
increase of additional NaCl concentration. But in fact, change in
NaCl concentration had little effect on the uptake of phenol. This
implied that phenol was probably adsorbed onto N-Fe/OMC in
the pattern of molecule, which did not possess charges. Thus, phe-
nol adsorption was not predominated by electrostatic interaction,
and it was mainly a physical combination process between phenol
and N-Fe/OMC [4]. This was also the reason why the coexistence of
high Pb(II) concentration had no obvious impact on phenol adsorp-
tion. Besides, another non-ignorable phenomenon was that the
adsorption equilibrium was reached in longer time (150 min) with
more NaCl (0.1 mol/L), and in shorter time (60 min) with less NaCl
(0.001 mol/L). The possible reason was that at lower NaCl concen-
tration, the water cluster was formed on the surface of N-Fe/OMC
by hydrogen bonding with H,O molecule, which could interface
and accelerate phenol adsorption. However, the water cluster
would be destroyed at higher NaCl concentration, and conse-
quently extended the equilibrium time. Thus, phenol adsorption

onto N-Fe/OMC only replied on those small handy phenol mole-
cules, and in this way, the adsorption was delayed.

3.5. Thermodynamic of adsorption

Pb(II) adsorption as a function of contact time in three different
temperatures is shown in Fig. 6e. The results showed that after
adsorption equilibrium, the residual percentages of Pb(II) were
24.8%, 16.9% and 11.2% at 25°C, 35°C and 45 °C, respectively.
The equilibrium could be reached within 30 min at 45 °C, whereas
90 min at 25 °C. The variation might be due to it that the mobility
of Pb(II) and the active adsorption sites increased with the increase
of temperature, which made more Pb(II) acquire sufficient energy
to interact with active adsorption sites on the surface of N-Fe/
OMC. Similar results for Pb(II) adsorption on iron oxide nanoparti-
cles immobilized Phanerochaete chrysosporium [44], carbon nano-
tubes [36] and activated bentonite [45] had been reported.

However, the uptake capacities of phenol decreased as temper-
ature increased (Fig. 6f). The phenomenon might be related with
the weakening of adsorptive forces between the active adsorption
sites of N-Fe/OMC and phenol. Besides, the tendency of phenol to
escape the surface of the adsorbent significantly increased with
the increase of temperature, which resulted in a reduction in
boundary layer thickness, and thus lowered the adsorption of phe-
nol. Similar trends had also been observed for phenol adsorption
onto organomodified tirebolu bentonite [46], natural zeolites [47]
and activated carbon prepared from tobacco residues [48].

Thermodynamics were utilized to evaluate the adsorption
behaviors of N-Fe/OMC, and the corresponding equations are
expressed as Eqgs. (5), (6):

0 0
In (%) _ AS"  AH

¢.)" R RT )

AG® = AH® — TAS® (6)

where R is the gas constant (8.314 J/mol/K), T is the absolute tem-
perature (K), and AS (J/mol/K), AH (k]J/mol) and AG (kJ/mol) are
the changes in the entropy, enthalpy and Gibb’s free energy of the
system, respectively. The calculated parameters were shown in
Table 5. It indicated that all AG® values towards Pb(Il) and phenol
adsorption were negative, indicating that the uptake of Pb(II) and
phenol were spontaneous at these temperatures [33]. For Pb(II),
the positive AH® (39.13 kJ/mol) confirmed the endothermic nature
of adsorption. While the positive AS? (144.03 J/mol/K) suggested
that increased randomness at the solid solution interface occurred
in the internal structure of the uptake of Pb(II) onto N-Fe/OMC.
For phenol, on the other hand, the negative AH® and AS° suggested
that the exothermic nature of adsorption and the decreasing of ran-
domness at the solid/liquid interface during phenol adsorption,
respectively [49].

3.6. Proposed mechanisms of Pb(Il) and phenol adsorption

On the basis of all information obtained above, a possible reac-
tion mechanism for Pb(II) and phenol adsorption onto N-Fe/OMC
was proposed in Fig. 7. In single system, Pb(Il) was removed in
two ways: direct adsorption onto the ordered mesoporous carbon
pores and iron nanoparticles as well as complexation with amino
groups of N-Fe/OMC [27], however phenol was removed only by
adsorption on the surface of ordered mesoporous carbons [29]. In
binary system, apart from the above conditions, there probably
occurred another pollutants removal pathway that Pb(Il) firstly
chelated with phenol molecules, shaping the Pb(II)-phenol com-
plexes [3]. Then the new complexes were directly adsorbed onto
N-Fe/OMC or chelated with —NH and —NH,.
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Table 5
Thermodynamic parameters for Pb(Il) and phenol adsorption on N-Fe/OMC.
Temperature (°C) Pb(1I) Phenol
AS (J/K/mol) AH (kJ/mol) AG (k]/mol) R? AS (J/K/mol) AH (kJ/mol) AG (kJ/mol) R?
25 144.03 39.13 -4.53 0.999 -103.37 -39.30 -7.95 0.937
35 —-5.97 -6.92
45 —7.41 -5.88
) \ + 4+ Complexation
- :3:.‘. 3‘" ‘\H"’}J
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Fig. 7. Schematic diagram of the removal mechanism of Pb(II) and phenol adsorption onto N-Fe/OMC.
3.7. Regeneration of N-Fe/OMC 100
& f N-Fe/ I Py(11)
The regeneration investigation was carried out in seven consec- oy 90 I phenol
utively adsorption-desorption cycles (Fig. 8). The sorption efficien- <
cies declined slightly with the cycles, but it remained at high level E‘ S0
with above 75% for Pb(II) and 84% for phenol in the seventh cycle. 2
The regeneration and reuse performance of N-Fe/OMC was similar é
with the results of polyamine chelating resin for uptake of copper 2 0
and p-nitrophenol [8], and magnetic multi-walled carbon nano- g
tube for adsorption of atrazine and Cu(II) [50] in previous studies, £ 60
indicating the excellent adsorption stability of the resultant 5‘5
sample. Therefore, in consideration of its magnetic separation -
and eminent regeneration abilities, N-Fe/OMC might offer an 1 2 3 4 5 6 7
effective treatment to remove heavy metals and organics in more
. S . Recycles
complex environments by in-situ regeneration and reuse.

3.8. Application in real water samples

N-Fe/OMC was applied to treat real water samples including tap
water, river water and landfill leachate to investigate its practical
application (Table 6). The uptake capacities towards Pb(II) in tap
water, river water and landfill leachate were slightly lower than
ultrapure water because there existed many common cations, such
as Na*, K*, Ca%*, Mg?* in the former three waters. These cations not
only impacted ionic strength, aggrandizing the contact difficulty
between Pb(II) and N-Fe/OMC, but also occupied the adsorption
sites of N-Fe/OMC. The Pb(II) uptake amount in landfill leachate

Fig. 8. Seven consecutive adsorption-desorption cycles of N-Fe/OMC for Pb(VI) and
phenol. Initial Pb(Il) and phenol concentrations of 50 mg/L and 50 mg/L, respec-
tively, adsorbent dose of 5 mg, pH 7.0, temperature of 30 + 1 °C, contact time of
240 min and ionic strength of 0.01 mol/L NaCl.

was a little higher than tap water and river water because plentiful
organic matters in landfill leachate, such as humic acid and pheno-
lic organics chelated with Pb(Il), and thus improved Pb(II) adsorp-
tion. The phenol adsorption capacities in tap water and river water
were nearly equal, higher than landfill leachate. The result again
demonstrated that ionic strength hardly affected phenol uptake,
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Table 6

The Pb(II) and phenol adsorption efficiencies of N-Fe/OMC in the single or binary system under four different real water samples.

Adsorption Adsorbates Ultrapure water Tap water River water Landfill leachate
capacity (mg/g)
Pb(II) Phenol Pb(II) Phenol Pb(II) Phenol Pb(II) Phenol

Single system 5 mg/L Pb(Il)/phenol 9.4 +0.52 9.7+0.54 9.0+0.35 9.5 +0.42 87+051 9.3£0.65 9.2+0.71 8.7+0.15
10 mg/L Pb(II)/ 18.2+0.98 19.2+1.02 16.8 £ 1.09 18.6+1.15 16.4+0.89 18.3+0.97 17.7+£1.18 16.0 £ 1.08
phenol
50 mg/L Pb(II)/ 79.2+5.42 89.9+4.381 742 +5.41 88.5+5.54 70.2+5.24 86.1+4.79 74.8 +4.19 71.4+6.2
phenol
100 mg/L Pb(II)/ 118.1+9.54 141.2+11.25 102.2+10.25 140.1+6.54 964+742 1386+845 112.8+1524 101.1+x11.28
phenol

Binary system 5mg/L Pb(I)+5 mg/L  9.5+0.25 9.9 +0.45 9.3+0.29 9.7+0.31 9.1+029 9.4+048 9.3+0.59 8.8+0.18
phenol
10 mg/L 18.8 +0.51 19.6 £0.98 17.4+0.84 19.1£0.82 171+£1.02 185+%1.12 17.9£0.95 16.5+0.84
Pb(I1)+10 mg/L
phenol
50 mg/L 75.2+3.98 87.5+£3.97 64.8 +4.25 86.1 +4.57 60.4+5.25 84.6+6.15 72.5+3.24 69.7 £4.18
Pb(I1)+50 mg/L
phenol
100 mg/L 92.2+4.25 137.5+6.54 76.4 +8.51 1346+10.24 728+6.84 1334+857 872+7.21 95.2+5.42
Pb(11)+100 mg/L
phenol

and the low adsorption capacity in landfill leachate could be References

explained by that the organic components possessing similar
physicochemical properties with phenol would compete with phe-
nol for the adsorption sites on N-Fe/OMC in landfill leachate. Thus,
the phenol adsorption had been largely decreased.

4. Conclusions

In the present study, a newly nitrogen-functionalized magnetic
ordered mesoporous carbon (N-Fe/OMC) was successfully pre-
pared for removal of Pb(Il) and phenol contamination from water.
The functional material showed an excellent magnetic property
and hydrophilicity, fast adsorption rate and high adsorption effi-
ciency for the two target pollutants. Pb(II) was removed by direct
adsorption onto the ordered mesoporous carbon pores and iron
nanoparticles as well as complexation with amino groups of N-
Fe/OMC, whereas phenol was eliminated only by direct adsorption.
Pb(II) adsorption was a spontaneous and endothermic procedure,
however phenol was an exothermic process. The mutual effects
of coexisting Pb(Il) and phenol on adsorption of each other
revealed partial complexation and competition between Pb(II)
and phenol. The regeneration indicated the excellent adsorption
stability and good reutilization of N-Fe/OMC.
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