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A  simple  route  has  been  developed  to synthesize  magnetic  Ni-containing  ordered  mesoporous  carbons
(Ni/OMCs)  without  using  a solvent  for dissolving  carbon  precursor  or magnetic  source.  The  adsorption
and  desorption  of  methylene  orange  (MO)  on the  obtained  Ni/OMCs  were  investigated.  The  effects  of
Ni(NO3)2 loading  amount  and  carbonization  temperature  on  the  morphologies,  the structural  parame-
ters  and magnetic  properties  of these  Ni/OMCs  were  evaluated  by X-ray  diffraction(XRD),  N2 sorption
analysis,  transmission  electron  microscopy(TEM)  and  physical  property  measurements.  With the  increase
of  Ni(NO3)2 loading  amount,  the  ordering  of  the  mesoporous  structures,  the  specific  surface  area  and  the
total pore  volumes  of  Ni/OMCs  decreased,  but the  pore  diameters  of  Ni/OMCs  and  the  sizes  of Ni  parti-
ynthesis
dsorption
esorption

cle  increased.  The  saturation  magnetization  strength  could  be  easily  adjusted  by  varying  the  amount  of
Ni(NO3)2.  The  specific  surface  area  and  total  pore  volumes  decreased  with  the  increasing  of  carboniza-
tion  temperature.  The  size  of  Ni particle  was  the  biggest  at 750 ◦C. The  adsorption  of  MO  into  Ni/OMCs
followed  the  Sips  adsorption  model.  More  interestingly,  a  simple  equation  was  obtained  and  was  proved
to well  fit  the desorption  behavior  of  MO  on  Ni/OMCs.  The  values  for the  relative  fitted  parameters  were
obtained  and  the physical  meanings  of  the  parameters  were  well  defined.
. Introduction

Ordered mesoporous carbons have attracted great technologi-
al interest due to their remarkable properties such as high specific
urface area, narrow pore size distribution, tunable pore structure,
arge pore volume and high thermal and mechanical stability for the
evelopment of drug delivery system, electronic, catalytic, energy
torage, adsorption and purification of water [1–9]. Dyes were a
ind of toxic environmental pollutants, which had become one
f the most serious water pollutants. In view of the dye stability
o light and oxidizing agents as well as resistance to biodegrada-
ion, the adsorption could be used as an effective technique in the
reatment of dye-containing wastewaters [8,10–13]. Mesoporous
arbons, due to large pore sizes, provided more advantages in bulky
ye molecular adsorption than commercial activated carbon with
mall micropore sizes [9,14–18]. However, carbon powders were
otoriously difficult to be separated from solutions. The conven-
ional approach normally involved a filtration or centrifugation

rocedure, which was rather complex [19].

Magnetic mesoporous carbons containing Ni, Fe, Co or alloyed
agnetic nanoparticles, provided an alternative opportunity for
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the separation. Magnetic Ni-containing ordered mesoporous car-
bons (Ni/OMCs) using silica-template synthesis were widely used
due to their high specific surface areas and pore volumes, the struc-
tural ordering of pores, high stability, and facile functionalization
[20,21]. Recently, Wang et al. [22] synthesized Fe–Ni magnetic car-
bon materials by using a simpler method.

However, solvents that needed for dissolving carbon precursor
or magnetic source were the drawbacks for these synthesis routes.
Consequently, an easy and simple synthesis procedure for magnetic
Ni/OMCs was  in urgent demand for practical applications. Herein,
we successfully present a simple and novel route to synthesize
magnetic Ni/OMCs without using a solvent for dissolving carbon
precursor or magnetic source. Carbon precursor (furfuryl alcohol,
FA) and nickel source (Ni(NO3)2) were introduced simultaneously
into the silica template in one step. The effects of Ni(NO3)2 load-
ing and carbonization temperature on pore structures parameters
and magnetic properties of these Ni/OMCs were intensively inves-
tigated. Methylene orange (MO, C.I. number 13025) was a typical
water-soluble anionic dye with molecular weight of 327.3 g/mol
(Fig. 1). By use of MO as a model pollutant, the MO adsorption and
desorption properties of Ni/OMCs were studied. More interestingly,

we obtained a simple equation, which was proved to well fit the
desorption behavior of MO  on Ni/OMCs. The values for relative fit-
ted parameters were obtained and the physical meanings of the
parameters were well defined.

dx.doi.org/10.1016/j.jhazmat.2012.02.011
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:x_f_wang@163.com
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Fig. 1. The structural formula of methylene orange (C14H14N3O3SNa).

. Materials and methods

.1. Synthesis of magnetic carbon materials

Incipient-wetness impregnation method was employed to
ntroduce simultaneously carbon precursor (FA) and magnetic
ource (Ni(NO3)2·6H2O) into the SBA-15 templates. Typically,
.0 mmol  of Ni(NO3)2·6H2O was dissolved in 2 ml  of FA solution.
BA-15 was impregnated with the above solution at room tem-
erature. The mixture thus prepared was heated at 80 ◦C for 12 h
nder vacuum for the polymerization of FA and then at 150 ◦C for

 h. After cooling to room temperature, the sample was heated to
00 ◦C (1 ◦C/min), then to 900 ◦C (2 ◦C/min) for 3 h under flowing N2
tmosphere (200 ml/min) in a tubular furnace (KTL-1400). The sil-
ca templates were removed by boiling the materials in 1 M NaOH
olution dissolved in 1:1 (v:v) mixtures of water and ethanol for
ore than 1 h twice. The obtained black powders were filtered,
ashed with water and dried under vacuum at 60 ◦C for 24 h. The

btained sample was denoted as Ni-C-1.0-900. The same proce-
ures were carried out for the preparation of sample Ni-C-0.5-900
nd Ni-C-1.5-900, except that the amounts of Ni(NO3)2·6H2O were
.5 and 1.5 mmol  for Ni-C-0.5-900 and Ni-C-1.5-900. The similar
amples were denoted as Ni-C-1.0-600 and Ni-C-1.0-750, where
00 and 750 referred to carbonization temperature (◦C). SBA-15
emplate used in this study was synthesized according to Zhao and
o-workers [23].

.2. Adsorption and desorption of MO

In the adsorption experiment, a typical process was as follows:
ifferent masses of carbon materials were added into 25 ml  of MO
olution with initial concentration of 35 mg/l. The resulting mixture
as continuously stirred in a closed batch at 30 ◦C until equilibrium
as reached. This was done by monitoring the MO concentra-

ion using a UV–vis spectrophotometer at a wavelength of 464 nm.
he adsorbed amount of MO onto the samples was  determined
ccording to the change of concentration before and after adsorp-
ion. In the desorption studies, 20 mg  of the loaded materials were
mmersed into 50 ml  of ethanol at 30 ◦C under stirring (100 rpm).

 ml  of medium was removed at given time intervals and analyzed
y UV–visible spectroscopy at a wavelength of 418 nm.  The volume
emoved was replaced with the same volume and temperature of
thanol.

In the fixed bed column studies, the inner diameter of the
dsorption column was 1 cm and the filled bed height was  5 cm
eeping the flow rate and initial MO concentration as constant at

 ml/min and 35 mg/l, respectively.

.3. Characterization

The X-ray diffraction (XRD) patterns were recorded on a multi
urpose diffractometer (PANanalytical. Inc. X’Pert Pro., MPD) with
u KR radiation (0.1540 nm), using an operating voltage of 40 kV
nd 40 mA,  0.017◦ step size, and 4.96 s step time. Nitrogen adsorp-
ion isotherms were measured with a volumetric adsorption

nalyzer (Micromeritics Tristar 3020) at −196 ◦C. The samples
ere degassed at 150 ◦C for 5 h prior to the measurements.

he specific surface areas of the samples were calculated by
sing the Brunauer–Emmett–Teller (BET) method. The pore size
Fig. 2. Wide-angle (A) and small-angle (B) XRD patterns for the Ni/OMCs with dif-
ferent Ni contents ((a) Ni-C-0.5-900; (b) Ni-C-1.0-900; (c) Ni-C-1.5-900).

distributions were derived from the adsorption branches of
isotherms by using the Barett–Joyner–Halenda (BJH) model, and
the total pore volumes (Vt) were estimated from the adsorbed
amount at a relative pressure P/P0 of 0.99. Transmission electron
microscopy (TEM) was performed on a JEOL 2011 microscope oper-
ated at 200 kV. The UV–visible absorption spectra values were
measured on a U-3010 spectrophotometer. The field-dependent
magnetization curve of the materials was  measured in a magnetic
field of ±20 kOe at 27 ◦C using physical property measurement sys-
tem (PPMS-9).

3. Results and discussion

Fig. 2 showed the wide- and small-angle XRD patterns for Ni-C-
0.5-900, Ni-C-1.0-900, Ni-C-1.5-900, respectively. The wide-angle
XRD patterns (Fig. 2A) exhibited three well resolved diffraction
peaks at 2� = 26.2, 44.5, 51.8◦ and a weak diffraction peak at 42.5◦

for all samples prepared at 900 ◦C. 26.2◦ and 42.5◦ could be indexed
to the (0 0 2) and (1 0 0) diffraction peak of the graphite structure
(JCPDS card no. 130148). The interlayer spacing value (d-spacing)
of the (0 0 2) plane was  0.344 nm,  a little bigger than the value

(0.335 nm)  for graphite [24], suggesting that the materials were
well graphitized by the nickel nanoparticles during carbonization
at 900 ◦C, which was much lower than graphitized temperature (at
2400 ◦C) of pure OMC  [25]. The lower graphitized temperature of
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i/OMCs was due to the existence of the Ni nanoparticles. It was
ell known that the nanosized transition metals such as Ni, Fe, Co,
n could accelerate the development of graphitic structure of car-

on when they were heat-treated together with carbon materials
n inert gas atmosphere [26–28].

44.5◦ and 51.8◦ could be assigned to the (1 1 1) and (2 0 0) char-
cteristic reflections from face centered cubic Ni (JCPDS card no.
40850), while no nickel oxide was detected. The formation of Ni
as probably realized through reduction reaction of nickel oxide or
ickel nitrate during the carbonization pyrolysis [9].  The magnetic
anoparticle size was estimated by using the Scherrer equation of
iffraction peak widths for (1 1 1) peak of Ni. The average crystal
izes of Ni were 26.1, 37.3 and 43.6 nm for Ni-C-0.5-900, Ni-C-1.0-
00 and Ni-C-1.5-900, respectively, increasing with the increase of
i(NO3)2 loading amount, which might contribute to the aggrega-

ion and growth of Ni nanoparticles with neighbors to form bigger
nes at higher Ni(NO3)2 loading amount.

The low-angle XRD peaks (Fig. 2B) became less visible with
n increase of Ni(NO3)2 amounts, showing a gradual loss of
esoporous structural order. Ni-C-0.5-900 and Ni-C-1.0-900

xhibited well-resolved diffraction peaks, confirming a well-
rdered mesoporous structure of the materials. Ni-C-1.5-900
xhibited poorly-resolved scattering peaks, indicating that the
rdering of mesoporous structure had been partially deteriorated
ith the increase of Ni(NO3)2 loading amount. The decrease of

arbon matrix and larger Ni particles affected the replication inte-
rality of Ni/OMCs from the ordered SBA-15 templates.

Furthermore, more carbon was consumed owing to the reduc-
ion reaction of nickel oxide or nickel nitrate with the increase of
i(NO3)2 loading amount, also leading to partial loss of the ordering
nd the distortion of the porous channel.

Fig. 3 showed the wide and small angle XRD patterns at dif-
erent carbonization temperatures. The average particles sizes of
i were 25.3, 43.1 and 37.3 nm for Ni-C-1.0-600, Ni-C-1.0-750 and
i-C-1.0-900, respectively. Remarkably, Ni-C-1.0-900 exhibited a

trong XRD peak at 2� around 26.2◦ (Fig. 3A) after being heated up
o 900 ◦C, showing the formation of a highly graphitic carbon. It was
n favor of the aggregation and growth of the metal nanoparticles
t elevated temperatures (such as from 600 to 750 ◦C). The particle
izes carbonized at 900 ◦C were smaller than the sizes at 750 ◦C.
his was probably due to the presence of highly graphitic carbon
t 900 ◦C according to the wide-angle XRD results. The presence of
raphitic domains limited the migration, aggregation and growth
f Ni nanoparticles, according to these studies [9,21].

The low-angle XRD patterns of the Ni/OMCs at different tem-
eratures were presented in Fig. 3B.The (1 0 0) peaks of carbon
aterials had a slight shift from 2� value of 0.88, 0.92, to 0.98
ith the increase of carbonization temperatures, implying the

ncreasing of structural shrinkage due to higher carbonization
emperatures. The Ni-C-1.0-900 sample showed intense (1 0 0)
iffraction peaks, which indicated that the sample possessed well-
rdered mesoporous structure. However, weak (1 0 0) peaks were
bserved in the Ni-C-1.0-600 and Ni-C-1.0-750 samples. Lower
arbonization temperature did not facilitate the complete car-
onization of the furfuryl alcohol polymer, which could not form

 sufficiently rigid skeleton to resist the structural shrinkage, and
orrespondingly the decrease of the structural ordering. In addi-
ion, the bigger Ni particle sizes at 750 ◦C also contributed to the
ecrease of the ordering for Ni-C-1.0-750. This phenomenon was

n good agreement with the TEM results (Fig. 4b, d and e).
Fig. 4 showed the TEM images for all samples. The ordered

rrangement of mesopores was clearly observed for Ni-C-0.5-900

Fig. 4a) and Ni-C-1.0-900 (Fig. 4b), giving evidence for the presence
f ordered hexagonal mesoporous structure. While Ni-C-1.5-900
Fig. 4c) showed some less ordered arrays, which was  consistent
ith the results of XRD analysis. The dark spots were observed for
Fig. 3. Wide-angle (A) and small-angle (B) XRD patterns for the Ni-OMCs at different
carbonization temperatures.

Ni nanoparticles, which were well dispersed into the carbon matrix
and no bulk aggregates could be found on the outside surface of the
mesoporous carbons. The TEM results indicated that the materials
were stable for application in separation.

N2 sorption isotherms and pore size distributions of Ni/OMCs
were presented in Fig. 5. N2 sorption isotherms of magnetic meso-
porous carbons exhibited type IV curves with an obvious capillary
condensation at a relative pressure P/P0 0.2–0.4 (Fig. 5A and C), indi-
cating a uniform mesoporosity with a narrow pore size distribution
(Fig. 5B and D). The calculated parameters were listed in Table 1.
The specific surface area and the total pore volumes decreased with
the increasing usage of Ni(NO3)2, which might arise from the high
density of Ni and the destruction of ordered mesoporous structure.
The mean pore diameters for Ni-C-0.5-900, Ni-C-1.0-900 and Ni-C-
1.5-900 exhibited an increasing tendency from 3.1, 4.5 to 5.3 nm.
This was probably ascribed to the consumption of carbon during
the reduction process of nickel oxide/nickel nitrate to Ni by sur-
rounding carbon.

The specific surface area and the total pore volumes decreased
with the increasing of the carbonization temperature, which might
be due to the increased structural shrinkage with the temperature
increasing according to low-angle XRD results.

The magnetization curves for the Ni-C-0.5-900, Ni-C-1.0-900

and Ni-C-1.5-900 (Fig. 6A) presented a small hysteresis loop. The
corresponding saturation magnetization strengths were 0.7, 1.9
and 3.6 emu/g, increasing with the increase of Ni(NO3)2 usage. This
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Fig. 4. The TEM images for the Ni-OMCs ((a) Ni-C-0.5-900; (b) Ni-C-1.0-900; (c) Ni-C-1.5-900; (d) Ni-C-1.0-600; (e) Ni-C-1.0-750).

Table  1
The structural parameters for Ni/OMCs and the fitted data by Sips adsorption isotherm equation.

Sample SBET (m2/g) Vt (cm3/g) Dpore (nm) qm (mg/g) K (l/mg) m

Ni-C-0.5-900 796 0.40 3.1 107.1 0.71 0.60
Ni-C-1.0-900 479 0.34 4.5 94.8 0.99 0.73

5.3
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Ni-C-1.5-900 347 0.31 

Ni-C-1.0-600 686 0.45 

Ni-C-1.0-750 497 0.41 

ould be ascribed to the growth in sizes of magnetic nanoparticles
ith the increase of Ni(NO3)2 usage. The values of the saturation
agnetization strengths were much lower than that of the bulk
i (51.3 emu/g) [29], mainly due to the much smaller Ni parti-
le size and inclusion of the Ni particles inside the non-magnetic
arbon frameworks. The near-zero coercive force and remanence
agnetization indicated that the samples exhibited soft ferromag-

etic characteristics desirable for the application in adsorption and
eparation under an external magnetic field.

The magnetic separability of the magnetic Ni-C-1.0-900 was
ested in MO  aqueous solution (Fig. 6B). Upon placement of a mag-
et near the glass bottle, the powder Ni-C-1.0-900 were quickly
ttracted to the side of the bottle and the colored liquid changes
rom orange to transparent within a few minutes. Considering their

agnetic property, this provided an easy and effective way  for the
emoval of pollutants such as dye in water.

The adsorption equilibrium of MO  onto the Ni/OMCs was  shown
n Fig. 7A. The Sips adsorption isotherm equation [10] was  used to
t the adsorption data.
 = qm
(Kc)m

1 + (Kc)m (1)
 90.6 0.89 0.88

where, q was the adsorption amount, qm was the adsorption capac-
ity, K was  the equilibrium constant, c was the concentration of
MO at equilibrium, and m was  the heterogeneity coefficient. The
determination coefficient (R2) was  greater than 0.99. The obtained
parameters are listed in Table 1.

As seen in Table 1, the adsorption capacity increased with the
increase of the specific surface area and pore volume of Ni/OMCs.
For Ni-C-0.5-900, qm was  107 mg/g, whereas 95 and 91 mg/g could
be obtained for Ni-C-1.0-900 and Ni-C-1.5-900, respectively. It
was well known that the bigger the specific surface area and
pore volume, the more chance and space for MO  adsorption on
Ni/OMCs were, thus leading to the higher adsorption capacity.
The heterogeneity coefficient of m values less than 1 indicated
a heterogeneous system [30]. Values close to (or exactly) 1 indi-
cated a material with relatively homogenous binding sites. The m
decreased with the increase of the specific surface area and pore
volume of Ni/OMCs. Also seen in Table 1, the values of the equilib-
rium constant K did not vary significantly, which implied that the
affinity of the Ni/OMCs for MO was  very similar.
The adsorption and desorption column dynamic study was
shown in Fig. S1.  The adsorbent Ni-C-1.0-900 exhibited high
adsorption performance at the beginning of adsorption process
with the first 650 min  (Fig. S1A). The desorption fraction could reach
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Fig. 5. N2 sorption isotherms (A,C) and pore size distributions (B,D) for the 

p to 90% when the eluting time approached 300 min (Fig. S1B). This
ould imply that the interaction between the sorbent and MO  was
eak enough to be broken by ethanol eluent.

Fig. S2 showed the relationship of adsorption amount versus
quilibrium concentration at different temperatures (for the
dsorption of MO  onto Ni-C-1.0-900). The adsorption capacity
ecreased with increasing temperatures (from 293 to 313 K), which
ight be indicative of physical adsorption. Thermodynamic param-

ters as free energy change (�G◦), enthalpy change (�H◦) and
ntropy change (�S◦) were evaluated using the following equa-
ions [31]:

G◦ = −RT ln K (2)

G◦ = �H◦ − T�S◦ (3)

here K denoted the equilibrium constant, R was  the gas constant,
nd T was absolute temperature. Thermodynamic parameters are
isted in Table 2. Free energy changes (�G◦) were all negative,
emonstrating that the studied adsorption was a spontaneous
rocess. For the given sample (the adsorption of MO  onto Ni-C-
.0-900), the absolute values of �G◦ decreased with increasing
emperature. Therefore, higher temperature was favorable for the

everse process of adsorption–desorption. Values for enthalpy
hanges (�H◦) were negative and the absolute values were lower
han 40 kJ mol−1, which indicated that the adsorption was  an
xothermic physical process [32].
Cs with different Ni contents and at different carbonization temperatures.

Negative values of the entropy change (�S◦) suggested that
there was  decreased randomness at the solid-solution interface
during the adsorption of MO in aqueous solution on Ni/OMCs.

Fig. S3 showed the relationship of adsorption amount versus
time at different temperatures. The adsorption amount at differ-
ent temperatures increased with the increasing of adsorption time
and eventually reached equilibrium. The adsorption amount in
equilibrium decreased with the increasing of temperatures, due to
high temperature in disadvantage for physical adsorption. It was
noticeable that the slope of the curves in Fig. S3 increased with
the increasing of temperatures in the first 25 min, indicating high
temperature increasing adsorption rate. It was well known that
increasing the temperature would increase the rate of diffusion
of the MO  molecules in solution and decrease the viscosity of the
solution. So the MO  molecules diffused faster into the surface and
internal pores of Ni/OMCs in high temperature.

Fig. 7B shows the MO desorption behavior for the three MO-
loaded Ni/OMCs. They exhibited a similar desorption relationship.
First, a fast release and then a slower desorption were observed.

Interestingly, the desorption rate could be well described by the
following equation:

df

V =

dt
= k(a − f )2 (4)

where, f was  the desorption fraction of MO,  t was time, k was
defined as desorption reaction rate constant and a denoted a
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Fig. 6. The magnetization curves (A) for the Ni-OMCs and images of the magnetic separability (B).

Table 2
Thermodynamic parameters for the adsorption of MO  on Ni-C-1.0-900.

�G◦ (kJ mol−1) �H◦ (kJ mol−1) �S◦ (J mol−1 K−1)

293 K 303 K 313 K −35.87 −13.01
−32.05  −31.96 −31.79
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ig. 7. The adsorption equilibrium (A) and desorption behavior (B) for the Ni-OMCs
ith different Ni contents.

arameter, the physical meaning of which was defined in the fol-
owing description. The kinetic equation given for desorption is
imilar to pseudo-second order kinetic model. It was used for des-
rption instead of adsorption.

After integration of Eq. (4),  we obtain the following equation,

 = ka2t

1 + kat
(5)

here, when t → ∞,  f = a (the fraction of the maximum desorption).
hus the physical meaning of the parameter (a) was  obtained.

After transformation of Eq. (5),  we could easily obtain:

t

f
= 1

ka2
+ t

a
(6)

A simple linear equation could be obtained and fitted to these
ata with a correlation coefficient of >0.99. Through the plot of (t/f)
ersus t, the values of parameter k (0.96, 0.91, 0.85) and a (0.028,
.045, 0.048) were achieved for Ni-C-0.5-900, Ni-C-1.0-900 and Ni-
-1.5-900, respectively.

The result indicated that the pore size and the ordering of
he materials had great influence on the MO desorption rate and
he fraction of the maximum desorption. The MO  desorption rate

ncreased with the increasing of pore sizes for the carbon materi-
ls. Large pore sizes were favorable for desorption of MO molecules
rom the materials to ethanol solution, which increased the MO  des-
rption rate. The fraction of the maximum desorption decreased

[

terials 213– 214 (2012) 361– 368 367

with the decreasing of the ordering. The distortion of the ordered
channel would hinder the complete desorption of MO molecules.

4. Conclusions

A simple route has been developed to synthesize magnetic
Ni/OMCs without using a solvent for dissolving carbon precur-
sor or magnetic source. The nickel nanoparticles were uniformly
distributed in the OMCs. The structural parameters and magnetic
properties of the Ni/OMCs were dependent on Ni(NO3)2 loading
amount and the carbonization temperature. The materials exhib-
ited soft ferromagnetic characteristics desirable for the application
in adsorption and separation. The adsorption of MO  onto Ni/OMCs
followed the Sips adsorption model. Especially, a simple equation
was obtained and was proved to well fit the desorption behavior of
MO on Ni/OMCs. The values for relative parameters were obtained
and the physical meanings of the parameters were well defined. It
was expected that the simple equation could become a common
equation to the physical desorption of other molecules in porous
materials.
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