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The ordered mesoporous carbon composite functionalized with carboxylate groups and iron oxide nano-
particles (Fe/OMC) was successfully prepared and used to adsorb 2,4-dichlorophenoxyacetic acid (2,4-D)
from wastewater. The resultant adsorbent possessed high degree of order, large specific surface area and
pore volume, and good magnetic properties. The increase in initial pollutant concentration and contact
time would make the adsorption capacity increase, but the pH and temperature are inversely propor-
tional to 2,4-D uptake. The equilibrium of adsorption was reached within 120 min, and the equilibrated
adsorption capacity increased from 99.38 to 310.78 mg/g with the increase of initial concentration of
2,4-D from 100 to 500 mg/L. Notablely, the adsorption capacity reached 97% of the maximum within
the first 5 min. The kinetics and isotherm study showed that the pseudo-second-order kinetic and Lang-
muir isotherm models could well fit the adsorption data. These results indicate that Fe/OMC has a good
potential for the rapid adsorption of 2,4-D and prevention of its further diffusion.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

2,4-Dichlorophenoxyacetic acid (2,4-D) is a typical chlorinated
aromatic compound herbicide, which was firstly synthesized and
commercially marketed in USA in the early 1940s [1]. The
structural diagram of 2,4-D is shown in Fig. 1. It is commonly used
for the control of broad-leafed weeds in gardens and farms [2,3].
2,4-D is a commonly preferred herbicide because of its low cost
and good selectivity [4,5], and can be found in surface and ground
water all over the world. The World Health Organization identifies
2,4-D as moderately toxic (Class II) to human beings and
animals and recommends 70 lg/L as the maximum permissible
concentration in drinking water [6]. When people are exposed to
2,4-D for a long time, it would result in moderate and serious skin
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and eye irritation, even produce potentially carcinogenic risk [2].
Hence, it is extremely urgent to remove 2,4-D from the
environment. Many methods have been used to remove 2,4-D from
water. For example, photocatalytic degradation [7], combined
microwave-assisted degradation and UV irradiation [8], biological
degradation [9], electrocatalytic dechlorination [10,11], electro-
biological degradation [12], chemical oxidation with hydrogen
peroxide [13], and adsorption [14,15].

Among these technologies, the adsorption approach is the most
commonly used technique to remove toxic substances from waste-
water due to its low cost, ease of operation, insensitivity to toxic
pollutants, flexibility and simplicity of design [6,16]. Among all
the adsorbing materials (such as clays [17], porous polymeric
adsorbents [18], resin [19], activated carbon [20], Zn–Al–Zr layered
double hydroxide [21], ordered mesoporous carbon [22], etc.),
ordered mesoporous carbon (OMC) is an excellent candidate
because of its highly-enlarged surface area and pore volume,
chemical inertness and thermal stability [23–27]. However, it has
some weaknesses relating with its inherent properties. On one
hand, its hydrophilicity is very poor, which results in bad dispersity
in aqueous solution. On the other hand, it is likely to cause second-
ary pollution because of its difficult reclaimation. Therefore, it is
quite necessary to improve the properties of OMCs by taking some
measures. A previous study indicated nitric acid oxidation can
introduce carboxyl groups into the carbon material and further
change its surface hydrophobic/hydrophilic balance [28].
Furthermore, carboxyl groups of the OMC can provide weak acid
sites, which is beneficial to the immobilization of organic pesticide
[28]. Meanwhile, the introduction of magnetic components into
OMC can accelerate the separation and recovery of the materials
by external magnetic fields [29], and prevent secondary pollution.

In this study, an iron oxide nanoparticles-doped ordered meso-
porous carbon functionalized with carboxylate groups (Fe/OMC)
was successfully prepared by impregnation and then calcination.
The functionalized mesoporous carbon was characterized by a
series of physical-chemical techniques, and the excellent
hydrophilicity and magnetic separability could be confirmed. The
prepared Fe/OMC adsorbent was used to remove 2,4-D from aque-
ous solution. The effects of contact time, pH, initial 2,4-D concen-
tration, and reusability of the materials for 2,4-D adsorption
were also investigated. Kinetics, sorption isotherm and thermody-
namics were used to expound the relevant adsorption mechanism.
2. Experimental section

2.1. Materials

2,4-D (the purity of 98%) and Pluronic copolymer P123
(EO20PO70EO20, EO = ethylene oxide, PO = propylene oxide) were
Fig. 1. Structural diagram of 2,4-D.
supplied by Sigma–Aldrich Corp. Other chemical reagents were of
analytical reagent grade and were purchased from Shanghai
Chemical Corp. The water used in laboratory was high-purity water
(18.25 MX cm�1) from a Millipore Milli-Q water purification
system.

2.2. Preparation of adsorbent

2.2.1. Synthesis of SBA-15
Mesoporous SBA-15 was prepared according to the process

described by Zhao et al. [30]. 8.0 g of P123 was dissolved in a solu-
tion containing 270 mL water and 42 mL HCl at 35 �C in a triangle
flask, and the solution was continuously stirred. After P123 was
completely dissolved, 17 g tetraethyl orthosilicate was dropwise
added to the above solution, and the mixture was sequentially stir-
red for 20 h. Then the mixture was aged in drying oven at 140 �C
for 24 h by digestion tank. Subsequently, the product was washed
with high-purity water until the pH was close to 7, and dried at
60 �C for 20 h. To remove P123 template, the resultant solid was
finally calcined in static air at 550 �C for 4 h with a heating rate
of 1 �C min�1.

2.2.2. Synthesis of ordered mesoporous carbon
Ordered mesoporous carbon was synthesized by using sucrose

as carbon source and SBA-15 as hard template according to a pre-
vious publication [31]. The solution containing 1.25 g sucrose,
0.145 g H2SO4 and 5 mL H2O was dropwise added to 1 g SBA-15
with the mixture being stirred occasionally at the same time. The
resulting product was heated in an oven at 100 �C for 6 h and then
at 160 �C for another 6 h. The polymer composites were then heat-
treated in nitrogen flow at 900 �C for 2 h with a heating rate of
2 �C min�1. 2 M NaOH aqueous solutions were used to remove
SBA-15 template at 90 �C for 1 h, which was repeated. The silica-
free ordered mesoporous carbon was obtained and thoroughly
washed with high-purity water until neutral, and dried in oven
at 60 �C for 24 h.

2.2.3. Synthesis of the functionalized ordered mesoporous carbon
The functionalized ordered mesoporous carbon was synthe-

sized according to previous reports [29,32]. Carboxyl groups were
grafted to ordered mesoporous carbon by dipping the material in
2 M HNO3 aqueous solution at 80 �C for 1.5 h. Then the powder
was filtered and washed with high-purity water and dried at
60 �C. After that, Iron oxide nanoparticles were deposited on the
pores of carboxyl ordered mesoporous carbon. 100 mg of car-
boxyl-ordered mesoporous carbon was added to a solution con-
taining 40 mL of ethanol and 120 mg of anhydrous ferric
chloride. The resulting solution was stirred at 60 �C for 1 h. To
remove the remaining iron, the obtained dry powder was washed
with ethanol several times, until the filtrate was clear. The washed
carbon was dried in vacuum at 30 �C for 12 h. Subsequently, the
obtained carbon powder was impregnated with about 1 g ethylene
glycol, and the residual ethylene glycol was blotted up carefully
with filter paper. Eventually, the carbon powder was heated to
510 �C with 2 �C min�1 rate under nitrogen atmosphere for 1 h to
obtain magnetic ordered mesoporous carbon denoted by Fe/OMC.
The detailed synthesis routes of Fe/OMC are shown in Fig. 2.

2.3. Materials characterization

Transmission electron microscopy (TEM) was carried out in a
JEOL-1230 electron microscope operated at an acceleration voltage
of 100 KeV. Nitrogen physisorption isotherms were carried out at
�196 �C on a Micromeritics 2020 analyzer. The surface area was
calculated with the Brunauer, Emmet and Teller (BET) equation.
The pore size distribution curves and total pore volume were



Fig. 2. Synthesis process of Fe/OMC.
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derived respectively from the adsorption branches of isotherms
and desorption branches of isotherms by using the Barett–Joy-
ner–Halenda (BJH) method. X-ray diffraction (XRD) analysis was
performed on a SIEMENSD 5005 diffractometer with Cu Ka X-ray
source, working at 30 kV and 15 mA. The magnetization of the
adsorbents was measured by a vibrating sample magnetometer
(VSM). Fourier transform infrared (FTIR) spectra were collected
on Nicolet NEXUS 670 FTIR spectrometer using the standard KBr
disk method.

2.4. Batch experiments

All batch studies were carried out in 50 mL conical flask con-
taining 10 mg Fe/OMC and 10 mL 2,4-D solution. The difference
adsorption conditions such as, initial concentration (50–500 mg/L),
pH of the solution (3–11), contact time (5–420 min) and tempera-
tures (30–50 �C) were investigated in Water-bathing Constant
Temperature Vibrator with an agitation speed of 120 rpm. The
equilibrium and kinetic experiments were carried out at pH 3.
After each experimental, the residual concentration of 2,4-D was
measured using a double beam UV–Vis spectrophotometer
(Shimadzu, UV-2550, Japan) at wavelength of 284 nm. The average
values of all the experiments were collected by three parallel tests.
The amount of adsorption (qt) at time t and the percentage of
removal (Rr) were calculated using Eqs. (1) and (2), respectively.
Formula follows.

qt ¼
ðC0 � CtÞ � V

W
ð1Þ

Rrð%Þ ¼
ðC0 � CtÞ

C0
� 100% ð2Þ

where C0 and Ct (mg/L) represent the solution concentrations of 2,4-
D at the initial and time t, respectively; W (mg) is the mass of dry
adsorbent; V (mL) is the volume of 2,4-D solution; qt is the amount
of adsorbed 2,4-D at time t; Rr is the percentage of removal for 2,4-
D.
3. Results and discussion

3.1. Characterization of materials

Fig. 3 shows the transmission electron microscopy (TEM)
images of the pure OMC and Fe/OMC. The stripe-like structures
were clearly seen for the two materials. This indicated that both
materials possess a mesoporous structure. However, as shown in
Fig. 3, the definition of stripe-like structures of OMC is obviously
higher than Fe/OMC. It means that the degree of order of Fe/OMC
was inferior to OMC, which was related to nitric acid oxidation
treatment and introduction of Fe3O4 nanoparticles. Firstly, nitric
acid oxidation treatment was used to graft carboxyl groups to
OMC for changing the OMC surface hydrophobic/hydrophilic bal-
ance and improving the wettability of the mesoporous carbon.
However, nitric acid is a strong oxidizing agent. According to the
study by Wu et al.’s work [28], somewhat excessive oxidization
of carbon in pore walls by nitric acid was inevitable, which would
result in partial collapse of pore canals and reduce the degree of
the order of OMC. Secondly, the Fe3+ ions could be captured by
chemical complexation to the carboxyl groups of OMC, which
was of benefit to the in situ nucleation of nanoparticles. But carbon
atoms in the pore wall might participate in the reduction of Fe3+,
leading to reduction of degree of the order. In Fig. 3b, the black dots
that represent the Fe3O4 nanoparticles were distributed evenly
over the OMC.

The nitrogen adsorption–desorption isotherms of OMC and
Fe/OMC are shown in Fig. 4a which belong to type IV isotherm with
a H1 hysteresis loop. Hysteresis loop of Fe/OMC is located at P/P0

between 0.6 and 0.8, indicating that the two carbon materials
had uniform mesoporous structures. The pore size distributions



Fig. 3. TEM images of OMC (a) and Fe/OMC (b).
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of Fe/OMC (Fig. 4b) calculated from the adsorption branch clearly
determines the pore size to be mainly in the range of 2–4 nm,
and the average pore size of OMC and Fe/OMC are both 2.83 nm.
In addition, with the introduction of Fe3O4 nanoparticles into car-
bon materials, the surface area (from 1054.50 to 882.52 m2/g)
and pore volume area (from 1.85 to 1.43 cm3/g) were decreased.
The reason of the decrease might be that the introduction of
Fe3O4 nanoparticles would occupy or block pore canals.

The high-angle XRD diffractograms (Fig. 5) are used to identify
the crystalline phases formed upon modification of OMC, and
further indicate the presence of Fe3O4 nanoparticles. All the pri-
mary diffraction peaks of Fe/OMC at 2h of 30.1�, 35.5�, 37.1�,
43.1�, 53.6�, 57.1� and 62.7�, corresponding to (112), (211),
(202), (220), (024), (303) and (224) reflections, agreed well
with the standard orthorhombic phase of Fe3O4 (JCPDS card No.
65-3107). These mean that the orthorhombic phase of Fe3O4 was
dominant in the carbon material.

FTIR spectra of the OMC and Fe/OMC are shown in Fig. 6. The
FTIR spectrum of the OMC (Fig. 6a) has only a few weak broad
absorption bands, due to the high carbonization of material. Never-
theless, in the FTIR spectrum of Fe/OMC (Fig. 6b), six obvious bands
are centered around 573, 1153, 1574, 1730, 3450 cm�1 relative to
OMC after the oxidative treatment of nitric acid and dipping of
Fe3O4 nanoparticles. The absorbance band at 1730 cm�1 is the
C@O stretching vibration in Fe/OMC. The broad peak at
3450 cm�1 is attributed to the –OH vibration. The above two bands
indicate that the carboxyl group was successfully introduced to the
surface of Fe/OMC. COOH is the main form of the carboxyl group
existing in acid condition. These weak acid sites of carboxyl group
are beneficial to the immobilization of organic pesticide (2,4-D).
The characteristic peak at 1574 cm�1 corresponds to the symmet-
ric COO� vibration. COO� is the main form of existence in alkali
condition. When solution pH increases to be alkaline, the electro-
static repulsion between the increasing negative charged COO�

group and 2,4-D will result in the decrease of adsorption amount
for 2,4-D. The band at 1153 cm�1 might correspond to the CAOAC
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stretching vibrations in ether groups on the surface of Fe/OMC. The
characteristic peak at 573 cm�1 that is clearly observed in Fe/OMC
spectrum is assigned to the Fe–O stretch vibration, indicating
Fe3O4 nanoparticles were successfully doped in the OMC.

Magnetization curve of Fe/OMC is shown in Fig. 7, which exhib-
its near-zero coercivity and remanence, indicating a superpara-
magnetic nature of Fe/OMC. The saturation magnetization
strength of Fe/OMC was 4.74 A m2/kg. The magnetic separation of
Fe/OMC was detected in solution by external magnetic field. The
material could be completely separated within 5 min. From the
above, Fe/OMC possessed a good nature of magnetic separation.
3.2. The effect of initial pH on adsorption of 2,4-D

The initial pH of solution is one of the most important factors
influencing the properties of adsorbate, adsorbent and the adsorp-
tion process. The influence of initial pH was attributed to the elec-
trostatic interaction between the 2,4-D and the Fe/OMC surface
[33]. The effect of solution pH on adsorption of 2,4-D by Fe/OMC
was studied in the pH range of 3–11 with initial 2,4-D concentra-
tion of 400 mg/L at 30 �C. As shown in Fig. 8, the adsorption
amount of 2,4-D at equilibrium (qe) decreased from 287.92 to
101.08 mg/g with increase of pH from 3 to 11. The maximum
adsorption was obtained at pH 3. It suggested that the 2,4-D
adsorption was highly dependent on solution pH. Solubility of
2,4-D in water is lower than 900 mg/L, and 2,4-D is an acidic chem-
ical substance which is present as deprotonated form (anion) in
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Fig. 7. Magnetization curves of Fe/OMC.
water solution. Its solubility is even poorer in acid solution which
may lead to removal of 2,4-D at high efficiency. On the other hand,
the dissociation constant (pKa) of 2,4-D is 2.64 [4], so some 2,4-D
molecules are in the ionized form when the pH value of solution
is higher than 2.64, and the degree of dissociation of 2,4-D
increases gradually with pH increase which makes it more
negatively charged. What is more, the surface charge of Fe/OMC
is neutral at pH of 5.3 (pHPZC), as shown in Fig. 8. It means that
the Fe/OMC surface is positively charged at pH below 5.3 and
negatively charged at pH above 5.3. Hence, the adsorbing capacity
to 2,4-D is relatively high in acid condition than that in alkaline
conditions due to the electrostatic attraction.
3.3. The effect of contact time and initial concentration on adsorption
of 2,4-D

The effect of contact time on 2,4-D adsorption was investigated
at pH 3 and 30 �C. As shown in Fig. 9, most of 2,4-D was rapidly
absorbed on Fe/OMC within 5 min. The reason might be that 2,4-
D was rapidly transported to the inside of the adsorbent by the
unique hexagonal pore structure, and the strong affinity existed
between 2,4-D and the carboxylate groups on the mesoporous car-
bon. After that, the adsorption rate of 2,4-D became low until the
adsorption equilibrium was reached after 2 h. It was attributed to
that the most of adsorption sites have been occupied, leading to
a decline in adsorption rate. After this, the removal percentage of
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Fig. 9. Effect of contact time and initial concentration on adsorption of 2,4-D onto
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2,4-D has almost no change with further increase of the contact
time. At this point, the adsorption and desorption amount of 2,4-
D reached the state of dynamic equilibrium.

Moreover, the amount of the adsorbed 2,4-D at equilibrium
increased from 99.38 to 310.78 mg/g with the increase of the initial
concentration of 2,4-D from 100 to 500 mg/L. Two possible reasons
might explain this phenomenon. First, the active sites of Fe/OMC
were further utilized with the increase of the concentration of
2,4-D. Second, the probability of collision between 2,4-D molecules
and Fe/OMC was continually enhanced with the increase of the
concentration of 2,4-D. However, the percentage of removal (Rr)
decreased from 99.38% to 62% with the increase of the initial con-
centration of 2,4-D from 100 to 500 mg/L. This could be ascribed to
that the available active sites got saturated. With the continuing
increase of the initial concentration of 2,4-D, the growth rate of
the adsorption amount at equilibrium declined when the satura-
tion was approaching.

3.4. The effect of temperature on adsorption of 2,4-D

The effect of temperature toward 2,4-D adsorption was investi-
gated at the initial 2,4-D concentration of 400 mg/L. As shown in
Table 1, The adsorption capacity for 2,4-D decreased from 270.60
to 256.38 mg/g with the increase of the temperature from 30 to
50 �C. The result indicated that the process of the adsorption was
exothermal. The decline of removal rate might be attributed to
the solubility of 2,4-D. However, the solubility of 2,4-D in water
improved continually with the increase of the temperature, which
would cause more 2,4-D dissolve in water. Furthermore, as the
temperature increased, the vibrational energy of 2,4-D adsorbed
on the Fe/OMC surface was increased accordingly. Therefore, 2,4-
D molecules would overcome the adsorptive forces and return to
the solution. This could result in a lower adsorption of 2,4-D on
Fe/OMC at higher temperatures.

3.5. Adsorption kinetics

The experimental data were compared to two kinetic models,
the pseudo-first-order (PFO) and pseudo-second-order (PSO). The
PFO model is based on the assumption that the adsorption rate is
determined by the number of adsorption sites on the surface of
the adsorbent; the PSO model is based on the assumption that
the adsorption rate is determined by the square of the number of
vacant adsorption sites on the surface of the adsorbent [34]. The
formula of Lagergren’s PFO kinetic model [35] is expressed by

qt ¼ qe 1� e�k1t
� �

ð3Þ

where k1 (min�1) is the rate constant of PFO kinetic; qe is the
amount of adsorbed 2,4-D at equilibrium. By contrast, the PSO
model by Ho [36] is as follow.

qt ¼
q2

e k2t
1þ qek2t

ð4Þ

where k2 (g mg�1 min�1) is the rate constant of PSO kinetic model.
The two models were applied by nonlinear regression to fit the data
of batch adsorption experiment by the OriginPro 9.0 data analysis,
and the analytical result is shown in Fig. 10. The kinetic model
Table 1
Adsorption capacity and thermodynamic properties for the adsorption of 2,4-D onto Fe/O

Temperature (�C) Adsorption capacity (mg/g) Kd

30 270.60 ± 4.64 2.09
40 265.56 ± 6.26 1.97
50 256.38 ± 10.13 1.79
parameters, adjusted correlation coefficient (R2
adj) and root-mean

squared error (RMSE) are shown in Table 2. It was found that the
R2

adj of PSO model was very close to 1. It means that the adsorption
kinetics of 2,4-D on Fe/OMC was primarily elaborated by the PSO
model. The lowest RMSE values further demonstrate the suitability
of PSO model in describing the adsorption of 2,4-D. In addition,
the uniformity between the experimental values of equilibrium
adsorption capacity (qe) and the theoretical values proved that the
adsorption experiment was well fitted by the PSO model once again.
The result suggested the adsorption rate was closely related to the
effective number of adsorption sites of Fe/OMC rather than the con-
centration of 2,4-D.

3.6. Adsorption isotherms

The adsorption equilibrium data were compared to three iso-
therm models which illustrate the specific relationship between
the solid adsorbent and the adsorbate molecules, namely the Lang-
muir isotherm, the Freundlich isotherm and the Temkin isotherm
model. Langmuir isotherm model was established by the two
hypotheses. First, adsorbent surface is homogeneous with identical
adsorption sites. Second, each adsorption sites can only accommo-
date an adsorbate molecule. The equation of Langmuir isotherm
model [37] is expressed by

qe ¼
qmKLCe

1þ KLCe
ð5Þ

where qm (mg/g) is the maximum monolayer adsorption capacity of
2,4-D on Fe/OMC; KL (L/mg) is free energy of adsorption process; Ce

is the residual concentration of 2,4-D solution when the adsorption
experiment reaches equilibrium state. Langmuir isotherm model
still has an essential characteristic called separation factor (RL),
which is expressed as

RL ¼
1

1þ KLC0
ð6Þ

the types of isotherms can be determined by the value of
the separation factor as follows: irreversible (RL = 0), favorable
MC.

DH� (kJ/mol) DS� (J/mol K) DG� (kJ/mol)

�1.88
�6.41 �14.97 �1.73

�1.58



Table 2
Kinetic model parameters for adsorption of 2,4-D onto Fe/OMC at 30 �C.

C0 (mg/L) Pseudo-first-order Pseudo-second-order

k1 (min�1) qe (mg/g) R2
adj RMSE k2 (g mg�1 min�1) qe (mg/g) R2

adj RMSE

100 0.53 96.53 0.991 0.89 0.010 99.06 0.992 0.92
200 0.80 186.07 0.978 2.42 0.009 190.86 0.993 1.50
300 1.01 242.79 0.986 2.37 0.009 248.65 0.994 1.70
400 0.82 284.27 0.981 3.43 0.006 291.56 0.995 2.02
500 0.90 304.76 0.984 3.32 0.006 312.54 0.996 1.91
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(0 < RL < 1), linear (RL = 1), and unfavorable (RL > 1) [37]. The Fre-
undlich isotherm model depicts the reversible adsorption over the
heterogeneous surface of adsorbent through extensive experience
[38]. The equation is given as

qe ¼ KFC
1
n
e ð7Þ

where n and KF (mg/g) (L/mg)1/n represent Freundlich isotherm con-
stants related to adsorption intensity and adsorption capacity,
respectively. The favorability of the process was indicated by the
magnitude of n, and values of n > 1 represent favorable adsorption.
Temkin isotherm model describes the effects of adsorbate–adsor-
bate interactions based on the assumption that the adsorptive heat
of all molecules would decrease linearly with surface coverage, and
has a forecasting ability in the range of wide concentration [39]. The
equation is expressed as:

qe ¼ Bðln Kt þ ln CeÞ ð8Þ

where Kt (L/mg) is the Temkin isotherm constant related to the
maximum binding energy, B = RT/b represents the adsorptive heat,
R (8.314 J/mol K) is the gas constant, T (K) is the absolute tempera-
ture, and b indicates the adsorption potential of the adsorbent [40].

The adsorption data was compared to the different isotherms
including the Langmuir isotherm, the Freundlich isotherm and
the Temkin isotherm model by nonlinear regression method, and
the results are shown in Fig. 11. The important isotherm parame-
ters were calculated according to the three-parameter isotherm
and summed up in Table 3. Through a comparison of R2

adj of iso-
therm models, the Langmuir isotherm and the Temkin isotherm
model were better. Furthermore, the RMSE of the Langmuir isotherm
model was less than that of the Temkin isotherm model. So, the
Langmuir isotherm model was the most appropriate to describe
the correlation of the experimental data in the concentration range
studied. According to Langmuir model, the maximum monolayer
adsorption capacity of 2,4-D on Fe/OMC was 300.42 mg/g. The value
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Fig. 11. Adsorption isotherm for adsorption of 2,4-D onto Fe/OMC at 30 �C (pH 3;
agitation speed, 120 rpm).
of the separation factor (0 < RL = 0.02 < 1) means that the adsorption
process of 2,4-D was favorable. The best applicability of the Lang-
muir model to describe the adsorption process may be due to that
the adsorption sites were evenly distributed in Fe/OMC surface.

3.7. Adsorption thermodynamics

The adsorption process of 2,4-D at different temperatures was
described by three thermodynamic properties, standard enthalpy
(DH�), standard entropy (DS�) and standard free energy (DG�).
The thermodynamic properties were calculated using the follow-
ing expression:

ln Kd ¼
DS�

R
� DH�

RT
ð9Þ

Kd ¼
Cad;e

Ce
ð10Þ

DG� ¼ DH� � TDS� ð11Þ

where Kd is the distribution coefficient; Cad,e (mg/L) and Ce are equi-
librium concentration of 2,4-D on Fe/OMC and the equilibrium con-
centration of 2,4-D in solution, respectively. R and T have been
defined in the above. DH�, DS� can be calculated from the intercept
and the slope, respectively, in linear fit of formula (9). The values of
Kd, DH�, DS�, DG� are calculated and summarized in Table 1. The
negative value of DH� demonstrates the exothermic nature of the
adsorption of 2,4-D onto Fe/OMC, and its small absolute value
means that the adsorption of 2,4-D was mainly a physisorption pro-
cess. Similar observations were made by El Bakouri et al. [41] and
Salman et al. [42]. The negative value of DS� indicated the decrease
of randomness at the solid–solution interface and the good affinity
of Fe/OMC for 2,4-D during the whole adsorption process. The neg-
ative values of DG� at different temperatures indicated that the
adsorption process of 2,4-D onto Fe/OMC was feasible and
spontaneous.

3.8. Regeneration of Fe/OMC

Due to the adsorption of 2,4-D onto Fe/OMC was a reversible
process, the regeneration of the adsorbed Fe/OMC was conducted
using the dipping of ethanol and magnet separation. Ethanol was
commonly used an efficient desorption solvent for desorption of
organic compounds, such as 2,4-D [43,44]. The Fe/OMC was repeat-
edly putted into 400 mg/L solution of 2,4-D for adsorption and
taken out for regeneration. In each cycle, the percentage of removal
(Rr) was calculated using Eq. (2) for the adsorption process. The
regeneration results were shown in Fig. 12. Rr decreased obviously
at the 2 and 3 cycles, but little decrease was observed with the
increase of the times of cycle. The initial decrease may be due to
the decreasing of carboxyl functional groups of the Fe/OMC surface
by ethanol treatment. It was found in the experiment that the
hydrophilicity of Fe/OMC decreased a little after desorption, prob-
ably because a few of the carboxyl groups fell off due to their
strong affinity with 2,4-D in the initial desorption treatment. But
finally, the adsorption efficiency could still remain high after six



Table 3
Adsorption isotherm model parameters for adsorption of 2,4-D onto Fe/OMC.

Langmuir Freundlich Temkin

KL (L/mg) qm (mg/g) R2
adj RMSE KF (mg/g)(L/mg)1/n n R2

adj RMSE Kt (L/mg) B R2
adj RMSE

0.14 300.42 0.969 8.81 86.38 3.98 0.912 12.20 0.02 51.70 0.968 11.30
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Fig. 12. Adsorption–desorption cycles of Fe/OMC for 2,4-D.

8 L. Tang et al. / Journal of Colloid and Interface Science 445 (2015) 1–8
cycles as to the high initial concentration of 2,4-D, which indicated
that Fe/OMC had a good capacity of regeneration and repeatability.

4. Conclusions

In this work, a mesoporous carbon functionalized with carbox-
ylate groups and iron oxide nanoparticles was successfully synthe-
sized and used to remove 2,4-D from wastewater. The synthesized
mesoporous carbon possessed high degree of order, high specific
surface area, large pore volume and good magnetic properties,
exhibited large adsorption capacity at low pH and low tempera-
ture, and could be easily separated. The pseudo-second-order
kinetic and Langmuir isotherm models were well fitted to the
adsorption data. Furthermore, the adsorbed Fe/OMC could be
regenerated by dipping into ethanol to regain its adsorption capac-
ity. Especially, it is the most important that Fe/OMC possessed the
capacity of rapid adsorption for 2,4-D. Therefore, we believe that
Fe/OMC can be applied for rapid adsorption of organic pollutants
from industrial effluents, and prevent further diffusion of contam-
inant, which can largely reduce the costing time of pollutant
treatment.
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