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a b s t r a c t
Dopamine self-polymerized on the pore channel of SBA-15 as carbon precursor, and Fe3+ coordinated 
with polydopamine (PDA) as iron source to prepare a novel material. After calcination at 600°C for 
2 h, PDA was carbonized and Fe3+ was converted to magnetic nanoparticles. Then the SBA-15 template 
was dissolved with 3 mol/L ethanol–NaOH solution, magnetic mesoporous carbon (MMC) material 
was obtained. The resulted MMC was characterized by various instruments, and the results proved 
that tiny magnetic nanoparticles were distributed uniformly on the carbon matrix, and mesoporous 
structure of the carbon substrate was confirmed. Three organic dyes were selected as target pollutants 
to investigate the adsorption behavior of MMC. Under the optimal condition, the maximum adsorption 
capacity calculated from Langmuir adsorption isotherm for congo red, neutral red and methyl 
green were 2,315.4; 2,431.6 and 2,927.1 mg·g–1, respectively. Furthermore, the maximum adsorption 
capacity in natural water showed no obvious decrease, indicating strong anti-interference ability of 
the sorbents. Gibbs free energy calculated from thermodynamics data was negative, demonstrating 
that the adsorption was a spontaneous process. Due to the excellent adsorption performance of carbon 
material, high specific surface area, and a large number of adsorption sites on the mesoporous structure, 
the MMC showed ultrahigh adsorption capacity for organic dyes, indicating its great potential for dye 
pollutants removal.
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1. Introduction

Mesoporous materials form a category of porous mate-
rials with pore diameter between 2 and 50 nm [1,2], which 
have some remarkable properties, such as ultrahigh surface 
areas, large pore volumes, tunable pore sizes and shapes, 
and also exhibit nanoscale effects in their mesochannels and 
on their pore walls [3]. Ordered mesoporous carbons have 

attracted wide interest in the field of adsorption [4–7], cataly-
sis [8,9] and energy storage [10–12]. The general pathways for 
the synthesis of mesoporous carbons include soft-templating 
[13–16] and hard-templating [17–19] methods. Zhao et al. [20] 
prepared large-pore ordered mesoporous silica SBA-15 with 
a 2D hexagonal structure by using triblock copolymers as 
templates, which was usually chosen as a hard template due 
to its regular pore structure, high surface area, and reliable 
and easy synthesis method, and the unique hexagonal array 
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of pore structures of SBA-15 was beneficial to form a nice car-
bon skeleton under the silica template. It is also important 
to choose a proper carbon source for mesoporous carbon. 
Carbon precursor is always expected to have high carbon 
yield and proper molecular size to match the template agent 
channel. A numerous carbon sources are reported including 
saccharides [21–24], resins [15,16], arene [25] and so on.

Though mesoporous carbon owns excellent property, the 
difficulty of separation from solution limits its application. 
In recent years, application of magnetic nanomaterials for 
removal of various pollutants was widely explored [26–31]. 
Magnetic nanoparticle can be separated from solution with a 
magnet easily and redispersed rapidly as soon as the magnet 
is taken away due to its superparamagnetism, which facili-
tates collection, regeneration and recycling of the materials. 
If magnetic nanoparticle is introduced into the mesoporous 
carbon material, magnetic mesoporous carbon (MMC) with 
high saturation magnetic intensity will be obtained, which 
not only remains the advantage of the mesoporous carbon, 
but also benefits for the separation and regeneration of the 
composites. There were some reports about the preparation 
and application of MMCs with core-shell [32–34] and deco-
rated [35–37] structure. Nevertheless, the application of these 
materials might be always limited by the time-consuming 
tedious operation or the disturbance to ordered mesoporous 
structure with the introduction of magnetic nanoparticle. 

Dopamine, as a biomimetic small molecule compound, 
shows excellent feature of spontaneous polymerization 
under seawater condition just similar to adhesive pro-
teins secreted by mussel, and it can self-assemble to form 
a coating layer on the surface of various substrates [38,39]. 
Dopamine is an excellent carbon source because it has a 
structure similar with phenolic resin with high carbon yield 
as well [40]. Furthermore, polyphenol compounds can coor-
dinate with Fe3+ to form a cross-linked polymer [41]. Zhou 
et al. [42] proved that Fe3+-dopamine complexation could be 
converted into carbon shell and well-dispersed tiny Fe3O4 

nanoparticles by annealing at 750°C. If dopamine and Fe3+ 
can auto-polymerize on the pore channel of SBA-15, and then 
polydopamine is carbonized and Fe3+ converts to magnetic 
nanoparticles under high-temperature calcination, it will 
obtain MMC material after the SBA-15 template is dissolved. 
The proposed preparation process of MMC based on poly-
dopamine and Fe3+ with SBA-15 as hard template is shown 
in Fig. 1.

With the mass production and use of the organic dyes 
in industry, dye wastewater treatment has become a crucial 
challenge for its deep chromaticity and great toxicity, which 
results in great influence on environment and our lives. Thus, 
it is urgent to develop effective methods to solve this envi-
ronmental problem. Adsorption method provides a simple, 
economic and effective way to remove various organic pol-
lutants [43,44]. MMC, which owns high surface area, large 
pore volume, strong adsorptivity, and magnetic separation, 
has great potential for removal of organic dye pollutants. 

Herein, in this study, MMC was prepared using SBA-15 
as a hard template, Fe3+ as iron source, and polydopamine 
(PDA) as carbon precursor, respectively. Three organic dyes 
were selected as targeted pollutants to study the adsorption 
performance of the resulted MMC, and the effect of solution 
pH, ionic strength, adsorption isotherms, kinetics, and ther-
modynamics were all investigated in detail.

2. Experimental section

2.1. Materials and reagents

Dopamine, pluronic P-123 (EO20-PO70-EO20, Ma = 5,800), 
and tetraethyl orthosilicate (TEOS) were obtained from 
Sigma-Aldrich Corp. (Germany). Anhydrous, ferric chloride 
(FeCl3), and tris (3-hydroxymethyl aminomethane) were 
supplied from Sinopharm Chemical Reagent Co., Ltd. 
(Beijing, China). Congo red, neutral red and methyl green 
were purchased from Damao Chemical Reagent Corporation 

Fig. 1. Schematic diagram of preparation of MMC based on polydopamine and Fe3+ with SBA-15 as hard template.
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(Tianjin, China). Pure water used in experiment was obtained 
from a Millipore purification system (Bedford, MA, USA).

2.2. Synthesis of mesoporous silica (SBA-15) and magnetic 
mesoporous carbon

The SBA-15 was prepared using the method described in 
the literature [20]. In a typical procedure, P123 (1.0 g) were 
added in the 30 mL HCl solution (2 mol L–1), and the mixture 
was stirred at 36°C until it turned into a homogeneous solu-
tion. Then 2.08 g TEOS were added and the solution was 
stirred continuously for 24 h. Subsequently, the solution was 
transferred into a polytetrafluoroethylene-lined autoclave, 
and maintained at 100°C for 24 h. After it cooled to room tem-
perature, the product was collected by filtration and washed 
with pure water for several times, and then dried at room 
temperature. The resulted powder was calcined at 550°C for 5 
h under air atmosphere in a tube furnace, and then naturally 
cooled to room temperature to obtain the SBA-15 material.

MMC was prepared by using mesoporous silica SBA-15 
as a hard template, FeCl3 as iron source, and PDA as carbon 
precursor, respectively. Briefly, 0.5 g SBA-15 was dispersed 
in 75 mL solution containing 1.5 g dopamine and 0.5 g FeCl3, 
and 0.2 g tris was added to adjust solution pH to about 8.5. The 
mixture was stirred at 25°C for 24 h, and then the suspended 
solid was collected by filtration and washed with pure water. 
After dried at 35°C, black powder was obtained. The powder 
was calcined at 600°C for 2 h under argon atmosphere at a 
heating rate of 1°C/min in a tube furnace, and then naturally 
cooled to room temperature.

To remove the SBA-15 template, the carbon–silica com-
posite was immersed in 3 mol/L ethanol–NaOH solution 
(50 vol% H2O and 50 vol% ethanol) for 5 h at 80°C under 
reflux. After naturally cooled to room temperature, the 
MMC was separated with a magnet and washed with pure 
water, and finally dried at 35°C for 24 h. For comparison, 
mesoporous carbon (MC) was prepared according to the 
abovementioned process except for no FeCl3 addition.

2.3. Characterization

The particle size and surface morphology analysis were 
examined on a SUPPA 55 scanning electron microscopy 
(SEM) system (Zeiss, Germany) and a high resolution trans-
mission electron microscope (HR-TEM) of FEI Tecnai G20 
(FEI Corp., USA) with an acceleration voltage of 200 kV. 
The crystalline phase of the material was identified using 
an X-ray diffractometer (XRD; D/max-2500VPC, Rigaku, 
Japan) with Ni-filtered Cu-Ka radiation. Fourier transform 
infrared (FT-IR) spectra were taken on a NEXUS 670 FT-IR 
Spectrometer (Madison, WI, USA). Magnetic property of the 
material was investigated using a vibrating sample magne-
tometer (LDJ9600). Elemental compositions and contents of 
these materials were determined using energy-dispersive 
spectroscope (EDS, S-3000N Hitachi, Japan). Nitrogen 
adsorption–desorption isotherms were measured at 77 K 
on a Micromeritics ASAP-2020 (USA) after the sample was 
vacuum-dried at 30°C for at least 12 h. The specific surface 
area was calculated with MultiPoint Brunauer–Emmett–
Teller (BET) method, and total pore volume and pore diam-
eter were obtained by Barrett–Joyner–Halenda method. 

Raman spectra of the prepared material were recorded with 
a laser excitation wavelength of 514 nm on a Jobin-Yvon 
LabRam spectrometer (HR-800, France).

2.4. Batch adsorption experiments

The total volume of solution was 25 mL containing 0.1 g L–1 
sorbent, and the solution pH was adjusted to designed value 
with HCl and NaOH solution. To carry out the adsorption 
isotherms study, the concentrations of methyl green, neutral 
red and congo red were set in the range of 50–400, 50–400 and 
20–260 mg L–1, respectively. The adsorption dynamics was 
carried out with initial concentrations of methyl green, neu-
tral red and congo red at 50, 40 and 40 mg L–1, respectively, 
and 10 mL of solution were taken for determination at dif-
ferent time intervals. Thermodynamic experiments were also 
conducted at the temperature of 20°C, 30°C and 40°C, and 
the initial concentrations of methyl green, neutral red, and 
congo red were 40, 60, 60 mg L-1. The practical application 
of the MMC material was investigated through removal of 
dyes from tap water, lake water and sea water. All the exper-
iments were shaken for 24 h at 30°C at a water-bath oscillator 
in order to reach the adsorption equilibrium completely.

After adsorption, the MMC sorbents were separated from 
aqueous solution with a magnet, and the supernatant was 
taken for analysis. An UV-Vis spectrophotometer (UV-2550, 
Shimadzu, Japan) was used to determine the concentrations 
of target dyes.

2.5. Collection of natural water samples

Three types of environmental water samples were col-
lected from different district of Yantai, Shandong province, 
as matrix for dye adsorption. Tap water sample was taken 
from our lab, and lake water sample was obtained from Ruzi 
lake in our campus. Sea water sample was collected from 
coastal water of the Huanghai Sea. All samples were col-
lected in polypropylene bottles and suspended particles were 
removed through filtration.

3. Results and discussion

3.1. Characterization of materials

The surface morphology of SBA-15 and MMC material 
were studied by SEM and TEM, and the results are shown 
in Fig. 2. The SEM image in Fig. 2(a) shows that the mor-
phology of SBA-15 was linked with rod particles possessing 
the features of hexagon section. The TEM image of SBA-15 in 
Fig. 2(b) shows a typical mesochannel. As shown in Fig. 2(c), 
mesoporous structure was observed obviously from SEM 
image of MMC. The TEM image of MMC in Fig. 2(d) shows 
that fine particles of Fe3O4 with nearly spherical shape were 
distributed uniformly in MMC. Additionally, to investigate 
the composition of samples in every reaction stage, element 
analysis was carried out by EDS and the results are shown 
in Fig. 3. As can be seen from Fig. 3(a), the EDS spectrum 
of SBA-15 shows strong peaks of silica and oxygen, and the 
contents were 58.19 wt% and 41.81 wt%, respectively. After 
PDA and Fe3+ were filled into the pore channel of SBA-15, 
the spectrum in Fig. 3(b) not only shows peak of silica, but 
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also obvious peaks of carbon and iron, indicating carbon pre-
cursor and iron source were introduced successfully. Fig. 3(c) 
is the spectrum of calcined material under inert atmosphere, 
and the peak of nitrogen presented remarkable reduction, 
while others showed no obvious change. Fig. 3(d) illustrates 
the spectrum of the material that SBA-15 template was dis-
solved, the peak of carbon and iron presented remarkable 

increase, while the peak of silica disappeared, and the peak 
of oxygen decreased obviously, demonstrating that the final 
product was the combination of carbon material and iron 
composition.

The FT-IR spectra of SBA-15, PDA-Fe3+/SBA-15, C-Fe/SBA-
15 and MMC samples are shown in Fig. 4. The sharp bands 
at 1,083; 794 and 462 cm–1 on spectrum of SBA-15 were all 
ascribed to the Si–O–Si bands [45]. As shown in the spectrum 

(c) (d) 

(a) (b) 

Fig. 2. SEM images of SBA-15 (a) and MMC material (c), TEM 
images of SBA-15 (b) and MMC (d) materials.
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Fig. 3. EDS of SBA-15 (a), PDA-Fe3+/SBA-15 (b), C-Fe/SBA-15 (c) and MMC (d).
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of PDA-Fe3+/SBA-15, the peaks at 1,480 and 1,267 cm–1 should 
be assigned to the presence of PDA [46], and the band near 
600 cm–1 was ascribed to the Fe–O band [30]. All these revealed 
that PDA and Fe3+ were filled into the pore channel of SBA-15. 
After calcination under high temperature, the characteristic 
peak of polydopamine decreasing, and the weak peak near 
2,930 cm–1 indicated the presence of C–C in the carbon, indi-
cating polydopamine was almost carbonized. In spectrum 
of MMC, characteristic peaks of SBA-15 were disappeared, 
suggesting that silica template was removed completely and 
MMC was prepared successfully. It should also be noted that 
the peaks at 1,610 and 3,438 cm–1 shown in all spectra repre-
sented adsorbed water and hydroxyl groups [36].

N2 adsorption/desorption isotherms of both SBA-15 and 
MMC shown in Fig. 5 exhibited a type IV isotherm with a H1 
hysteresis loop, which corresponded with the typical charac-
teristic of mesoporous materials [47]. BET surface areas of the 
SBA-15 and MMC were 744 and 480 cm2 g–1, and total pore 
volumes were 0.97 and 0.47 cm3 g–1. As shown in the inset of 
Fig. 5, the pore diameter distribution of the SBA-15 and the 
MMC showed sharp peaks at 6.47 and 3.87 nm.

The XRD pattern of MMC is shown in Fig. 6(a). The MMC 
diffraction peaks at 30.10°, 35.45°, 43.08°, 53.45°, 56.98°, 62.57° 
and 74.02° confirmed the formation of the Fe3O4 particles 
(JCPDS No. 65-3107). Other peaks at 24.13°, 33.12°, 43.42° and 
49.48° were diffraction peaks of the Fe2O3 particles (JCPDS 
No. 24-0072). It indicated that a part of Fe3O4 changed to 
Fe2O3 at elevated temperature. To further explore the degree 
of the graphitization of MMC, Raman spectrum of MMC was 
analyzed and the result is shown in Fig. 6(b). As we could see, 
two intense bands at 1,344 and 1,589 cm–1 were in agreement 
with the D and G bands, respectively. The value of ID/IG was 
1.1, which confirmed that more lattice defects were presented 
in the surface of the MMC, resulting in a typical disordered 
structure of graphite.

Fig. 6(c) shows the magnetization hysteresis loops of 
MMC. There was a slight hysteresis in the hysteresis loops 
of MMC, and the measured remanence value and coercivity 

were 5.34 emu·g–1 and 147 Oe, respectively. The maximal 
saturation magnetization of MMC was 19.90 emu·g–1. This 
phenomenon demonstrated that phase transition happened 
for magnetic nanoparticles under high temperature. It also 
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suggested that the MMC possessed excellent paramagnetism 
and high saturation magnetization, which was beneficial to 
its separation and collection from solution.

3.2. Effect of solution pH and ionic strength on dyes adsorption

Solution pH was adjusted in the range of 3–10 to investi-
gate the effect of pH on dyes adsorption, and the initial con-
centrations of Congo red, neutral red and methyl green were 
set at 20, 30, 20 mg·L–1, respectively. The results are shown in 
Fig 7(a). With the increase of pH, adsorption capacity of cat-
ionic dye neutral red and methyl green increased quickly, and 
then gradually declined after attaining the peak. For acidic 
dye congo red, with the increase of pH, adsorption capacity 
gradually increased at first, and no significant change was 
observed with pH in the range of 5–10. The results could 
be explained by electrostatic interactions between dyes and 
surface charge of sorbent. For cationic dye, the decrease of 
adsorption capacity might be attributed to protonation effect 
of the MMC material in the acidic condition, the adsorption of 
cationic dye was prevented by the positive charged surface of 
the MMC. With the increase of solution pH, ionizable surface 

sites of the MMC material increased, and surface potential of 
the MMC turned into negative, so the electrostatic attraction 
enhanced the adsorption capacity. On the contrary, for anionic 
dye, when pH was less than 4, the relatively low adsorption 
capacity might be resulted from the difficult combination 
between congo red and the sorbent. The large adsorption 
capacity obtained at pH 4, this was because that the amino 
group in congo red molecule could neutralize a small amount 
of protons, and with the increase of pH, adsorption capacity 
remained nearly unchanged. Therefore, pH values of 4, 7 and 
7 were recommended in further experiments for congo red, 
neutral red and methyl green, respectively.

The effect of ionic strength on adsorption was examined 
by adjusting the salinity of solution with NaCl in the range 
of 0–1 g L–1. The results in Fig. 7(b) indicate that the removal 
efficiency of the dyes was independent of the ionic strength.

3.3. Adsorption isotherms at different temperatures

The adsorption isotherms of the MMC material for the 
three dyes were carried out at 20°C, 30°C, 40°C and the ini-
tial concentrations of congo red, neutral red and methyl 
green were set at 20–260, 50–400 and 50–400 mg L–1, respec-
tively. Fig. 8 shows the equilibrium adsorption curves. The 
adsorption capacity enhanced rapidly at beginning, and then 
reached a platform with the increase of initial concentration 
of dyes. It could be observed that the MMC exhibited ultra-
high adsorption capacity for these dyes, which resulted from 
large specific surface area and abundant adsorption sites 
of MMC. The adsorption data were fitted with Langmuir, 
Freundlich, and Temkin models, and their linear equations 
are shown as follows:

C
q b

Ce

e

e= +
1
θ θ  (1)

log log logq K
n

Ce F e= +
1  (2)

q a b Ce e= + log  (3)

where Ce (mg L–1) and qe (mg g–1) are equilibrium concen-
tration and equilibrium adsorption capacity; θ (mg g–1) is 
maximum adsorption capacity and b (L mg–1) is equilibrium 
adsorption constant. The maximum adsorption capacity (θ) 
can be calculated from the slope of the linear plot of Ce/qe vs. 
Ce. KF (mL1/n µg1–1/n) and n is the Freundlich constants. The 
value of n and KF can be obtained from slope of linear plot of 
logqe vs. logCe. The Temkin constants a and b can be calculated 
from the slope and intercept of the linear plot of qe vs. logCe. 
Table 1 shows the fitting parameters of Langmuir, Freundlich, 
and Temkin models. The correlation coefficients (R2) of 
Langmuir, Freundlich and Temkin models were in the range 
of 0.978–0.994, 0.960–0.985 and 0.900–0.992, respectively. The 
Langmuir model was more suitable to fit the adsorption 
data than Freundlich and Temkin models. The fitting lines 
of Langmuir isotherm model were shown in the inset graph 
of Fig. 8, and they exhibited good linear correlation. The 
maximum adsorption capacity of congo red, neutral red, and 
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methyl green calculated from Langmuir model were 2,315.4; 
2,431.6 and 2,956.8 mg g–1, respectively. As a comparison, the 
maximum adsorption capacity of congo red, neutral red, and 
methyl green on MC calculated from Langmuir model were 

3,321.2; 3,506.9 and 2,874.4 mg g–1, respectively (figure not 
shown). The adsorption capacity of congo red and neutral 
red were higher than on MMC, and that of methyl green was 
similar with on MMC. The results indicated that the valid 
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Table 1
Langmuir, Freundlich, and Temkin isotherms parameters for dye adsorption on the MMC material

Pollutants Temperature (°C) Langmuir model Freundlich model Temkin model
θ 
( mg·g-1)

b 
(g·mL-1)

R2 KF 

(mL1/n·µg1-1/n)
n R2 a b R2

Congo red 20 2181.1 0.032 0.9943 90.1 1.337 0.9888 –603.3 1291.5 0.9113
30 2256.0 0.037 0.9823 114.8 1.458 0.9791 –469.4 1229.4 0.9253
40 2315.4 0.041 0.9797 133.0 1.500 0.9681 –337.3 1193.7 0.9000

Neutral red 20 2431.6 0.022 0.9946 165.9 1.952 0.9774 –837.2 1311.0 0.9648
30 2226.1 0.037 0.9726 239.1 2.294 0.9684 –472.9 1138.1 0.9711
40 2235.1 0.025 0.9908 145.2 1.925 0.9483 –893.5 1265.4 0.9923

Methyl 
green

20 2927.1 0.030 0.9920 126.8 2.033 0.9739 –1075 1738.4 0.9710
30 2916.8 0.022 0.9833 137.2 1.646 0.9800 –1174 1674.9 0.9304
40 2827.6 0.020 0.9787 161.4 1.507 0.9749 –1370 1731.9 0.9169
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adsorption sites were mainly from MC material, and the addi-
tion of Fe3O4 reduced the adsorption sites, thus leading to the 
decrease of the adsorption capacity. Nevertheless, the intro-
duction of Fe3O4 facilitated the separation of sorbents with 
a magnet for regeneration. The interactions between organic 
pollutants and carbonaceous materials include hydrophobic 
interactions, π – π stacking, electrostatic interactions, and 
hydrogen bonds [48]. The nitrogen in PDA would result 
in MMC materials containing abundant N atoms, and the 
strong electronegativity of nitrogen decreased the electron 
density of the graphite surface, which enhanced π-electron 
accepting capacity of the N-doped material. The aromatic 
rings of dye molecules are π-electron rich and generally con-
sidered as π-donor. Thus, π–π electron donor–accepter inter-
action enhanced the adsorbability of MMC for dye pollutants 
[49]. The high adsorption capacity was mainly attributed to 
the existence of ordered mesoporous structure and the elec-
tron-donating effect of the incorporated nitrogen-containing 
functional groups [50]. Thus, the ultrahigh adsorption capac-
ity suggested that the present MMC material possessed great 
potential for purification of dye wastewater.

3.4. Adsorption kinetics 

The adsorption kinetics of dyes on the MMC material was 
performed at an initial concentration of 40, 40 and 50 mg L–1 
for congo red, neutral red and methyl green, respectively. 
Fig. 9 shows the uptake rate of dyes at different temperature. 
It could be seen that the adsorption capacity was enhanced 
quickly in the initial time, and then slowed down, and finally 
adsorption capacity no longer changed. The initial fast adsorp-
tion resulted from the high concentrations of dyes and plenty 
of adsorption sites on the surface of material, and the decrease 
of adsorption sites and diffusion of dye molecules into pore of 
MMC lead to subsequent slow adsorption speed. Moreover, 
adsorption capacity of congo red at high temperature was 
higher than at low temperature. On the contrary, low tem-
perature was advantageous to the adsorption of neutral red 
and methyl green. According to the results, the contact time 
of 8, 8 and 10 h were sufficient to achieve balance for congo 
red, neutral red and methyl green, respectively. In order to 
investigate the adsorption rate of dyes on the MMC material, 
the kinetic data were analyzed with the pseudo-second order 
kinetic model, and linear equation of the model is as follows: 

t
q kq q

t
t e e

= +
1 1

2  (4)

where k (g mg–1 min–1) is the adsorption rate constant, 
qt (mg g–1) and qe (mg g–1) are the adsorption capacity at 
certain time and equilibrium adsorption capacity, and h 
(mg g–1 min–1) is the initial adsorption rate, which can be 
defined as follows:

h kq te= →2 0( )  (5)

k and h can be obtained from the slope and intercept of plot of 
t/qt vs. t, and the results are presented in Table 2. As shown in 
the inset of Fig. 9, the fitting curves of pseudo-second order 

kinetic model showed good linear relationship with R2 over 
0.999. The MMC sorbent showed high adsorption efficiency 
and fast adsorption rate for dye pollutants.
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Fig. 9. Adsorption kinetics data and curves of 
pseudo-second-order kinetic fitting of congo red (a), neutral red 
(b) and methyl green (c) on the MMC sorbent.
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3.5. Adsorption thermodynamics

Furthermore, adsorption thermodynamics could be dis-
cussed based on the adsorption data at different temperature 
(20°C, 30°C and 40°C). The thermodynamic equations are 
given as follows: 

K
q
CC
e=
e

 (6)

lnK S
R

H
RT

c = −
° °∆ ∆  (7)

∆ ∆ ∆G H T S° ° °= −  (8)

where qe (mg g–1) and Ce (mg L–1) are equilibrium adsorption 
capacity and equilibrium concentration; Kc and T are solid–
liquid distribution coefficient and thermodynamic tempera-
ture, and R is gas constant (8.314 J mol–1 K–1). ΔH° (kJ mol–1), 
ΔS° (J mol–1 K–1) and ΔG° (kJ mol–1) are change of enthalpy, 
entropy and Gibbs free energy under standard condition, 
respectively. The value of ΔH° and ΔS° can be calculated 
from slope and intercept of linear fitting of lnKc vs. 1/T, 
and that of ΔG° was obtained from Eq. (7). Table 3 lists the 
equilibrium adsorption data and thermodynamic parame-
ters, and some conclusions could be drawn as follows: (1) 
adsorption capacity of congo red on MMC increased with 
the rise of the temperature, indicating an endothermic 
process. The values of ΔH° and ΔS° were 32.70 kJ mol–1 and 
143.32 J mol–1 K–1, respectively. The negative value of ΔG° 

confirmed a spontaneous process of the adsorption; (2) With 
the decrease of temperature, the adsorption capability for 
neutral red and methyl green on MMC increased slightly, 
indicating an exothermic process in nature. This was also 
confirmed by the negative ΔH° values. The negative ΔS° 
values confirmed a chaotic degree decreasing process of the 
adsorption. The negative values of ΔG° also suggested the 
spontaneous process of the adsorption.

3.6. Reusability of MMC and environmental significance

The reusability of the adsorbent is of great importance 
for improving adsorption efficiency and economic feasibility. 
To investigate the reusability of MMC, the dye-loaded MMC 
was separated with a magnet and then 10 mL of ethanol were 
added for desorption. After vibration for 1 h, the MMC was 
separated and rinsed with deionized water, and then it was 
used in the next adsorption/desorption cycles. As shown in 
Fig. 10, the adsorption capacity decreased gradually with 
increasing recycle times, which resulted from part irreversible 
adsorption of the dye on MMC and unavoidable loss of the 
sorbent during the recycle process. However, after five times 
of recycle, the MMC still maintained quite high adsorption 
capacity (over 400 mg g–1). The high adsorption efficiency 
together with easy separation and good regeneration made 
the MMC promising sorbent for removal of organic dyes 
from aqueous solution.

Tap water, lake water and seawater were used as matrix 
to test the practical application of MMC material for removal 
of dye pollutants from natural water. Fig. 11 shows the 

Table 2
Pseudo-second-order rate constants for congo red, neutral red 
and methyl green adsorption on the MMC sorbent

Pollutants Temperature 
(°C)

k 
(g·mg–1·min–1)

h 
(mg·g–1·min–1)

R2

Congo 
red

20 9.12×10–4 101.41 0.9999
30 6.02×10–4 74.68 0.9997
40 5.61×10–4 74.73 0.9998

Neutral 
red

20 1.26×10–4 15.56 0.9991
30 1.41×10–4 16.14 0.9991
40 6.45×10–5 7.84 0.9989

Methyl 
green

20 1.13×10–4 22.71 0.9997
30 5.91×10–5 11.77 0.9991
40 5.94×10–5 11.13 0.9996
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Fig. 10. Reusability of MMC for dye adsorption.

Table 3
Thermodynamic parameters for adsorption of dyes onto MMC sorbent

Dyes C0 (mg L–1) Ce (mg L–1) ΔH° (kJ mol–1) ΔS° (J mol–1 K–1) ΔG° (kJ mol–1)
At 
293 K

At 
303 K

At 
313 K

At 
293 K

At 
303 K

At 
313 K

Congo red 60 10.31 8.24 4.84 32.70 143.32 –9.29 –10.72 –12.16
Neutral red 60 9.57 11.87 12.93 –14.14 –15.55 –9.58 –9.43 –9.27
Methyl green 40 3.25 4.28 6.79 –31.83 –68.99 –11.61 –10.92 –10.23
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adsorption data, and fitting parameters of Langmuir and 
Freundlich models are given in Table 4. The Langmuir model 
fit adsorption data better than Freundlich model. Compared 
with pure water, the saturated adsorption capacity showed 
no obvious decrease in natural water, indicating that the 
MMC material possessed great potential for purification of 
dye wastewater.

4. Conclusion

The dopamine could auto-polymerize on the pore channel 
of SBA-15 as well as Fe3+ coordination with polydopamine, 
and carbonization of polydopamine and conversion of Fe3+ 
to magnetic nanoparticles occurred simultaneously under 
high-temperature calcination. After SBA-15 template was 
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Fig. 11. Adsorption isotherms of (a) congo red, (b) neutral red, (c) methyl green on the MMC sorbent from the natural water samples.

Table 4
Langmuir and Freundlich isotherm parameters for dye adsorption on MMC material with the natural water at 30°C

Pollutants Water matrix Langmuir model Freundlich model
θ ( mg·g–1) b (g·mL–1) R2 KF (mL1/n·µg1–1/n) n R2

Congo red Tap water 2,258.2 0.030 0.9592 94.4 1.435 0.9322
Lake water 2,218.1 0.034 0.9696 109.5 1.487 0.9450
Sea water 2,297.9 0.031 0.9844 92.2 1.402 0.9805

Neutral red Tap water 2,318.6 0.023 0.9692 134.9 1.874 0.8749
Lake water 2,460.5 0.021 0.9576 81.9 1.561 0.9348
Sea water 2,533.9 0.029 0.9880 139.0 1.791 0.9444

Methyl green Tap water 2,678.2 0.015 0.8518 80.8 1.387 0.7027
Lake water 2,812.7 0.013 0.8932 122.3 1.676 0.7285
Sea water 2,888.6 0.016 0.9970 90.1 1.489 0.9884
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dissolved, MMC based on polydopamine was synthesized 
successfully. The obtained MMC showed a high BET surface 
area and uniform pore size. The adsorption of three dyes 
on the prepared MMC fit Langmuir model, and the maxi-
mum adsorption capability were all more than 2,000 mg g–1, 
presenting attractive potential for removal of dye pollutants. 
In addition, the MMC also showed high adsorption capacity 
for dye pollutants from natural water matrix. The study not 
only prepared a high-efficient magnetic sorbent for dyes but 
also provided a new idea for synthesis of magnetic compos-
ites based on auto-polymerization materials.
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