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Hierarchical magnetic porous carbon fibers (MBFs) were fabricated by annealing 

Fe(BTC)-coated bamboo fibers, which were produced using a new synthesis route for 

growing Fe(BTC) on bamboo fiber materials in nitrogen atmosphere. Results 

demonstrated that the obtained hybrid materials possess high adsorption capacity and 

can be easily recycled from liquid media by using an external magnetic field. MBF 

adsorption reached equilibrium within approximately 1 min and the adsorption 

capacity rapidly reached 143 mg/g. 
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Abstract 

Hierarchical magnetic porous carbon fibers (MBFs) were fabricated by annealing 

Fe(BTC)-coated bamboo fibers, which were produced using a new synthesis route for 

growing Fe(BTC) on bamboo fiber materials, in nitrogen atmosphere. The materials were 

characterized using scanning electron microscopy, X-ray diffraction, X-ray photoelectron 

spectroscopy, Mössbauer spectroscopy, Brunauer–Emmett–Teller surface area measurement, 

and vibrating sample magnetometry. The obtained MBF composites possess both high surface 

areas and magnetic characteristics. Their adsorption properties were preliminarily tested by 

the adsorptive removal of methylene blue from aqueous solution. Results demonstrated that 

the obtained hybrid materials possess high adsorption capacity and can be easily recycled 

from liquid media by using an external magnetic field. MBF adsorption reached equilibrium 

within approximately 1 min and the adsorption capacity rapidly reached 143 mg/g. Most 

importantly, MBF can be reused after washing with ethanol. After six reuses, the removal 

efficiency could still reach 80%. Moreover, the low-cost raw material used (i.e., bamboo) is 

abundant and renewable. This study indicated that the as-prepared MBF composites show 

great potential for use in a wide range of applications. 
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1. Introduction 

Industry dyes and pigments are becoming ubiquitous sources of environmental pollution 

because of their carcinogenic and mutagenic effects on aquatic organisms.
1
 In the past few 

decades, several technologies, such as chemical oxidation, biological treatment, ion exchange, 

and membrane separation, have been developed to remove environmental pollutants.
2-4

 

Adsorption is a simple and efficient technique in removing different types of coloring 

materials from water because of its excellent treatment effect.
5
 Many types of adsorbents, 

including activated carbon,
6, 7

 biopolymers, clay materials,
8
 and zeolites,

9
 have been given 

significant research interest in recent years. Among the numerous types of adsorbents, 

activated carbon is the most widely used because of its robust porous networks and superior 

characteristics, including lightweight and environmentally friendly. However, commercially 

available activated carbon is becoming too expensive. In the last few years, special emphasis 

has been placed on the preparation of activated carbons from several agricultural byproducts 

because of the growing interest in low-cost activated carbons from renewable sources, 

especially for application in wastewater treatment. Researchers studied the production of 

activated carbon from coconut shells,
10

 oil palm fiber,
11

 date stones,
12

 and rubber seed coat.
13

 

Metal–organic frameworks (MOFs) are crystalline materials composed of metal ions and 

organic ligands. The pore size and functional groups of MOFs can be adjusted given the 

enormous variety of metal ions and organic ligands.
14

 In addition, MOFs are excellent 

candidates for various applications, such as gas adsorption and storage,
15-17

 biomedicine and 

drug delivery,
18, 19

 separation
20-22

 and adsorption of organic molecules,
23-25

 as well as 

sensing,
26

 magnetism,
27

 and nanomaterial carriers
28

, because of their large surface area, 
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tunable pore size, and modifiable unsaturated or saturated metal sites. MOFs have also been 

used as adsorbent. However, the low stability of MOFs limits their application in special 

environments, such as acid, alkali, and high temperature. MOFs are used as templates or 

precursor materials to produce porous carbonaceous materials because they have large surface 

area and a significant amount of carbon.
29

 

Bamboo, which is a member of the most diverse group of plants in the grass family, is an 

enduring, versatile, highly renewable, and abundant natural resource in China because it takes 

only a few months to grow to maturity. Bamboo is used in constructing various living 

facilities and tools.
30

 Bamboo is also used for furniture-making and construction because it is 

inexpensive, strong, tough, and longer than other hardwoods. Conversion of bamboo to a 

value-added product such as activated carbon will help solve part of the problem of 

wastewater treatment. The advantage of using agricultural byproducts as raw materials for 

preparing activated carbon is that these raw materials are abundant, renewable, and potentially 

less expensive. However, separating porous carbon from aqueous solution is difficult, thus 

limiting their applications in this field. Introduction of magnetic particles into porous carbon 

can enlarge the scope of applications.
31-33

 

In this paper, hierarchical magnetic porous carbon fibers (MBFs) were prepared by 

annealing Fe(BTC)-coated bamboo fibers (BFs), which were fabricated by a new route for 

growing MOFs on BFs, in nitrogen atmosphere. First, the BFs were modified using 

chloroacetic acid. Subsequently, Fe(BTC)-coated BFs were prepared using the modified BFs 

as templates through a self-template synthesis strategy. Finally, MBFs were fabricated by 

annealing Fe(BTC)-coated BFs in nitrogen atmosphere under different temperature. The 
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as-prepared magnetic composites were characterized using scanning electron microscopy 

(SEM), X-ray diffraction, X-ray photon spectroscopy (XPS), vibrating sample magnetometry 

(VSM), and Brunauer–Emmett–Teller (BET) surface area measurement. MBF was used as an 

adsorbent to remove a cationic dye methylene blue (MB) from water. We investigated the 

effect of carbonization temperature and adsorption isotherms of MB on the hierarchical MBFs. 

The as-synthesized MBFs showed high efficiency in magnetic separation and recovery owing 

to high-saturation magnetization. Thus, MBFs are excellent absorbents for practical 

applications. 

2. Experimental 

2.1 Materials 

FeCl3 and chloroacetic acid (ClCH2COOH) were purchased from Sinopharm Chemical 

Reagent Co. (Shanghai,China). Benzene-1,3,5-tricarboxylicacid (H3BTC) and H2SO4 were 

purchased from Aldrich. Sodium hydroxide (NaOH) was purchased from Shanghai Chemical 

Reagents Company. Methylene blue (MB) was supplied by Tianjin Tiantai Fine Chemicals 

Co., Ltd. All the chemicals were of analytical grade. 

2.2 Preparation of the MBFs 

Raw material (bamboo) was collected from a local furniture shop and then washed with 

ultrapure water and ethanol for several times to remove dust-like impurities. The bamboo was 

then dried under vacuum at 100 °C, ground, and sieved to certain sizes for further use. 

First, the BFs were modified using chloroacetic acid to activate the raw material. In a 

typical experiment, raw material was impregnated by mixed solution (pH = 9) of NaOH and 

ClCH2COOH with stirring for 24 h at 40 °C. BFs were then obtained by filtration and 
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repeatedly washed with ultrapure water to remove residual NaOH and ClCH2COOH. Products 

were collected and soaked in ethanol solution of saturated ferric chloride for 10 h at 78 °C. 

Then, the products were washed with ultrapure water and sealed in a Teflon-lined stainless 

steel autoclave with ethanol solution of saturated H3BTC for 10 h at 78 °C. The as-prepared 

products were washed with ethanol solution and dried for further use. Finally, MBF-500, 

MBF-700, and MBF-900 were prepared by annealing the products at 500, 700, and 900 °C, 

respectively, in nitrogen atmosphere for 1 h. The as-prepared products were collected after 

cooling to room temperature. 

2.3 Adsorption experiment 

The as-prepared MBFs were evaluated as an adsorbent by choosing MB as a model 

molecule. First, an aqueous stock solution of MB (1000 mg·L
-1

) was prepared by dissolving 

MB in deionized water. Aqueous MB solutions with different concentrations (0-400 mg·L
-1

) 

were then prepared by successive dilution of the stock solution with deionized water. An exact 

amount of the MBFs composite (10 mg) was added to the MB solutions (10 mL) at different 

concentrations. The conical flask containing the solution was fixed on a shaker at 30ºC, and 

the decay of MB concentrations versus contact time was measured by UV-Vis spectroscopy 

(Purkinje General) at 664 nm at various intervals. The amount of MB adsorbed per unit mass 

of the adsorbent (Qe in mg g
-1

) was evaluated by		�� =
(��	�
)�


                  (1) 

Where Co and Ct are the initial and equilibrium concentrations of MB (mg L
-1

), 

respectively, m is the weight of the adsorbent used (g), and V is the volume of the aqueous 

solution (L). The adsorption kinetic study was carried out following the above adsorption 

procedure at certain intervals of time with 10 mL solutions (60 mg L
-1

). The effect of MB 
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concentration was studied over a MB concentration range of 10-80 mg/L. The progress of the 

conversion reaction was monitored by measuring the changes in absorbance at 664 nm with a 

UV-vis spectrophotometer. 

2.4 Desorption experiments 

Solvent desorption technique was used to evaluate the feasibility of regenerating the 

MB-saturated MBFs. Solutions of ethanol with HCl (1.0%, v/v) were tested as the eluent to 

regenerate MBFs. An eluent solution (10 mL) was added to the used MBFs and the mixture 

was ultrasonicated for 30 min. The adsorbent was separated from the solution by using an 

external magnetic field and then dried at 50 °C. 

2.5 Stability Tests 

The recyclability of MBF-900 for MB reduction was also investigated for six cycles. 

After each run, solid composites were recovered with a magnet, washed with water and 

ethanol, and dried under vacuum. To evaluate stability, MB concentration was determined via 

UV–vis detection of residual MB in the mixture after reaction.  

2.6 Characterization 

FT-IR spectra were obtained in transmission mode on a FT-IR spectrometer (American 

Nicolet Corp., Model 170-SX) using the KBr pellet technique. Sample morphology was 

examined using a scanning electron microscope (SEM, JSM-6701F, JEOL, Japan). 

Magnetization measurements at room temperature were obtained using a Vibrating sample 

magnetometer (LAKESHORE-7304, USA) at room temperature. The X-ray photoelectron 

spectroscopy (XPS) spectra were obtained with an ESCALab220i-XL electron spectrometer 

(VG Scientific) using 300 W Al-Kα radiation. The velocity calibration at room temperature 
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(RT) was performed using an α-Fe absorber, and the isomer shift (IS) values reported are 

relative to α-Fe. The N2 adsorption-desorption isotherm was measured at liquid nitrogen 

temperature (77 K) using a Micromeritics ASAP 2020 analyzer. The specific surface area was 

calculated by the BET method. The pore size distribution was obtained using the 

Barret-Joner-Halenda (BJH) method. UV-Vis detection was carried out on a TU-1810PC 

UV-Vis spectrophotometer (Purkinje General, China). 

3. Results and discussion 

3.1 Morphology and structure characterization 

The procedure for the synthesis of MBFs in the present work is illustrated in Fig. 1. First, 

the BFs were modified using chloroacetic acid to activate the raw material. Then, BF–Fe(BTC) 

composites were obtained using a self-template strategy. Finally, MBF-500, MBF-700, and 

MBF-900 were prepared by annealing the products at 500 °C, 700 °C, and 900 °C, 

respectively. Fig. 2 shows representative SEM images of BFs (Figs. 2a, 2b), BF–COOH (Figs. 

2c, 2d), BF–COOH–Fe
3+

 (Figs. 2e, 2f), and BF–Fe(BTC) (Figs. 2g, 2h). The surface of BFs 

were extremely smooth (Figs. 2a, 2b), but it became rougher after the modifications [Figs. 

2(c–h)]. The result indicates that the modification of BFs was successful. 

The thermal stability of BF–Fe(BTC) was studied using TGA under an inert atmosphere. 

Fig. S1 presents typical TGA curves of the BFs and BF–Fe(BTC) composite. TGA curve 

shows both BFs and BF–Fe(BTC) composite exhibit a slope between 30 °C and 100 °C, 

which may be caused by the loss of H2O. Moreover, the TGA curves of BF and BF–Fe(BTC) 

composites exhibit a steep slope between 300 and 450 °C and between 300 and 500 °C, 

respectively, which indicate approximately 75% and 70% weight losses because of 
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decomposition (i.e., production of residual carbon). These results provided a reference for 

selecting the appropriate carbonization temperature. 

SEM images of unmodified CBF (Figs. 3a, 3b), MBF-500 (Figs. 3c, 3d), MBF-700 (Figs. 

3e, 3f), and MBF-900 (Figs. 3g, 3h) revealed that the composite materials retained their 

shapes. As shown in Fig. 3, the surfaces of MBF-500, MBF-700, and MBF-900 were rougher 

than that of CBF, indicating that the BFs were modified. What is more, For MBF-t, the 

surface appeared to rougher with increasing annealing temperature.  

The composition of the resulting hybrid magnetic microspheres was verified using XPS 

by investigating the chemical state of the surface of obtained MBF-900. Fig. 4a shows the 

overall surveys of the as-synthesized MBF-900, which clearly show the signals of elemental 

C, O, and Fe. Fig. 4b shows the XPS spectrum of Fe 2p. The Fe 2p spectrum can be 

deconvoluted into two peaks centered at 725.3 and 711.2 eV, which correspond to the peaks 

of Fe 2p1/2 and Fe 2p3/2, respectively. Meanwhile, the Fe 2p3/2 spectrum was resolved into two 

peaks at 710.64 and 712.17 eV, which correspond to Fe
2+

 and Fe
3+

. In addition, the signal at 

720.46 eV is characteristic of γ-Fe2O3; this signal is not obvious in Fe3O4.
34

 Fig. 4c shows the 

XPS spectra of C 1s, which can be deconvoluted into three peaks centered at 283.0, 284.5, 

and 285.1 eV that correspond to FeC3, C=O, and C–C/C=C species, respectively.
35

 Fig. 4d 

shows the XPS spectra of O 1s, which can be deconvoluted into three peaks centered at 530.7, 

532.5, and 533.2 eV that respectively correspond to C=O, Fe–O and O–C=O species. These 

results also confirm that the BFs were successfully modified. 

The 
57

Fe Mössbauer spectra for the MBFs are presented in Fig. 5. A central single peak 

was detected, which most possibly reflects the interface phase between carbon and Fe3O4 in 
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the MBF-500 (Fig.5a).
2, 36

 The presence of doublets can be observed in Figs. 5b and 5c, 

suggesting the formation and dispersion of small-particle iron oxides over carbons fiber. 

Besides, sextets with IS = 0.20 mms
−1

 are related to Fe3C.
37

 The peak area in the Mössbauer 

spectrum suggests the content of major iron phases. As carbonize temperature increased, the 

ratio of the reduction reactions between iron oxide and carbon increased, and the ratio of Fe3C 

increased as well. The high ratio of Fe–C decided the stability between iron and carbon fiber, 

which is beneficial for recycling. 

The BET surface area was measured from the N2 adsorption/desorption isotherms at 

−197.2 °C. Prior to measurements, the samples were evacuated at 100 °C for 10 h. The BET 

surface areas of MBF-500, MBF-700, and MBF-900 were 359.33, 360.72, and 387.74 m
2
/g, 

respectively (Fig. 6). The data are summarized in Table 1. For MBF-t, the specific surface 

area appeared to increase with increasing annealing temperature. This may be due to high 

temperature produces a positive effect in producing H2O and CO2, which could expand pore 

size. The pore-size distribution curves of MBF-500, MBF-700, and MBF-900 were estimated 

from the desorption curves of the isotherm using BJH analyses. The figures show that the 

pore size distribution curve of MBF-500, MBF-700, and MBF-900 were 2.66, 2.69, and 3.50 

nm, respectively. The high BET surface areas and pore size of the MBF-t should be useful for 

MB removal by increasing the contact frequency between the MB and MBF-t. 

The magnetic properties of the resultant core-shell microspheres were investigated at 

room temperature using VSM in the field range of −10 kOe to 10 kOe (Fig. 7). The 

magnetization saturation values of C(BF–FeCl3)-900, MBF-500, MBF-700, and MBF-900 

were 6.2, 7.1, 8.4, and 9.8 emu/g, respectively. Measured values indicated the strong magnetic 

Page 11 of 27 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



properties of MBF-t. All of the curves present a magnetic hysteresis loop that confirms the 

strong magnetic response to a varying magnetic field. Saturation magnetization values 

appeared to increase with increasing annealing temperature. Coercivity and remanence values 

are summarized in Table 2. Fast aggregation of nanocatalysts can be observed from their 

homogeneous dispersion in the presence of an external magnetic field applied for 30 s. This 

observation directly demonstrates the convenient separation of MBF-t through an external 

magnetic field, which is important in terms of their practical manipulation. 

3.2 Adsorption properties of MBFs 

3.2.1 Adsorption kinetics 

To compare the adsorption efficiency of MBF-500, MBF-700, and MBF-900, the effect 

of connect time on the adsorption of MB onto MBF composites was first investigated by 

adding 10 mg sample to 10 mL MB solution. After shaking for predetermined time interval, 

the magnetic particles were magnetically separated. Then, the corresponding dye 

concentrations in the solutions were measured using UV–vis spectrometry. The adsorption 

capacity increased rapidly and reached the adsorption equilibrium within 2 min (Fig. 8), 

implying that the MBF-900 magnetic composite possesses both higher adsorption capacity 

and higher adsorption efficiency for the removal of pollutants from water compared with 

other carbon materials. Result also indicated the increase in adsorption capacity with 

increasing annealing temperature, which corresponded to the BET surface area analysis. From 

the results, the removal efficiency of MBF-900 for MB was excellent and it was selected as an 

adsorbent for MB. In order to analyze the adsorption kinetics of MBF-900, four kinetic 

models including the pseudo-first-order equation,
38

 the pseudo-second-order equation,
39
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Elovich equation,
40

 and intraparticle diffusion model
41

 were applied to experimental data 

obtained from removal experiments. A pseudo-first-order kinetic model of Lagergen is given 

as log (Qe-Qt) = log Qe −K1t/2.303                              (2) 

A pseudo-second-order kinetic model is 

�

�

=

�

����
� +

�

��
                                             (3) 

an intraparticle diffusion model is 

Qt = K3t
1/2

 + C                                             (4) 

And an Elovich equation model is shown as 

Qt =ln(αβ)/β+ln t/β                                          (5) 

where Qe and Qt are the adsorption capacity (mg g
−1

) at equilibrium time and at time t, 

respectively, and K1 the pseudo-first-order rate constant for the adsorption process (min
−1

). K2 

the rate constant of pseudo-second-order adsorption (g mg
−1

 min
−1

). K3 the intraparticle 

diffusion rate constant (mg g
−1

 min
−1

). C the intercept, α the initial sorption rate of Elovich 

equation (mg g
−1

 min
−1

) the parameter β is related to the extent of surface coverage and 

activation energy for chemisorption (g mg
−1

).The slopes and the intercepts of each linear plot 

are used to calculate the kinetic parameters for MB adsorption. As shown in Table 3, the 

pseudo-second-order kinetic curves give a good fit to the experimental kinetic data, and the 

high correlation coefficient (R
2
 > 0.97) indicated typical chemical adsorption.

42
 The rate 

constant, k, of MB absorption is calculated as 5.54 s
−1

 for the case of MBF-900, which is 

much larger than other nanoadsorbents, including magnetic Fe3O4@carbon nanofibers,
43

 

sphere-like SrCO3 nanostructures,
44

 and Cu2O@reduced grapheme oxide composites.
45

 MB is 

an ideally planar molecule; therefore, it can be adsorbed easily by p–p stacking interactions 
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between the aromatic backbone of the dye and the hexagonal skeleton of the carbon shell.
46

 

Adsorption progressed with MB molecules first adsorbing onto the surface of MBF-900. MB 

was adsorbed onto the surface of MBF-900 through electrostatic attraction because MB is a 

cationic dye and some carboxylate groups derived from H3BTC exist on the surface of 

MBF-900. MB then diffused into the cavity through the channel of the porous. Finally, the 

result was confirmed from the shift in the adsorption peak of the carboxylate groups from 

1448 cm
−1

 to 1408 cm
−1

 (Fig. S2). 

3.2.2 Adsorption isotherms 

The uptake of MB on MBF-900 was investigated at 298 K. As shown in Fig. 10a, 

adsorption isotherms describe the distribution of adsorbate molecules between the liquid 

phase and the solid phase. The Langmuir (Eq. 6), Freundlich (Eq. 7), and Temkin (Eq. 8) 

models are often used to describe equilibrium sorption isotherm. The equation parameters and 

the underlying thermodynamic assumptions of these equilibrium models often provide some 

insight into both the sorption mechanisms and the surface properties and affinities of the 

adsorbent. These models were the conventional adsorption isotherm models employed in this 

study to describe MB adsorption equilibrium.
47

 The Langmuir model, which is valid for 

monolayer adsorption onto a surface containing a finite number of identical sites, is probably 

the most popular isotherm model due to its simplicity and its good agreement with 

experimental data. It could be described by the linearized form: 

Ce

Qe

=
1

QmKL
+

Ce

Qm

                         (6) 

Where Qmax is the maximum adsorption capacity and KL is the adsorption equilibrium 

constant including the affinity of binding sites (L mg
−1

), Qe is the adsorption capacity (mg g
−1

) 
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at equilibrium, Ce is the equilibrium concentration of the adsorbate (mg L
−1

). 

    According to the Freundlich equation, the amount of substance adsorbed per gram of 

adsorbent (Qe) is related to the equilibrium concentration (Ce) by the equation as follows: 

lnQ
e
=lnKF+

1

n
lnCe                        (7) 

Qe is the adsorption capacity (mg g
−1

) at equilibrium, Ce is the equilibrium concentration of 

the adsorbate (mg L
−1

). KF is the constant indicative of the relative adsorption capacity of the 

adsorbent (mg g
−1

) and 1/n is the constant indicative of the intensity of the adsorption. 

     The Temkin isotherm equation describes the behavior of many adsorption systems on 

heterogeneous surface and it is based on the following equation: 

Qe =RT ln(atCe)/bt                              (8) 

The linear form of Temkin isotherm can be expressed by Eq. (8): 

     Qe = A + B ln Ce                                (9) 

where Qe is the adsorption capacity (mg g
−1

) at equilibrium, Ce is the equilibrium 

concentration of the adsorbate (mg L
−1

). R is the general gas constant, T absolute temperature 

(K), A = (RT/ bt ln at) and B = (RT/ bt) represents isotherm constants, respectively. The values 

of KF (mg
1−1/n

 L
1/n

 g
−1

) and n can be calculated from the intercept and slope of the linearized 

plot of log Qe vs. log Ce. The adsorption constant and the calculated regression coefficients 

(R
2
) of the Langmuir, Freundlich, and Temkin at 298 K are summarized in Table 4. The 

Langmuir isotherm provided much higher R
2
 values than did the Freundlich and Temkin 

isotherm for the adsorption of MB onto MBF-900 at 298 K, indicating that the Langmuir 

isotherm has better fit with the experimental data. The formation of monolayer coverage of 

MB molecules at the outer surface of the MBF-900 magnetic composites could be explained 
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by the homogeneous distribution of active site on the surface of the MBF-900 magnetic 

composites. The maximum monolayer adsorption capacity (Qmax) of MB was calculated to be 

143.0 mg g
−1

 at 298 K, which was higher than previously reported adsorbents to remove MB 

(Table 5).
48-52

  

3.2.3 Effect of MB concentration 

The influence of MB dosage was investigated using the MB at 10, 20, 40, 60, and 80 mg 

L
−1

 (Fig. S3). As shown in Fig. S3, the removal efficiency of MB did not change significantly 

from 10 mg L
−1

 to 40 mg L
−1

. The removal efficiency achieved was nearly 100% after 1 min 

of absorption. However, the efficiency decreased when MB concentration was too high. 

Removal efficiency still could reach 88% within 1 min when the concentration of MB was as 

high as 80 mg L
−1

. Results indicated that the as-prepared MBF-900 possesses wonderful 

removal efficiency of MB.  

3.3 Desorption and regeneration of MBF-900 

The progress of MB adsorption can be easily followed by the decrease in absorbance at 

λmax (664 nm) of MB with time. Fig. 11a shows the successive UV–vis detection of MB in the 

presence of MBF-900 in aqueous solution. Adsorption bead decreased rapidly and 

disappeared within 1 min without the appearance of new adsorption bands in the visible or 

ultraviolet regions, indicating that MB was almost removed completely. The inset 

demonstrates that MBF-900 could be separated from MB solution by a magnet within 30 s. 

The regeneration of an adsorbent is important because of its commercial feasibility and 

may reduce the overall cost of the adsorbent. Desorption experiments were performed to 

evaluate the possibility of regeneration and reusability of MBF-900 as an adsorbent. 

Page 16 of 27RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Desorption and regeneration experiments were achieved using ethanol (1% HCl). Used 

MBF-900 could be regenerated effectively by using ethanol with 1% HCl. The results of five 

consecutive adsorption–desorption cycles are shown in Fig. 11b. The adsorption capacity of 

MB on MBF-900 decreases as the cycle number increased. After six cycles, MB adsorption 

capacity is still above 80% of the first adsorption, showing that MBF-900 has higher 

adsorption capacity and can be recycled. 

4 Conclusion 

    The present study revealed that BFs are promising precursor in preparing activated 

carbon. We demonstrated a feasible route to synthesize an ideal adsorbent that possessed both 

high specific surface area and sensitive magnetic characteristics. Most importantly, the 

as-prepared adsorbent is suitable for the removal of cationic dyes and metals ions in water 

owing to its abundant unsaturated carboxyl and channels. Unlike conventional adsorbents, the 

as-prepared magnetic MBF-900 porous adsorbent not only exhibited higher adsorption 

capacity, but it can also be separated easily from aqueous medium by using an external 

magnetic field and can be used repeatedly after washing with ethanol. Adsorption experiment 

demonstrated that the as-prepared magnetic MBF-900 exhibit a good adsorption performance 

for MB. The maximum adsorption can reach 143.0 mg g
−1

. Therefore, the as-prepared 

composite shows a great potential for industrial application. 
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Figures and Tables 

 

Fig. 1 Schematic illustration of the fabrication process of MBFs. 
 

 

 

 

Fig. 2 SEM images of (a, b) bamboo fibers (BF), (c, d) BF-COOH, (e, f) 
BF-COOH-Fe3+, (g, h) BF-Fe(BTC). 
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Fig. 3 SEM images of (a, b) CBF, (c, d) MBF-500, (e, f) MBF-700, (g, h) MBF-900. 

 

 

 

 

Fig. 4 shows the survey XPS data, indicating that MBF-900 contains the three 
elements Fe, O, and C. 
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Fig. 5 MÖssbauer spectrum of (a) MBF-500, (b) MBF-700, and (c) MBF-900. 
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Fig. 6 N2 adsorption-desorption isotherms of (a) MBF-500, (c) MBF-700, and (e) 
MBF-900. the pore-size-distribution curve of (b) MBF-500, (d) MBF-700, and (f) 
MBF-900 obtained from the desorption data through the BJH method. 
 
 
 

 
Fig. 7 Magnetic hysteresis loops of MBF-500, MBF-700, MBF-900, and 
C(BF-FeCl3)-900. 
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Fig. 8 Kinetic adsorption plots of BF, C(BF-FeCl3)-900, MBF-500, MBF-700, and 
MBF-900 for MB plot of removal amount (Qt) vs. time t. The initial concentration of 
MB solution was 60 mg/L and samples were 1 g/L. 
 

 

Fig. 9 Kinetic adsorption plots of MBF-900 for MB. (a) plot of removal amount (Qt) 
vs. time t; (b) plot of pseudo-second-order kinetics for the adsorption process of the 
hybrid. The initial concentration of dye solution was 60 mg/L and MBF-900 was 1 
g/L. 
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Fig. 10 Adsorption isotherms of MB onto the MBF-900 at 298 K (a) and the linear 
regression by fitting the equilibrium adsorption data with the Langmuir adsorption 
model (b) 

 
 
 

 
Fig. 11 (a) Time dependent absorption spectra of MB in the presence of MBF-900. 
The initial concentration of MB solution was 40 mg/L and samples were 1 g/L. The 
inset demonstrates MBF-900 could be separated from MB solution by a magnet. (b) 
The reusability of the MBF-900 for MB. 
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Table 1 BET surface area, pore volume and pore size of the MBF-500, MBF-700, and 
MBF-900. 

Composites 

Surface area 

(m2/g) 

Pore Volume 

(cm3/g) 

Pore Size 

(nm) 

MBF-500 359.33 0.2392 2.66 

MBF-700 360.72 0.2429 2.69 

MBF-900 387.74 0.3394 3.50 

 
 
 
Table 2 Magnetic Properties and Iron Content of C(BF-FeCl3)-900, MBF-500, 
MBF-700, and MBF-900. 

Samples 
magnetic parameters 

MS (emu/g) MR (emu/g) HC (Oe) Hm (Oe) 

C(BF+FeCl3)-900 0.86 0.38 241 1773 

MBF-500 1.39 0.55 113 2853 

MBF-700 2.58 1.17 366 4120 

MBF-900 3.87 1.54 529 6653 

 

 

Table 3 Pseudo-first-order, pseudo-second-order, Elovich equation, and Intraparticle 
diffusion model rate constants for the adsorption of MB on MBF-900 at 25°C 

Elovich equation Intraparticle diffusion model 

α β R2 K3 C R2 

80.53 0.047 0.9698 16.01 6.18 0.8711 

Pseudo-first-order kinetic model Pseudo-second-order kinetic model 

qe K1 R2 qe K2 R2 

40.83 0.60 0.8337 100 0.027 0.9739 

 

Page 26 of 27RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Table 4 Langmuir and Freundlich parameters for the adsorption of MB on MBF-900 
at 298 K. 

Langmuir 

Qm(mg/g) K1(L/mg) R2 

143.0 0.0053 0.9971 

Freundlich 

KF((mg/g)(L/mg)
1/n) 1/n R2 

0.24 1.40 0.9713 

Temkin 

A B R2 

-92.75 37.60 0.9531 

 

 

Table 5 Comparison of various adsorbents to remove MB. 

Adsorbents Adsorption capacity (mg/g) Reference 

BNS 7.81 [46] 

Dehydrated peanut hull 108.6 [47] 

Phosphoric acid treated  88.5 [48] 

Prepared Fe3O4 MPs from iron 99.4 [49] 

Magnetic chitosan 60.4 [50] 

MBF-900 143.0 This work 
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