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a b s t r a c t
The iron and manganese modified mesoporous carbon (MC-Fe, MC-Mn and MC-Fe/Mn) was 
prepared from waste biomass with nitrogen-doping assistance. The modified MCs were character-
ized by BET, XRD, Fourier transform infrared spectrometry and X-ray photoelectron spectroscopy, 
respectively. It was found that the introduction of nitrogen on MCs restrained the pore plugging 
caused by metals doping, and its BET surface area and total pores volume were around 1,200 m2/g 
and 1.00 cm3/g, respectively, because nitrogen could facilitate the dispersion of metals on MC evenly. 
The introduction of Fe might promote the formation of –O–CH3 while Mn might contribute to the 
formation of the C=O functional group on the surface of MCs. The adsorption results show that 
the adsorption capacities of modified MCs toward methylene blue (MB) were enhanced evidently by 
the introduction of Fe and/or Mn, which was increased from 911 to 1,030 mg/g. The higher adsorp-
tion capacity of MB could be attributed to the unchanged porous structure, metal active adsorption 
sites and modified surface chemistry on modified MCs. 

Keywords: Mesoporous carbon; Waste biomass; Iron; Manganese; Adsorption

1. Introduction

A large quantity of dye wastewater has been released 
into water body from textile and leather industry. The dyes 
are hard to be degraded by microorganism in water due to 
the organic ingredients, and some ingredients of dyes also 
have the biological toxicity [1], which is against the growth 
of aquatic organisms and destroys the ecological balance. 
Various methods have been reported to remove dyes from 
water, such as biodegradation [2], catalytic oxidation [3] 
and adsorption [4,5]. The adsorption is widely applied due 
to the high efficiency and low cost. Activated carbon (AC) 
is considered as one of the most ideal adsorbents due to 

the developed porosity and abundant surface functional 
groups [4,5]. 

Pore structure is one of the most important factors which 
influence the adsorption properties of AC. Micropores can 
only adsorb and separate micro molecule, while mesopores 
can adsorb relatively larger molecules such as dyes and 
biomacromolecules [6]. Mesoporous carbon (MC) with the 
pore size distribution range of 2–50 nm possesses a great 
adsorption capacity for dyes such as methylene blue (MB), 
due to the fact that MB molecules can easily diffuse into 
mesopores [7]. 

MC is usually prepared by hard template method using 
pure organic agents such as phenol, resorcinol and phlo-
roglucinol as carbon precursors and silicon substrate as 
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templates, while it is necessary to use hydrofluoric acid (HF) 
to wash the templates [8,9]. However, HF is highly corrosive 
and not environmental friendly, and the cost of pure organic 
agents also is very high [8]. Recent years, the waste biomass 
such as sawdust is used as the raw material of AC [10], which 
could decrease the cost greatly, together with the reutiliza-
tion of organic waste. In addition, the MC enriched with 
mesopores can also be obtained from waste biomass using 
phosphoric acid as the activation agent through the reaction 
with carbon to form mesopores during heating process [7,11]. 
In the meantime, phosphoric acid could help dehydration 
and crosslinking of biopolymers such as cellulose, hemicel-
lulose and lignin in biomass, thereby obtaining a high yield 
of carbon [7]. Thus, it is environmental friendly and inexpen-
sive to obtain MC from waste biomass by phosphoric acid 
activation. 

In order to enhance the adsorption performance of MC, 
metal oxides are usually introduced, which could change 
the surface functional groups and surface charge, leading 
to a better adsorption performance [12–14]. Transition met-
als such as Fe and Mn have been mostly used due to the 
low cost and high efficiency. Meanwhile, magnetic materials 
would be advantageous to those based on biomass or agri-
cultural byproducts, which can exhibit similar capacities, 
based on simple activation procedures such as impregnation 
and calcination. It was found that the Fe-doped AC showed 
the increased potential for the removal of MB [14]. Both Fe 
and Mn-doped AC can greatly enhance the removal of MB 
from aqueous solution [12,15]. The introduction of Fe and 
Mn may cause the change in oxygen-containing functional 
groups to facilitate the adsorption [12,14,15]. However, it 
was found that the specific surface area and total pore vol-
ume of the metals doped carbon reduced greatly, possibly 
because the metal oxides nanoparticles tend to agglomerate, 
blocking the carbon pores [13]. 

Recently, it was found that nitrogen-doped AC could 
improve the adsorption performance of metal ions, due to 
the adsorption and complexation of metal ions by nitro-
gen-containing groups [16,17]. It was found that the carbon 
aerogel enhanced greatly the removal of Cr(VI) and Pb(II) 
through nitrogen doping [17]. It was reported that magnetic 
nitrogen-doped porous carbon composites exhibited good 
chemical stability and adsorption capacity [16]. Therefore, it 
is possible that the introduction of metal ions on nitrogen- 
doped carbon might help facilitate uniform dispersion of 
metal particles on carbon surface to reduce the agglomera-
tion of metal ions. In addition, MC could be an ideal sup-
port to immobilize metals due to its large pore volume, high 
specific surface area, large and controllable pore size. It was 
found that the nano Fe0 immobilized on MC could overcome 
the drawbacks of Fe0 aggregated [18]. However, very few 
studies had been found on the preparation of metal modi-
fied MC by nitrogen-doped assistance for the adsorption of 
dyes wastewater. 

Thus, the purpose and the novelty of this study were 
to prepare Fe and Mn modified nitrogen-doped MC for the 
removal of dyes. The pore structure and surface chemical 
properties of the modified carbon were characterized, and 
their adsorption performance toward MB was investigated. 
Finally, the adsorption isotherms and kinetics were also 
studied to investigate their adsorption mechanisms.

2. Materials and methods

2.1. Materials

The raw material of activated carbon was cypress sawdust, 
which was obtained from the furniture factory in Guang yuan, 
Sichuan. The urea, ferric nitrate nonahydrate Fe(NO3)3∙9H2O, 
50% Mn nitrate solution Mn(NO3)2 and MB trihydrate were 
purchased from Chengdu Chron Chemicals (Chengdu, China).

2.2. Preparation of modified MC

The MC was obtained by one-step carbonization-activation 
method with phosphoric acid and nitrogen doping [19]. 
The cypress sawdust was sieved and dried at 105°C, and 
then impregnated by H3PO4 for 24 h. After that, the sam-
ple was activated under N2 flow (100 mL/min) at 550°C for 
90 min, and washed by hot deionized water (DI) and dried. 
The obtained MC was immersed in urea solution (1 mol/L) 
for 24 h, filtered and dried, and then calcined under nitrogen 
atmosphere at 450°C for 50 min. 

5 g MC were added to 50 mL of Mn(NO3)2 and Fe(NO3)3 
solution (0.09, 0.18, 0.27, 0.36 mol/L), respectively, and then 
magnetic stirring at 400 rpm for 2 h at room temperature. 
For Fe–Mn modification, 25 mL of Fe(NO3)3 solution and 
25 mL of Mn(NO3)2 solution were mixed before MC was 
added. The concentrations of Fe(NO3)3 solution were 0.09, 
0.18 and 0.27 mol/L. The corresponding concentrations of 
Mn(NO3)2 were 0.27, 0.18 and 0.09 mol/L. After impregnat-
ing adequately, the samples were filtered and dried at 80°C, 
and then were heated to 400°C at a rate of 10°C/min under 
nitrogen atmosphere (with flow rate of 100 mL/min) and 
held for 2 h. The desired absorbents were named as MC-Fe, 
MC-Mn and MC-Fe/Mn, respectively.

2.3. Characterization of modified MC

N2 adsorption/desorption isotherms were carried out 
using a surface area analyser (ASAP 2460, Micromeritics, 
USA) at 77 K. The specific surface areas (SBET) of the catalysts 
were obtained using BET equation. Micropore volume (Vmic) 
and mesopore volume (Vmes) were calculated from t-plot 
method and BJH method, respectively. Total pore volume 
(Vtot) was calculated from adsorption amount at the maxi-
mum relative pressure. 

The functional groups on the surface of the sample were 
determined by Fourier transform infrared spectrometry (FTIR). 
The samples were analyzed by infrared spectroscopy using a 
Nicolet 6700 (Thermo Scientific, USA) infrared spectrometer 
with scanning range of 4,000–400 cm–1.

X-ray photoelectron spectroscopy (XPS) was measured 
using an XSAM 800 analyzer (KRATOS, UK) to obtain the 
information on the elemental composition and the chemical 
bond state of the samples surface.

Inductively coupled plasma source mass spectro meter 
(ICP-MS) was conducted using VG PQExCell type mass 
spec trometer (TJA, USA) to determine the trace metal ions 
in the solution.

2.4. MB adsorption experiment

0.05 g of the sample was added to a 250 mL Erlenmeyer 
flask containing 100 mL MB solution at certain concentration, 



211Y. Chen et al. / Desalination and Water Treatment 169 (2019) 209–221

and then placed in a thermostatic shaker at preset tempera-
ture for 60 min with shake. After that the adsorbent was 
filtrated and the left solution measured by an ultraviolet 
spectrophotometer at a wavelength of 665 nm. The adsorp-
tion amount of MB per unit mass of adsorbent is calculated 
as follows:

q
C C V

M
e=

−( )×0  (1)

where q is the adsorption capacity of samples, C0 and Ce are 
the initial and equilibrium concentration of MB, respectively, 
M is the mass of the adsorbent and V is the volume of MB 
solution. 

The kinetic adsorption experiments were carried out in 
a thermostatic shaker with a rotating speed of 150 rpm at 
25°C. The initial concentration of MB was about 500 mg/L 
and the dosage of the adsorbent was 0.5 g/L. The isothermal 
adsorption experiments were performed with different initial 
concentrations of MB (100; 300; 500; 1,000 and 1,500 mg/L).

3. Results and discussion

3.1. Properties of Fe and Mn modified MC

3.1.1. Pore structure

The SEM pictures of the metal modified MC and blank 
MC (Fig. S1) showed that the surface texture of the MC 
after Fe and Mn adding did not change evidently compared 
with blank MC. The nitrogen adsorption/desorption iso-
therms of all the samples (Fig. S2) had the hysteresis loops 
due to capillary condensation that occurred in the meso-
pores, suggesting that all the prepared carbons are typical 
mesoporous materials. It could be found that the nitrogen 
adsorption capacity of the modified carbons did not change 
obviously. The mesopore size distribution of modified MC 
and blank MC was very similar, showing that the Fe and 
Mn modification did not significantly change the pore size 
distribution of the MC. The mesopore size of the modified 
MC and blank MC was mainly in the range of 2–10 nm, con-
centrated in 2–4 nm. 

From Table 1, it can be seen that blank MC exhibited high 
SBET, Vmes and mesoporous ratios. This could be attributed to 
phosphoric acid as the activation agent, which could pene-
trate into the plant cell wall by rapid diffusion, hydrolysis 
and re-diffusion, and promote or catalyze the hydrolysis, 
dehydration, aromatization of the carbon precursor [20,21]. 

Since the cypress sawdust was mainly crystalline cellulose, 
the activation of the crystalline cellulose produced mixture of 
pore sizes [20]. As shown in Table 1, the Fe and Mn modified 
MC had similar SBET, Vtot, Vmes and mesoporous ratios with 
blank carbon.

The results show that the pore structure of the Fe and 
Mn modified MC did not obviously change compared with 
the blank one. This phenomenon was different from previ-
ous studies [12,22]. It was found that the Fe modified car-
bon caused a significant reduction in the SBET and Vtot, from 
1,094 m2/g and 0.47 m3/g to 543 m2/g and 0.31 m3/g, respec-
tively [12]. It was observed a decrease in the SBET and Vtot of 
Mn modified carbon, from 1,220 m2/g and 1.99 m3/g to 116 m2/g 
and 0.895 m3/g, respectively [22]. This might result from the 
pore structure partly blocked by the metal oxides nanopar-
ticles in previous studies. However, in this study, the pore 
structure of the Fe and Mn modified MC were not reduced 
obviously. It could be attributed to both the mesoporous 
carbon structure and the nitrogen-containing functional 
groups, which could promote the coordination of metal ions, 
such that the metal oxides particles were uniformly distrib-
uted on the surface of the carbon [16–18]. As a result, the 
agglomeration of the metals and the clogging of the pores 
were reduced significantly compared with non-mesoporous 
MC or those without nitrogen-containing functional groups. 

3.1.2. Metal phase

The metals were successfully loaded on the surface of 
the nitrogen doped MC. The relative contents of the metals 
on the modified MC are shown in Table 2. The results show 
that the relative contents of Fe on the surface of MC-Fe were 
4.4%, while that of the Mn was 3.5% on the MC-Mn, when 
0.18 mol/L of Fe(NO3)3 and Mn(NO3)2 solution was used to 
modify MC. The relative contents of Fe on the MC-Fe/Mn 
were 2.6%, while no Mn was detected, when 0.27 mol/L of 

Table 1
Porous structure of iron and manganese modified MC

Sample SBET (m2/g) Sext (m2/g) Sint (m2/g) Vtot (cm3/g) Vmic (cm3/g) Vmes (cm3/g) Vmes/Vtot DP (nm)

MC 1,214 1,011 203 1.00 0.09 0.91 0.91 3.3
MC-Fe 1,207 962 245 0.98 0.11 0.87 0.89 3.2
MC-Mn 1,201 994 207 0.98 0.10 0.88 0.90 3.2
MC-Fe/Mn 1,194 945 249 0.96 0.11 0.85 0.89 3.2

SBET: BET surface area; Sext: external surface area; Sint: internal surface area; Vtot: total pores volume; Vmic: micropore volume; Vmes: mesopore 
volume; DP: average pore size.

Table 2
Element contents of iron and manganese modified MC (wt.%)

Element MC MC-Fe MC-Mn MC-Fe/Mn

C 88.3 80.2 82.9 83.7
O 9.9 15.4 13.6 13.7
N 1.8 – – –
Fe – 4.4 – 2.6
Mn – – 3.5 –
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Fe(NO3)3 and 0.09 mol/L of Mn(NO3)2 in mixed solution was 
used to modify MC. This may be due to the lower concen-
tration of Mn in the mixed solution, and the preferential 
adsorption of Fe on the MC during the modification process 
of MC [23,24].

As shown in Fig. 1, a broad XRD peak of carbon was 
observed obviously on Fe and Mn modified MC, but no 
diffraction peaks of metals or metal oxides were observed. 
This indicated that Fe and Mn were loaded in a highly dis-
persed state on the nitrogen doped MC [25]. It was reported 
that MC was a potential support to immobilize and disperse 
Fe [18]. In this study, Fe and Mn could be distributed on 
the surface of mesoporous carbon uniformly. On the other 
hand, the introduction of nitrogen on the MC increased the 
nitrogen-containing functional groups, which could form a 
coordination compound with metal ions [16,17]. This could 
promote the uniform dispersion of the metals on the MC 
and reduces agglomeration [16–18]. 

3.1.3. Surface chemistry

The FTIR results show that the absorption bands at 
3,400; 1,560; 1,452; 1,150; 1,058 and 615 cm–1 could be found 
for all the metals modified MC and blank MC. The infra-
red peak at 3,400 cm–1 can be attributed to the stretching 
vibration of hydroxyl O–H in H2O [26]. The infrared peaks 
at 1,560 and 1,452 cm–1 can be assigned to the stretching 
vibration peak of C=O [27], and the symmetrical bending 
vibration of O–CH3 [28], respectively, while the peak at 
1,150 cm–1 is attributed to the C–OH single-bond stretch-
ing vibration [29]. The peaks at 1,058 and 615 cm–1 can be 
attributed to the torsional bending vibration of C–OH and 
C–O–H [24,30], respectively. The results show that the main 
functional groups on the MC were preserved after the met-
als modification. 

However, it can be clearly observed that the intensity of 
the symmetrical bending vibration peak of the infrared peak 
–O–CH3 and C–OH in the MC-Fe were significantly changed 
with respect to C–O–H, compared with MC. This indicates 
that the introduction of Fe might promote the formation 

of –O–CH3 and C–OH on the carbon surface [24,28]. The 
intensity of C=O infrared peak on MC-Mn was significantly 
enhanced with respect to C–O–H, compared with MC, indi-
cating that the introduction of Mn maybe has a significant 
effect on the formation of C=O functional groups [27]. 

As shown in the XPS analysis, the N was successfully 
doped on the MC (Fig. S3). The N 1s XPS spectrum of the 
MC shows that there were mainly two types of N in the MC 
(Fig. S4). The peak at 398.6 eV can be assigned to a pyridine- 
like N, in which the N atom was bonded to the C atom in sp2 
hybrid form. The peak at 400.2 eV can be assigned to N in 
the amino or imino group, or N in the pyrrole or pyridone 
[31]. The nitrogen-containing groups are supposed to be sur-
face coordination sites involved for the adsorption of metal 
Fe [32]. As shown in Table 2, the relative contents of C, O 
and N in the blank MC was 88.3%, 9.9% and 1.8%, respec-
tively. However, after the metals loading, the C contents of 
the modified MC decreased, while those of O increased. 
This indicates that the addition of metals increased oxygen- 
containing functional groups on carbon surface, resulting in 
changed carbon surface chemistry properties. In addition, 
N was not detected after metals modification, which might 
be due to the covering of the metals.

The binding energies at 284.6 and 285.8 eV can be 
assigned to C–C [33,34] and C–O in phenolicether, etc. 
[35], respectively. Those peaks near 287.8 and 289.8 eV can 
be attributable to the C=O of carbonyl or benzoquinone 
[36,37] and delocalized π-electron carbon [38], respectively. 
The results show that the metal-modified MC had similar 
surface carbon-containing functional groups (Fig. S6). The 
binding energy and relative contents of C 1s on the sam-
ples are shown in Table 3. Compared with blank MC, the 
relative contents of C–C on the surface of metal modified 
MC decreased, while the relative contents of C–O and C=O 
groups increased slightly. For the MC-Mn and MC- Fe/Mn, 
the relative contents of C–O, C=O and π–π* were slightly 
lower than MC-Fe. 

3.2. Methylene blue adsorption of modified MC

Table 4 shows the adsorption capacity of modified MC. 
The maximum adsorption capacity of Fe modified MC 
was obtained at 933.2 mg/g with 88.1% of removal rate. 
Compared with that of blank MC, the adsorption amount 
of MB by Fe-modified MC was higher, indicating that the 
Fe modification of MC may be beneficial to the adsorption 
of MB. The MB adsorption capacity of Mn modified MC 
were significantly higher than blank MC. The MB adsorption 
capacity of Mn modified MC reached the maximum value 
at 1,000.5 mg/g with 89.9% of the removal rate. If the Mn ratio 
was too high, the MC pores may be blocked, and affected 
their adsorption capacity [39,40]. The adsorption capacity 
of MB by Fe-Mn modified MC reached 994.6 mg/g, which 
was better than blank MC.

The three-dimensional structure of MB molecule is about 
1.447 nm [41]. MB molecules in aqueous solution often 
exist as monomers or dimers [42]. Therefore, the mesopore 
size distribution of the MC favors the MB adsorption. In 
this study, the pore structure of metals modified MC did 
not change compared with blank one, and mesopores were 
retained without clogging after metal modification (Table 1), 

Fig. 1. XRD patterns of iron and manganese modified mesoporous 
carbon.
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which is beneficial for MB adsorption. On the other hand, 
it was reported that carbonyl groups on MC have the great 
effect on the adsorption of organic compounds [43]. MB as an 
electron acceptor, methoxy or carbonyl as an electron donor, 
could format an electron-acceptor complex [43]. Methoxy 
and the carbonyl group could promote the adsorption of MB. 
In this study, the introduction of Mn might cause a change of 
the carbonyl group and the Fe maybe caused a change of the 
methoxy group, which would be beneficial for the adsorp-
tion of MB. 

Based on the above results, the possible adsorption mech-
anisms for methylene blue by the metals modified N-doping 
MC could be proposed, as shown in Fig. 2. The blank MC was 
prepared by one-step carbonization activation using phos-
phoric acid as activation agent, and then nitrogen-doped 
MC was obtained by urea modification. The introduction 
of nitrogen could promote the coordination of metal ions, 
and thus the metal particles were uniformly distributed on 
the surface of the carbon, reducing the agglomeration of the 
metals and the clogging of the pores. The mesoporous struc-
ture can remove MB by physical interception. Meanwhile, 
the introduction of metals resulted in the increase of oxygen- 
containing groups on carbon. The introduction of Fe could 
promote the formation of –O–CH3 and C–OH on the car-
bon surface, while Mn may have an effect on the formation 
of C=O functional groups (Table 2). The oxygen-containing 

(–O–CH3 and C=O) functional group can adsorb MB by 
electron donor-receptor action. Thus, the unchanged meso-
porous structure, metal active adsorption sites and modified 
surface chemistry on modified MCs improve the adsorption 
performance of MB greatly.

3.3. Adsorption kinetics of modified MC

The adsorption of MB on MC in liquid mainly consists 
of three processes: first, MB could transfer to the surface 
of MC; second, MB diffuses inside the MC particles; third, 
MB is adsorbed into the inner surface of pores of MC par-
ticles. To better understand the adsorption mechanism and 
adsorption rate of MB by the three modified MC (MC-Mn, 
MC-Fe and MC-Fe/Mn), the Weber–Morris intraparticle 
diffusion model, the pseudo-first-order kinetics and the 
pseudo- second-order kinetics models were used for fitting 
experiment data. The three models were expressed by the 
following:

ln q q q K te t e−( ) = −ln 1  (2)

where qe and qt are the concentrations of adsorption equilib-
rium and adsorbed at t (min), and K1 (min–1) is the model 
constant of the first-order kinetics.

Table 3
C 1s binding energy (BE) and relative contents (RCs) of iron and manganese modified MC

 Sample
C–C C–O C=O π-π*

BE (eV) RC (%) BE (eV) RC (%) BE (eV) RC (%) BE (eV) RC (%)

MC 284.6 72.8 285.8 14.7 287.5 7.2 289.6 5.4
MC-Fe 284.6 65.4 285.7 18.6 287.6 9.5 289.9 5.5
MC-Mn 284.6 68.7 285.6 17.5 287.4 8.4 289.3 5.4
MC-Fe/Mn 284.6 70.5 285.8 16.2 287.6 8.0 289.8 5.3

Table 4
Adsorption properties of methylene blue by iron and manganese modified MC

Metal Metal/MC (mol/L)

Methylene blue

Adsorption capacity (mg/g) Removal efficiency (%)

MC 0 854.2 76.8

Fe

0.09 928.7 87.2
0.18 933.2 88.1
0.27 908.2 84.9
0.36 923.6 86.6

Mn

0.09 965.2 86.7
0.18 1,000.5 89.9
0.27 956.2 85.5
0.36 936.4 84.3

Fe + Mn
0.27Fe + 0.09Mn 994.6 89.0
0.18Fe + 0.18Mn 956.1 86.5
0.09Fe + 0.27Mn 947.0 85.9

Condition: T = 25°C, C = 556 mg/L, Mad = 0.5 g/L.
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t
q K q q

t
t e e

= +
1 1

2
2  (3)

where K2 (g/mg min) is the model constant of the pseudo- 
second-order kinetics.

q K Ctt = +WM
1 2/  (4)

where KWM (mg/g min0.5) is the model constant of the Weber–
Morris intraparticle diffusion model.

As shown in Fig. 3, the three modified MC exhibited 
a rapid uptake of MB at the initial 1 min, which could be 
due to the excessive porous structure of MC. And then, the 
adsorption rate decreased gradually, and the adsorption 
equilibrium was approached at about 60 min. The equi-
librium adsorption capacities of MB were in the order of 
MC-Mn > MC-Fe/Mn > MC-Fe. The results also demon-
strated that the introduction of Mn was relatively more 
beneficial to adsorb MB obviously.

As we can see from the nonlinear fitting curve in Fig. 3, 
the pseudo-second-order had the highest fit degree. The 
relevant results of the nonlinear fitted graph are shown in 
Table 5. The correlation coefficients fitted by the pseudo- 
second-order kinetic model were all 1.00. Therefore, the 
pseudo-second-order kinetics was more suitable for describ-
ing the adsorption of MB by the three modified MC, and 
the adsorption process could be controlled by chemical 
adsorption mechanism [44,45]. This demonstrates the role of 
surface functional groups in the adsorption of MB by mod-
ified MC. Thus, the adsorption process of modified MC to 
MB includes chemical and physical adsorption. The param-
eter C signifies the thickness of boundary layer, which is 
usually applied for evaluating the diffusion resistance [7]. 
The C value was not 0, indicating that the intraparticle diffu-
sion process was not the only speed-control step [46]. The C1 
values were high, suggesting that their external diffusion 
resistance was high. The C2 values were evidently high, 
indicating that the adsorption achieved equilibrium [7].

3.4. Adsorption isotherms of modified MC

Adsorption isotherms are the curves of the equilibrium 
adsorption capacity (qe) and the equilibrium concentration 
of MB in solution (Ce) during the adsorption of MB by the 
adsorbent at a constant temperature. At certain temperature, 
the experimental data are used to fit the adsorption isotherm, 
which can be used to understand the adsorption amount, 
adsorption strength and adsorption state of the adsorbent 
on MB.

Fig. 4 shows the isothermal adsorption curve of modi-
fied MC for MB at 25°C. As the initial concentration of MB 
increased, the equilibrium adsorption capacity was increased. 
Langmuir, Freundlich and Temkin models were used to 
fit isothermal adsorption of MB by the three modified MC. 
The three models were expressed by the following equations:

C
q

C
q K q

e

e

e

m L m

= +
1  (5)

where Ce (mg/L), KL (L/mg) and qm (mg/g) were the equilib-
rium concentration of MB, Langmuir adsorption rate and 
the adsorption capacity, respectively.

ln ln lnq K
n

Ce F e= +
1  (6)

where KF ((mg/g)/(L/mg)1/n) and n are the adsorption 
constants of Freundlich.

q B A B Ce e= +ln ln  (7)

where B (J/mol) and A (L/mg) are the correlation constant of 
the Temkin model.

Fig. 4 shows the non-linear fitting of Langmuir, Freundlich 
and Temkin models for MB adsorption by modified MC. 
The parameters are summarized in Table 6. The modified 
MC qe increased with Ce and all the three models could pro-
vide a good fitting with R2 higher than 0.95. The correlation 

Fig. 2. Proposed adsorption mechanisms for methylene blue by the metals modified N-doping mesoporous carbon from waste 
biomass.
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Fig. 3. Non-linear fitting of pseudo-first-order and pseudo-second-order model for methylene blue adsorption by modified MC 
((a) MC-Mn, (b) MC-Fe and (c) MC-Fe/Mn), and (d) linear fitting of Weber-Morris intraparticle diffusion model. (Conditions: 
T = 25°C, C0 = 572 mg/L, Mad = 0.5 g/L).

Table 5
Kinetic parameters for methylene blue by iron and manganese modified MC

Kinetic model Fitting parameter MC-Mn MC-Fe MC-Fe/Mn

Pseudo-first-order  
kinetics

qe,cal (mg/g) 958.3 906.4 964.3
K1 (min–1) 1.714 1.741 1.883
R2 0.953 0.965 0.982

Pseudo-second-order  
kinetics

qe,cal (mg/g) 1,030.5 958.3 1,002.9
K2 (g/(mg min)) 6.16 × 10–4 9.65 × 10–4 1.36 × 10–3

R2 1.000 1.000 1.000

Weber–Morris intraparticle  
diffusion model 

KWM1 (mg/g min0.5) 36.55 39.08 28.73
KWM2 (mg/g min0.5) 4.39 2.25 0.60
C1

755.1 712.12 810.22
C2

966.6 923.5 990.49
R1

2 0.980 0.996 0.922
R2

2 0.996 0.801 0.961
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coefficient R2 of the Langmuir model fitting was greater 
than 0.98 which was higher than those of other two mod-
els, indicating that the adsorption process of the three 
modi fied MC to MB could be mainly uniform monolayer 
adsorption [47]. The Langmuir model qe,cal was within 2,030–
2,248 mg/g, which was much higher than the experimental 
data (957–1,030 mg/g), indicating that more MB molecules 

might be adsorbed by optimizing experimental conditions. 
Meanwhile, the R2 of Temkin model was also higher than 
0.98, suggesting that metal-modified MC has some interac-
tion with MB molecules [48]. The n value was the reciprocal 
of slope computed from Freundlich at 1.846–1.940, which 
was greater than 1 and less than 10, indicating that metal- 
modified MC adsorbs MB easily [49,50].

Fig. 4. Non-linear fitting of Langmuir, Freundlich and Temkin model for methylene blue adsorption by modified MC ((a) MC-Mn, 
(b) MC-Fe and (c) MC-Fe/Mn). (Condition: T = 25°C, t = 60 min, Mad = 0.5 g/L).

Table 6
Isothermal adsorption parameters for methylene blue by iron and manganese modified MC at 25°C

Fitting parameter MC-Mn MC-Fe MC-Fe/Mn

Langmuir
qe,cal (mg/g) 2,248 2,030 2,115
KL (mL/mg) 0.0013 0.0014 0.0014
R2 0.988 0.996 0.992

Freundlich
KF ((mg/g)/(L/mg)1/n) 28.1 32.0 32.3
n 1.846 1.940 1.925
R2 0.965 0.961 0.953

Temkin
A (L/mg) 0.013 0.014  0.014
B (J/mol) 5.116 5.519 5.271
R2 0.989 0.998 0.994



217Y. Chen et al. / Desalination and Water Treatment 169 (2019) 209–221

Table 7 shows the comparison of adsorption capacity of 
MB and pore structure onto different adsorbents. Compared 
with other adsorbents, the MCs in this study had a higher 
SBET at about 1,200 m2/g, and the mesopore ratio was rela-
tively higher at around 90%. In addition, their average pore 
diameter was small relatively, and thus their adsorption of 
MB was much higher than the other adsorbents. The rich 
pores could be attributed to phosphoric acid as the activation 
agent, which react with carbon to form pores (mainly meso-
pores) during heating process [20].

As shown in Table 7, activated carbon (AC1/ Raw-AC2/
Raw-AC3/AC4) modified by metals (Fe/Ce/Mn) tends to 
damage and block pore structure, which would reduce the 
SBET and Vtot, and thus affect the adsorption performance 
for MB. However, we modified MC with Fe/Mn by nitro-
gen-doped assistance still have high SBET and Vtot compared 
with MC (Table 1). This indicates that the nitrogen-containing 
functional groups of MC could complex with metal ions to 
increase the dispersion of metal particles and reduce the 
damage to the MC structure. As a result, the original meso-
porous structure was maintained largely. Meanwhile, the intro-
duction of metal causes the change of the oxygen- containing 
functional group (–O–CH3 and C=O) on the surface of MC 
(Fig. S5), which was conducive to the adsorption of MB, so 
that the adsorption performance of MB was significantly 
improved.

4. Conclusions

The results showed that mesopore structure and nitro-
gen doping could facilitate uniform dispersion of the metals 
on carbon, resulting in the unchange of pore structure after 
metals modification. The introduction of Fe might promote 
the formation of –O–CH3, while Mn might have an effect 
on the formation of C=O functional groups, which would 
be beneficial for the adsorption of MB. The MB adsorption 
performance of modified MC increased evidently from 854 
to 1,030 mg/g. This could be attributed to unchanged meso-
porous structure and change of surface chemistry properties 
through the introduction of metals. The Langmuir model 

and pseudo-second-order kinetics were more suitable for 
describing the adsorption of MB by modified MC, which 
are mainly uniform monolayer adsorption. The adsorption 
process was controlled by chemical adsorption, and the met-
al-modified MC had some interaction with MB molecules. 
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Fig. S1. SEM images of iron and manganese modified MC ((a) MC, (b) MC-Fe, (c) MC-Mn, (d) MC-Fe/Mn).
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Fig. S2. Nitrogen adsorption/desorption isotherms of iron and manganese modified MC.

Fig. S3. XPS wide scan spectrum of iron and manganese mod-
ified MC.

Fig. S4. N 1s spectrum of blank MC.
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Fig. S5. FTIR of iron and manganese modified MC.

Fig. S6. C 1s spectrum of iron and manganese modified MC.
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