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A B S T R A C T   

This study investigates an easy synthesis method of magnetic activated carbon (Fe3O4/AC) composites by ul-
trasonic mechanical blending of Fe3O4 particles and activated carbon (AC) powder at different mass ratios. The 
materials with the best performance were characterized by scanning electron microscope (SEM), energy 
dispersive spectroscopy (EDS), X-ray powder diffraction (XRD), specific surface and porosity analyzer (BET), 
hysteresis loop meter (VSM), thermogravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS). The as- 
prepared Fe3O4/AC was used to remove the contaminant methylene blue (MB) from solution. The effects of 
initial solution pH, material dosage, and temperature on MB removal were studied. A series of batch experiments 
demonstrated that the Fe3O4/AC with a mass ratio of Fe3O4 to AC = 1:5 showed a higher adsorption capacity of 
251.3 ± 2.0 mg/g at 20 ◦C and pH = 6.5. Isotherm and kinetic studies indicated that the MB adsorption onto 
Fe3O4/AC was exothermic in a chemical monolayer adsorption process. The purification mechanism of Fe3O4/AC 
was investigated, FT-IR results showed that MB molecules adhered to Fe3O4/AC after purification. From the 
results of XPS full spectrum and high resolution spectrum, the possible purification mechanism is inferred as 
follows: electronic transfer between =N+ in MB and C––O/C─O in Fe3O4/AC, as well as π-π interaction between 
the skeleton sheet of Fe3O4/AC and aromatic ring of MB. This study provides the theoretical reference and 
experimental basis for recovery and utilization of easily-obtained Fe3O4/AC to remove MB from wastewater.   

1. Introduction 

With the development of modern society, global water security is 
facing great challenges. More than 80 % of industrial wastewater con-
taining pollutants is discharged into the environment without treatment 
[1]. The sources of Methylene Blue (MB) are primarily industrial pro-
cesses where they are synthesized and then used as colorants or addi-
tives. Improper handling and disposal of MB-containing waste can lead 
to environmental contamination, especially in water. However, the 
occurrence of MB in environmental waters has gained increasingly 
attention as it is recalcitrant in nature and toxic which presents a risk to 
non-target organisms and the wider environment [2]. MB can cause eye 
burns, methemoglobinemia, cyanosis, convulsions, tachycardia, respi-
ratory distress, skin irritation, and in more serious cases, gastrointestinal 
irritation, diarrhea, nausea, and vomiting in humans and animals [3], 
and it has been classified as one of the important pollutants. The 
dye-contaminated water can significantly affect aquatic life as well as 
human health even in small concentrations [4]. 

Wastewater treatment methods are generally divided into three 
categories: biological, chemical and physical methods. Physical methods 
mainly include adsorption, precipitation, filtration, membrane separa-
tion, ultrasonic gas vibration method, etc. Chemical methods mainly 
include advanced oxidation processes [5], electrochemical method. 
Adsorption is adsorption is a more mature, low-cost, easy to operate, 
widely applicable method, and the process is considered to be an effi-
cient and inexpensive wastewater treatment method. Various removal 
strategies have been reported for MB in wastewater, including several 
physical removal methods, such as Perlite@GO, Bentonite SDBS-loaded 
composite, hydroxyapatite nanoparticles and corn husk waste [6–9]. 
Activated carbon (AC) had wide sources, low preparation cost and su-
perior adsorption performance, which can be prepared from fruit shells, 
wood, waste straw, dead leaves, etc. Activated carbon has a rich pore 
structure. The mesoporous structure has been widely used for MB 
removal by providing a larger specific surface area, suitable pore size 
distribution and good pore connectivity [10–12], which positively af-
fects adsorption. However, research has also shown that it is difficult to 
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separate AC from the solution after MB removal, and this has the po-
tential to lead to secondary water pollution [13]. Magnetic composites 
are easy to separate from water after purifying dyes, so more magnetic 
adsorbents are used to treat dyes in printing and dyeing wastewater 
[14]. However, some magnetic materials are complicated to prepare, 
costly, or the adsorption capacity needs to be further improved, which 
limits their application. Therefore, exploring magnetic nanomaterials 
that are cheap, easy to obtain and easy to recycle has become a hot 
research topic. The combination of Fe3O4 nanoparticles and AC mate-
rials can effectively solve the problem and therefore, magnetic AC ma-
terials have gained increasing attention as a potential removal strategy 
for dye removal [15]. For example, a Xanthate functionalized magnetic 
activated carbon composite showed good removal capacity for several 
dyes, including MB [16]. Synthesized magnetic MgAl2O4-AC has also 
been shown to be an effective nano-photocatalyst for MB [17] as well as 
pineapple crown leaf heated at 500◦C in reduced air conditions and 
converted to magnetic AC which has been shown to be efficient in the 
removal of methyl violet dyes[18]. Comparatively, the cobalt based 
metal organic framework supported on the magnetic ACs showed a 
maximum adsorption capacity of 112.3 mg/g for methylene blue [19]. 
These magnetic AC composites have the advantage of easy magnetic 
separation after dye removal. However, the laboratory preparation steps 
of the aforementioned adsorbents are highly demanding, and coupled 
with high material costs and environmental implications of the organic 
reagents as raw materials [20]. Therefore, it is important to develop an 
easier method to prepare magnetic activated carbon with low cost and 
energy requirements to meet the widespread need for effective dye 
removal [21]. 

Accordingly, an economic adsorbent for MB removal was synthe-
sized and tested to understand its removal capacity of the cationic dye in 
solution. Short-term ultrasonic mechanical blending of commercial 
Fe3O4 nanoparticles (10–50 nm) and commercial AC with definite ratio 
in ethanol solution was used to prepare Fe3O4/AC composites. The 
materials with the best performance were characterized by scanning 
electron microscope (SEM), energy dispersive spectroscopy (EDS), X-ray 
powder diffraction (XRD), specific surface and porosity analyzer (BET), 
hysteresis loop meter (VSM), thermogravimetric analysis (TGA), X-ray 
photoelectron spectroscopy (XPS). The effects of dosage, adsorption 
time, initial concentration, temperature, and pH on the adsorption ca-
pacity of the Fe3O4/AC composites were systematically investigated. 
The adsorption kinetic and isotherm data in the removal process were 
modeled in detail and the interactions between the Fe3O4/AC and MB 
were further analyzed by FT-IR and XPS. To demonstrate the sustain-
ability of this approach the stability and potential to recycle the Fe3O4/ 
AC composites after MB removal was also assessed. In this study, a new 
type of magnetic activated carbon with excellent magnetic recovery was 
prepared in one step by a simple ultrasonic mechanical mixing the 
relative proportion of magnetic components and activated carbon. The 
economical magnetic activated carbon can be applied to purify methy-
lene blue from wastewater. 

2. Materials and methods 

2.1. Materials and reagents 

Commercial Fe3O4 nanoparticles with a diameter of 10–50 nm and 
commercial AC were purchased from Tianjin Seedior Company. Sodium 
hydroxide, methylene blue (MB), ethanol, hydrochloric acid were pur-
chased from Shanghai Sinopharm Chemical Reagent Co, Ltd. (China). 
All the above reagents were analytical pure. Fig. S1 shows the chemical 
structure of MB. 

2.2. Preparation of Fe3O4/AC composites 

Five types of Fe3O4/AC composites with different mass ratios were 
prepared (1:3, 1:4, 1:5, 1:6, and 1:8; magnetic particles: activated 

carbon). Firstly, different doses of Fe3O4, 2.0 g AC powder, and 10 mL 
ethanol were added to 90 mL deionized water. Ultrasound stirring was 
used to blend this mixture for 30 min at room temperature and followed 
by magnetic separation which was used to obtain a black-colored solid 
product. Finally, the as-prepared magnetic Fe3O4/AC was thoroughly 
washed with deionized water and ethanol, and then dried at 50 ◦C for 
3 h. 

2.3. Instrument 

The pH values of solutions were measured by a pH-meter (PHS-3 C, 
Jingke, Shanghai). The morphology of Fe3O4/AC was observed by SEM 
(Field Emission Scanning electron microscopy, Phenom Pro, 
Netherlands). The phase structures of the materials were studied by X- 
ray diffraction patterns (Miniflex600, Rigaku, Japan). The physical 
property measurement system was used to investigate the magnetic 
performance of Fe3O4/AC (Model-7404, Lake Shore, USA). The specific 
surface area of Fe3O4/AC was measured via Brunauer-Emmett-Teller 
(BET) while the microporous volume (Vmicro) was obtained via t-plot 
method. Thermal gravimetric analysis (TGA, NETZSCH STA 449F3) was 
performed in an inert dynamic atmosphere at a constant rate of 20 ◦C/ 
min from 30 ◦C to 1000 ◦C. The corresponding zeta potential (ZP) values 
of the materials were measured via a ZP analyzer (Malvern, Nano ZS, 
England). The dye concentrations were determined via an ultraviolet 
spectrophotometer (UV1800, Shimadzu, Japan). Fourier transform 
infrared (FTIR, Nicolet iS5, Thermo, USA) spectra with a scanning range 
from 400 to 4000 cm− 1 at room temperature were recorded by using the 
KBr pellet method to study the functional groups of Fe3O4/AC before 
and after dye adsorption. X ray photo-electron spectroscopy (XPS) was 
conducted over a Thermo Scientific K-Alpha instrument. All XPS spectra 
have been calibrated by using the binding energy of C 1 s (284.8 eV) as 
the reference. 

2.4. Adsorption experiments 

MB was dissolved in deionized water to prepare a stock solution 
(initial MB concentration: 200 mg/L). To test the efficacy of MB removal 
from solution, 0.1 g Fe3O4/AC was added to 100 mL of dye solution 
(200 mg/L) in a beaker and stirred continuously with a machine. 
Experimental parameters including contact time (0–60 min), initial pH 
(5− 11) of the dye solution, and temperature (5–45◦C) were varied to 
test the effect of different experimental conditions on MB removal. So-
lution pH was adjusted using 0.1 M HCl or NaOH solutions to obtain the 
desired pH values. A required amount of Fe3O4/AC (0.02 g, 0.05 g, 0.1 g, 
0.15 g, 0.2 g, or 0.5 g) was added to the synthetic MB solution (initial MB 
concentration: 200 mg/L reaction time: 60 min; solution volume: 
100 mL; solution pH: 6.5; temperature: 25 ◦C) to evaluate the effect of 
adsorbent dosage. Different concentrations (50–500 mg/L) of MB solu-
tion were used to study the adsorption isotherm by 0.1 g Fe3O4/AC after 
60 min at pH 6.5 and 25 ◦C. Adsorption tests were performed at 0.1 g 
Fe3O4/AC with three repetitions and the mean value of data was re-
ported [22]. 

After each adsorption experiment, Fe3O4/AC was separated from the 
aqueous solution by a small neodymium magnet (diameter of 50 mm, 
thickness of 5 mm). A 4 mL aliquot of the residual solution was sampled 
by a pipette, and the residual concentration of MB in the sampled so-
lution analyzed by a UV-Vis spectrophotometer at 664 nm. The 
adsorption amount was calculated using the difference in the dye con-
centration in the aqueous solution before and after adsorption: 

qe =
(C0 − Ce)V

m
(1)  

where qe is the equilibrium concentration of dye on the adsorbent (mg/ 
g); C0 and Ce are the initial and equilibrium concentrations of dye so-
lutions (mg/L), respectively; V is the volume of dye solution (L); and m is 

N. Qin et al.                                                                                                                                                                                                                                      



Next Sustainability 4 (2024) 100057

3

the weight of the adsorbent (g) used. 

2.5. Stability and reusability 

The chemical stability of the Fe3O4/AC composite at different solu-
tion pH values of 5–11 was also investigated. Following one adsorption 
experiment, the Fe3O4/AC composite was also removed washed with 
ethanol and distilled water, dried at 60 ◦C for 6 h, and then weighed 
before being reused under the same exposure conditions to test reus-
ability of the technique. All experiments were duplicated. Furthermore, 
the application of Fe3O4/AC for removing MB from natural water sam-
ples was tested. 

3. Results and discussion 

3.1. Characterization of Fe3O4/AC composites 

Fig. 1 shows the SEM image and EDS results of the prepared Fe3O4/ 
AC. In Fig. 1a, the surface of AC is rough and porous, which is favorable 
for adsorption. And there are also many clusters of polymers on the 
surface of AC [23], indicating that Fe3O4 may be successfully loaded 
onto the surface of activated carbon. It can be seen that those clusters 
consisted of irregular Fe3O4 nanoparticles with an average particle size 
of 100–800 nm. Fig. 1b is the SEM image of Fe3O4/AC after adsorption, 
there is no obvious change compared with that before adsorption. This is 
consistent with the particle size distribution result of the range of 

Fig. 1. (a) SEM image of Fe3O4/AC; (b) SEM image of Fe3O4/AC after the adsorption process; corresponding element mapping of (c) C (d) O, and (e) Fe in Fe3O4/AC, 
(f) EDS results. 
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200–600 nm (Fig. S2). As shown in the element mapping, C, O and Fe 
were observed and evenly distributed in the mesoporous structure of 
Fe3O4/AC. The presence of Fe in Fig. 1f (with an atomic content of 
6.11 %) ensured the magnetic property of the Fe3O4/AC composites.  
Fig. 2a shows the XRD results of Fe3O4/AC compared with pure Fe3O4 
and AC. The 2θ = 44.5◦ peak in Fe3O4/AC can be ascribed to corre-
sponded to (221) of AC. The characteristic peaks at 2θ = 35.5◦, 37.1◦, 
57.3◦, and 62.9◦ in Fe3O4/AC match with diffraction planes of (220), 
(311), (511), and (440) in XRD patterns of Fe3O4[24], respectively. As 
shown in Fig. 2b, the maximum value of saturation magnetization of 
Fe3O4/AC was 20.67 emu/g, which lead to the rapid magnetic separa-
tion (30 seconds) by a magnet, as indicated in the inset picture. In 
addition, Fe3O4/AC did not show any coercivity (Hc) or magnetization 
remanence (Mr), suggesting that the material is superparamagnetic and 
that it can be effectively separated from solution by an external mag-
netic field [25]. The N2 adsorption-desorption isotherms and pore size 
distribution (PSD) curves of Fe3O4/AC are shown in Fig. 2c. It can be 
obtained that the Fe3O4/AC composites appear as typical type IV 
adsorption isotherms [26]. The specific surface area measured using BET 
analysis was 420.36 m2/g with mesoporous structure, and the total pore 
volume was 0.496 cm3/g. The average pore diameter was calculated to 
be 4.77 nm according to the pore distribution. According to the latest 
IUPAC classification, the hysteresis loop in this absorption-desorption 
isotherm corresponds to type H3. There is no obvious saturation 
adsorption platform in the H3 hysteresis isotherm, which indicates that 
the mesoporous structure is very irregular [27]. The TGA analysis of 
Fe3O4/AC was investigated and presented in Fig. 2d. The thermal gram 
of Fe3O4/AC gave three regions of weight loss. The first weight loss was 
may be due to the evaporation of water or alcohol from Fe3O4/AC. The 
second weight loss can be attributed to the breakdown of organic 

compounds in the AC and their conversion into gas. Finally, the degra-
dation of unstable structure of Fe3O4/AC may result in the third weight 
loss [28]. The chemical stability of Fe3O4/AC in different pH solutions 
was also investigated (shown in Fig. S3). The weight loss of Fe3O4/AC in 
the pH range of 5–11 was less than 10 %, indicating that they can be 
stable in most solutions and demonstrating their potential to remove 
contaminant dyes across a wide pH range of environmental media. 

3.2. Removal properties of materials for MB solution 

3.2.1. Dye adsorption abilities of Fe3O4/AC with different magnetic content 
The addition of Fe3O4 to AC plays an important role in magnetic 

separation of AC from solution after dye removal to avoid potential 
secondary pollution in the water system. In addition, Fe3O4/AC 
exhibited better hydrophilicity performance than pure AC composites 
(inner picture in Fig. 3a), which may enhance the contact of AC with 
dyes in solution. However, there is the potential that the Fe3O4 nano-
particles may block some of the mesopores in AC, which would lead to a 
decreased removal ability. Therefore, different magnetic content of 
Fe3O4 was incorporated into AC to better understand the influence of the 
Fe3O4 nanoparticles on MB removal (Fig. 3b). Notably, the Fe3O4/AC 
composites with Fe3O4 to AC (mass ratio) = 1:5 showed a high 
adsorption capacity of 136 mg/g within 60 min. Therefore, subsequent 
experiments focused on Fe3O4/AC with the mass ratio of 1:5. 

The impact of changing pH on adsorption capacity was examined 
and is presented in Fig. 4a. With the increase of pH from 5 to 7, the 
removal percent of MB dye increased slightly with the highest capacity 
of MB removal (150 mg/g) obtained at pH 6–7, indicating the suitability 
in treating natural waters. MB can be present in aqueous solutions as 
cationic species (MB+) and as undissociated molecules (MB0), however 

Fig. 2. (a) XRD patterns of Fe3O4, AC and Fe3O4/AC; (b) magnetic result; (c) BET result and (d) TGA curves of Fe3O4/AC.  
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MB+ is practically the only species present in solution at pH > 6 [29]. 
The zeta potential of the Fe3O4/AC composite at various pH values is 
illustrated in Fig. S4. The pH at point of zero charge (pHPZC) is 6.5. It 
demonstrates that at pH > pHPZC (6.5), the negative charge on the 

surface of the Fe3O4/AC may be suitable to adsorb cationic dyes. 
However, at pH＜6, excess H ions compete with cations on the dye for 
adsorption sites [30]; at pH > 7, the hydroxide of solution can compete 
with negatively charged Fe3O4/AC, to attract cationic dye molecules, 

Fig. 3. (a) The adsorption capacity of Fe3O4, AC and Fe3O4/AC for MB solution (C0 = 200 mg/L, dosage = 1.0 g/L, 25 ◦C, 60 min, and pH = 6.5) (inset: water 
solubility of AC and Fe3O4/AC). (b) The adsorption capacity of Fe3O4 with AC at different ratios for MB (C0 = 200 mg/L, dosage = 1.0 g/L, 25 ◦C, and pH = 6.5). 

Fig. 4. Removal effects of MB solution by Fe3O4/AC at different (a) initial pH (C0 = 200 mg/L, 60 min, dosage = 0.1 g/L, 25℃); (b) adsorbent dosage (C0 = 200 mg/ 
L, 60 min, pH = 6.5, 25℃); (c) temperature values (C0 = 200 mg/L, 60 min, dosage = 0.1 g/L, pH = 6.5); (d) Van’t Hoff plots for the adsorption of MB onto 
Fe3O4/AC. 
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leading to the decreased adsorption capacity of Fe3O4/AC. Therefore, a 
pH of 6.5 was fixed to investigate the adsorption of MB in the following 
experiments. 

Different Fe3O4/AC dosages (0.020 g, 0.050 g, 0.100 g, 0.150 g, 
0.200 g and 0.500 g) were added into MB solution and examined to 
understand how concentration of the magnetic adsorbent can influence 
MB removal capacity (showed in Fig. 4b). The appearance of exponen-
tially decreasing curve implied the decreased amount of dye (per unit 
weight of adsorbent) with the increase of adsorbent dosage, resulting in 
a prominent decrease in adsorption capacity [31]. This can be explained 
by the fact that when the surface of Fe3O4/AC is saturated with dye 
molecules, by increasing the adsorbent dose in the solution, adsorptive 
sites that require higher energy to adsorb pollutants would not be in 
contact with dye molecules, resulting in reduced adsorption capacity. 
Thus, a dosage of 0.1 g/L adsorbent was selected to be the standard 
dosage in the following experiments. 

The uptake capacity of Fe3O4/AC for MB in the result of temperature 
ranging from 5 ℃ to 45 ℃ was shown in Fig. 4c. At the low temperature 
less than 15℃, both Fe3O4/AC and MB need more energy to start the 
molecular motion, leading to the slightly lower adsorption capacity. The 
high capacity of 153.560 mg/g was obtained at 25 ◦C. Clean water after 
adsorption and easy magnetic separation of Fe3O4/AC were observed 
(inner picture in Fig. 4c). After 25 ℃, the adsorption capacity decreases 
slightly with the increase of temperature, indicating that the adsorption 
process may be an exothermic process. This is beneficial and supports 
the practical application of this technology in natural environments such 
as rivers, as no further energy is needed to initiate the adsorption pro-
cess. Therefore, the following studies for MB adsorption were carried out 
at room temperature (approximately 25 ◦C) without energy application. 

To further determine the effect of temperature on MB adsorption by 
Fe3O4/AC, the values of ln (qe/Ce) at 25 ◦C, 35 ◦C, 40 ◦C, and 45 ◦C were 
treated according to Van’ t Hoff equation [32] 

ln
qe

Ce
= −

ΔH
RT

+
ΔS
R

(2)  

where R is the universal gas constant (8.314 J/mol/K) and T is the ab-
solute temperature (in Kelvin). Plotting ln(qe/Ce) against 1/T gives a 
straight line (y = 1.18x - 2.78) with slope and intercept equal to -ΔH/R 
and ΔS/R, respectively, as described in Fig. 4d. The negative value of ΔH 
(shown in Table S1, − 9.81±0.56) shows the exothermic nature of this 
adsorption process, implying that the adsorption is more favorable at 
comparatively low temperatures [33]. 

In addition, the negative entropy value (ΔS, − 23.11±1.34 J/mol/K) 
indicates that the randomness of the solid-solute interface is reduced by 

the formation of an activated complex, which reflects the affinity of the 
Fe3O4/AC for MB dye [34]. Gibbs free energy of adsorption (ΔG) was 
calculated from the following equation: 

ΔG = ΔH − TΔS (3) 

The negative values of ΔG (-2.46 ~ − 2.92 kJ/mol) in Table S1 show 
the spontaneous nature of the binding process at 25 ◦C, 35 ◦C, 40 ◦C, and 
45 ◦C [35]. 

3.2.2. Adsorption kinetics 
To investigate the adsorption kinetics of the prepared Fe3O4/AC 

composite, pseudo-first-order (Fig. S5), pseudo-second-order (Fig. S6), 
intra-particle diffusion (Fig. S7) and liquid film diffusion (Fig. S8) ki-
netic models were used to evaluate the adsorption kinetic data of Fe3O4/ 
AC toward MB (Fig. 5). The adsorption rate is assumed according to 
these different models [36]. A chemical adsorption mechanism 
including electron sharing or electron transfer between adsorbent and 
adsorbate controls the process of adsorption for pseudo-second-order 
kinetic model [37]. Intra particle diffusion mechanism can be identi-
fied by the intra particle diffusion model, which can explore how 
diffusion resistance affects the adsorption process. The last kinetic 
model is liquid film diffusion model, which assumes that the adsorbate 
molecule flows through a liquid film surrounding the adsorbent. This 
step is considered to be the rate-controlling step in the adsorption pro-
cess [38]. The equations of the four models are as follows. 

The pseudo-first-order kinetic equation [39]: 

ln(qe − qt) = ln qe − k1t (4) 

The pseudo-second-order kinetic model [40]: 

t
qt

=
1

k2q2
e
+

t
qe

(5) 

The intra-particle diffusion model [41]: 

qt = kidt0.5 +C (6) 

The liquid film diffusion model [42]: 

− ln(1 − F) = kFt+C (7)  

F =
qt

qe
(8)  

where qe (mg/g) is the adsorption capacity at equilibrium. qt (mg/g) is 
the adsorption amount at time t (min). k1 (g/mg min) is the rate constant 
of pseudo-first-order. k2 (g/mg min) is the rate constant of pseudo- 

Fig. 5. (a) Adsorption dependency between Ce and qe of MB onto Fe3O4/AC (dosage = 1.0 g/L, 60 min, 25 ℃, and pH = 6.5); (b) Linear fitting curves of Langmuir 
model of Fe3O4/AC (dosage = 1.0 g/L, 60 min, 25 ◦C, and pH = 6.5). 
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second-order. kid (mg/g min0.5) and kF (min− 1) are the rate constant of 
intra-particle diffusion and liquid film diffusion, respectively. C (mg/g) 
is intercept of intra-particle diffusion and liquid film diffusion. The 
values of correlation coefficients (R2) and other relative parameters 
were calculated from each model presented in Table 1 and Table S2. The 
value of R2 is used to check the reliability of each model. The value of R2 

calculated from pseudo-second-order (PSO) model is higher than that of 
pseudo-first-older model. The adopting of the kinetic behavior of the 
adsorption process from the PSO model shows that the adsorption of MB 
is chemical, electrostatic, and chelate surface adsorption, and the re-
actions on the surface may be limit the speed of the process and govern 
the adsorption mechanism of MB[43]. Moreover, the calculated value of 
equilibrium adsorption capacity obtained from the pseudo-second-order 
kinetic equation is 251.300 mg/g, and implied that the adsorption ca-
pacity of Fe3O4/AC to MB was viable. 

Fig. S7 shows the plot of intra-particle diffusion model for MB pre-
senting a multi-linear relationship of which the adsorption process can 
be divided into three stages [41,42]. The first step is the immediate 
diffusion process. In this step, a large amount of MB dye was adsorbed 
from aqueous solution to Fe3O4/AC surface immediately since there 
were a large number of free adsorption sites on the materials. As a result, 
the rate constant (kid.1) of this step was the highest. The second step was 
the intra-particle diffusion. In this step, MB molecules diffused into the 
internal pores of Fe3O4/AC when the adsorption sites of exterior surface 
reached saturation, leading to a moderate decreased diffusion rate of 
kid.2 due to the increased resistance. The last step was equilibrium stage. 
In this step, there were few adsorption sites left on the materials and low 
residual concentration of MB in solution, leading to the rate constant 
(kid.3) close to zero. Therefore, the first step and the second step were the 
rate-determining and rate-influencing steps in the adsorption process of 
MB by Fe3O4/AC. Notably, all the values of C referring to the boundary 
layer thickness were not equal to zero as shown in Table 1, implying that 
intra-particle diffusion was not the only rate-control mechanism in the 
process of adsorption [42,44]. As shown in Fig. S7 and Fig. S8, the 
calculated values of R2 from the intra-particle model and liquid film 
diffusion model were both appropriate, suggesting that these two types 
of diffusion processes controlled the rate of dye adsorption onto our 
synthesized materials individually and collectively. Moreover, these two 
diffusion models ensure the adsorption procedure properly fits with 
pseudo-second-order kinetics [45]. 

The activation energy of MB adsorption onto Fe3O4/AC was calcu-
lated using the rate constant of pseudo-second order kinetic (k2) values 
at 288, 298, 308 and 318 K as specified by the Arrhenius relation 
equation in the following: 

ln k2 =
Ea

R

(
1
T

)

+ constant (9) 

Where Ea is the activation energy in kJ/mol. The Ea value was esti-
mated from the slope of the Arrhenius plot of lnk2 versus 1/T. The Ea 
values between 5 and 40 kJ/mol assume physisorption whereas larger 
Ea values between 40 and 800 kJ/mol indicates chemisorption [42]. As 
shown in Table 2, the calculated value of Ea from the slope depicted in 
Fig. S9 was 20.550 kJ/mol. The activation energy data assumes that the 
removal process is primarily physisorption (non-specific adsorption) 
rather than chemisorption [46]. This may be beneficial for Fe3O4/AC to 
be easily reclaimed and reused. 

3.2.3. Adsorption isotherm 
The interactive behavior between adsorbate and adsorbent can be 

described by adsorption isotherm. The relationship between Ce and qe of 
MB adsorbed onto Fe3O4/AC was presented in Fig. 5a. The isotherm is I- 
type, revealing that the synthetic Fe3O4/AC composites have high af-
finity to MB molecules. In the range of low concentration, the values of 
qe for MB increased linearly when the initial concentrations increased. 
However, when the concentration increased to a certain value, there 
were not sufficient vacant adsorption sites on Fe3O4/AC for excess MB 
molecules, which lead to the retarding of the linear growth [44]. 
Langmuir model, Freundlich model and Temkin model were used to 
further investigate the adsorption as expressed by the following Eqs. 
10–12. 

Langmuir isotherm model [28] 

Ce

qe
=

1
KLqm

+
Ce

qm
(10) 

Freundlich isotherm model [47] 

log qe =
1
n

log Ce + log KF (11) 

Temkin isotherm model [48] 

qe = B1 ln KT +B1 ln Ce (12)  

where Ce (mg/L) is the equilibrium concentration of dye solution. qm 
(mg/g) is the maximum adsorption capacity. KL (L/mg) is the equilib-
rium adsorption constant for Langmuir isotherm model. KF (L/mg) is 
related to the magnitude of adsorption driving force for Freundlich 
isotherm model. 1/n implies the degree of nonlinearity between solution 
concentration and adsorption [48]. KT (L/mg) is the equilibrium binding 
constant corresponding to the maximum binding energy for Temkin 
isotherm model. Constant B1 is related to the heat of adsorption. 

The experimental data and non-linear fitting curves of these models 
were depicted in Fig. 5b, Fig. S9 and Fig. S10, and the corresponding 
parameters were listed in Table 3. Results show, the Langmuir model 
was more suitable than other models to fit the experimental data due to 
the high R2 value. Therefore, the adsorption of MB may occur at specific 
adsorption sites forming monolayer adsorption on the homogeneous 
surface [49]. In addition, adsorbed MB molecules have no interaction 
between each other and the binding sites on the materials have the same 
affinity for MB. The maximum adsorption capacity of Fe3O4/AC in this 
work was calculated from the Langmuir model and shown in Table 3. 
Interestingly, the calculated capacity of 251.300 mg/g for Fe3O4/AC is 
higher than some previous reports for MB removal (Table 4). 

The results of isothermal, kinetic and thermodynamic studies indi-
cate that chemical interactions and physical bonding are established 
during the adsorption of MB by Fe3O4. In other words, chemisorption 

Table 1 
Kinetic parameters for removing MB by Fe3O4/AC.  

Adsorbent intra-particle diffusion liquid film diffusion 

kid (mg/g min0.5) C (mg/g) R2 kF (min− 1) C R2  

kid.1 kid.2 kid.3 C1 C2 C3 R1
2 R2

2 R3
2  0.041  1.580  0.940 

Fe3O4/AC 7.220 4.730 1.470 111.500 122.060 143.280 0.980 0.843 0.843  

Table 2 
Pseudo-second-order kinetic parameters at 288, 298, 308 and 318 K for 
removing MB by Fe3O4/AC.  

Temperature (K) pseudo-second-order Ea (kJ/mol) 

k2(g/(mg⋅min)) qe (mg/g) R2  

288  0.007  141.000  0.999  20.550  
298  0.006  251.300 0.999  
308  0.004  150.800 0.999  
318  0.003  148.100 0.999  
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and physisorption act simultaneously through various mechanisms such 
as electrostatic interactions, ion exchange, pore saturation and surface 
complexation in the adsorptive removal of MB [56]. 

3.3. Mechanism of removal 

Fig. 6 present the FT-IR spectrum of pure MB, dye-free and dye- 
adsorbed of synthetic Fe3O4/AC. For MB, the spectrum showed peaks 
at 892 cm− 1, 1498 cm− 1, 1627 cm− 1 and 2270 cm− 1 corresponding to 
the C─H (out-of-plane bend in aromatic rings) [57], the aromatic rings 
(C––C), C––N [58] and the C─H distortion tensile vibration of MB [59], 
respectively. For Fe3O4/AC, the spectra showed the peak at 767 cm− 1, 
1363 cm− 1 and 1598 cm− 1 corresponding to the Fe─O stretching vi-
bration peak, existence of asymmetric stretching vibration of C─O 
groups [60] and C––C or C––O groups [61] of Fe3O4/AC [62], respec-
tively. These characteristic peaks of Fe3O4/AC have no obvious changes 
before and after adsorption. However, there is a new peak at 1627 cm− 1 

for C––N that appears in Fe3O4/AC after adsorption, indicating the ex-
istence of MB in the used Fe3O4/AC. 

To further study the mechanism of the adsorption process, the XPS 
spectra of survey and high-definition scans of the key elements on the 
surface of pristine and used Fe3O4/AC were obtained and shown in 
Fig. S11 and Fig. 7. It can be seen from Fig. S11 that the C, O, N and Fe 

were detected in pristine and used Fe3O4/AC. Especially, the N 1 s peak 
of Fe3O4/AC with MB loaded becomes relatively stronger than that of 
pristine Fe3O4/AC, which can be due to the appearance of adsorbed MB 
on the surface of reclaimed Fe3O4/AC. This result is consistent with FT- 
IR results. 

The deconvolution of C 1 s spectra in MB-loaded Fe3O4/AC produces 
three peaks as shown in Fig. 7b. The first peak is at 284.72 eV corre-
sponding to C─C/C––C species. The second peak is at 285.83 eV corre-
sponding to C─O species. The third peak is at 289.85 eV corresponding 
to C––O species [63]. In this spectrum, an obvious shift from 289.85 eV 
to 289.40 eV is also observed in the peak of C––O. And the peak of C─O 
also shows an insignificant shift from 285.83 eV to 285.61 eV, sug-
gesting the electronic transfer occurred in C––O/C─O of Fe3O4/AC. No 
obvious shift of C─C/C––C is observed. At the same time, the percentage 
of C─C/C––C peak in total peak of C 1 s descended from 57.92 % to 
44.56 % after adsorption which may be contributed to the π-π interac-
tion between the aromatic rings of MB and skeleton sheet (C─C/C––C) of 
Fe3O4/AC [64]. 

The high-resolution spectrums for Fe 2p of Fe3O4/AC before and 
after adsorption to MB are shown in Fig. S12 and Fig. S13, respectively. 
The core level spectra of Fe3O4 exhibit two broad peaks at about 
711.00 eV and 724.60 eV, which can be assigned for the Fe 2p3/2 and Fe 
2p1/2 spin orbit peaks of Fe3O4 [65], respectively. Compared with 
pristine Fe3O4/AC, there is no obvious change in the high-resolution 
scans of Fe 2p in Fe3O4/AC with MB loaded. Therefore, Fe3O4 in 
Fe3O4/AC presents weak contribution to the chemical bonding with MB, 
playing an important role in magnetic separation of Fe3O4/AC after dye 
removal, ensuring the easy recycle. 

Fig. 7c and d show the N 1 s spectra of Fe3O4/AC before and after 
removal. The peak of C─N at 400.30 eV [66] shifts to lower binding 
energy position at 399.80 eV and the peak area shows a respective 
growth after MB adsorption. Moreover, two newly appeared peaks 
(─N= at 397.06 eV, =N+ at 402.47 eV) are observed in Fe3O4/AC after 
MB adsorption. This result can be ascribed to the appearance of loaded 
MB [67]. It is notable that the peak of =N+ in MB shifts from 402.00 eV 
to 402.47 eV, implying that the electronic transfer occurred between the 
=N+ groups and electron obtained groups (C––O/C─O) of Fe3O4/AC 
[28,66]. 

For the O 1 s spectra in Fig. 7e, three peaks which are Fe─O at 
530.32 eV, C─O at 531.78 eV and C––O at 533.14 eV can be observed in 
pristine Fe3O4/AC. As shown in Fig. 7f, the peak of Fe─O has no sig-
nificant shift after MB removal. This result is consistent with the pre-
vious results in Fe 2p spectrum. The two shifts of C––O (from 533.14 eV 
to 532.62 eV) and C─O (from 531.78 eV to 531.52 eV) are observed 
after adsorption, suggesting the electronic transfer occurred between 
=N+ in MB and C––O/C─O in Fe3O4/AC [28,66]. 

According to the FT-IR and XPS spectra mentioned above, the 
mechanism of the efficient adsorption process might be primarily due to 
electronic transfer between =N+ in MB and C––O/C─O in Fe3O4/AC 
[28,66] as well as the π-π interaction between the skeleton sheet of 
Fe3O4/AC and aromatic ring of MB [64]. A possible adsorption mecha-
nism figure of Fe3O4/AC to MB is plotted in Fig. 8. 

3.4. Reuse of the adsorbent 

A small neodymium magnet was used to separate the Fe3O4/AC from 
the aqueous solution within 30 seconds. Then the obtained materials 
were washed with ethanol and distilled water for several times. After 

Table 3 
Isotherm parameters for removing MB by Fe3O4/AC.  

Adsorbent Langmuir Freundlich Temkin 

qm (mg/g) KL (L/mg) RL R2 KF((mg/g)/(mg/L)1/n) 1/n R2 KT (L/g) B1 R2 

Fe3O4/AC  251.300  0.110  0.035  0.988  91.620  0.181  0.964  117.230  22.810  0.930  

Table 4 
Comparison of Fe3O4/AC with other adsorbents for MB.  

Materials 
Materials 

qe (mg/g) References 

Magnetic rectorite/iron oxide  31.180 [50] 
Neem leaves activated carbon  132.520 [51] 
MWCNTs/Gly/β-CD  90.900 [52] 
PET carbon  33.400 [53] 
Ni0.5Zn0.5Fe2O4  47.700 [54] 
Fe3O4@GPTMS@Lys  134.000 [55] 
Fe3O4/AC  251.300 This paper  

Fig. 6. FT-IR spectra of MB, the Fe3O4/AC (Fe3O4: AC = 1:5) samples before 
and after the absorption (C0 = 200 mg/L, 25 ◦C, pH = 6.5, adsorbent = 1.0 g/ 
L, 60 min). 
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drying the materials at 60 ◦C for 6 h, the recycled composite was reused 
in another set of experiments conducted under the same conditions.  
Fig. 9a shows the adsorption capacities of Fe3O4/AC through five cycles. 
Notably, the adsorption capacity of Fe3O4/AC can also maintain at 
102.4 mg/g at the fifth cycle, indicating that Fe3O4/AC composites in 

this work have good reusability and stability for removing MB. 

3.5. Application in real water samples 

To imitate the removal of low concentration of MB from actual 

Fig. 7. The XPS spectra of C 1 s, N 1 s and O 1 s for Fe3O4/AC before and after adsorption.  

Fig. 8. Possible adsorption mechanism of MB onto Fe3O4/AC.  
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water, a high concentration of 200 mg/L for MB solution samples were 
obtained by mixing suitable MB with deionized water (pH 6.31), tap 
water (pH 7.64, Nanjing, China), lake water (pH 8.05, Xuanwu Lake, 
Nanjing, China), river water samples (pH 7.75, Qinhuai River, Nanjing, 
China) and the pond water (pH 8.20, Nanjing Agricultural University, 
Nanjing, China), respectively. The dosage of 0.1 g Fe3O4/AC was mixed 
with 100 mL of the above MB solution, which were used to investigate 
the actual application of Fe3O4/AC. As shown in Fig. 9b, the adsorption 
capacities of MB by Fe3O4/AC in actual water samples are all higher than 
110 mg/g, implying that the Fe3O4/AC composites not only show good 
removal capacity in a lab settings but also have the potential to remove 
MB from natural environmental waters. However, it cannot be ignored 
that the adsorption capacities of MB by Fe3O4/AC in lake water and 
pond water were lower, which may be contributed to the various 
competitive impurities and organic matters in these water samples. 

4. Conclusion 

In this work, the Fe3O4/AC composites with different magnetic 
content were synthesized by ultrasonic mechanical blending. The mass 
ratio of Fe3O4/AC=1:5 was chosen to conduct the dye removal experi-
ments, showing a high adsorption capacity of 251.3 ± 2.0 mg/g for MB 
at 20 ◦C and pH = 6.5 within 30 min. The adsorption process was 
chemical process, which was predicted by pseudo-second-order kinetics. 
Thermodynamic results showed the exothermic adsorption process. The 
purification mechanism of Fe3O4/AC was investigated, FT-IR results 
showed that MB molecules adhered to Fe3O4/AC after purification. 
According to the FT-IR and XPS results, the adsorption mechanism can 
be speculated to be the electronic transfer occurred between =N+ in MB 
and C––O/C─O in Fe3O4/AC as well as the π-π interaction between the 
skeleton sheet of Fe3O4/AC and aromatic ring of MB. And the material 
can be recycled for 5 times, the adsorption capacity is more than 
100 mg/g. The removal of MB from actual river water and tap water are 
effective, showing a good application prospect. 
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