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a b s t r a c t
Through coating the magnetic nano-MnFe2O4 onto the surface of Al2O3, a kind of magnetic com-
posite of nano-MnFe2O4/Al2O3 adsorbent was synthesized successfully and used for the copper 
ions removal from simulated wastewater. The composite was characterised using a vibrating sam-
ple magnetometer, scanning electron microscopy, X-ray powder diffraction, Fourier transform 
infrared spectroscopy, X-ray photoelectron spectroscopy, and a Brunauer–Emmett–Teller analy-
sis. At the same time, the response surface method was used to optimize the reaction parameters. 
Moreover, the studies of adsorption isotherms and kinetics indicated that the Cu2+ adsorption pro-
cess may be a multilayer chemical adsorption. It was worth noting that the increased concentration 
of F– favored the Cu2+ adsorption. Under the optimum conditions, when the initial concentration 
of Cu2+ was 20  mg/L and the adsorbent dosage was 0.20  g, the removal rate was 98.2%. In addi-
tion, after five cycles, the removal rate dropped only from 98.2% to 85.7%. This prepared magnetic 
adsorbent possessed excellent adsorption property and the characteristics of great reusability with 
quick solid-liquid separation from aqueous solution under external magnetic field added, which 
indicated its potential practical application for the Cu2+ removal from wastewater.
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1. Introduction

With the rapid industrialization of human society, the 
environmental problems caused by the emission of pollut-
ants have attracted more and more attention from research-
ers in the field of environment [1,2]. The component of 
contaminated wastewater varies very much according to its 
source, but the typical contaminations are dyes, phenolic 
and anilinic compounds, surfactants, heavy metals, anti-
biotics, and other aerobic substances [3–5]. However, the 
contamination due to heavy metals, which are derived from 

mining, battery industry, metal processing, and machin-
ery manufacturing, is a focus of worldwide environmental 
problem due to its persistent toxicity and nonbiodegrad-
ability in the environment [6]. Furthermore, heavy met-
als are prone to accumulate in the living organisms, and 
may lead to irreversible diseases, such as cancer, central 
nervous and brain damage, etc. [7]. 

Copper, the most widely and first used heavy metals, 
has been reported to be used to manufacture weapons and 
multifarious implements as well as other utensils in the 
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prehistoric age, which reached its applied heyday in the 
Shang Dynasty in China. Nowadays, owing to the excellent 
electrical conductivity of copper, it is more preferred to be 
used in the electrical industry [8]. For human body, copper 
element plays a vital role in the processing of metalloen-
zymes such as cytochrome oxidase, superoxide dismutase, 
and tyrosinase [9]. Nevertheless, excessive intake of food 
easily accumulated with copper, such as liver, shellfish, 
mushrooms, nuts, and chocolate, as well as long-term expo-
sure to the drinking water contained copper even at trace 
level, would cause neurotoxicity, jaundice, and liver toxic-
ity [10]. Accordingly, removal of copper from water with a 
cost-effective and efficient method should be considered as 
an urgent issue, which is to be solved.

The application of adsorption for the removal of heavy 
metals has received considerable attention all the time. 
Comparing with other techniques, such as solvent extraction 
separation [11], membrane [12], chemical precipitation [13], 
ion exchange [14], electrochemistry [15], microbial biotech-
nology [16], adsorption is the most widely applied one for 
the removal of heavy metals due to its lower operation 
cost, higher selectivity, greater recovery efficiency, and less 
secondary pollution [17]. At the same time, the process of 
finding adsorbents with high efficiency and large adsorp-
tion capacity of target heavy metals is pursued by the 
researchers in this field. Although activated carbon alone 
was usually covered as an independent adsorbent for the 
removal of heavy metals and/or dyes due to its large spe-
cific surface area and adsorption capacity, its low settlement 
performance and residual materials in supernatant even 
with high speed centrifugation limited their usage in some 
situations. 

Recently, with the conceptions of environmental pro-
tection and sustainable development deep in people’s 
heart, magnet-based adsorbents were favored by more and 
more researchers as a result of its quick and easy separa-
tion from aqueous solution with an external magnetic field 
added. Manganese ferrite (MnFe2O4), a spinel material, of 
which structure like Fe3O4, has been reported as a prom-
ising adsorbent for heavy metal ions from aqueous solu-
tion due to its high specific surface area [18]. However, the 
efficiencies of using nano-MnFe2O4 alone for the Cu2+ ions 
removal revealed in this experiment were relatively low 
and the solutions after treated did not satisfy the standards 
of wastewater discharge, which indicated that the adsor-
bents synthesized should be further modified. The com-
monly applied modifications include treating adsorbents 
with acid, alkali, surfactant, loading, and so on, of which 
the modifying mechanism either enlarges the specific sur-
face area or increases the functional groups that easily get 
complexed with adsorbate, or is a combination of two mech-
anisms [18,19]. Among the modifying methods, loading 
modification is more controllable and the goal of modifica-
tion is easy to achieve. Hence, to enlarge the specific surface 
area and adsorption capacity of MnFe2O4, it is necessary to 
find a loading material with larger specific surface area. 

Alumina is an amphoteric metal oxide with good ther-
mal stability, large surface area, and remarkable adsorption 
capacity [20]. This has been also reported as an adsorbent 
for the removal of fluoride [21], dyes [20], and heavy metals 
[22]. However, it is hard to separate alumina quickly from 

the aqueous solution after the adsorption process. Recently, 
contributing to the inherited characters of composited 
adsorbents from raw materials comparing with the sim-
plex adsorbents, researchers preferred to turn their direc-
tion towards the research of alumina-based adsorbents. 
Wei et al. [23] synthesized a novel CNTs/Al2O3 adsorbent 
for the removal of diclofenac sodium and carbamazepine, 
and the maximum sorption capacities reached 157.4 and 
106.5  μmol/g, respectively. And they found that after 10 
regeneration experiments, CNTs/Al2O3 still maintained 
good stability, and the removal rate of carbamazepine 
was only reduced by about 10%. Sun et al. [24] prepared 
Fe3O4/Al2O3 nanoparticles for the analysis of sulfonamides 
in different soil samples, which can not only achieve good 
recoveries of sulfonamides but also reduce the analysis time 
with magnetic solid-phase extraction. However, hitherto 
there are few reports about MnFe2O4/Al2O3 as adsorbent 
for the removal of heavy metal ions from aqueous solution.

The objective of this paper is to illustrate the good 
adsorption capacity of MnFe2O4/Al2O3 for Cu2+ removal and 
find out the optimal operating conditions. Accordingly, in 
this study, as-prepared magnetic adsorbents, MnFe2O4/Al2O3 
nanoparticles were obtained from manganese ferrite loading 
onto the surface of alumina via dipping method and they 
were applied for the investigation of copper ions adsorption 
performance. The physicochemical properties of obtained 
nano-MnFe2O4 and nano-MnFe2O4/Al2O3 were character-
ized in detail. The effects of pH, adsorbent dosage, initial 
adsorption concentration, and reaction time on the removal 
of Cu2+ were investigated. In addition, the response surface 
method (RSM) was used to optimize the reaction parame-
ters. Furthermore, the regeneration performance of the pre-
pared adsorbent was investigated, and the results showed 
that the adsorption capacity of the prepared adsorbent only 
decreased from 9.82 to 8.57 mg/g after five cycles of regener-
ation experiments. These results indicated that the prepared 
nano-MnFe2O4/Al2O3 has promising application for Cu2+ 
removal in wastewater.

2. Materials and methods

2.1. Materials and reagents

Copper sulfate pentahydrate (CuSO4·5H2O), sulfuric acid 
(H2SO4), sodium hydroxide (NaOH), absolute ethyl alcohol 
(CH3CH2OH) and ethanediol (CH2OH)2 were purchased 
from Xilong Scientific Co., Ltd. (Shantou, Guangdong, China) 
and they are all GR reagents. Ferric nitrate (Fe(NO3)3·9H2O, 
AR) was obtained from Tianjin Hengxing Chemical Reagent 
Manufacturing Co., Ltd. (China). Potassium permanganate 
(KMnO4, AR) was purchased from the Shanghai Chemical 
Technology Company (China). Aluminium oxide (Al2O3, 
AR) was received from Tianjin Damao Chemical Reagent 
Factory (China). Ammonium acetate (NH4Ac, AR) was sup-
plied by Shanghai Zhanyun Chemical Co., Ltd. (China). 
Polyethylene glycol (PEG 4000, AR) was provided by Tianjin 
Comiao Chemical Reagent Co., Ltd. (China). The stock solu-
tions of F–, Cl–, NO3

–, and SO4
2– were purchased from Beijing 

TanMo Quality Inspection Technology Co., Ltd. (China). 
Ultrapure water (18.25 MΩ, UPC-III-20T, China) was used to 
prepare multifarious solutions throughout the experiments. 
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2.2. Preparation and characterization of nano-MnFe2O4/Al2O3

The preparation of nano-MnFe2O4/Al2O3 can be divided 
into two steps. First, 4.04 g of Fe(NO3)3·9H2O and 0.79015 g 
of KMnO4, whose molar ratio was 2:1 of Fe3+:Mn2+, was 
mixed in 80  mL of ethanediol by stirring at 60°C and 
3,000 rpm with a magnetic stirrer (model DF-101S, Gongyi 
City Yuhua Instrument Co., Ltd., China). Then, 3.854  g 
NH4Ac was added slowly to keep the pH of the solution 
neutral, and 3.0  g PEG 4000 was applied as a structural 
guidance agent. After adequate stirring, the resultant yel-
lowish mixture was placed into a 100 mL of PTFE lined reac-
tor and sealed to heat at 180°C for 12 h in an electric blast 
drying oven (model WGL-125B, Tianjin Taisite Instrument 
Co., Ltd., China). The obtained precipitates were washed 
repeatedly with ethanol and ultrapure water several times 
after separated with magnet. After that, the solid was dried 
at 80°C for 6 h in a vacuum drying oven (model Shanghai 
Kuntian Laboratory Instrument Co., Ltd., China). The pre-
pared powder through these procedures was character-
ized as nano-MnFe2O4. The composites of nano-MnFe2O4/
Al2O3 were synthesized by the dipping method. 6.0  g 
Al2O3 pre-treated by cleaning and drying and 1 g prepared 
nano-MnFe2O4 through the method above were weighed 
and placed in a 250 mL triangular conical bottle filled with 
100 mL ultrapure water. Afterwards, the mixture was sub-
jected to ultrasonic oscillation (model KQ5200DE, Kunshan 
Ultrasonic Instrument Co., Ltd., China) for 30  min, and 
placed in a water bath constant temperature oscillator 
(model SHZ-82, Changzhou Guohua Electric Appliance 
Co., Ltd.) for dipping 12  h at 30°C with rotation rate of 
200  rpm. The obtained precipitates were washed repeat-
edly with ethanol and ultrapure water several times and 
separated with magnet and dried at 80°C for 6 h to apply 
for further series of adsorption experiments.

Vibrating sample magnetometer (VSM, model PPMS–9T, 
Quantum Design North America, USA) was used to analyze 
the magnetic properties of the nano-MnFe2O4/Al2O3 and 
the saturation magnetization was measured from the hys-
teresis curve. Zeta potential analyzer (model ELSZ-2000, 
Otsuka Electronics Co., Ltd., Japan) was used to analyze 
zeta potential of solution. The morphology and microstruc-
ture of the nano-MnFe2O4/Al2O3 was observed with field 
emission scanning electron microscopy (SEM, model JSM-
7100F, Japan Electronics Co., Ltd., Japan) with an accelerat-
ing voltage of 30  kV. The powder X-ray diffraction (XRD) 
patterns of nano-MnFe2O4/Al2O3 were recorded on an X’Pert 
PRO diffractometer (PANalytical B.V., Netherlands) with an 
Ni-filtered Cu Kα radiation (λ = 0.15416 nm) in the range of 
2θ = 5°–90° at the operating conditions of 40 kV and 40 mA. 
The specific surface area and pore size were measured fol-
lowing the Brunauer–Emmett–Teller (BET) method using a 
specific surface area analyser (Nova 2000e, Quantachrome 
Instruments, USA). The Fourier transform infrared (FTIR) 
spectroscopy measurements were performed by a spec-
trometer of Nicolet 6700 (Thermo Fisher Scientific Co., 
Ltd., USA) at the best resolution of 0.5  cm–1 over the total 
range of 8,000–50  cm–1. X-ray photoelectron spectroscopy 
(XPS) was carried out on a multifunctional high perfor-
mance surface analyzer (model Escalab 250Xi, Thermo 
Fisher Scientific Co., Ltd., USA) at constant pass energy of 

30.0 eV and energy step size of 0.10 eV, of which the X-ray 
source is Al Kα radiation (hν = 1,486.6 eV). 

2.3. RSM experiments

The standard stock solution of concentration 1,000 mg/L 
Cu2+ was prepared with 3.9720  g CuSO4·5H2O settled in 
constant volume in 1,000 mL volumetric flask by ultrapure 
water. The various Cu2+ concentrations used in subsequent 
experiments were all diluted with this stock solution.

Batch experiments were conducted in a 250 mL conical 
flask containing 100  mL of Cu2+ solution. The solutions of 
0.1 M H2SO4 and NaOH were employed for the adjustment 
of the solution pH before each experiment, and the pH val-
ues were measured by pH meter (model SJ-3F, Shanghai 
Shengke Instrument Equipment Co., Ltd., China). The Cu2+ 
concentration was determined using an atomic absorption 
spectrometer (AAS, model PinAAcle 900T, PerkinElmer 
Enterprise Management [Shanghai] Co., Ltd., China). 

According to the Box–Behnken [25] design scheme, a set 
of 17 experiments with 3 factors and 3 levels was designed 
(all the experimental water samples were simulated water 
samples containing Cu2+ 20  mg/L). The experimental 
factors, levels and codes are shown in Table 1.

The following equations (Eqs. (1) and (2)) can be 
used to determine the amount of Cu2+ adsorbed on the 
nano-MnFe2O4/Al2O3, 

R
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Q
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m

Ve
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where R(%) represents the removal efficiency and Qe 
indicates the adsorption capacity (mg/g) of Cu2+ ions at 
adsorption equilibrium; C0 is the initial concentration metal 
ion (mg/L) and Ce is the residual concentration of adsor-
bate (mg/L) in the solution at adsorption equilibrium; V 
is the volume of Cu2+ solution (L), while m is the mass of 
adsorbent (g), respectively.

2.4. Adsorption kinetics and isotherms studies 

2.4.1. Adsorption kinetics

In this part, 100 mL of 20 mg/L Cu2+ solution was first 
added in a 250  mL conical flask. Subsequently, adjusting 
the pH value to 6.0, adding 0.20  g nano-MnFe2O4/Al2O3 

Table 1
Box–Behnken experimental factors, coding and levels

Factors Levels and codes

–1 0 1

pH 3.0 4.5 6.0
Dosage (g) 0.1 0.2 0.3
Reaction time (h) 2.0 3.0 4.0
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as adsorbent, the experiment was conducted under the 
conditions at 4  h reaction time, 30°C and 230  rpm. Every 
30  min, 5  mL solution of supernatant was taken out into 
50 mL comparison tubes for dilution and then the residual 
Cu2+ concentration in solution was examined with AAS.

Adsorption kinetics is essential to analyze the adsorp-
tion mechanism and interpret the adsorbate uptake rate. 
In order to describe the relationship between the adsor-
bate uptake rate and reaction time, the models of pseudo-
first-order and pseudo-second-order were applied for 
acquisition of various kinetic parameters in this study. 
The equations of adsorption kinetics were expressed as 
following (Eqs. (3) and (4)) [26]:

Pseudo-first-order:

ln lnq q q k te t e−( ) = − 1 	 (3)

Pseudo-second-order:

t
q k q

t
qt e e

= +
1

2
2 	 (4)

where qt is the adsorption capacity (mg/g) at time t (min). 
k1 (1/min) and k2 (g/mg min) are the pseudo-first-order and 
pseudo-second-order adsorption rate constant, respectively.

2.4.2. Adsorption isotherms

In this study, 5, 10, 15, 20, 30, 40, 50 mg/L Cu2+ were cho-
sen for adsorption onto 0.20  g nano-MnFe2O4/Al2O3, and 
this experiment was conducted with all parameters at opti-
mal range (pH 6.0, 4  h reaction time, 30°C and 230  rpm). 
Models of Langmuir and Freundlich adsorption isotherms 
were selected to provide insights about the surface prop-
erties and affinity of the adsorbent as well as adsorption 
mechanism [27].

Although there are many types of adsorption isotherm 
models, the Langmuir and Freundlich adsorption iso-
therm models are widely used to illustrate the relationship 
between the adsorption capacity and residual adsorbate 
concentration [28].

Langmuir adsorption isotherm implies that the pro-
cess of adsorption is a simple physical adsorption based on 
monolayer, and its equation is as follows (Eq. (5)) [29], 

C
q K q

C
q

e

e L m

e

m

= +
1 	 (5)

where qe is the adsorption capacity (mg/g) at adsorption equi-
librium, qm is the maximum adsorption capacity (mg/g), and 
KL (L/mg) is the Langmuir adsorption equilibrium constant. 
Generally speaking, the more the value of KL, the stronger 
the adsorption property, of which, the value of KL is related 
with the characteristic of adsorbent and adsorbate, and 
temperature. 

Freundlich adsorption isotherm is used to describe mul-
tilayer and heterogeneous surface adsorption, and Eq. (6) can 
express this experimental model [30], 

ln ln lnq K
n

Ce F e= +
1 	 (6)

where KF (mg/g) is the Freundlich constant and 1/n is an 
adsorption strength index which is related with hetero
geneity of materials and its value varies from 0 to 1. 

2.5. Desorption and regeneration study

The regeneration experiment was carried out under the 
conditions of initial concentration of Cu2+ = 20 mg/L, adsor-
bent dosage = 0.2 g, adsorbate volume = 100 mL, pH = 6.0, 
temperature  =  30°C and shaking speed  =  230  rpm. With 
regard to desorption experiment, the spent adsorbent was 
separated first from the aqueous solution with the aid of 
magnet. Subsequently, the collected adsorbent was mixed 
with 20 mL of 0.03 mol/L HNO3 solution and shook for 2 h for 
adequate desorption. At last, the suspensions were filtered 
and the adsorbent was washed via ultrapure water several 
times. After drying, the reclaimed adsorbent was used for 
a new cycle of Cu2+ adsorption. With repeated desorption 
process, five consecutive cycles were carried out. 

3. Results and discussion

3.1. Characterization of the adsorbents

3.1.1. Vibrating sample magnetometer

To examine the magnetic property and obtain the mag-
netic hysteresis loop of nano-MnFe2O4/Al2O3, the VSM 
instrument was employed, and the magnetization curve 
is presented in Fig. 1. It can be seen from the figure that 
the coercivity (Hc) and remanence (Mr) of nano-MnFe2O4/
Al2O3 were almost negligible and close to 0, which pres-
ents superparamagnetism of nano-MnFe2O4/Al2O3. The 
saturation magnetism was 7.81  emu/g, which was suffi-
cient to separate the adsorbents from the aqueous solution 
with an external magnetic field added. Actually, the aque-
ous solution containing nano-MnFe2O4/Al2O3 achieved its 
solid–liquid separation in about 2 min with the addition of 
permanent magnet, further identifying the great magnetic 
property of nano-MnFe2O4/Al2O3. 

Fig. 1. Hysteresis loops and magnetic separation of nano-
MnFe2O4/Al2O3.
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3.1.2. SEM and TEM

To know the size, shape, and morphology of the adsor-
bent before and after modification with alumina, the 
SEM analyses were carried out. Figs. 2a and b present the 
micro-structural images of the nano-MnFe2O4 at 50,000 
and 2,000 magnification times. As it can be seen, the nano-
MnFe2O4 obtained with the method introduced in this arti-
cle were regular spherical-like and the average particle size 
was approximately 80 nm. However, after the modification 
with Al2O3, either the particle size or morphology of the 
adsorbent changed a lot. Figs. 2c and d exhibit the micro-
structural images of the nano-MnFe2O4/Al2O3 at 20,000 and 
100 magnification times. It was obvious that the particle 
size of nano-MnFe2O4/Al2O3 increased greatly than that of 
nano-MnFe2O4 and the shape changed to more irregular. 
This could be ascribed to the large particle size and irreg-
ular shape of the Al2O3. Moreover, a cranny and something 
others different from Al2O3 could be observed on the surface 
of Al2O3 at 20,000 magnification times of nano-MnFe2O4/
Al2O3. As can be seen from Fig. 2e, MnFe2O4 was relatively 
evenly distributed on the surface of Al2O3, and the average 
particle size of MnFe2O4 on the surface of Al2O3 was about 
45 nm according to the calculation of relevant literature [31]. 
Combining the two figures of nano-MnFe2O4/Al2O3 at dif-
ferent magnification times, the nano-MnFe2O4/Al2O3 adsor-
bents were successfully synthesized, and the result was in 
accordance with the following analyses of XRD patterns. 

3.1.3. XRD

To further investigate the structure as well as crystal-
linity before and after modification, the XRD patterns were 
recorded. The patterns of nano-MnFe2O4 and nano-MnFe2O4/

Al2O3 are described in Fig. 3. The strong diffraction peaks of 
nano-MnFe2O4 appeared at 2θ = 30.12°, 35.49°, 42.99°, 57.05° 
and 62.66°, corresponding to the (220), (311), (400), (511) and 
(440) planes of MnFe2O4 according to the Joint Committee on 
Powder Diffraction card no. 74–2403 [32]. Nevertheless, in the 
light of the high content of Al2O3 when the dipping method 
was used to synthesize nano-MnFe2O4/Al2O3, the character-
istic peaks of nano-MnFe2O4 either disappeared or the inten-
sity of peaks weakened a large after modification with Al2O3. 
Some new diffraction peaks appeared at 2θ = 36.69°, 46.60° 
and 68.08°, which could be perfectly assigned to the phase 
of Al2O3 according to JCPDS File NO. 29–63 [20]. Besides, 
combining the great magnetism observed from the magnetic 
separation, the conclusion that the magnetic nano-MnFe2O4/
Al2O3 adsorbent was successfully synthesized.

3.1.4. Brunauer–Emmett–Teller

The BET technology was used to obtain the specific 
surface area, pore volume and pore size to predict the 
adsorption performance. As shown in Fig. 4, the adsorp-
tion isotherm of nano-MnFe2O4/Al2O3 was similar to the IV 
isotherm. In addition, a hysteresis loop similar to H3 type 
could be observed in the range of 0.2–0.9 relative pressure. 
This indicated that nano-MnFe2O4/Al2O3 adsorbent mainly 
comprised from sheet particle or porous material with slit 
shape. As a matter of fact, a cranny could be found in the 
SEM image of nano-MnFe2O4/Al2O3 at 20,000 magnifica-
tion times, which further confirmed the above deductions. 
The distribution of pore diameter of nano-MnFe2O4/Al2O3 
ranged from 2.5 to 40  nm, which indicated that it was 
mainly an adsorbent based on mesoporous structure. The 
physical property of synthesized nano-MnFe2O4/Al2O3 was 
presented in Table 2. The relatively high specific surface 

Fig. 2. SEM images of nano-MnFe2O4 (a: 50,000×, b: 2,000×) and nano-MnFe2O4/Al2O3 (c: 20,000×, d: 100×).
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area (62.79  m2/g) of nano-MnFe2O4/Al2O3 indicated that 
it is a promising adsorbent for the Cu2+ removal from the 
aqueous solution.

3.1.5. Fourier transform infrared

The various active functional groups on the surface 
of the adsorbent play key roles in the adsorption process, 
which influence the adsorption capacity ultimately [33]. In 
order to compare the differences of the adsorbents before 
and after adsorption and further to detect the main func-
tional groups that were responsible for the adsorption 
process, the FTIR spectrum was measured and depicted 
in Fig. 5. The broad bands in both spectra appeared at 
approximately 3,449 and 1,653  cm–1, respectively, which 
were assigned to stretching vibration and bending vibra-
tion of –OH, indicating that there existed hydroxyl groups 
on the surface of materials [34,35]. In addition, the weak 
absorption peak at 2,923  cm–1 was attributed to the mate-
rial adsorbing some water molecules in the air during the 
FTIR analysis, and the other weak peaks at 3,200–3,700 cm–1 
probably corresponded to the associating hydrogen 
bond. The absorption peak at 524 and 583  cm–1 belong 
to the characteristic vibration peaks of Metal-O [35], and 
the absorption peak at 1,023  cm–1 before adsorption was  
attributed to the Metal–OH bond [36]. 

3.1.6. X-ray photoelectron spectroscopy

With the aid of XPS analysis, not only the elemental com-
position but also the valence state of the elements on the sur-
face of materials could be understood clearly. Fig. 6 describes 

the full-survey spectra of nano-MnFe2O4/Al2O3 before and 
after adsorption. It can be determined well that there were 
ferrum (Fe), manganese (Mn), aluminum (Al) and oxygen 
(O) in both samples of nano-MnFe2O4/Al2O3. Owing to the 
exposure to air and water during sample preparation and 
reaction, the carbon species could be also observed in both 
full-survey spectra [37]. Except for C 1s, O 1s, Fe 2p, Mn 
2p and Al 2p peaks belonging to nano-MnFe2O4/Al2O3, a 
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Fig. 3. XRD patterns of nano-MnFe2O4 and nano-MnFe2O4/Al2O3. Fig. 4. N2 adsorption–desorption isotherm and pore size distri
bution of nano-MnFe2O4/Al2O3.

Fig. 5. FTIR spectra of nano-MnFe2O4/Al2O3 before and after 
adsorption.

Table 2
Physical property of synthesized MnFe2O4–Al2O3

Adsorbent BET surface area (m2/g) Average pore diameter (nm) Pore volume (mL/g)

MnFe2O4/Al2O3 62.79 10.2 0.154
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conspicuous Cu 2p binding energy peak appeared at ca. 
930 eV, suggesting that Cu2+ ions have been adsorbed onto 
nano-MnFe2O4/Al2O3 successfully. Figs. 6b–e show the 
detailed survey of Fe 2p, Mn 2p and O 1s. For Fe 2p region, 
the photoelectron peaks at 724.58 and 724.68 eV, 710.73 and 
710.74 eV were assigned to the binding energies of 2p 1/2 
and 2p 3/2, respectively [38]. Moreover, the existence of Fe 
(III) in the materials could be identified because the sep-
aration of spin-orbit energy levels between 2p 1/2 and 2p 
3/2 was about 13.9  eV [39]. As to Mn 2p region, the bind-
ing energies at 653.38 and 653.28 eV, 641.51 and 641.38 eV 
were corresponded to 2p 1/2 and 2p 3/2 of Mn [40]. While 
the presented valence state of Mn 2p 3/2 could not be con-
firmed, given that the binding energies of Mn2+, Mn3+ and 
Mn4+ are extremely close to each other according to XPS 
electronic binding energy reference table [41]. According 
to the narrow spectrum of O 1s peak-splitting diagram, the 
existence of oxygen could be divided into three overlapped 
peaks, which correspond to oxide oxygen (O2–), hydroxyl 
groups (OH–), and adsorbed water (H2O), respectively [37]. 

3.2. RSM experimental results and parameter optimization

On the basis of the single factor experiment, accord-
ing to the design principle of the RSM, the experiment 
was designed using Design-Expert 10.0 software and Box–
Behnken model. According to Box–Behnken design scheme, 
experiments were carried out to optimize the reaction 

parameters. The pH (A), the dosage (B), and the reaction 
time (C) were the main factors to be investigated, and the 
removal rate was used as the response value (Y) to estab-
lish a model and the experimental results are shown in 
Table S1. According to the experimental results, the regres-
sion analysis of the data can obtain the fitting equation:

Y = �42.12 + 41.72A + 7.27B + 2.48C + 3.96 AB + 2.49AC + 
0.20BC + 7.54A2 – 1.55B2 – 1.07C2	 (7)

At the same time, the regression model was analyzed 
by variance and the results are shown in Table S2. From 
the analysis of variance of Table S2, the model was highly 
significant. Among them, the effect of pH was the most 
significant, and the dosage was second. The misfit term of 
the model was not significant, and the determination coef-
ficient R2 = 0.9984 indicates that the predicted value and the 
measured value have a good correlation. In order to con-
sider the influence of various factors and their interaction 
on adsorption capacity, Design-Expert 10.0 software was 
used to assist the analysis, and the 3d response surface dia-
gram is shown in Fig. 7. It can be seen from Fig. 7 that pH 
had the most significant effect on the adsorption capacity, 
which is consistent with previous related research results. 
The optimal solution was obtained by Design-Expert 10.0, 
and the coded value of the stable point corresponding to 
the maximum value of removal rate (100%) was obtained, 
which were A = 1.00, B = 0.90 and C = 0.00, respectively. The 

Fig. 6. XPS spectrum of survey (a), Fe 2p (b), Mn 2p (c) and O 1s (d) of nano-MnFe2O4/Al2O3 before and after adsorption.
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corresponding actual values are pH = 6.0, dosage = 0.29 g, 
reaction time = 3.0 h.

3.3. Adsorption kinetics

The removal efficiencies and adsorption capacities of 
Cu2+ ions vs. contact time onto nano-MnFe2O4/Al2O3 are 
shown in Fig. 8a. It is evident that the adsorption process 
of Cu2+ ions was divided into three main parts. In the ini-
tial stage, the adsorption was carried out extremely rapid. 
Thereafter, the adsorption slowed down as expressed by the 
smaller gradient of adsorption curve in the second stage. 
The reason could be ascribed to the gradual saturation of 
adsorption sites as contact time was prolonged, which made 
it difficult for more Cu2+ ions to adsorb onto nano-MnFe2O4/
Al2O3. The adsorption eventually reached its equilibrium 
at 180  min with 9.72  mg/g adsorption capacity. The trend 
of Cu2+ removal efficiency was the same as adsorption 

capacity exhibited. With 180  min adsorption, the removal 
efficiency of Cu2+ reached remarkable 97.2%.

The fitting plots and relevant parameters of pseudo-
first-order and pseudo-second-order models are shown in 
Figs. 8b and c and Table 3, respectively. It can be observed 
that the correlation coefficient of pseudo-second-order 
model (R2  =  0.9986) performed superiority than that of 
pseudo-first-order model (R2  =  0.9206), which implied 
that the adsorption process of Cu2+ ions onto nano- 
MnFe2O4/Al2O3 agree with pseudo-second-order model more 
preferably. Similar kinetic results were reported for the 
adsorption kinetics of various water pollutants by organic 
[42], inorganic [43] and composite [44] adsorbents. As 
known, the pseudo-first-order model is related to bound-
ary layer. However, this experiment exhibited the insuffi-
cient kinetic data, which indicated the adsorption process 
could be influenced by the limitations of boundary layer 
[45]. Higher correlation coefficient of pseudo-second-order 

Fig. 7. Response surfaces (3D) showing reciprocal effects of different parameters on adsorption capacity.

Table 3
Kinetic model data for Cu2+ adsorption

Pseudo-first-order Pseudo-second-order

qe (mg/g) k1 (1/min) R2 qe (mg/g) k2 (g/mg min) R2

7.37 0.0213 0.9206 10.45 0.0957 0.9986
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model suggested that this adsorption process may be 
based on the rate control step, namely chemical adsorption 
or electron sharing or exchange between adsorbent and 
adsorbate [12]. Moreover, the value of adsorption equi-
librium concluded from pseudo-second-order model was 
10.45 mg/g, which was more close to 9.78 mg/g calculated 
from the experiment. 

3.4. Adsorption isotherms

As illustrated in Fig. 9a, with the increase of Cu2+ con-
centration, the adsorbed amount of Cu2+ initially increased 
quickly, and then tended to be flat. The adsorption capac-
ity of Cu2+ onto the adsorbent increased from 2.50 to 
14.66  mg/g as the initial Cu2+ concentration increased from 

Fig. 8. Effects of contact time on the Cu2+ adsorption onto 
nano-MnFe2O4/Al2O3 (a) and kinetic model fitting plots 
(b and c) (Cu2+  =  20  mg/L; adsorbent dosage  =  0.20  g; adsor-
bate volume  =  100  mL; pH  =  6.0; temperature  =  30°C; shaking 
speed = 230 rpm).

Fig. 9. Effects of Cu2+ initial concentration on the Cu2+ adsorption 
onto nano-MnFe2O4/Al2O3 (a) and adsorption isotherm models 
(b and c) (adsorbent dosage = 0.20 g; adsorbate volume = 100 mL; 
pH  =  6.0; reaction time  =  4  h; temperature  =  30°C; shaking 
speed = 230 rpm).
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5 to 30  mg/L. However, when the Cu2+ concentration was 
more than 30  mg/L, there was no remarkable increase of 
adsorption capacity. This indicated that the whole adsorp-
tion process achieved adsorption equilibrium at 30  mg/L 
Cu2+ concentration.

On the basis of Langmuir and Freundlich adsorption 
isotherm models, the parameters of Cu2+ adsorption iso-
therms are described in Table 4. It is apparent that the pro-
cess of Cu2+ adsorption is more satisficing to fit Freundlich 
adsorption isotherms due to the higher correlation coeffi-
cients (R2 =  0.9531). Whereas the correlation coefficient of 
Langmuir adsorption isotherms was only 0.7370, it was 
unsuitable for describing the Cu2+ adsorption behavior. 
Thus, the adsorption of Cu2+ onto nano-MnFe2O4/Al2O3 may 
be an adsorption process of multilayer and heterogeneous 
surface adsorption [46]. Similar results were obtained for 
the adsorption isotherms of various adsorbent–adsorbate 
systems [47,48]. In addition, the value of n was 1.238, 
which was located in the range of 1–10, indicating the easy 
conduct of the adsorption.

Table 5 lists the adsorption capacity of several com-
mon adsorbents for Cu2+. Through comparison, it can be 
clearly found that the maximum adsorption capacity of 
MnFe2O4/Al2O3 prepared in this work is higher than that 
of most adsorbents, and considering its simple prepara-
tion process, low cost and easy enhancement of output, it 
has a broad practical application.

3.5. Effect of co-existed ions

We know that in the process of industrial production 
of copper and copper derivatives, there will inevitably be 
some anions in the discharged wastewater, such as the pro-
duction of copper sulfate. To confirm the effect of anions on 
the removal efficiency of Cu2+, the 1.0, 5.0, 20 mg/L concen-
trations of F–, Cl–, NO3

– and SO4
2– were added into 100  mL 

of 20 mg/L Cu2+ solutions, respectively, and the results are 

shown in Fig. 10. Moreover, to minimize the error and 
draw the results accurate as possible, the operating condi-
tions were adopted with the optimal parameters ,which 
was concluded from the analyses above, that is, pH  =  6.0, 
0.20  g nano-MnFe2O4/Al2O3, 4  h reaction time, 30°C and 
230  rpm. In general, with the addition of anions, the total 
trend of Cu2+ adsorption exhibited downside. However, 
it is obvious that the existence of given anions at different 
concentrations has negative effect on the removal of Cu2+ 
ions in the solution. Interestingly, the higher the F– concen-
tration, the more the Cu2+ adsorbed on the nano-MnFe2O4/
Al2O3. The reason may be that the increase in F– concentra-
tion strengthened the electrostatic attraction between Cu2+ 
and MnFe2O4/Al2O3 surfaces leading to an increase in the 
number of collisions between Cu2+ and MnFe2O4/Al2O3, thus 
increasing the removal rate. However, due to the limited 
adsorption sites of the adsorbent, it can be inferred that the 
effect of F– concentration on the removal of Cu2+ has not been 
always a positive relationship when more F– amount was 
added. With regard to the critical value, the best F– concen-
tration that has positive effect should be further investigated. 

3.6. Regeneration and reusability of nano-MnFe2O4/Al2O3

As for an excellent adsorbent, apart from good effi-
ciency towards target pollutant, reusability is another fac-
tor which should be taken into consideration for practical 
application. Based on the magnetism of the adsorbent 
synthesized that can facilitate its fast separation from aque-
ous solution with an external magnet added, the study of 
desorption experiment exhibited great value. Consequently, 
the five consecutive cycles were carried out, and the results 
are depicted in Fig. 11. The removal efficiency and adsorp-
tion capacity of Cu2+ on the nano-MnFe2O4/Al2O3 was 98.2% 
and 9.82  mg/g, respectively, in its first usage. After five 
consecutive cycles, the values of removal efficiency and 
adsorption capacity decreased only a little, but as high as 
85.7% and 8.57  mg/g, respectively. These results indicated 
that the prepared nano-MnFe2O4/Al2O3 has promising 
application for Cu2+ removal in wastewater. 

3.7. Adsorption mechanism

By comparing the FTIR spectrum before and after 
adsorption (Fig. 5), it can be seen clearly that the character-
istic absorption peak of Metal-O at 1,023 cm–1 almost disap-
peared after the adsorption of Cu2+, while the characteristic 
absorption peak at other locations did not change much, 

Table 5
Maximum adsorption capacities for the removal of Cu2+ by different adsorbents

Adsorbent Adsorption capacity (mg/g) References

Oxidized multi-walled carbon nanotubes 29.69 [1]
Brown algae-modified biomass 14.00 [49]
1,4,7-Triazacyclononane modified SBA-15 silica 42.88 [50]
Corncob-derived char wastes 23.58 [51]
Oxide-corncob-derived char wastes 21.88 [51]
MnFe2O4/Al2O3 34.89 This study

Table 4
Parameters of Cu2+ sorption isotherms using Langmuir and 
Freundlich models

Langmuir Freundlich

qm (mg/g) KL (L/g) R2 KF (mg/g) n R2

34.892 0.0172 0.7370 0.762 1.238 0.9531
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which can be preliminarily inferred that the Metal-O bond 
played a major role in the adsorption of Cu2+. Moreover, 
combining with Fig. 6d and Table S3, it can be seen that the 
binding energy of –OH before and after adsorption devi-
ated from 531.49 to 531.36 eV, which also proves that –OH 
participated in the reaction. Moreover, as can be observed 
from Fig. S3, the pH of the solution decreased from 6.0 to 5.6 
after adsorption. Hence, it can be said that the adsorption 
of Cu2+ by MnFe2O4/Al2O3 is mainly due to the formation of 
complex between –OH and Cu2+. The adsorption process is 
shown in Eq. (8):

2 4 2

3 2

MnFe O
Al O

OH Cu
MnFe O
Al O O

Cu 2H2

2 3

2 4

2

− + →
−

+










+ + 	 (8)

4. Conclusions

In this research, a magnetic adsorbent nano-MnFe2O4/
Al2O3 was synthesized successfully by coating nano-Mn-
Fe2O4 on the surface of Al2O3 via the dipping method and 
applied for the Cu2+ removal from simulated wastewater. 
The characterizations of VSM, SEM, along with XRD before 
and after modification illustrated the successful synthesis 
of magnetic nano-MnFe2O4/Al2O3, while the studies of FTIR 
and XPS of nano-MnFe2O4/Al2O3 before and after adsorption, 
as well as adsorption isotherm and kinetics was analyzed 
for the mechanism of Cu2+ adsorption onto nano-Mn-
Fe2O4/Al2O3. Moreover, after modification with Al2O3, the 
adsorbents had excellent adsorption property either in the 
substantial increase of removal efficiency or adsorption 
capacity. For 100  mL of 20  mg/L Cu2+ solution, under the 
optimal conditions concluded, the removal efficiency of 
Cu2+ reached 100%. The good results of BET parameters and 
five consecutive cycles also confirmed that the nano-Mn-
Fe2O4/Al2O3 was a promising adsorbent and it has the 
potential to be applied for Cu2+ removal in the wastewater. 

Supplementary information
Supplementary information includes the effect of pH, 

the effect of adsorbent dosage, the change of pH value with 
time, the Box–Behnken experimental design and results 
and the analysis of Variance (ANOVA).

S1. Effect of pH value

As known, the property of the adsorbent and/or the exis-
tence form of heavy metal ions may vary with the change 
of pH value, and the change would further influence the 
adsorbate removal efficiency. As shown in Fig. S1a, either 
MnFe2O4 or nano-MnFe2O4/Al2O3 as an adsorbent for the 
Cu2+ removal, the tendencies of removal efficiency were in 
line with the increase of pH value. In the pH range from 1 to 
6, the higher the pH value, the more the Cu2+ ions adsorbed. 
As can be seen from Fig. S1b, the pHzpc of MnFe2O4 and 
nano-MnFe2O4/Al2O3 were 6.2 and 5.7, respectively. This 
indicates that when pH  =  1.0–5.0, the adsorbents surface 
carried a large number of positive charges, which gener-
ates electrostatic repulsion with Cu2+, leading to a very 
low removal rate. With the increase of pH, the adsorbents 
surface carried a negative charge, which generates electro-
static attraction with Cu2+, making the removal rate rise. 
Nevertheless, at lower pH, a large amount of H+ appeared in 
the aqueous solution, which occupied the binding sites that 
should have been available for Cu2+ uptake. At higher pH, 
OH− may dominate in the reaction medium and metal ions 
would have a tendency to get precipitated in the form of 
metal hydroxides; some of them would escape binding with 
reaction sites. Hence, when the pH value is greater than 6.0, 
the removal rate decreased with the increase of pH value. 
At pH = 6.0, the removal efficiencies and adsorption capac-
ities of Cu2+ ions on the two adsorbents reached 50.46% and 
74.45%, 10.09 and 14.89 mg/g, respectively. 

S2. Effect of adsorbent dosage

Adsorbent dosage is another deciding factor, which has 
a great effect on both removal efficiency and adsorption 

Fig. 10. Effect of F–, Cl–, NO3
– and SO4

2– on the Cu2+ adsorp-
tion (Cu2+  =  20  mg/L, adsorbent dosage  =  0.20  g, adsorbate 
volume  =  100  mL, pH  =  6.0, temperature  =  30°C, shaking 
speed = 230 rpm).

Fig. 11. Effect of cycling times on Cu2+ removal efficiency and 
adsorption capacity (Cu2+ = 20 mg/L; adsorbent dosage = 0.20 g; 
adsorbate volume  =  100  mL; pH  =  6.0; temperature  =  30°C; 
shaking speed = 230 rpm).
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capacity. To find out the best optimal adsorbent dosage and 
further apply it for subsequent experiments, this part of 
experiment was carried out. As depicted in Fig. S2, it was 
observed that the removal efficiencies of Cu2+ on both two 

materials were sharply increased at the initial stage and sub-
sequently tended to be flat with the continuous increase of 
adsorbent dosage. At 0.05 g adsorbent dosage, the removal 
efficiencies of Cu2+ ions adsorbed on the MnFe2O4 and 

Fig. S1. Effect of initial pH value (a) and the zeta potential of adsorbents (b) (Cu2+ = 20 mg/L; adsorbent dosage = 0.10 g; reaction 
time = 4 h; temperature = 30°C; shaking speed = 230 r/min).

Table S2
Analysis of variance (ANOVA)

Source Sum of squares df Mean square F value p-value Significance

Model 14,734.13 9 1,637.13 1,104.58 <0.0001 Significant
A-pH 13,926.97 1 13,926.97 9,396.62 <0.0001
B-dosage 422.97 1 422.97 285.38 <0.0001
C-time 49.30 1 49.30 33.26 0.0007
AB 62.65 1 62.65 42.27 0.0003
AC 24.70 1 24.7 16.67 0.0047
BC 0.16 1 0.16 0.11 0.7521
A2 239.45 1 239.45 161.56 <0.0001
B2 10.16 1 10.16 6.86 0.0345
C2 4.79 1 4.79 3.23 0.1154
Residual 10.37 7 1.48
Lack of fit 10.29 3 3.43 155.86 0.0001 Significant
Pure error 0.088 4 0.022
Cor total 14,744.51 16

Table S3
Relative parameters about three overlapped peaks before and after adsorption

Samples Chemical state Binding energy (eV) Percentage (%)

MnFe2O4/Al2O3

O2– 529.95 35.72
OH– 531.49 42.03
H2O 532.88 22.25

Cu-loaded MnFe2O4/Al2O3

O2– 529.98 35.98
OH– 531.46 39.69
H2O 532.83 24.33
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nano-MnFe2O4/Al2O3 were 38.15% and 61.20%, respectively. 
As increasing the adsorbent dosage, at 0.20 g MnFe2O4 and 
nano-MnFe2O4/Al2O3 dosage, the removal efficiencies of Cu2+ 
ions reached 55.0% and 98.3%, respectively. Afterwards, 
continuously increasing the adsorbent dosage, the entire 
adsorption process reached its equilibrium according to 
that there were almost no change of the removal efficiencies. 
Thus, 0.20 g MnFe2O4 and nano-MnFe2O4/Al2O3 dosage were 
selected to be the best optimal adsorbent dosage for the Cu2+ 
ions adsorption from aqueous solution. It was worth noting 
that the adsorption capacity was negatively related to the 
increase of adsorbent dosage. As the MnFe2O4 and nano-Mn-
Fe2O4/Al2O3 increased from 0.05 to 0.20  g, the adsorption 
capacity of Cu2+ ions decreased from 15.26 to 5.50 mg/g and 
24.48 to 9.76 mg/g, respectively. 
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