
* Corresponding author.

1944-3994/1944-3986 © 2018 Desalination Publications. All rights reserved.

Desalination and Water Treatment 
www.deswater.com

doi: 10.5004/dwt.2018.22778

123 (2018) 277–287
August

Adsorptive removal of Cr3+, Cu2+, and Ni2+ ions by magnetic 
Fe3O4@alkali-treated coal fly ash

Ya-Na Zhanga,b, Yang-Xin Yua,*
aLaboratory of Chemical Engineering Thermodynamics, Department of Chemical Engineering, Tsinghua University,  
Beijing 100084, China, Tel. +8610-62782558; Fax: +8610-62770304; email: yangxyu@mail.tsinghua.edu.cn (Y.-X. Yu) 
bState Key Laboratory of Organic–Inorganic Composites, Beijing University of Chemical Technology, Beijing 100029, China

Received 27 February 2018; Accepted 1 July 2018

a b s t r a c t
With the rapid development of industrial economy, water pollution by heavy metals is becoming 
more and more serious and efficient treatment of the polluted water is still a challenge. To solve this 
problem, we synthesized magnetic nanoparticles of Fe3O4@alkali-treated coal fly ash (MNFFA) by 
the coprecipitation method at 298.15 K and 101.3 kPa. The structures of the MNFFA were character-
ized by the scanning electron microscope, X-ray diffraction, and surface area analyses. The effects of 
adsorbent composition and dosage, equilibration time, temperature, pH, and co-existing ions on the 
adsorption were investigated to optimize the operating condition for the removal of Cr3+, Cu2+, and 
Ni2+ ions by the MNFFA. The adsorption equilibrium and kinetics follow the Langmuir isotherm and 
pseudo-second-order kinetic model, respectively. The adsorption capacity was calculated to be 212.3, 
229.9, and 26.2 mg/g for Cr3+, Cu2+, and Ni2+, respectively, by fitting equilibrium data to the Langmuir 
model. The selectivity of Cu2+ over Cr3+ and Ni2+ is, respectively, 1.06 and 8.68 in the binary cationic 
solutions and 1.21 and 4.67 in the ternary cationic solution. The high adsorption capacity was kept 
after five cycles, indicating that the adsorbent is stable enough to be regenerated and re-used effi-
ciently. The results demonstrated that the MNFFA is an effective, low-cost, and environment-friendly 
adsorbent and therefore is very promising to be applied in the adsorptive removal of the heavy metal 
ions from polluted water.
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1. Introduction

In the process of industrialization and urbanization, 
massive and uncontrolled discharge of heavy metal ions into 
aquatic streams has seriously polluted the biotic resources 
[1]. Heavy metals in the environment can originate from 
both natural and anthropogenic sources and the pollution 
has become one of the most serious environmental problems 
not only in China but also around the world. Large numbers 
of people are threatened by heavy metal pollution. Extensive 
damage to human organs, such as liver, kidney, digestion 
system, and nervous system can be caused by uptake of 

excess heavy metals [2–4]. Although severe contamination 
of heavy metals has been known to be a major environmen-
tal problem for decades, it is getting worse in recent years 
and there are few feasible approaches to solve this problem. 
Removal of heavy metal ions from water or various indus-
trial effluents before they discharge indiscriminately is still a 
great challenge for the scientists in the field of chemical and 
environmental engineering and management.

The removal of heavy metal ions from aqueous solutions 
has been commonly carried out by several processes includ-
ing chemical precipitation, solvent extraction, ion-exchange, 
electrode-deposition, membrane filtration, flotation, oxida-
tion–reduction, reverse osmosis, biosorption, and adsorption 
[2,5–7]. All these methods except adsorption have weak-
nesses such as energy-extensive consumption, high cost, 
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generation of secondary pollutants, complicated process, or 
poor removal efficiency. Adsorption processes are worldwide 
adopted in the field of environmental protection, thanks to 
the ability of certain solids to preferentially concentrate spe-
cific substances onto their surface, such as heavy metals and 
organics. The adsorption proves to be a simplest and most 
cost-effective technique and a wide range of adsorbents have 
been developed and tested for the fast removal of metal pol-
lutants from wastewaters [8]. Nevertheless, better adsorbents 
are expected to be developed to improve the adsorption 
efficiency for heavy metal ions.

It is attractive to use natural materials and industrial 
wastes as an alternative to chemically synthesize adsorbents. 
Coal fly ash is an industrial waste with characteristics of 
excellent adsorbents, such as relatively large surface areas, 
well-defined pore sizes, high pore volume and high adsorp-
tion capacity, ease of modification, and diversity composition 
[9–11]. As a low-cost adsorbent, coal fly ash has been used 
for the management of heavy metals very early. Researchers 
have tried different modification methods for improving the 
adsorption performance of fly ash. These include acid-, alkali-, 
salt-, surfactant-, mix- and hydrothermally modifications as 
well as synthesize zeolites [11–20]. The adsorption capacity 
is greatly dependent on the modification methods used. For 
instance, Hui et al. [14] used zeolite 4A to remove Cr3+, Cu2+, 
and Ni2+ from the wastewater. The adsorption capacity of the 
three kinds of ions is 32.52, 23.58, and 3.87 mg/g at pH = 3.0, 
and 56.47, 72.73, and 4.95 mg/g at pH = 4.0, respectively. In 
contrast, Kelleher et al. [15] reported that the adsorption 
capacity of Cr3+ is 52.6–106.4 mg/g at 20°C–40°C by using fly 
ash or modified fly ash.

Extensive investigations [21–26] exposed that the above 
methods have a common weak point in the separation of 
solid–liquid phases after adsorption. A good way to over-
come this weakness is to separate the solid–liquid phases 
using magnetic technology [27]. Magnetic nanoparticles of 
Fe3O4 or NiFeO4 can be modified by covalent binding or 
coatings with van der Waals interactions to inhibit the aggre-
gation. Trisodium citrate [28,29], 3-[2-(2-aminoethylamino)
ethylamino] propyltrimethoxysilane [30], N-doped meso-
porous carbon [31], metal-organic frameworks [32], g-C3N4/
FeVO4 [33], BiOCl/g-C3N4/Cu2O [34], coal fly ash [35], and 
other substances have been utilized for this purpose. The 
greatest advantage of this process is that an easy, faster, 
simpler separation of the metal ions loaded on the magnetic 
adsorbent from solution can be achieved using an external 
magnetic field compared with those used traditionally. In 
addition, desired materials are separated from solution 
without any secondary wastes. Coal fly ash is of great yield 
and needs to be effectively disposed of. However, there are 
few research on the synthesis of magnetic nanoparticles 
of Fe3O4-fly ash (MNFFAs) [35]. Only Chen et al. [35] syn-
thesized Fe3O4-fly ash composites by liquid phase deposi-
tion method, where the coal fly ash was used without any 
pretreatment. Currently, there is no report about removal 
of Cr3+, Cu2+, and Ni2+ ions by using MNFFAs in literature 
[16]. Thus, an efficient, economic, scalable, and nontoxic 
synthesis of MNFFAs is highly desired for the removal of 
these heavy metal ions.

Herein, the MNFFAs were synthesized by coating 
Fe3O4 with NaOH-activated coal fly ash, which is slightly 

different from that reported by Chen et al [35]. The kinetics 
and thermodynamics for the sorption of Cr3+, Cu2+, and Ni2+ 
on the prepared samples were investigated. The effects of 
several operating parameters on the adsorption capacity and 
selectivity were experimentally obtained.

2. Materials and methods

2.1. Materials

The coal fly ash sample was obtained from Zhengzhou 
Second Power Plant, Henan, China. The fly ash particle size 
is in the range of 0.5–300 μm. It is composed of 58% (wt%) of 
SiO2, 30% of Al2O3, 4.3% of FeO, 1.5% of CaO, 2.8% of MgO, 
and 3.4% of Na2O. All other reagents with analytical grade 
were purchased from Beijing Chemical Reagents Company 
and used as received.

2.2. Preparation of MNFFA

Under a certain speed of stirring, the coal fly ash (50 g) 
was treated for 30 min in 100 mL NaOH (1.0 mol/L) solu-
tion. Then, the solid–liquid mixtures were filtered, cleaned 
several times with the distilled water, and then dried the 
alkali-treated fly ash using a vacuum drying oven at 333.15 K 
for at least 12 h. In order to obtain a sufficient quantity of 
alkali-modified samples for the subsequent preparation, the 
preceding steps were repeated several times.

A certain quantity of 0.1 mol/L FeCl3, 0.1 mol/L FeSO4, 
and 1.0 mol/L NaOH solutions was added into a beaker 
(250.0 mL) and stirred with a certain speed for 30 min. Then 
the alkali-modified fly ash filtered above was introduced to 
the reaction solution and reacted for 2 h. The mass ratio of the 
alkali-modified fly ash and the FeCl3-FeSO4-NaOH solution, 
hereinafter referred to as solid/liquid (S/L) ratio, were studied 
at S/L = 1/5, 1/10, 1/15, 1/20, and 1/25. After adsorption the 
solid–liquid mixture was separated by applying a magnetic 
field. The product of the MNFFA was washed by the deion-
ized water and then dried in the oven at 333.15 K for 12 h.

2.3. Characterization of MNFFA

Our study focuses on the adsorption capacity of metal ion 
on the prepared adsorbents and scanning electron micrographs 
(SEM), X-ray diffraction (XRD), and Brunauer–Emmett–Teller 
(BET) method can catch the main characteristics of prepared 
adsorbents although the Fourier transform infrared spectroscopy, 
vibrating sample magnetometer, SEM with energy dispersive 
X-ray spectroscopy, etc. could be used to characterize the 
samples before and after adsorption for detailed structural 
properties. The MNFFAs were characterized using the SEM 
(TM3000, Hitachi, Japan) and specimens were coated with 
gold for 30 s in SEM-coating equipment. Their crystal phases 
were analyzed using the BTX-Profiler XRD (America). The 
specific surface area of the sample was calculated by the BET 
method, and the pore volume was evaluated from the desorp-
tion branch of the isotherm based on the Barrett–Joyner–
Halenda (BJH) model. During the adsorption procedure, all 
batch experiments were carried out by adding 100 mL solu-
tion with an ionic concentration of 100 mg/L and a certain 
quantity of dry adsorbent into a 250 mL beaker.
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2.4. Analytical methods

The concentration of heavy metal ions was determined 
by an atomic absorption spectrometer. The calibration curve 
was obtained by preparing standard solutions with concen-
trations of same interval ranging from 0 to 25 mg/L. The final 
data were the average values of at least three experiments, 
and the standard deviations were less than 2.0%.

The equilibrium adsorption capacity, qe (mg/g), and 
removal efficiency, ηe (%), were calculated according to the 
following equations:

q
C C V
We

e=
−( )0  (1)

ηe
eC C

C
=

−( )
×0

0

100  (2)

where C0 and Ce are the initial and equilibrium heavy metal 
ions concentrations (mg/L), respectively. V is the volume of 

solution (L) and W is the weight of adsorbent (g) used in the 
adsorption experiments.

3. Results and discussion

3.1. Characteristics of adsorbents

Figs. 1(a)–(d) show the SEM images of the original and 
MNFFA in different magnifications. Figs. 1(a) and (b) and 
Figs. 1(c) and (d) are with the magnification of 2,000 and 9,000 
times, respectively. As can be seen from Figs. 1(a) and (b), 
the surface of the original fly ash is relatively smooth, and 
the MNFFA is rougher. It could be concluded that the sur-
face area of the MNFFA with S/L = 1:20 (MNFFA1:20) is larger 
than that of the original fly ash. Besides, the MNFFA1:20 has 
more channels than pure fly ash as can be inferred from the 
comparison between Figs. 1(d) and (c). Thus, the MNFFA1:20 
is expected to have a higher adsorption activity.

The pore size distribution dVp/dDv of the MNFFA1:20 is 
shown as a function of pore diameter Dv in Fig. 2. According 
to the BJH desorption method, the corresponding BET 

   (a) (b) 

   
(c) (d) 

Fig. 1. SEM images of nanoparticles MNFFA with S/L = 1:20 at different magnifications: (a) original and (b) modified fly ash with a 
magnification of 2,000 times, and (c) original and (d) modified fly ash with a magnification of 9,000 times.
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specific surface area, pore diameter, and volume of the 
MNFFA1:20 were determined to be 50.837 m2/g, 3.738 nm, 
and 0.056 cm3/g, respectively. In this case, the pore diameter 
obtained from the BJH model is usually slightly smaller than 
that from the density functional theory. This indicated that 
the synthesized sample contains numerous mesopores with 
pore diameters of approximately 3.7–4.0 nm.

The XRD images of the original fly ash and MNFFA1:20 
are presented in Figs. 3(a) and (b), respectively. Fig. 3(a) 
shows that Al2O3 (JCPDS No. 10-0425) and CaO (JCPDS No. 
48-1467) associated with quartz (JCPDS No. 02-0471) are the 
main composition for the untreated coal fly ash. In Fig. 3(b), 
some peaks at 2θ = 35° (311), 43.2° (400), 51.7° (422), and 

63.8° (440) were appeared in the diffraction pattern of the 
MNFFA, which matched the standard cubic Fe3O4 (JCPDS 
No. 19-0629). This result is in conformity with the experi-
mental results that the MNFFA1:20 could be separated easily 
and quickly from the solution after absorption by applying a 
magnetic field. As demonstrated in Fig. 4, the original solu-
tion, which contains the MNFFA1:20, is muddy after adsorp-
tion, while its appearance becomes transparent by applying 
an external magnetic field.

3.2. Adsorption capacity of different adsorbents

Table 1 shows the adsorption capacity of Cu2+ on the 
adsorbents with different compositions. Here the mass of 
the adsorbents used is W = 100 mg and the volume of the 
solutions is V = 100 mL. At the same initial concentration of 
Cu2+ (100 mg/L), the MNFFA1:20 has a maximum adsorption 
capacity. The MNFFA can be separated easily and quickly 
from the solutions by applying a magnetic field within 30 s. 
Therefore the MNFFA1:20 was chosen as an adsorbent in our 
subsequent tests.

3.3. Effect of equilibration time

The adsorption experiments were carried out with the 
time varied from 0 to 12 h using 200 mg MNFFA1:20 and 
100 mL aqueous solutions with 100 mg/L of Cr3+, Cu2+, 
or Ni2+ at 298 K and pH = 4.0. The adsorption efficiency 
of Cr3+, Cu2+, and Ni2+ as a function of equilibration time 
is presented in Fig. 5. It is clear that the adsorption effi-
ciency of Cr3+, Cu2+, and Ni2+ is highly time-dependent. 
The longer adsorption time, the higher adsorption effi-
ciency before the adsorption equilibrium is reached. The 
equilibrium was reached within 4 h for Cr3+ and Cu2+ ions, 
but 12 h is required for equilibration of adsorption of Ni2+. 
The removal rate of heavy metal ions and adsorption effi-
ciency are in the order: Cu2+ > Cr3+ > Ni2+. The equilibrium 
adsorption capacity for Cr3+, Cu2+, and Ni2+ are 50.0, 50.0, 
and 19.2 mg/g, respectively.
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Fig. 2. The pore size distribution of the MNFFA1:20.

 
Fig. 3. XRD patterns of (a) original fly ash and (b) MNFFA1:20 
(A: SiO2; A′: silicon aluminate; B: Al2O3; C: Fe2O3; D: Fe3O4; E: CaO).

Fig. 4. Appearance of the aqueous solutions containing the 
adsorbent MNFFA1:20 before (right) and after (left) an external 
magnetic field is applied.
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3.4. Effect of pH

As can be deduced from the surface characteristics and 
composition of the MNFFAs, the adsorbent used in this work 
has a porous structure with hydrophilic surfaces. The inter-
action between metal ions and adsorbent surfaces highly 
depends on pH of solutions. The pH of the aqueous solu-
tion is an important controlling parameter in heavy metal 
ions adsorption processes. In order to explore the effect of 

pH, we prepared a series of 100 mL Cr3+, Cu2+, and Ni2+ aque-
ous solutions with the initial concentration of 100 mg/L and 
pH = 3, 4, 7, and 9. And then 200 mg MNFFA1:20 was intro-
duced to the each solution for adsorption at 298 K.

The obtained adsorption efficiencies of Cr3+, Cu2+, and 
Ni2+ ions from aqueous solutions by the MNFFA1:20 at equil-
ibration time of 24 h and different pH values are plotted in 
Fig. 6. As the pH in solution is increased, the adsorption effi-
ciency increases for all the studied cations. Fig. 6 illustrates 
that the adsorption efficiency for Ni2+ gradually increases 
from 21.8% to 49.68% when the pH varies from 3.0 to 9.0. 
Further increase of pH influences the adsorption efficiencies 
of Cr3+ and Cu2+ due to that adsorption of these two metal ions 
can reach equilibrium quickly (12 h) at pH = 3.0. It should 
be pointed out that the determination of reliable adsorption 
capacity is impossible at a higher pH due to the precipitation 
of cations by hydroxides.

3.5. Effect of dosage of MNFFA1:20

Different dosages of the MNFFA1:20 also influence the 
adsorption kinetics and equilibrium concentrations. The 
effect of dosage of the MNFFA1:20 on adsorption efficiency 
and the adsorption capacity can be observed by adding dif-
ferent dosages of the MNFFA1:20 to 100 mg/L initial solutions. 
The equilibrium adsorption capacities at different values of 
W/V are plotted in Fig. 7.

Table 1
Adsorption quantities of Cu2+ on the adsorbents with different compositions

Adsorbents Initial concentration (mg/L) Equilibrium concentration (mg/L) Adsorption quantity (mg/g)

MNFFA (S/L = 1/5) 100 2.19 97.81
MNFFA (S/L = 1/10) 100 1.13 98.87
MNFFA (S/L = 1/15) 100 1.27 98.73
MNFFA (S/L = 1/20) 100 0.63 99.37
MNFFA (S/L = 1/25 100 1.16 98.84
Pure Fe3O4 100 67.48 32.52
Pure fly ash 100 22.43 77.57
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Fig. 5. Adsorption (a) quantity and (b) efficiency of three heavy 
metal ions on the MNFFA1:20 in aqueous solution with metal ion 
concentration of 100 mg/L at W/V = 2.0 g/L, 298 K, and pH = 4.0.
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Fig. 6. Effect of pH on removal efficiency of heavy metal ions by 
the MNFFA1:20 at C0 = 100 mg/L, W/V = 2.0 g/L and 298 K.
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With the increase of the dosage of the MNFFA1:20, the 
adsorption rate is improved, but the equilibrium adsorp-
tion quantity per gram is reduced in Fig. 7. For both Cu2+ 
and Cr3+, the maximum adsorption quantity per gram of 
the MNFFA1:20 was 100 mg/g when 100 mg MNFFA1:20 was 
introduced to 100 mL aqueous solution containing a heavy 
metal ion. But it needs a longer time to get maximum 
adsorption efficiency. Taking into account the effects of both 
adsorption rate and equilibrium capacity, the most suitable 
dosage of the MNFFA1:20 is W/V = 2.0 g/L for Cu2+ and Cr3+. 
For Ni2+ the highest adsorption quantity was obtained to be 
19.21 mg/g, at W/V = 3.0 g/L, which is the best proportion of 
the MNFFA1:20 in aqueous Ni2+ solution.

3.6. Effect of temperature

For all the investigated ions, experiments were con-
ducted by varying the temperature between 298 and 313 K 
at C0 = 100 mg/L, W/V = 2.0 g/L and pH = 4.0. Fig. 8 shows 
the removal efficiency evolution during the adsorption equil-
ibration for Cr3+, Cu2+, and Ni2+ at different temperatures. As 
can be observed for the three ions, the highest adsorption 
capacity could be reached much faster at a higher tempera-
ture than that at a lower temperature. The higher the tem-
perature, the shorter the equilibration time. The temperature 
above 303 K has a marginal effect on adsorption kinetics as 
can be observed in Fig. 8.

3.7. Adsorption kinetics

In order to better analyze the adsorption rates of Cr3+, 
Cu2+, and Ni2+ on the MNFFA1:20, three simple kinetic models 
were tested. The pseudo-first-order rate expression, popu-
larly known as the Lagergren equation [36,37], is generally 
described by the following equation:

dq
dt

k q qe= −( )1  (3)

where qe and q are the amount of the metal ions adsorbed 
per unit weight of sorbent (mg/g) at equilibrium and any 
equilibration time t, respectively. k1 is the rate constant (h–1). 
Integrating with appropriate boundary conditions (q = 0 
for t = 0), we have

ln lnq q q k te e−( ) = − 1  (4)

The adsorption data were also analyzed in terms of 
pseudo-second-order model given by the following equation:

dq
dt

k q qe= −( )2

2
 (5)

where k2 is the rate constant (mg g–1 h–1). The linearized form 
of the pseudo-second-order model is written as follows:

t
q k q

t
qe e

= ( ) +
1

2

 (6)

The intraparticle diffusion model is given by the following 
equation:

q k t C= +id
1/ 2  (7)
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Fig. 7. Effect of adsorbent dosage on equilibrium adsorption 
quantity on the MNFFA1:20 at C0 = 100 mg/L, pH = 4.0 and 298 K.
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Fig. 8. The removal efficiency evolution during the equilibration of 
adsorption in single cationic solutions at C0 = 100 mg/L, W/V = 2.0 g/L, 
pH = 4.0 and 298, 303, and 313 K: (a) Cu2+ and Ni2+ and (b) Cr3+.
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where kid is the intraparticle diffusion rate constant (mg/g/h), 
and C is the intercept (mg/g).

The fitting parameters for both pseudo-first-order and 
pseudo-second-order models as well as intraparticle diffu-
sion model are listed in Table 2. Also included in the table 
are the linear correlation coefficients (R2) of the experimental 
data for the three models. It should be pointed out that the 
parameters of the three kinetic models are regressed based 
on the experimental adsorption data at W/V = 1.0 g/L for Cu2+ 
and Cr3+ and W/V = 2.0 g/L for Ni2+. For all the three metal 
ions, the adsorption quantities are more relevant to time in 
terms of the pseudo-second-order model than those in terms 
of the pseudo-first-order or intraparticle diffraction model. 
The pseudo-first-order model only fits well the adsorption 
dynamics of Cu2+. It is not suitable for the fitting of adsorp-
tion dynamic data of Cr3+ and Ni2+ on the MNFFA1:20. The 
correlation coefficients are approximately the same for all 
the three metal ions, with values of larger than 0.999. The 
high correlation coefficients (R2) for the pseudo-second-or-
der kinetic model indicate that the adsorption of Cu2+, Cr3+, 
and Ni2+ on the MNFFA follows a second-order mechanism, 
likely controlled by the chemisorption.

3.8. Adsorption isotherms

Experimental data obtained from the batch equilibrium 
tests can be analyzed using the sorption isotherm models 
of Langmuir and Freundlich [36–38]. Langmuir sorption 
isotherm is the best known of all isotherms describing sorp-
tion and it has been successfully applied to many sorption 
processes. It is given by the following equation:

C
q bq

C
q

e

e m

e

m

= +
1

 (8)

where Ce is the equilibrium aqueous metal ions concentration 
(mg/L), qe is the amount of metal ions adsorbed per gram of 
adsorbent at equilibrium (mg/g), qm and b are the Langmuir 

constants related to the maximum adsorption capacity and 
energy of adsorption, respectively. The values of qm (mg/g) 
and b (L/mg) can be determined from a linear fit of Ce/qe 
versus Ce.

Freundlich isotherm is frequently used to describe the 
adsorption of inorganic and organic components in solutions. 
This empirical isotherm, which is appropriate to a nonideal 
heterogeneous adsorption, is expressed by the following 
equation:

log log logq K
n

Ce f e= +
1  (9)

where Kf is roughly an indicator of the adsorption capacity 
and 1/n stands for the adsorption intensity. The magnitude 
of 1/n gives an indication of the favorability of adsorption. 
Values of n (where n > 1) represent favorable adsorption 
condition. Values of Kf and n can be determined from the 
slope and intercept of the plot of log qe versus log Ce.

In the equilibrium adsorption experiments, the initial 
concentrations of Cr3+ or Cu2+ in the solutions are 100, 200, 
300, 500, and 700 mg/L and those of Ni2+ are 25, 50, 100, 200, 
and 300 mg/L. The equilibrium concentrations were mea-
sured after the systems were equilibrated for 24 h. And 
then the equilibrium adsorption quantities were calculated. 
Parameters of Langmuir and Freundlich isotherms for Cr3+, 
Cu2+, and Ni2+ were determined according to the linear 
correlations expressed by Eqs. (8) and (9). Their values were 
listed in Table 3.

As can be seen from Table 3, the linear correlation of the 
Langmuir model is higher than that of the Freundlich model 
in all cases studied in this work. The values of R2 in terms of 
the Langmuir model are from 0.9985 to 0.9993, and the data 
have good stability. It means the Langmuir model represents 
a better fit to the experimental data than the Freundlich model 
does (0.958–0.977), which demonstrates that monolayer cov-
erage of the heavy metal ions is formed at the outer surface 
of the MNFFA. The adsorption capacity in mg/g for the stud-
ied ions is in the order Cu2+ > Cr3+ > Ni2+. This sequence is in 

Table 2
Kinetic parameters for adsorption of metal ions on the MNFFA1:20 at 298 K and pH = 4.0

Ion Pseudo-first-order Pseudo-second-order Intraparticle diffusion

qe (mg/g) k1 (h–1) R2 qe (mg/g) k2 (g/mg/h) R2 kid (mg/g/h) C (mg/g) R2

Cu2+ 90.02 1.2 0.995 100.0 0.034 0.9992 53.14 0.334 0.973
Cr3+ 46.53 0.6 0.851 100.0 0.030 0.9999 51.73 15.712 0.897
Ni2+ 6.68 0.3 0.605 20.0 0.300 0.9997 6.55 2.559 0.925

Table 3
Parameters of Langmuir and Freundlich models for adsorption of metal ions on the MNFFA1:20 at 298 K and pH = 4.0

Metal ion Langmuir model Freundlich model

qm (mg/g) b (L/mg) R2 Kf (L/mg) n R2

Cu2+ 229.88 0.649 0.9993 126.83 8.656 0.9772
Cr3+ 212.31 0.459 0.9989 115.29 8.768 0.9467
Ni2+ 26.18 0.154 0.9985 18.33 17.364 0.9581
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consistence with the affinity order of the metal ions toward 
the fly ash [39], microwaved olive stone activated carbon [40], 
carbon nanotubes [41], sawdust and modified peanut husk 
[42], hydrocolloid liquid-core capsules [43], and graphene 
oxide membranes [44].

According to density functional theory of electric dou-
ble layer [45–47], the adsorption capacity of a counterion 
adsorbed on the surface or in the pore of the adsorbent 
depends strongly on the ionic valence and size as well as 
the interaction force between the ion and the surface (exter-
nal potential). A stronger attractive external potential and a 
higher ionic valence may result in a higher adsorption capac-
ity while a larger ionic diameter may play an opposite role 
to adsorption. The interaction between metal ion and the 
surface of the adsorbent should be precipitation, adsorp-
tion, and/or ion-exchange. If the precipitation is assumed to 
be the main factor, the solubility product Ksp for Cu(OH)2, 
Cr(OH)3, and Ni(OH)2 determines the external poten-
tial applied on Cu2+, Cr3+, and Ni2+, respectively, due to the 
hydrophilic surface of the MNFFA. The values of pKsp for 
Cu(OH)2, Cr(OH)3, and Ni(OH)2 at 298.15 K are 19.36 [48], 
28.36 [49], and 16.10 [50], respectively. Therefore the exter-
nal potential of the adsorbent applied on the metal ions 
should be in the order Cr3+ >> Cu2+ > Ni2+. Meanwhile, the 
effective cationic diameters can be estimated from the exper-
imental activity coefficient data [51] in terms of the modi-
fied mean-spherical approximation [52,53] and their values 
are σ0(Cu2+) = 8.63 Å, σ0(Cr3+) = 9.74 Å, and σ0(Ni2+) = 9.28 Å. 
Based on the external potentials and ionic diameters of the 
metal ions, one can understand that the adsorption capacity 
of Cr3+ should be the highest due to the very strong exter-
nal potential applied by the surface although the largest size 
of Cr3+ may cancel some capacity. The adsorption capacity 
of Cu2+ should be apparently greater than that of Ni2+ due 
to that Cu2+ has a stronger external potential and a smaller 
size. Overall, the electrolyte theory predicts the adsorption 
capacity in the order Cr3+ > Cu2+ > Ni2+, which is in accordance 

with the experimental sequence in mmol/g. The experimen-
tal adsorption capacities of Cu2+, Cr3+, and Ni2+ are 3.62, 4.08, 
and 0.45 mmol/g, respectively. From above analysis based 
on the binding interactions and electrostatic effects from the 
DFT, we concluded that the enhancement of the adsorption 
is mainly due to Fe-OH, Si-OH, Al-OH, and Ca-OH groups 
on the surface of the MNFFA material by precipitation inter-
actions and volume effect of the metal ions.

In Table 4, we compared the MNFFA1:20 with recently 
reported adsorbents for the removal of the heavy metal ions 
studied in this work. Although it is hard to come to a complete 
conclusion from the simple comparison due to different solu-
tion conditions, the adsorption capacities of the MNFFA1:20 
are very competitive with other sorbents, especially for the 
removal of Cu2+ and Cr3+.

3.9. Co-adsorption of mixed metal ions

We have also investigated the adsorption of heavy metal 
ions in mixed cationic solutions. The adsorption quantities 
of metal ions from the binary cationic solution varying with 
the adsorption equilibration time are demonstrated in Fig. 9. 
The selectivity of Cu2+ over Cr3+ and Ni2+, Cr3+ over Ni2+ is, 
respectively, 1.06, 8.68, and 2.98 in corresponding binary cat-
ionic solutions at W/V = 2.0 g/L, pH = 4.0, and temperature 
T = 298 K. From these figures we can see that adsorption rate 
is slower in solutions containing two metal ions than that 
contain single metal ion. This is because the introduction of 
the second ion decreases the activity coefficient of both metal 
ions in the low ionic strength region. In addition, there exists 
an adsorption competition between the two metal ions. It 
is clearly shown in Figs. 9(a) and (b) that the introduction 
of Cr3+ or Ni2+ to aqueous Cu2+ solution has only marginal 
effect on both adsorption equilibrium and kinetics for Cu2+, 
while Cu2+ substantially reduces both adsorption equilibria 
and kinetics of Cr3+ and Ni2+ in the binary cationic solutions. 
It means that in the binary cationic solutions, the MNFFA1:20 

Table 4
Comparison of the maximum adsorption capacities of present work with those of recent investigations

Metal ion Adsorbent qm (mg/g) Reference

Cu2+ Peach palm sheath colonized with Agaricus blazei 22.14 [54]
Microwaved olive stone activated carbon 22.73 [40]
Graphene oxide membrane 72.60 [44]
Poly(MVE-alt-MA-I) 81.72 [55]
Hydrocolloid liquid-core capsules 219.00 [43]
Magnetic nanoparticles of Fe3O4-base modified fly ash 229.88 This work

Cr3+ Peach palm sheath colonized with Agaricus blazei 19.42 [54]
Poly(MVE-alt-MA-I) 29.97 [55]
Mn3O4 nanomaterial 41.7 [56]
Magnetic nanoparticles of Fe3O4-base modified fly ash 212.31 This work

Ni2+ Microwaved olive stone activated carbon 12.00 [40]
Graphene oxide membrane 62.30 [44]
Hydrocolloid liquid-core capsules 65.00 [43]
Poly(MVE-alt-MA-I) 67.45 [55]
Magnetic nanoparticles of Fe3O4-base modified fly ash 26.18 This work
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has a preferential adsorption of Cu2+ than Cr3+ and Ni2+ when 
the bulk ionic concentrations are the same. These results can 
be well understood in terms of the effective ionic diameter 
and external potential of the adsorbent surface on each ion. 

The Cu2+ is adsorbed in the small pores where Ni2+ and Cr3+ 
cannot be adsorbed due to the smallest size and the moder-
ate external potential of Cu2+. The adsorption quantity and 
rate for Cr3+ decrease to a lesser extent compared with Ni2+ 
because the external potential acting on Cu2+ is weaker than 
that on Cr3+ and stronger than that on Ni2+.

Fig. 9(c) demonstrates that both adsorption rate and 
quantity of Cr3+ and Ni2+ are decreased in a small extent due 
to the reduction of the ionic activity. There is no competitive 
adsorption between Cr3+ and Ni2+ because Cr3+ cannot enter 
the adsorption sites of Ni2+ due to the size effect and Ni2+ can-
not occupy the adsorption sites of Cr3+ due to the extremely 
strong external potential on Cr3+. Therefore, the MNFFA1:20 
almost has no selectivity between Cr3+ and Ni2+.

The evolution of the adsorption quantity for Cu2+, Cr3+, 
and Ni2+ is plotted in Fig. 10 for the ternary cationic solu-
tions at W/V = 2.0 g/L and the concentration of each metal 
ion is 100 mg/L. The selectivity of Cu2+ over Cr3+ and Ni2+ 
is, respectively, 1.21 and 4.67 in the ternary cationic solution 
at W/V = 2.0 g/L, pH = 4.0, and temperature T = 298 K. As 
expected, there is almost no effect on the adsorption equi-
librium and kinetics of Cu2+ as can be seen from Fig. 10. 
The adsorption quantity and rate of Cr3+ are reduced to a 
moderate extent and those of Ni2+ are decreased substan-
tially. Again these selective properties can be well explained 
by the ionic size and external potential obtained in the above 
section.

3.10. Desorption and regeneration of adsorbent

Adsorption of the heavy metal ions may leave a 
heavy burden on the environment and thus the exhausted 
MNFFA1:20 should be regenerated for recycling. Based on 
the recovery efficiency of metal ions, NaOH was selected 
as eluent after trying other acids. The desorption of metal 
ions from the absorbent was achieved by putting 0.01 M 
NaOH solution into the column for 24 h in oscillator. Fig. 11 
illustrates the adsorption and desorption behavior of the 
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Fig. 9. Comparison of adsorption quantities in pure and binary 
cationic solutions: (a) Cu2+ + Cr3+, (b) Cu2+ + Ni2+, and (c) Cr3+ + Ni2+ 

at W/V = 2.0 g/L, pH = 4.0 and temperature T = 298 K. The 
concentration for each ion in pure and binary cationic solutions 
is 100 mg/L.
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Fig. 10. Comparison of adsorption quantities in pure and ternary 
cationic (Cu2+ + Cr3+ + Ni2+) solution at W/V = 2.0 g/L, pH = 4.0, and 
temperature T = 298 K. The concentration for each ion in pure 
and ternary cationic solutions is 100 mg/L.
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MNFFA1:20 porous monoliths. After five cycles, the adsorp-
tion efficiency of Cu2+, Cr3+, and Ni2+ gradually decreased 
from 100% to 99.5%, from 100% to 96.34%, and from 39.95% 
to 21.64%, respectively. These experimental results infer that 
the MNFFA1:20 has stable physical and chemical properties 
and adsorption capacity for reuse.

4. Conclusion

In this work, magnetic nanoparticles composed of Fe3O4 
and alkali-treated coal fly ash were synthesized in order to 
treat the water polluted by heavy metal ions such as Cr3+, 
Cu2+, and Ni2+. The synthesized magnetic Fe3O4@alkali- 
treated coal fly ash was characterized using the SEM, XRD, 
and BET method. Experimental results indicate the max-
imum theoretical adsorption capacity in the investigated 
conditions was 229.88, 212.31, and 26.18 mg/g for Cu2+, Cr3+, 
and Ni2+, respectively. The adsorption mechanism is pro-
posed to be a pore accommodation and binding between 
metal ions and nanoparticles influenced by the effective ionic 
diameters and external potential exerted on the metal cations. 
Analyses of experimental data indicated that the adsorption 
equilibrium and kinetics of all the investigated ions onto the 
MNFFA1:20 follow the Langmuir and pseudo-second-order 
models, respectively. The prepared adsorbent exhibits high 
Cu2+ selectivity in all binary and ternary mixed ionic solu-
tions of Cu2+, Cr3+, and Ni2+. The selectivity of Cu2+ over Cr3+ 
and Ni2+ is, respectively, 1.21 and 4.67 in the ternary cationic 
solutions. The adsorption efficiency of Cu2+, Cr3+, and Ni2+ can 
be kept for five adsorption cycles. Besides, a quick separation 
can be carried out without secondary pollution by using the 
MNFFA1:20. Therefore, we concluded that the MNFFA1:20 with 
a fine grain size (3.738 nm) is an effective, convenient, low-
cost, and environment-friendly material for the removal and 
recovery of heavy metals from the polluted water.
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