aann

v A

anm

Research Article

Magnetic Fe;0,/MnO, core-shell nano-composite for removal
of heavy metals from wastewater

Qiuju Li' - Fanxi Yang? - Jixin Zhang? - Cang Zhou?

Received: 5 December 2019 / Accepted: 6 July 2020 / Published online: 14 July 2020
© Springer Nature Switzerland AG 2020

Abstract

Feasible reutilization of sorbents was crucial to the waste water treatment process cost-effective and environmental
friendly. Magnetic Fe;0,/MnO, composites as sorbents were recycle utilized to remove heavy metals ions [Pb(ll), Cu(ll),
Cd(Il) and Zn(I] from industrial wastewater. In this paper, The Fe;0,/MnO, composites structure and interface adsorp-
tion mechanism were investigated by chemical affinity, Zero potentials combining with XRD, FTIR and TEM. The adsorp-
tion, desorption and recycle experiments were explored. The results indicated that Fe;0,/MnO, composites were nano
structure with consisting of two layers with Fe;0, in the core and amorphous MnO, on the shell. The adsorption mecha-
nism was that the heavy metals substituting for H of Mn-O-H and forming the structure of Mn-O-Me which meant
the metals removal was the process of ion exchange. The sorbent removal efficiency of Cu, Cd, Pb and Zn were 99.81%,
99.76%, 98.1%, 83.25%, respectively. The equilibrium data analysis indicated that the Langmuir model was the most
appropriate model to describe the adsorption of on the surface of Fe;0,/MnO, composites. The kinetics studies showed
that the adsorption kinetics of heavy metal ions on the surface of Fe;0,/MnO, composites was significantly appropri-
ate to pseudo-second-order model. The experiments verified that the Fe;0,/MnO, sorbent being separated from water
by external magnetic field for recycling was feasible for environmental friendly and efficient remove heavy metal ions.

Keywords Metallurgical wastewater - Magnetic Fe;0,/MnO, composites - Heavy metals removal - Surface adsorption
mechanism - Recycle sorbent

1 Introduction removal from wastewater had been extensively studied.
Various approaches, such as chemical precipitation, elec-

Contamination of soils and sediments with trace metals  trochemical treatment, ion exchange and adsorption, had

was worldwide problem originating from many industrial
activities, such as ore processing, printing, metallurgy, bat-
teries, electroplating, miningand chemical [1-4]. Heavy
metal ions such as Pb, Cu, Cd and Zn were among the most
common pollutants in industrial effluents [5-8], which did
harm to human health and other living organisms. Con-
sequently, Research had focused on the removal of metal
ions contaminants to acceptable level of environmental
friendly. In recent years, various methods for heavy metal

been proposed to remove heavy metal ions from con-
taminated water [9-12]. Among these methods, adsorp-
tion was an attractive approach in contaminated water
treatment, due to its high removal efficiency reliability,
economy and without yielding harmful by-products [13].

Recently numerous approaches had been studied for
the development of cheaper and more effective mineral
adsorbents. Minerals had been increased attention for
heavy metals remediation applications for high sorption
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capabilities for metal [14-18]. Particularly, the nanostruc-
ture mineral offereinglarge surface areas, which pro-
vided high capacity and theability to enhance contami-
nant affinity with the surface [19, 20]. Therefore, MnO,
had been chosed to prepare composited sorbents to
adsorb heavy metals [21-25]. Unfortunately, such min-
erals still suffered from issues involving inconvenience of
separation from the waste water as they tended to form
super fine particles in aqueous solution and cause sec-
ondary pollution. Thus, the development of new nano-
sorbents with a facile separation property and recycling
utilitywas of great interest. Iron oxide like magnetite
(Fe;0,) and maghemite (y-Fe,0;), had been extensively
applied in designing because they had a high magnetic
susceptibility. The modification of Fe;0, with MnO, was
not only removal heavy metal ions efficiently but also
recovery through its magnetic property.

The adsorption was found to be accomplished by sur-
face complexation. There was a lack of knowledge about
the surface structure-sencentive adsorption and adsorp-
tion mechanism. How the parameter inpact on henvy met-
als adsorption, and the adsorbts worked efficiency after
times recycle were still not clear. In this paper, the Fe;0,/
MnO, composites were used as cyclic sorbent to remove
the heavy metals ions such as Pb(ll), Cu(ll), Cd(ll) and Zn(ll)
from industrial wastewater. The surface structure and por-
pertiy of Fe;0,/MnO, composites were characterized. The
influent parameters of remove heavy metals from waste
water were investigated. Chemical affinity and total capac-
ity of the composites were shown to be superior to select
heavy metals in the wastewater. The surface adsorption
isotherm and kinetics of Fe;0,/MnO, composites were
investigated. The adsorption and desorption and the recy-
cle remove of heavy metals were explored. The removal
heavy metals mechanisms of Fe;0,/MnO, composites
sorbent were elucidated.

2 Experimental sections
2.1 Synthesis of magneticFe;0,/MnO, composite

The magnetic composites Fe;0,/MnO, were prepared with
a simple hydrothermal processon the basis of previous lit-
erature reports [26], and the modifications was needed
in this experiment. During the synthesis process, 0.51 g
KMnO, was first dissolved in 35 mL of deionized water.
0.8 mL HCl (37 wt%) was slowly added to the solution and
stirred for 30 min.Then 0.32 g Fe;0, was added into the
solution and stirred continuous for 1 h. The mixture was
washed with deionized water, and then dried at 120 °C for
2 h under atmospheric conditions.
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2.2 Characterization of magnetic Fe;0,/MnO,
composites

The morphologyof the products was examined by field-
emission scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). Crystalline phases
were identified by X-ray diffraction (XRD). Magnetic
property measurement was performed on vibrating sam-
ple magnetometer (VSM). Surface area and pore size dis-
tribution were measured by the Brunauer-Emmett-Teller
(BET). The zeta potentials were measured with a zeta-
sizer. In order to obtain information about the distribu-
tion of metals ion within the Fe;0,/MnO, nano-com-
posites, the samples were immerged with waste water
for 24 h. The interaction between heavy metal ions and
the adsorbent were examined by FTIR. The elemental
compositions were determined by EDX and inductively
coupled plasma atomic emission spectrometry (ICP). The
pHpzc (point of zero charge) of composites was defined
as the pH value at which the surface carries net zero
charge. To evaluate the pHp,¢, the acid and base titra-
tions were carried out, and the corresponding pH was
recorded using a pH meter.

2.3 Experiment of recycle remove heavy metals
from waste water

Industrial waste water contained heavy metals (Zn, Pb, Cd,
Cu) with the concentration of 10 mg L™ of each metal.
The magnetic Fe;0,/MnO, composite were applied as
sorbent to remove heavy metals from industrial waste
water. Fe;0,/MnO, composites sorbent was placed into
the waste water and shaken for 24 h on a rolling mixer
(20 rpm). The remove heavy metals experiments were per-
formed at pH ranging from 2 to 12 and temperature rang-
ing from 30 to 60 °C. The composites sorbent were then
collected from the solution using a NdFeB magnet. The
waste water (after remove the heavy metals) was analyzed
by inductively coupled plasma atomic emission spectrom-
etry (ICP). Each batch experiment was repeated thrice and
the relative error was found to be within +2%, and the
final data were the average values.

The removal degree was estimated by the capality
of removal heavy metals in solution before and after
adsorption, the formulas was shown as follow:

Co — Ce

Jde = X 100% M

S
where g, (%) was removal degree, C,and C, (mg L") were
the initial and final metals concentrationsin the solution,
respectively.
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For the desorption experiment, Fe;0,/MnO, loading
heavy metal ions was dipped into 0.1 M HCl solution, the
mixture solution was stirred continuously in a shaker for
0.5 h at 30 °C. The composites sorbent were then col-
lected wiht a NdFeB magnet and then concentrations of
metal ions in the solution were analyzed. Fe;0,/MnO,
composites was used in the next adsorption cycle after
washing and drying. The quantity of ions desorption per
unit mass of used adsorbent were calculated according
to the following equations:

v,
qde = m—o X 100% (2)
While g4, (%) was desorption degree (%), C was the
metal ion concentrations in the desorption solution
(mg L™, V, is the volume of the desorption solution (L),
m, was the heavy metal ions amount in before desorption
(mg).

2.4 Adsorption isotherms

Langmuir and Freundlich models were the usual models
for investigating the adsorption isotherms [27, 28]. Lang-
muir adsorption isotherm offered the homogeneous
adsorption activation energy of adsorbent and envaluated
the maximum adsorption capacity. Furthermore, this iso-
therm presumed monolayer adsorption. The linear form
for the Langmuir isotherm model was expressed as Eq. (3).
Freundlich isotherm described both monolayer and mul-
tilayer adsorptions. Freundlich isotherms were often used
to describe adsorption equilibria between solid and solu-
tion. The linear form for the Freundlich isotherm model is
expressed as Eq. (4):

C_ 1, C

ot €)

Langmuir equation:
de  Kdm  Am

Freundlich equation: logg, = logk’ + % logC, (4)

where the C, and g, were the equilibrium concentra-
tion of heavy metal ions (mol L") and the amount of
heavy metal ions adsorption on the mineral at equilib-
rium (mg g™'), respectively. k was the Langmuir isotherm
constant, and q,,, was the maximum monolayer coverage
capacities (mg g~'), n was related to adsorption capac-
ity and k' was the Freundlich isotherm constant (mg g™')
(Lmg™).

2.5 Adsorption kinetics

Study of the adsorption kinetics provided the rate of
adsorbed heavy metal ions on the surface of sorbent.

Pseudo-first and pseudo second order models were the
most common kinetic models used for modeling the
kinetic rates [29].These models were also estimated the
amount of adsorbed heavy metals on the surface of sorb-
ent at various time intervals. The equations of these mod-
els can be expressed as follow.

The pseudo first order kinetic equation was represented
by Eq. (5).

In (g, —q;) =Ing, — k;t (5)

The pseudo second order (PSO) kinetic equation was
represented by Eq. (6).

—=—+—t
a. kg q. (©)

where g, and g, was the heavy ions adsorption quantity
(mg g‘1) at equilibrium time and time t, respectively, k;
and k were the rate constants of pseudo-first and second
order models, respectively. g, had exponential relation
with t in the pseudo-first-order model while the relation
between t/q, and t was linear for the pseudo-second-order
model.

3 Results and discussion
3.1 Characterization of Fe;0,/MnO, composite

A series of characterization methods were used to charac-
terize Fe;0,/MnO, composite. The phase structure of com-
posites particles were characterized with XRD showed in
Fig. 1. The patterns of Fe;0,/MnO, composites were similar
with that of Fe;0,, but the peaks strength of Fe;0,/MnO,
composites were weaker compared with that of Fe;0,.
In addition, all the diffraction peaks were identified to
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Fig. 1 XRD patterns of Fe;0, and Fe;0,/MnO, composites
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face-centered cubic crystal of Fe;0, (space group: Fd3m,
a=b=c=8.394 A). No visible MnO, crystalline peaks were
detected in all lines, which inferred that out shell MnO,
was amorphous phase.

Figure 2 displayed TEM images of Fe;0,/MnO, com-
posites. The TEM image in Fig. 2a gave an overview of the
sample, these particles with uniform spherical shape and
loosely arranged with the average size 90-100 nm. Fig-
ure 2b presented the aggregation of small particles and an
amorphous light grey shell covered on the dark core could
be clearly identified. It was showed that the core with
50 nm size was covered with out shell of 40-50 nm thick-
ness. The main elements of the core were Fe and O menat
Fe;0,, and the shells contained Mn and O which meant
the amorphous shell was coated with MnO, according to
the energy dispersive spectrum (EDS) analysis. MnO, con-
tent in core-shell structure Fe;0,/MnO, nano-composites
was about 18wt % calculated through ICP-AES analysis.
The core-shell structure of Fe;0,/MnO, nano-composites
was confirmed by the IR spectra analysis.

Infrared spectrum was operated to analysis the spec-
trums of the sorbent Fe;0,/Mn0O, nano-composites, ferro-
ferric oxide and manganese dioxide. The infrared scanning
range was 400-4000 cm™'. Referred to the standard infra-
red spectrum of ferroferric oxide and manganese dioxide,
the absorption peaks at 584 cm™' was the Fe-O character-
istic absorption peak and peak at 3400 cm™" was stretch-
ing vibration of hydroxy ferric iron. The infrared absorp-
tion peaks at 3400 cm™', 1625 cm™', 1348 cm™', 553 cm™’
were infrared characteristic peaks of manganese diox-
ide. And the peak at 3400 cm™' was the surface hydroxyl
stretching vibration peak of Mn-0O, the peak at 1625 cm™'
was the stretching vibration peak of the combination of
Mn-0 and O-H. As shown in Fig. 3, the absorption peaks
of Fe;0,/MnO, composites happened at the characteristic

Fig.2 TEM images of Fe;0,/
MnO, composites
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Fig.3 FTIR spectrums for Fe;0,/MnO, adsorption heavy metals

absorption peaks of ferroferricoxide and manganese diox-
ide, which proved that this nano-composites sorbent was
a composite product of Fe;0, and MnO,.

Zeta potential measurements were conducted to
understand the electrostatic interactions between the
surfaces and the aqueous species, and Fe;0,/MnO, com-
posites and Fe;O, powder were positively charged. The
result of zeta potential measurements agreed well with
surface charges expected from the reported pH;, values
of these minerals. The pH,, value for Fe;O, was 6.2 and
the pHpy value for Fe;0,/MnO, nano-composites was 3.25
much lower than that of Fe;O0, powder. The results indi-
cated that the composite could facilitate to adsorb more
positively charged heavy metal ions in a wide range of pH
values. BET were used to determine the surface area of and
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the surface area s was 69.23 m? g!, which meant Fe;0,/
MnO, nano-composites with high specific surface area
and high adsorption ability.

3.2 Surface adsorption structure studies

The FTIR analysis of Fe;0,/MnO,-Me (Fe;0,/MnO,
adsorbed Cu, Cd, Zn, Pb) were showed in the Fig. 3. The
infrared absorption peaks 3400 cm™' was the surface
hydroxyl stretching vibration peak of manganese diox-
ide, the peak at 2380 cm™' was the stretching vibration
peak of the combination of manganese atoms and O-H.
Mn-OH infrared peak depth at 1625 cm™' changed with
adsorption of different heavy metal ions. The depth of
absorption peak of cadmium ion was clearly greater than
that of copper, zinc and lead ion. The adsorption sequence
was Cd > Cu>Zn > Pb, which related with before adsorp-
tion capacity andtheir affinity with the adsorbent. The
change of Mn-OH infrared adsorption peak incidicated
heavy metal ions would institute H ion as adsorbingmet-
als ions, andformed the structure of O-Me (Me meant Cu,
Cd, Zn, Pb) on the surface of sorption. The infrared absorp-
tion peak at 2890 cm™' was simple surface electrostatic
exchange. The Fe-0O absorption peak at 584 cm™' obvi-
ously changed, which not only proved that the adsorp-
tion of heavy metal ions happened on manganese dioxide,
the ferroferricoxide was also involved in the adsorption
simultaneously.

The FTIR analysis also showed Fe;0,/MnO, structures
which adsorption heavy ions under different ions content
waste water. The Mn-O-H absorption peak at 2380 cm™
obviously changed, and the intensity increased with
adsorption Cd and Cu which meant Mn-O-H structure
broken and Mn-0O-Cd and Mn-0O-Cu formed. The results
showed that the vibrational band of Mn-OH fell off at
and 1348 cm™' and 1625 cm™' with the metals contents
in wastewater increasing. That reason was that the metals
content increased and enriched at the surface of absorp-
tion, and the heavy metals substituted for H of Mn-O-H
and formed the structure of Mn-0O-Cu, Mn-0-Cd,
Mn-0-Zn and Mn-O-Pb which meant the metals remove
was the process of ion exchange.

The surfaces of the metal oxides (MnO, suspension)
were generally covered with hydroxyl groups that vary
with their form at different pH. The isoelectric point
(IEP) of Fe;0,/Mn0O, nano-composites was found to
be around pH 3.25. At low the value of pH, there were
much H* on the surface of Fe;0,/MnO, nano-com-
posites sorbent which was not good for heavy metals
removal. The heavy metal ions such as Cu?*, Cd?*, Zn?*,
Pb?* had strong possibility of polarity in the weak acidic
waste water, and formed the structure of Cu(H20)62*,
Cd(H,0)¢**, Zn(H,0)¢**, Pb(H,0)¢**. When the pH value

was between 4.0 and 6.5, there was a declining H" on the
surface of Fe;0,/MnO, nano-composites sorbent.

It was shown positive potentialwith the pH value
higher than 6 after adsorption of Cd**(Cd?* was chosed
as model adsorbate). The result showed that the man-
ganese dioxide played a decisive role in sorbent, and
the main principle of adsorption was the positive charge
exchange. Before adsorption of heavy metals ion, man-
ganese dioxide maintained a certain amount of ioniza-
tion balance in water, such as expression (7) and (8).

=MnOH + H* < =MnOH} 7)

=MnOH < =MnO~ + H* (8)

The adsorption of heavy metals ion, positive charge
exchange took place between heavy metalsion and
manganese dioxide with high pH in waste water, such
as expression (9) and (10), where Me was representa-
tional for heavy metals of Cu, Cd, Pb and Zn. The heavy
metals ion replaced more hydrogen ions, so the zeta
potential of the solutionin the direction of the alkaline,
at the same time, this phenomenon also proved the
mechanism of the cadmium ions adsorption wasposi-
tive charge exchange.

=MnOH + Me?* & =MnOMe™ + H* 9)

=2MnOH + Me?* & =(Mn0),Me + 2H* (10)

The sorbent of Fe;0,/Mn0O, nano-composites was the
shell core structure with MnO, amorphous shells and fer-
romagnetic cores which enhanced its ability of sorption
analyzied by FIIR and zeta potentials and became attrac-
tive for absorption materials. The sorbent of Fe;0,/MnO-
,hano-composites adsorbing heavy metals was enriched
with magnet and dried at 200 °C for several days. The
sorbent was analyzied by XRD indicates that heavy met-
als such as Cu, Cd, Zn and Pb substitution H precipitated
in MnO, and Me-O-Mn mineral recrystallization formed.
So the adsorption site was on MnO, surface and Fe;0,
was just a basic carrier.

3.3 Adsorption studies

The degrees of remove heavy metals of Fe;0,/MnO,
nano-composites were shown in Fig. 4. The results
showed that Fe;0,/MnO, nano-composites had rela-
tively high adsorption capacity owing to their larger
surface area, which contributed to the increase in the
number of adsorption sites for the heavy metals. In addi-
tion, MnO, had abundant surface functional groups
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Fig.4 Adorption of Pb, Cu, Znand Cd on Fe;0,/MnO,nano-com-
posites and Fe;0, (Me: 10 mg L™, [sorbent]:1 g L™'; pH 6.5; time:
24 h)

and high-density negative charges verified before. The
removal degrees of the four heavy metal ions Cu, Cd,
Pb and Zn were 99.81%, 99.76%, 98.1% and 83.25%
respectively.

The dosage of sorptent for removal heavy metals from
waste water was significant for efficiency. The effect of
dosage on Fe;0,/MnO, nano-composites remove heavy
metals was shown in Fig. 5. The removal of heavy metals
from waste water increased obviously with the increase of
Fe;0,/MnO, nano-composites dosage when the dosage
was less than 1.0 g L™". As the Fe;0,/MnO, nano-compos-
ites dosage increased, the number of available sites for
binding heavy metal ions increased, which could improve
the removal heavy metal ions. When the dosage of Fe;0,/
MnO, nano-composites increased to excass 1.0 g L', the
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Fig.5 Effect of Fe;0,/MnO, nano-composites dosage on Me
adsorption (pH 6.5, initial Me concentration=10.0 mg L")
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mounts of removal heavy metals decreased. The result was
that the increase of sorbent dosage could decrease the
contact area between metal ions and solid surface.

pH effect on Fe;0,/Mn0O, nano-composites adsorption
Cu, Cd, Pb and Zn were conducted at atmosphere tem-
perature as showed in Fig. 6. These heavy metals removal
degree were increased with of pH increasing to 6.5 and
then arrived at a maximum removal with pH exceed 6.5.
The maximum adsorption dehree of Cu, Cd and Pb was
almost 99%, and the maximum adsorption dehree of Zn
was 88%. The results showed Fe;0,/MnO, nano-com-
posites removed these heavy metals in waste water with
high pH, which meant pH affected the sorbent surface
charge distribution and surface species adsorption. The
adsorption capacity were found to be increased with the
pH increasing. Cd and Zn were hardly adsorbed, and the
removal degree of Cu, Pb were relatively low with pH lower
than 4.0, because the adsorbent surface would acquire a
positive charge when pH was less than 3.25 (pH,,) [30].
As pH > 4.0, hydrogen ion concentration in the solution
decreased gradually, which could lead to the H* leaving
Fe;0,/MnO, nano-composites surface. There was more
negatively charged sites in the sorbent surface which was
available to the metal ions and caused the adsorption
capacity increased dramatically. When pH> 6.0, Fe;0,/
MnO, nano-composites surface was nagetive electron-
egativity which was easy to adsorption positively charged
metal ions according to the zeta potential measurements.

Heavy metals ions would be present in the species of
Me?*, Me(OH)*, and Me(OH), (Me: Cu®*, Cd**, Zn** or Pb?*)
at different pH values in the aqueous solution. M** was
the dominant specie at low pH, and it might be hydro-
lyzed to form Me(OH)* and M(OH), with the pH increasing.

100 » P "
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Fig.6 Effect of pH on Fe;0,/MnO, nano-composites adsorption of
Me (Me: Cu, Zn, Pb and Cd) on (Dose: 1 g L™, Me 10 mg L™, time:
24 h)
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The precipitation constants of Pb(OH),, Cu(OH),, Zn(OH),
and Cd(OH), were 1.2x 107>, 2.2x107%%1.2x 107" and
5.27x107"%, and the precipitation played a main role when
pH>9.7, pH>7.4, pH>8.0 and pH > 11 with corresponding
to metal ions concentration, respectively. Therefore, the
most feasible pH value was selected as 6.5 for Cu, Cd, Zn
and Pb removal which there were no hydroxide precipi-
tations formed and the adsorption capacities were high
enough.

The adsorption degree increased with temperature
improving as showen in Fig. 7. Temperature effect on Cu,
Cd, Zn or Pb removal were conducted at different tem-
perature of 30 °C, 40 °C, 50 °C and 60 °C. The dosage was
1 g L™", and the inial heavy ion contents of 10 mg L™,
adsorption of 24 h. The results showed that the adsorp-
tion of Zn was the most impacted by temperature. Zn
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Fig. 7 Temperature effect on heavy metal ions adsorption
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24

adsorption degree was 83.25% at 30 °C, and increased to
99.69% at 60 °C, while the adsorption degree of Cu, Cd, Pb
arrived at 98% with the temperarture of 30 °C. Core-shell
Fe;0,/MnO, adsorption zinc ions improved with tempera-
ture increasing meant which was an endothermic process.
The Core-shell structure Fe;0,/MnO, adsorption heavy
ions process were all endothermic which meant chemical
adsorptions mechanism.

3.4 Adsorption isotherms

Adsorption isotherms were used to achieve more informa-
tion about the adsorption behavior and adsorption param-
eters such as the adsorption maximum capacity on the
surface of Fe;0,/MnO,. The results of equilibrium data for
Cu?*, Cd?*, Zn?*, Pb** sorption were presented for Lang-
muir and Freundlich isotherm in Fig. 8a, b, respectively. As
seen from Fig. 8a, the adsorption densities of heavy metal
ions for sorbent were improved with increasing the con-
centration of metal ions, which confirmed that the initial
concentration was a driven force for adsorption process.
The results of the two isotherm models as a function
of heavy ions concentration at a pH of 6.5 and room tem-
perature were presented in Table 1. The results showed
that R? values of the Langmuir isotherm model was the
higher than that of Freundlich isotherm model. Langmuir
isotherm model was the best describing model for Cu?,
Cd?*, Zn?** and Pb?* adsorption on Fe;0,/Mn0, surface.
This model postulates that the monolayer adsorption of
metal ions on the Fe;0,/MnO, surface with all adsorp-
tion sites would be formed and being energetically
equivalent. All relations between C./q, and C, of heavy
metal ionswere linear. The correlation coefficient value
(R?) except Cd** were higher than 0.99. As shown from

Fig. 8 alLangmuir isotherm for adsorption, b Freundlich isotherm for adsorption

—— Frendich fitted line
15 — 71 r T v r v T+ 1 r 1 v T °* 1T
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Table 1 Comparison different

parameters for various Metal ions Langmuir isotherms Freundlich isotherms
isotherm models Gm (mgg™) k R? K n R?
Cu?* 498.575 7.94 0.9920 18.476 2.676 0.7902
Cd?* 439 0.904 0.9708 8.033 2.930 0.9378
Zn?* 416.5 1.88 0.9903 5.19 3.58 0.7299
Pb?* 490.5 3.79 0.9917 15.94 2.24 0.9326
520 . 3.5 Adsorption kinetic
480 - M
10 Figure 9 was the Fe;0,/MnO, adsorption heavy ions
capacity change with time. The dosage was 1 g L™', with
400 the inial heavy ion contents of 10 mg L', and the tempera-
360 ture of 30 °C. The adsorption capacity g, of Cu**, Pb%*, Zn*",
\E 0. Cd?* in waste water increased to 480 mg g~', 350 mg g™,
Ed 300 mg g~' and 380 mg g~! within 100 min. From the
2801 - slope of the curve, it could deduce that the adsorption
240 +C“2+ rate increased in 100 min, and then slow down during
200 ; I;:z+ 100-200 min because of adsorption site reducing rapidly.
A v pp? Figure 10a, b showed the kinetic adsorption parameters
o777 77 1 T which were fitted by pseudo-first and pseudo-second-
0 200 400 600 800 1000 1200 1400 1600
t(min) order models. A relatively higher correlation coefficient

Fig. 9 Adsorption capacity of heavy metal ions varies with time

Table 1, the Maximum adsorption capacity q,, value of
the Langmuir isotherm model for Fe;0,/MnO, adsorption
Cu?*, Cd?*, Zn?*, Pb?* was 498, 439, 416.5and 490 mg g™,
respectively which was much higher than the references
[31], which meant MnO, acted on the adsorption. The
metal ions order according to Langmuir model were
Cu?* > Pb?* > Zn?* > Cd** according to the k values.

v

log(q,-q,

0.4+

T T T T T
0 130 260 390 520 650 780

t(min)

R? values of pseudo-second-order model was the higher
than that of pseudo-first model. The pseudo-second-order
models described well the adsorption kinetics of heavy
metal ions on the surface of Fe;0,/MnO,, which meant
that the rate of adsorption should be proportional to the
concentration of metal ions in the solution. Also, the rate
of the adsorption was controlled by the chemical the
exchange. These results revealed that the surface chemis-
try of minerals could be changed by surface dissolution.
The kinetic parameters of metal ions sorption process
on composite were listed in Table 2. It was concluded that

b
40 o
B Cu
35{ o od
Az
3.0 Pb2+
—— pseudo- second order kinetics fitting
254
- 204
o
=

Fig. 10 aThe pseudo-first order kinetics fitting, b the pseudo-second order kinetics fitting
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Table 2 Kinetic adsorption parameters of Cu?*, Cd?*, Zn?*, Pb?*

Metal ions Pseudo-first order Pseudo-second order
9 R2 K R?

Cu?* 0.0053 0.9499 0.0286 0.9999

Cd** 0.0048 0.9403 0.0143 0.9999

Zn** 0.0025 0.9585 0.0049 0.9969

Pb2* 0.0064 0.73896 0.0046 0.9994

the best fit of the experimental data was exhibited by the
second order model for Pb2*, Cd?*, Zn?*, Cu®* sorption in
which the determination coefficient (R?) was higher than
0.99 and the values predicted from the experimental
data q,. The second order model for ions sorption with
the rate constants k was equal to 0.0286 mg g~' min~! for
Cu?*,0.0143 for Cd**, 0.0049 for Zn** and 0.0049 for Pb**,
respectively. The low values of rate constant (k) suggested
that the adsorption rate decreased with the increase of the
phase contact time and the adsorption rate was propor-
tional to the number of unoccupied sites. These results
confirmed the mechanism of chemical adsorption involv-
ing valence forces through sharing or exchange of elec-
trons between adsorbent, which was in good agreement
with studies of literature based on MnO, [24].

3.6 Recycle of Fe;0,/Mn0, nano-composites

For the desorption experiments, HCl was used to desorp-
tion metal ions from Fe;0,/MnO, sorbent loading heavy
metal ions for 24 h, and the concentration of HCl was 0.1 M
at temperature of 30 °C. Figure 11 showed the metal ions
desorption reaction degree with 0.1 M HCl, and the des-
orption degree of Cu?*, Cd**, Pb®* and Zn** from Fe;0,/
MnO, were increased at the first 25 min, while desorption
degree of Pb increased at the first 50 min. The desorption
degree of Cu?*, Cd**, Pb®* and Zn** from Fe;0,/MnO,
nano-composites was to achieve the desorption equilib-
rium with 60 min later under our experimental condition.
The desorption process was H* ion adsorption competing
to that of heavy metal ions at adsorption sites.
Fe;0,/MnO, composites exhibited a poor adsorption
capacity at lower pH, which acid treatment was likely
to be a suitable approach for regeneration of sorbtent
Fe;0,/MnO, composites. Desorption process of Fe;0,/
MnO,-Me carrier was executed in the 0.1 M HCl solution
with an ion-exchange mechanism. The dominant pro-
tonation between H* ions and metal ions on the active
sites explained the desorption of metal ions from Fe;0,/
MnO,-Me. The structure of complexation Fe;0,/MnO,
nano-composites with Cu?*, Cd?*, Pb?* and Zn?* were bro-
ken by H* during desorption processing, and these heavy

90 +

[e]
o
1

Desorption degree(%)
3
1

60+ PN
—=&— Cu
—e— Cd2+
50
—A— Zn2+
—v—Pb%*
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desorption time(min)

Fig. 11 The desorption ratio with time

metals ions were leased form structure. The desorption
mechanism were expressed as:

(Fe30,/Mn0,—-0),M + 2H* — 2Fe;0,/Mn0,—OH + M**
(1

The magnetic strengh of Fe;0,/MnO, composite car-
rying heavy metals was showed in Fig. 12. Results from
the magnetic measurements show a drop in magnetic
moment with increasing Mn concentration. Room tem-
perature VSM measurements resulted in moments of
63.77 emu g~" and 14.19 emu g™ for Fe;0, and Fe;0,/
MnO, nano-composites carriying heavy metal ions. The
process removes the Fe cations from the lattice and incom-
plete site replacement with the Mn?* ions results in a disor-
dered structure and significant loss of magnetic strength.
Despite reduction in magnetic strength, there were enable
magnetic manipulation and recovery of the Fe;0,/MnO,
nano-composites sorbent. Fe;0,/MnO, nano-composites
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Fig. 12 Magnetic strength of Fe;0,/MnO, composite carrying
heavy metals
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were rapidly collected within seconds from suspension
liquid by an external magnetic field. The result showed
the Fe;0,/Mn0O, nano-composites were not only a kind
of adsorbent which could remove the heavy metal ions
in the water, but also could be collected with magnets.
In addition, with gently shaking the separated adsorbent
particles were easily re-dispersedto fairly stable suspen-
sion, which was essentially important for the convenient
reuse of Fe;0,/MnO, nano-composites. In fact, the weak
magnetic materials could be better dispersed in aqueous
solution, which could provid more surface active sites and
better water purification performance.

For the recycling experiments, Fe;0,/MnO, composites
sample was initially contacted for 24 h in wastewater bear-
ing heavy metals such as Cu?*, Cd?*, Zn?* and Pb* (pH 6.5)
with a sorbent dosage of 1 g L™". The sorbents of Fe;0,/
MnO, composites carring heavy metals were colleted with
a magnet and the heavy metals were stripped from the
sorbentusinga 1 hrinsein 0.1 M HCI. The unloaded sorb-
ents were used to remove heavy metals from wastewater
again and again.

The Fe;0,/Mn0O, composites had high potential to
adsorption heavy metal ions after 5 times cycle remov-
ing Cu?*, Cd?*, Zn?*, Pb?* from wastewater. The cycles of
adsorption and desorption of the Cu?*, Cd?*, Zn?*, Pb?*
were shown in Fig. 13. The removal efficiency increased
from 97.55 to 99.76% for Cd** sorption, in latter three tiems
cycles the removal efficiency slightly floating up and down
at 99.6%. The removal efficiency increased from 97.55 to
98.62% for Pb?* sorption, at latter three times cycles, the
removal efficiency was up to 98%. For Cu?*, the removal
efficiency decreased from 97.8 to 95.7% in the second
cycle, but it increased again in the last three cycles, and
it could be found thatthe efficiencyremained as high as

99 |
96 |
— 93
X
=
% 90 - i
0
5 Zn2+ ‘ ‘ Desorplwon‘ ‘
(2] 1 2 3 4 5
2+ Sorbemt recycle five times for removal Cd'
874 |~v Pb
84 -
81 T T T T T T T T T
1 2 3 4 5

Cycle numbers

Fig. 13 Fe;0,/MnO, composites adsorption-desorption for five
cycles
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99.6% after five cycles. The increase of removal efficiency
in the process of recycling might be due to the fact that
the large bulks of adsorbent break into smallones, lead-
ing more active sites were exposed during the repeated
cycles. The adsorption Zn** degree of Fe;0,/MnO, nano-
composites was 85% after 5 times recycle.

The recycle utilization efficiency of Fe;0,/MnO, com-
posites was showed in inside Fig. 13. The dosage was
1 g L', with every inial heavy ion contents of 10 mg L™,
and the temperature of 30 °C. The y-axis was split to allow
for observation of the differences cycle in the remove of
Cd?* for each adsorption/desorption cycle. The arrow tip
was added to enhance clarity of the Cd** adsorption and
desorption steps of the cycles, respectively. Initial contact
showed almost complete adsorption of Cd?* (96.5%), fol-
lowed by nearly complete stripping of the Cd?* by the HCI
wash step. The cycle was repeated with Cd* loading fol-
lowed by nearly complete removal by the HCl wash step
for five cycles with capture efficiencies of 96.5, 99, 98,
99 and 97% Cd for the subsequent cycles. The five times
accumulation of Cu?*, Cd?*, Pb%* remove from water by
core-shell structure Fe;0,/MnO, was over 2375 mg g™’
respectively. The five times accumulation for Zn?* was
2017.5mg g~". The core-shell streucture Fe;0,/MnO, had
the performance of adsorption-desorption and provided
cost-effective, high efficiency, and magnetically manipu-
lable sorbents which could be enable a range of remedia-
tion, recycling, and analytical solutions.

4 Conclusions

Magnetic Fe;0,/MnO, nano-composites demonstrated
the ability to removel heavy metals from insustrial waste-
water. The results showed that Fe;0,/MnO, Core-shell
nano-composite was a friendly environmently with higher
affinity and capacity to removal heavy metals from water.
The results showed in follow:

The heavy metal ions removal result showed that Fe;0,/
MnO, nano-composites adsorption capacity of heavy
metal ions on was high and the removal ratios of heavy
metals were exceeded 99%. The equilibrium data analysis
indicated that the Langmuir model was the most appropri-
ate model to describe the adsorption of on the surface of
Fe;0,/MnO, composites. The kinetics studies showed that
the adsorption kinetics of heavy metal ions on the surface
of the sorbent was significantly appropriate to pseudo-
second-order model.

The adsorbed metal ions substituted the hydro-
gen atoms and formed new complex with oxygen in
the homologous functional groups. The heavy met-
als substituted for H of Mn-O-H and formed the struc-
ture of Mn-O-Cu, Mn-0-Cd, Mn-0O-Zn and Mn-O-Pb
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which meant the metals remove was the process of ion
exchange. The adsorption of heavy metal ions on Fe;0,/
MnO, nano-compositeswas dependent on pH and with
the dose of sorbent. Recycle times of removal results sug-
gest that magnetic Fe;0,/MnO, nano-composites could
be removed heavy metal ions from wastewater effectively.
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