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Graphical Abstract

Covalently functionalized magnetic nanocomposite by polyethyleneimine (PEI)

acted as superior adsorbent for removal of Cr (VI) form water.
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Highly stable and covalently functionalized
magnetic nanoparticles by polyethyleneimine
for Cr (VI) adsorption from aqueous solution

Cite this: DOI: 10.1039/C4RA00000x
. . *
Bo Chen,* Xuesong Zhao,*® Yang Liu,? Bugang Xu® and Xuejun Pan®
Received ooth 00000000 2014,

Accepted ooth 00000000 2014

DOI: 10.1039/C4RA00000X In present work, a highly stable magnetic nanoparticles covalently functionalized by polyethyleneimine

(PEl), denoted as PEI-MNPs, was prepared based on the glutaraldehyde crosslinking reaction between

www.rsc.org/ aldehydes in glutaraldehyde and amine groups in both PEI and Fe;O, magnetic nanoparticles (MNPs),
showed strong adsorption affinity to Cr (VI). The successful modification by PEI was confirmed by a
series of measurements, such as TEM, XRD, FT-IR, TGA, et al. The time-dependent adsorption
experiments indicated that the adsorption of Cr (VI) onto PEI-MNPs could be finished within 10 min and
the adsorption process was able to be described by the pseudo-second-order kinetics model. The
studies on the adsorption of Cr (VI) revealed that the Langmuir adsorption isotherm with the adsorption
capacity of 175.76 mg g™ at 318 K could well fit the adsorption data. The calculated thermodynamic
parameters (AG, AH, and AS) indicated that adsorption of Cr (VI) on PEI-MNPs was spontaneous and
exothermic. Furthermore, the stability testing demonstrated that the used adsorbents could be
regenerated effectively with 0.5 mol L™ NaOH solution and no significant loss of adsorption capacity
were observed after a run of 20 adsorption-desorption cycles, showing their highly stability in extremely
acidic and alkaline solution. Most importantly, the obtained PEI-MNPs composite can effectively and
selectively absorb Cr (VI) from complex industrial wastewater, indicating that PEI-MNPs could be used
as a promising adsorbent for removal of Cr (VI) from real wastewater with high efficiency.

Introduction recover and recycle them back to industrial processes.'> Up to
now, a large number of different solid adsorbents, such as
graphene,'*  biological substances,'> activated carbon,'®
montmorillonite,'” zero-valent iron'® et al. have been adopted
to dispose Cr (VI). Compared with traditional materials, Fe;O,
magnetic nanoparticles (MNPs) as adsorbents have attracted
considerable attention in the past several decades owing to their
huge specific surface area and easily separation from
wastewater with an external magnetic field.'*?'

PEI, as a typical water-soluble polyamine, contains a great
number of nitrogen atoms of amine groups on its
macromolecular chains.?***  According to the different
structures, it can be divided into linear and branched forms.
Linear PEI is only composed of secondary amine groups, while
branched PEI is consists of primary, secondary and tertiary
amine forms.?* Several studies have confirmed that these amine
groups have strong adsorption ability to Cr (VI).*>?” Based on
the hypothesis that the composites composed of PEI and MNPs
combine the magnetic properties of MNPs and the extremely
high adsorption capacity of PEI, many efforts have been

relatlve.ly low-cost approach for Cr (VD) ren.loval. Furthermore, exerted to explore MNPs modified by PEI (PEI-MNPs). In
adsorption not only can deal with contaminants but also can . . .
previously published work, various methods, such as

Chromium, as one of the toxic heavy metals, is widely used in
industrial applications as a catalyst or a pigment for
electroplating, leather tannin." Cr (II) and Cr (VI) are the two
main oxidation states of chromium in aqueous systems. Cr (III)
is relatively nontoxic and considered as an essential
micronutrient, while Cr (VI) is highly toxic, mutagenic and
carcinogenic to living organisms due to its strong oxidizing
property.>* Moreover, Cr (VI) poses a serious threat to the
ecological environment and human health due to its typical
speciation as anionic chromate or dichromate, making it highly
mobile in the environment.>® Therefore, it is crucial to remove
Cr (VI) from a contaminated aqueous solution before their
discharge into receiving waters.

Various methods have been taken into account for removing of
Cr(VI) from wastewater, such as ion-exchange,” chemical
precipitation,® adsorption,’ liquid-liquid extraction,'® membrane
technologies'' and electrochemical treatment.'> Among these
methods, adsorption is considered to be an efficient, simple and
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electrostatic interaction,*® self-assembly,” dispersion
polymerization method®® and co-precipitation method,*' have
been adopted to prepare PEI-MNPs. However, a lot of primary
experimental results in our laboratory demonstrated that the
magnetism and stability of the Fe;O4 based nanocomposites
were easily affected by the functionalization methods.
Therefore, there are some challenges to keeping long-term
stability and good performance of magnetic nanoparticles
adsorbents.

To overcome the shortcomings in unstable nanostructures, we
focus on fabricating highly stable PEI-MNPs
glutaraldehyde crosslinking chemical route at
temperature. The crosslinking reaction is due to the formation
of schiff base between the aldehydes in glutaraldehyde and
amine groups in both PEI and Fe;04 MNPs. It is known that
crosslinking of polymers and the formation of covalent bond
would enhance the mechanical stability of functional MNPs.
Herein, a PEI covalently functionalized MNPs as a model have
been synthesized for the first time. It is found that the PEI-
MNPs has the ability to capture Cr (VI) in aqueous solution,
and the adsorption capacity of Cr (VI) reached 175.76 mg g '
much higher than that of most MNPs based adsorbents.
Importantly, the as-prepared PEI-MNPs adsorbents could be
regenerated effectively and recycled at 20 times without
significant loss of adsorption capacity, showing their high
stability and potential application in removal of Cr (VI) from
wastewater.

via
room

Experimental details

Materials

All the needed chemicals such as iron chloride hexahydrate,
ethylene glycol, 1,6-hexadiamine, sodium acetate anhydrous,
glutaraldehyde, sodium hydroxide and potassium dichromate
were of analytical reagent grade unless otherwise stated and
were all purchased from Aladin. A branched PEI (molecular
weight of 25000) was obtained from Sigma-Aldrich. The
solution pH was adjusted using diluted HCI and NaOH
solutions. Magnet was used to separate magnetic adsorbents
from the solution.

Preparation of amine-functionalized Fe;O0, magnetic
nanoparticles (NH,-MNPs)

The synthesis of the amine-functionalized magnetic
nanoparticles (NH,-MNPs) was carried out according to the
previously reported method with slight modification.*® Firstly,
4 g of sodium acetate anhydrous and 2 g of FeCl;-6H,O were
added into 60 mL ethylene glycol, and the mixture was
vigorously stirred at 50 ‘C until the solids were fully dissolved.
Secondly, 10 g of 1,6-hexadiamine was dissolved to the
resulting solution by continuous stirring. The obtained solution
was then transferred into a 100 mL of Teflonlined autoclave
and reacted at 200 ‘C for 8 h. Finally, the resulting NH,-MNPs
were fully washed with ultrapure water and ethanol to
effectively remove the solvent and unbound 1,6-hexadiamine,
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and then dried in the refrigeration dryer before characterization
and application.

Covalent grafting of PEI onto NH,-MNPs (PEI-MNPs)

The PEI covalently functionalized magnetic nanoparticles (PEI-
MNPs) was prepared by a crosslinking reaction according to
the published report.”” The detailed procedures are as follows.
Firstly, 0.2 g of NH,-MNPs was immersed in 50 mL of
different concentrations of PEI in methanol for 30 min with
ultrasonic irradiation. Then 100 mL 2 % (w/v) glutaraldehyde
solution was added dropwise to the mixture and mechanically
stirred for 30 min at a speed of 300 rpm at room temperature,
followed by washing with ultrapure water several times until
the supernatant became clear. The washed PEI-MNPs were
dried in the desiccator and reserved for following adsorption
experiments. The schematic diagram was shown in Fig. 1.
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Fig. 1 Synthesis route of the PEI-MNPs composites.

Characterization

In order to confirm whether that obtained product was in fact
the PEI-MNPs composites, the material was characterized by
using various analytical techniques. The FT-IR spectra of the
samples were measured on Magna-IR 750 spectrometric
analyzer. X-ray diffraction (XRD) analyses were taken on a
Bruker D8 Advance X-ray diffractometer with Cu Ka radiation
over the angular range from 5° to 80° at room temperature.
Transmission electron microscopy (TEM) and energy
dispersive X-ray spectrum (EDX) images of the samples were
obtained using a FEI Tecnai G20 microscope. The Zeta
potential of samples was determined using Malvern ZEN3600
Zetasizer Nano. Magnetic behaviour was analyzed by a
vibrating sample magnetometer (VSM) at room temperature
(MPMS XL-5). Thermogravimetric analysis (TGA) was
performed on a TAQ 600 instrument at a heating rate of 20 ‘C
min ' in a nitrogen flow from 45 ‘C to 800 °‘C . The
concentration of Cr (VI) in solution was determined using a
UV-vis spectrophotometer (UV-754N Shanghai, China).

Batch adsorption experiments

For the investigation of pH, contact time, temperature, and
adsorption capacity, batch experiments were carried out in glass
conical flasks by shaking at 180 rpm in an air bath shaker. After
adsorption, the adsorbents were separated from aqueous
solution by a permanent magnet made of Nd—-Fe—B. The effect
of pH on the adsorption performance was studied over the

This journal is © The Royal Society of Chemistry 2014
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range from 2 to 11. And NaOH (1 M) and HCI (1 M) solutions
were used to adjust the initial solution pH. The time-dependent
adsorption behaviour was measured by performing a series of
adsorption experiments at three different initial concentrations.
The effect of temperature on Cr (VI) adsorption was studied at
four different temperatures. The equilibrium adsorption
capacity of PEI-MNPs for Cr (VI) can be calculated by the
following formula:*

g = o= M

m

where ¢. (mg g") is the amount of Cr (VI) adsorbed on PEI-
MNPs at the equilibrium. C, and C, are the concentration of Cr
(VI) in solution (mg L") at the original time and equilibrium
time (min), respectively. ¥ is the volume of Cr (VI) solution in
L and m is the weight of PEI-MNPs in g.

Regeneration and stability of PEI-MNPs

The regeneration and stability of the as-prepared adsorbents
were evaluated by checking the cycle number dependence of
adsorption capacity for 50 mg L' Cr (VI), using the same PEI-
MNPs separated from solution by magnet for subsequent
cycles. The detailed procedures for regeneration of the used
PEI-MNPs adsorbents were as follows. The adsorbent with
adsorbed Cr (VI) was dispersed in 30 mL of NaOH solution
(0.5 mol L") and then sonicated for 10 min. The resultant
mixture was separated by external magnetic field and the
regenerated adsorbent was washed thoroughly with ultrapure
water for subsequent experiment.

Results and discussion

Characterization of the adsorbents

The FT-IR related to the NH,-MNPs and PEI-MNPs were
shown in Fig. S1 (ESIY). A strong bond at around 587 cm ' was
observed in both the two materials, and it was assigned to the
vibration of the Fe-O bond of Fe;0,.3* For NH,-MNPs, the
peaks at 875, 1045, 1465, 1625 and 3450 cm ! are identified as
N-H asymmetric bending vibration, C-N stretching vibration,
CH, bending vibration, N-H symmetric bending vibration and
N-H stretching vibration, respectively, which indicated that
magnetic nanoparticles were obtained in the presence of 1,6-
hexadiamine.’?> For PEI-MNPs, the peak near 1625 cm’!
assigned to the presence of C=N stretching vibration, which
overlapped with original N-H symmetric bending vibration.
The peaks at 2865 and 2930 cm ' attributed to the stretching
vibration of CH, (asymmetric stretching of CH, at 2930 cm’?,
symmetric stretching of CH, at 2865 cm ') are present in both
two MNPs. The obvious stronger peaks for PEI-MNPs at 2865
and 2930 cm! indicated more CH, were contained in this
material. So these results confirmed that the introduction of PEI
on the surface of NH,-MNPs. The XRD patterns of NH,-MNPs
and PEI-MNPs were shown in Fig. S2 (ESIt). As can be seen,
six typical peaks of (220), (311), (400), (422), (511) and (440)
located at 30.1°, 35.5°, 43.1°, 53.4°, 57.0° and 62.6° matched

This journal is © The Royal Society of Chemistry 2014

well with those of Fe;0,3%* The results indicated that PEI
surface modification did not significantly change the crystal
structure of Fe;O, magnetic nanoparticles. The transmission
electron microscope (TEM) images of MNPs before and after
modification were presented in Fig. 2. As is shown, the PEI
coating was formed on the surface of the NH,-MNPs, and the
diameter of as-prepared PEI-MNPs (Fig. 2b approximate 60
nm) was clearly larger than that of NH,-MNPs (Fig. 2a with an
average particle size of 40 nm). Also, successful grafting of PEI
onto MNPs and adsorption of Cr (VI) by PEI-MNPs were
verified by EDX analysis (Fig. 2¢).

‘Sog

Fig. 2 TEM images of NH,-MNPs (a) and PEI-MNPs (b); EDX analysis of Cr ()
loaded PEI-MNPs (c).

The magnetization curves shown in Fig. 3 revealed that both
NH,-MNPs and PEI-MNPs were superparamagnetic. Under a
maximum applied magnetic field of 10000 Oe, the maximum
specific magnetization of NH,-MNPs and PEI-MNPs were
about 81.3 and 65.1 emu g ', respectively. NH,-MNPs showed
much higher magnetization values than PEI-MNPs, which is
related to the coating of nonmagnetic PEI molecules layer on
the surface of NH,-MNPs. Hence, the as-prepared PEI-MNPs
composites could be easily separated from aqueous solution
under an external magnetic field after the adsorption process
due to such high saturation magnetization.

100

Magnetization (emu/g)

—— NHp-MNPs
—— PEI-MNPs

-100

-lu:m -Sl‘)lll H 5000 liK‘KIi
Field (Oc¢)

Fig. 3 Magnetization curves of NH,-MNPs and PEI-MNPs.

Fig. S3 (ESIf) shows the typical thermogravimetric analysis
(TGA) curves of NH,-MNPs and PEI-MNPs at temperature
ranging from 45 to 800 ‘C. It was observed that PEI-MNPs had
a total weight loss of nearly 26.2 wt%, and NH,-MNPs had a
total weight loss of around 9.3 wt%. The weight loss attributed
to physically adsorbed water in the sample (below 200 C) was
about 2.1 wt% for both NH,-MNPs and PEI-MNPs. From the
thermogram of NH,-MNPs, it was clear that the loss of 1,6-
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hexadiamine occurred between 200 and 350 °C, thus the
content of 1,6-hexadiamine in NH,-MNPs sample was 7.2 wt%.
For PEI-MNPs, the weight loss of 24.1 wt% between 200 and
600 °C was attributed to the thermal decomposition of PEI
molecules and the contribution from the 1,6-hexadiamine. It is
noteworthy that the weight of NH,-MNPs and PEI-MNPs
remained constant when the combustion temperature was above
600 °C, which indicated that iron oxide cannot be easily
decomposed at even higher temperatures. On this basis, we can
calculated that the contents of 1,6-hexadiamine and PEI in PEI-
MNPs were about 7.2 wt% and 16.9 wt%, respectively.
Therefore, demonstrated that PEI
molecules have been successfully grafted onto MNPs.

all the above results

Effect of PEI concentration

The effect of PEI grafting amount on Cr (VI) adsorption
capacity of PEI-MNPs was investigated by varying the usage
amount of PEI in the preparation procedure. The PEI
concentration was studied over the range of 0-90 g L™'. The
results in Fig. S4 (ESIT) demonstrated that the Cr (VI) removal
efficiency increased with increase of PEI concentration in the
range of 0-70 g L', and then remained stable when PEI
concentration was above 70 g L', It is clear that PEI grafting
amount played a crucial important role in promoting Cr (VI)
adsorption onto PEI-MNPs. Therefore, to achieve effective
adsorption of Cr (VI) by PEI-MNPs, the optimum PEI
concentration in synthetic procedure of adsorbents
determined to be 70 g L.

was

Effect of solution pH

The solution pH is one of the most important factors
influencing the adsorption behaviour because it not only
governs the surface charge density of the adsorbent, but also
determines the metal ionization degree and the metal
speciation. The zeta potential of NH,-MNPs and PEI-MNPs
shown in Fig. 4 illustrated that the point of zero charge (pHp,.)
of NH,-MNPs was found to be about 5.5. By contrast, the pH,,.

for the PEI-MNPs was increased to a much higher value of 11.4.

The zeta potential of MNPs was significantly increased after
modification by PEI, which was due to the protonation of
amine groups of PEI molecules on the particle surface.

e - NHy-MNPs
30 T, ~PEIMNRs
204 —a— \-\
10 T
04 \

A
-104
20

T
1 2 3 4 5 6 7 8
pH

Zeta Potential (mV)

") |'0 I'l 12
Fig. 4 Zeta potentials of NH,-MNPs and PEI-MNPs as a function of pH.

In addition, Cr (VI) generally exists in solution as different
forms of oxyanions, i.e. HCrO,~, CrO,*” and Cr,0,*.*” For a
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pH lower than 6.8, HCrO, is the dominant species of
hexavalent chromium, and subsequently HCrO, is completely
shifted to CrO,>" at above pH 6.8.>' In present work, the effect
of pH on Cr (VI) adsorption over the range of 2.0-12.0 was
investigated. As shown in the Fig. 5, the highest Cr (VI)
adsorption capacity was observed at pH of 2.0, subsequently,
the adsorption decreased sharply in the solution pH range of
3.0-7.0, ultimately, less than 50 mg g ' Cr (VI) of adsorption
capacity was obtained in the alkali solution. Therefore, pH
value of 2.0 was an ideal parameter in this work. The influence
of solution pH can be tentatively explained by considering the
surface charge of the adsorbents and the degree of ionization of
the adsorbates. As amine groups on PEI chains are protonated
to form the positively charged sites when the solution pH <
11.4, electrostatic interaction occurred between anionic Cr (VI)
and protonated sites, leading to the increase of adsorption
capacity. Thus, from the viewpoint of electrostatic interaction,
lower pH was favourable to the adsorption of anionic Cr (VI).
With the increase of pH, the PEI-MNPs surfaces are
increasingly deprotonated and the competition from OH™
increased, resulting in the weak interaction between Cr (VI) and
adsorbents. Furthermore, the predominant form of Cr (VI)
changed to CrO,> from HCrO, at pH > 7. And the adsorption
free energy of CrO,* (2.1 to —0.3 kcal mol ') is higher than
that of HCrO4 (—2.5 to —0.6 kcal mol ').*® Consequently,
CrO,% is less likely adsorbed than HCrO, at the same
concentration. Based on the discussion above, it was concluded
that the electrostatic interaction between anionic Cr (VI) and
positive charged sites on adsorbents was the predominant
adsorption mechanism (Fig. S5 (ESI)).

140

Cr (VI) sorption capacity (mg g”})
E3

1 2 3 4 5 6 7 8 9 10 11 12 13

pH

Fig. 5 Effect of pH on Cr (@) adsorption on PEI-MNPs.

Adsorption Kinetic studies

The time-dependent adsorption of Cr (VI) onto PEI-MNPs was
investigated at three different initial concentrations (10, 50 and
100 mg L™"). The results in Fig. 6 indicated that the adsorption
rate was considerably fast in the first 5 min and the adsorption
equilibrium was achieved within 10 min for different initial
concentrations, indicating a strong interaction between the
adsorbent and adsorbate. To describe the adsorption process,
the pseudo-first-order kinetic model (Eq. 2) and pseudo-second-
order kinetic model (Eq. 3) have been widely applied to fit the
experimental data. The pseudo-second-order model assumes
that the rate controlling step is the chemical adsorption or the
chemical adsorption step involving valence forces through

This journal is © The Royal Society of Chemistry 2014
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sharing or exchange of electrons between adsorbent and
adsorbate.*'° The adsorption kinetics were described using

following linear form of the model:*°
In(ge = q1) = Inqe — kit @
L1 + L 3)

R kzqe2 de

where g. and ¢, are the adsorption capacity (mg g ') at
equilibrium and time ¢ (min), respectively. k; (g mg ' min")
and k, (g mg ' min') are the rate constants of pseudo-first-
order and pseudo-second-order, respectively.

Plotting #/q, against ¢ in Fig. S6 (ESI{) and the parameters
related to kinetic process listed in Table 1, indicated that the
pseudo-second-order model can better fit adsorption data in
view of the higher regression coefficients (R*> 0.99). As can be
seen, the rate constant of pseudo-second-order decreased with
the increase of initial Cr (VI) concentration, which is in
agreement with previous report.*' Also, the calculated values of
q. was very close to that of the experimental values,
demonstrating that the adsorption process of Cr (VI) onto PEI-
MNPs obeyed the pseudo-second-order model. By contrast,
there was a large deviation between the calculated values and
the experimental values of adsorption capacity for pseudo-first-
order kinetics model. Therefore, the pseudo-first-order kinetics
was less likely to explain the rate processes.

—o— Crsmg L)
—a- Cra00mg LY,

Sorption capacity (mg g"w

0 20 40 60 80 100 120
Time (min)

Fig. 6 Time-dependence of the Cr (@) adsorption on PEI-MNPs at different initial
concentrations.

To our knowledge, the electrostatic attraction forces between
protonated amine groups and negatively charged Cr (VI)
belongs to ionic bond. At the same time, ionic bond involving
the electrons sharing between oppositely charged ions is also a
type of chemical bonds. Thus, chemisorption is considered to
be the rate controlling step in this study and our conclusion is

also confirmed by other previous report.****

This journal is © The Royal Society of Chemistry 2014

Table 1. Kinetic parameters for the adsorption of Cr (¢) on PEI-MNPs at
different concentrations

pseudo-first-order
kinetic model

pseudo-second-order
kinetic model

Page 6 of 9

ComgL")  geew)
ky e (cal) R I3 e (cal) R
10 24.75 0.56 21.43 0986 0.114 24.75 0.999
50 124.14 0.58 100.58 0.987 0.027 125.00 0.999
100 140.26 0.73 144.60 0981 0.025 140.84 0.999

Adsorption isotherms

To evaluate the adsorption behaviour of Cr (VI) on the PEI-
MNPs adsorbents, Langmuir and Freundlich equations, two
commonly used isotherm models, are used to fit the data of Cr (
VI) adsorption on PEI-MNPs over the temperature range of
288-318 K. The Langmuir (Eq. 4) and Freundlich (Eq. 5)
models are expressed as follows.*

ImaxPCe
= = 4
T =7y bC, @
ge = K" (5)

where C, (mg L") is the Cr (VI) concentration at equilibrium,
g. (mg g ") is the amount of Cr (VI) absorbed at equilibrium, b
(L mg") is the Langmuir constant related to adsorption energy
and @uex (mg g') is the maximum monolayer adsorption
capacity. Kr and n are the Freundlich constants related to
adsorption capacity and adsorption intensity, respectively.

The calculated results based on Langmuir and Freundlich
models were listed in Table 2. The Langmuir model presented
that the maximum adsorption capacities (gnax) for Cr (VI) by
PEI-MNPs increased from 156.37 to 175.76 mg g ' at the
temperature ranging from 288 to 318 K, demonstrating that the
adsorption process was an endothermic process. The n value of
the Freundlich model was more than 1, suggesting that Cr (VI)
adsorption on PEI-MNPs was a favourable adsorption process.
The adsorption data were found to be well fitted with the
Langmuir model based on the Cr (VI) adsorption isotherm
curves shown in Fig. 7 and the correlation coefficients (R* >
0.99), suggesting the Cr (VI) adsorption onto PEI-MNPs was a
monolayer adsorption reaction.

1404

1204

1004
= 318K

* 308K
A 298K
v 288K
Langmuir model
----- Freundlich model

4 mgg™

——T T T T T T
0 5 10 15 20 25 30 35 40 45 50
Ce(mg Ll

Fig. 7 Adsorption isotherm curves of Cr (&) adsorption on PEI-MNPs at different
temperatures.
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Table 2. The Langmuir and Freundlich model parameters for Cr (L)
adsorption at different temperatures.

Langmuir Freundlich
Temperature (K)
b qux(mggh R K n R?
288 0.11 156.37 0998 33.03 268 0933
298 0.15 158.96 0996 4026 293 0917
308 0.20 164.09 0.996 49.19 323 0.903
318 0.25 175.76 0.996 57.89 338 0.900

In addition, the adsorption capacity of PEI-MNPs for Cr (VI)
removal was compared with the values for other adsorbents
reported in the literature. The results indicate that the maximum
adsorption capacity of 175.76 mg g ' obtained with PEI-MNPs
is much higher than most of those obtained with many other
adsorbents (Table 3).'>!'74>* The high adsorption capacity
indicated its potential application in Cr (VI) removal from
wastewater.

Table 3. Comparison of the Cr (VI) adsorption capacity of PEI-MNPs with
other adsorbents.

RSC Advances

respectively. The values of the thermodynamic parameters are
presented in Table 4.

The negative values of AG suggested that the adsorption
process was spontaneous, and the decreasing of 4G with the
growth of temperature indicated that the adsorption was more
favourable at high temperatures. The positive values of AH
confirmed the endothermic process for the adsorption of Cr (VI
), consistent with the increase of adsorption capacity as
temperature increased. The positive value of A4S suggested that
the increasing randomness between the solid/solution interface
during the adsorption process.

Table 4. Thermodynamic parameters for Cr (VI) adsorption onto PEI-MNPs.

AG (kJ mol ™)
AH (kJmol™") 4S8 Jmol 'K ™)
288K 298K 308K 318K
9.799 42.439 2457  -2.821 -3215 -3.748

Absorbents Quax (Mg g')  References
Y-Fezo3 15.6 13
Magnetite polyethylenimine montmorillonite 8.8 17
Fe;04/GO 32.33 46
Fe;04@NiO 184.2 47
CTS/MMT-Fe;04 58.82 48
EDA-MPs 61.35 49
DP/MWCNTs 55.55 50
magnetic carbon nanocomposite fabrics 3.74 51
zero-valent bimetallic nanoparticles 55.96 52
magnetic multi-wall carbon nanotubes 14.28 53
magnetic activated carbon 2.84 53
amino-functionalized magnetic cellulose 171.5 54
PEI-MNPs 175.76 This work

Adsorption thermodynamic study

Based on adsorption isotherms, thermodynamic studies were
undertaken to demonstrate the nature of adsorption of Cr (VI)
onto PEI-MNPs adsorbents.”® The following Eq. 6 and Eq. 7
have been applied to determine the thermodynamic parameters
including enthalpy (4H), Gibbs free energy (4G) and entropy
(45).56

AG = -RTInK 4 (©6)

i, - 4G __aH s 0
RT RT R

where R is the gas constant (8.314 J mol™' K"), T represents

the absolute temperature (K), and K,y is the distribution
coefficient which can be calculated by the following Eq. 8.

=2 ®)

where ¢, and C, are the concentration of the Cr (VI) on the
adsorbents (mg L") and in the solution (mg L") at equilibrium,

6 | RSC Adv., 2014, 00, 00-00

Regeneration and stability of PEI-MNPs

Reusability is one of the most important considerations for
adsorbents in the perspective of industrial application. By
analyzing the influence of pH on Cr (VI) removal, it was
concluded alkaline solution could be effective for desorption of
Cr (VI) from PEI-MNPs. Thus, to evaluate the regeneration and
stability of the as-prepared PEI-MNPs, different concentrations
of NaOH solution were used to treat the used adsorbents. The
results demonstrated the concentration of NaOH solution has no
significant impact on the desorption efficiency of Cr (VI)
(Table S1). The adsorption-desorption cycles shown in Fig. 8
presented that the used adsorbents could be regenerated easily
by 0.5 M NaOH solution, without significant loss in adsorption
capacity even after 20 sequential cycles of adsorption-
desorption experiments. It was clear that the PEI-MNPs
composites were highly stable and suitable for the long-term
repetitive adsorption/desorption of Cr (VI), and the as-prepared
PEI-MNPs are promising absorbents for the effective removal
of Cr (VI) from contaminated waters.

=
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Recycle times

Fig. 8 Regeneration of the used PEI-MNPs.

Evaluation of PEI-MNPs for real wastewater

To evaluate the practical application of PEI-MNPs in treatment
of Cr (VI) contaminated water, an electroplating wastewater
with original Cr (VI) of 18.86 mg L™' was collected from a

This journal is © The Royal Society of Chemistry 2014
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mechanical and electrical factory. By comparison, a simulated
wastewater with the same Cr (VI) concentration as that of real
wastewater was also prepared. Under the optimized conditions,
both the real and the simulated water samples were subjected to
adsorption experiment using as-prepared PEI-MNPs as
adsorbent. The results showed that the removal efficiencies of
Cr (VI) for real wastewater and simulated wastewater were
92.63 % and 98.75 %, respectively. It was indicated that the
relatively low removal efficiency of Cr (VI) for real wastewater
was due to the complexity of the matrix. The co-existing
substances such as cations ( K*, Ca*", Mg**, Zn*", Cu*’, Pb*", et
al.), anions (CI~, SO,*, NO5~, HCO5, et al. ) and other organic
compounds may compete the active site on PEI-MNPs with Cr
(VD) , leading to the decrease of removal efficiency of Cr (VI).
However, the interference effect of other co-existing substances
on removal of Cr (VI) was unobvious, demonstrating that as-
prepared PEI-MNPs composite can selectively absorb Cr (VI)
from complex industrial wastewater. Thus, the suggested PEI-
MNPs could be used as a potential adsorbent for removal of Cr
(VD) from industrial wastewater.

Conclusion

In this work, MNPs with enhanced stability and excellent
prepared
crosslinking method. PEI was covalently grafted to MNPs to

regeneration were via simple glutaraldehyde
fabricate a positively charged adsorbent for effective removal
of anionic Cr (VI) mainly by electrostatic interaction between
protonated amino groups and negatively charged Cr (VI). A
series of measurements including FT-IR, XRD, TEM, TGA, et
al. confirmed the successful modification of PEI. Batch
adsorption tests by PEI-MNPs indicated that the removal
efficiency of Cr (VI) was highly dependent on pH and the
optimal adsorption occurred at pH of 2. The pseudo-second-
order kinetics and Langmuir isotherm describes well the Cr (VI
study

suggested that the Cr (VI) adsorption onto process was a

) adsorption process. Adsorption thermodynamic
spontaneous and endothermic process. The regeneration and
the as-prepared PEI-MNPs

composites exhibited high stability and good reusability. Most

stability testing confirmed
importantly, the obtained PEI-MNPs composite can effectively
( VI)

industrial wastewater, suggesting that PEI-MNPs could be used

and selectively absorb Cr from complex

as a promising adsorbent for removal of Cr (VI) from

industrial wastewater.
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