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Simultaneous capture of methyl orange and

chromium(vi) from complex wastewater using
polyethylenimine cation decorated magnetic
carbon nanotubes as a recyclable adsorbentf

Bo Chen, Wenli Yue, Huinan Zhao, Fengxia Long, Yangrui Cao and Xuejun Pan (2 *

Most recently, the continuous deterioration of the aquatic environment triggered by both heavy metals and
synthetic organic dyes has imparted serious threats to the ecosphere and drinking water safety. However, it
is still extremely challenging to treat complex wastewater containing these two classes of pollutants via
a one-step method owing to the significant differences in their physicochemical properties. In the
current work, versatile magnetic MWCNTs decorated with PEl (denoted as MWCNTs@FesO,4/PEl) was
fabricated by a facile, rapid and reproducible strategy and applied to as a robust adsorbent for
simultaneously removing methyl orange (MO) and Cr(vi) from aqueous solutions. The physicochemical
properties of the as-designed nanohybrid were investigated using various analytical techniques, i.e. XRD,
FT-IR, SEM, TEM, VSM, zeta potential, etc. It was found that the surface charge properties of the
MWCNTs as well as its dispersion in agueous solution were greatly changed after the introduction of PEI
molecules. The resulting nanohybrid exhibited attractive adsorption capabilities toward anionic MO and
Cr(vi). In the perspective of a mono-pollutant system, the time-dependent adsorption process matched
well with a pseudo-second-order kinetics equation, the adsorption isotherm data at r.t. were well fitted
by a Langmuir model with maximum monolayer uptake capacity of 1727.6 mg g~* for MO and 98.8 mg
g~ for Cr(v), and the removal process of both pollutants was thermodynamically spontaneous and
exothermic. In the MO-Cr(v) binary system, the uptake of Cr(vi) by the as-prepared adsorbent was
evidently enhanced by the presence of MO, while the coexisting Cr(v)) exerted a small negative effect on
the sorption of MO; which was attributed to the different adsorption mechanisms of both pollutants on
the as-recommend adsorbent. The much better adsorbing performance of the resulting
MWCNTs@FezO4/PEl for MO and Cr(v) than that of the pristine MWCNTs or the MWCNTs/FezO4
composite was mainly ascribed to the high surface area of the MWCNTSs, the high density of protonated
N-rich groups of PEl as well as the excellent dispersion and solubility of the resulting nanocomposites.
Moreover, the obtained nanohybrids can be easily recovered after being used by a permanent magnet
and still retained high stability and excellent reusability after consecutive adsorption—desorption cycles,
implying its great potential in practical applications. Therefore, the as-fabricated MWCNTs@FezO4/PEl
composite could be recommended as a promising candidate adsorbent for the simultaneous capture of
MO and Cr(vi) from complex wastewater via multiple uptake mechanisms (e.g. electrostatic attraction,
mt—7t stacking and hydrogen bonding).

discharge of industrial wastewater. Dyeing effluents, produced
from various industrial processes, such as textile, cosmetics,

The continuous deterioration of water quality has attracted
considerable concerns over the world in the past few decades.
Various toxic organic and inorganic pollutants have continu-
ously entered the natural waters through the uncontrolled
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papermaking, plastics, and leather,* have extremely high
organic content and colour strength, drastically inhibit photo-
synthesis and affect the survival of aquatic fauna and flora; thus
imposing great threats on the ecosystem and human health.’
Moreover, heavy metals (such as Pb(u), Cu(u), Cd(u), and Cr(vi)),
which are highly toxic, mutagenic and carcinogenic to living
organisms, usually coexist as a mordant in many
manufacturing and textile industries.®” The coexistence of both
dyes and heavy metals not only impose a more complex risk on

This journal is © The Royal Society of Chemistry 2019


http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra08760a&domain=pdf&date_stamp=2019-02-05
http://orcid.org/0000-0003-3772-6908
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra08760a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009009

Open Access Article. Published on 06 February 2019. Downloaded on 4/25/2026 10:42:13 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

the ecological environment due to the possibility of forming
metal complexing dyes, but also inevitably make the efficient
treatment of industrial wastewater more challenging ascribed
to their different physicochemical properties.® Therefore, from
the perspectives of environmental protection as well as
ecological security, it is very urgent to completely eliminate or
minimize the contents of both organic dyes and heavy metal
ions in dyeing effluents before discharging them into the
receiving water body.

Recently, various techniques, including ion-exchange,® bio-
logical treatment,'™'' chemical precipitation,’' membrane
separation,™ catalytic degradation,”'® and adsorption,”*"~>°
have been developed to remediate metal- or dye-bearing
wastewater. Among them, adsorption is verified to be one of
the most promising methods due to its merits of simplicity,
effectiveness, and low cost.” Generally, the removal perfor-
mance of the adsorption process is highly dependent on the
properties of the adsorptive materials such as the specific
surface area, the porous structure, amounts of exposed func-
tional groups, etc. Thus, many researchers have made great
efforts to develop effective and versatile adsorbents in recent
years and numerous novel and effective adsorbents (i.e. meso-
porous organosilicas,” LDHs,” MOFs,* biochar,> carbon
nanomaterials,”*® bioadsorbent,® functionalized magnetic
nanoparticles,' polymers*) have been successfully applied to
remove toxic pollutants from contaminated waters. Especially,
carbon nanotubes (CNTs) have been widely used as promising
adsorptive materials due to their large specific surface areas,
excellent stability as well as its broad-spectrum adsorption
ability towards different classes of pollutants.*®

However, pristine CNTs still have several drawbacks for
practical application such as lower amounts of functional
groups, high surface hydrophobicity, poor selectivity, and
difficult solid/liquid separation after being used, which greatly
restrain their practical applications in wastewater treatment. To
overcome these shortcomings, researchers have modified CNTs
by adopting various chemical or physical strategies.”’** One of
the most efficient methods is to combine CNTs with magnetic
components to realize rapid solid/liquid separation under an
external magnetic field after adsorption equilibrium was ach-
ieved.***** However, compared with pristine CNTs, magnetic
CNTs usually show relatively unsatisfactory adsorption perfor-
mance, because the introduction of inert magnetic materials
would partially occupy the surface area of the CNTs, leading to
significant reduction in the number of accessible active sites for
the adsorption of the target pollutants.*® Moreover, the exposed
magnetic components would easily be corroded in a strongly
acidic solution, resulting in the poor long-term stability of the
proposed adsorbents.

For enhancing the selective adsorption performance as well
as the stability of the magnetic CNTs as adsorptive materials, it
is necessary to modify its surface with specific materials. Poly-
ethylenimine (PEI), a highly water-soluble polyamine, has
gained considerable attention in the field of wastewater reme-
diation owing to the high affinity of its high-density of amine
groups on the molecular backbone towards hydrophilic
pollutants.**¢ Several studies have reported that heavy metal
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ions can be easily adsorbed by these nitrogen containing
moieties through chelation,*”*® and anionic dyes could also be
selectively attracted through electrostatic attraction.****

Therefore, based on such a hypothesis that hybrids con-
sisting of PEI and magnetic CNTs combine their unique
magnetic response, extremely ideal adsorption capability and
hydrophilicity, as well as high specific surface area, we are
committed to explore PEI decorated magnetic multiwalled
carbon nanotubes (denoted as MWCNTs@Fe;0,/PEI) adsor-
bents integrating excellent uptake performance, rapid magnetic
recovery, pH-sensitivity and reusability for the treatment of
complex wastewater. Until now, no studies on simultaneously
removing MO and Cr(vi) from complex wastewater using
MWCNTs@Fe;0,/PEI as adsorbents have been reported. Hence,
the purposes of current work was: (i) to design and synthesize
an MWCNTs@Fe;0,/PEI composite to improve the drawbacks
of pure MWCNTSs as adsorptive materials; (ii) to evaluate its
selective removal performance for anionic MO and Cr(vi) in
their respective mono-pollutant system, including adsorption
kinetics, isotherms, thermodynamics, reusability and so on; (iii)
to investigate the capability of the proposed sorbent for the
simultaneous capture of MO and Cr(vi) from their mixture
solution; (iv) to check the practical potential of the as-fabricated
adsorbent for the treatment of model wastewater containing
both MO and Cr(vi).

Experimental
Materials and reagents

Iron chloride hexahydrate (FeCl;-6H,0), polyethylene glycol
(PEG), ethylene glycol (EG), sodium acetate anhydrous (Na,Ac),
K,Cr,0, and methyl orange (MO, 327.33 g mol™ ", =96%) were
of analytical grade and obtained from Aladdin. A branched
polyethylenimine (PEI, M.W. = 25 000) was purchased from
Sigma-Aldrich. MWCNTs (-COOH content, 1.23 wt%; diameter;
20-30 nm; length, 10-30 um) were bought from Chengdu
Organic Chemicals Co. Ltd, Chinese Academy of Sciences.

Preparation of adsorbents

Preparation of magnetic MWCNTSs. The pristine MWCNTs
were initially acid treated to remove residual impurities such as
metal ions and amorphous carbon. Briefly, 1 g of MWCNTSs was
mixed with 100 mL of concentrated nitric acid in a three-neck
flask with 250 mL capacity and then the suspension was
refluxed for 10 h at 60 °C under vigorous stirring. After being
naturally cooled, the obtained product was filtered by centri-
fugation, rinsed thoroughly with adequate deionized water,
dried in an oven at 80 °C for 12 h, and stored for use.

Magnetic MWCNTs (MWCNTs@Fe;0,) were obtained via
a modified solvothermal method as described below ** Firstly,
1.0 g of FeCl;-6H,0, 4.0 g of Na,Ac, and 1 mL of PEG were
dissolved into 60 mL of EG under magnetic stirring. Afterward,
0.3 g of pretreated MWCNTs was suspended into the above
solution by ultrasonic irradiation for 30 min to form a homo-
geneous suspension. Subsequently, the resulting mixture was
transferred into a Teflon lined autoclave with 100 mL capacity
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and heated at 200 °C for 10 h. Finally, the obtained black
products were magnetically isolated, washed several times with
copious deionized water, and dried in a vacuum oven at 60 °C
for 12 h.

Preparation of PEI modified magnetic MWCNTs composites.
Polyethylenimine (PEI) modified magnetic MWCNTSs composite
(MWCNTs@Fe3;04/PEI) was prepared by combining
MWCNTs@Fe;0, and PEI via a simple method. Briefly,
different amounts of PEI (0.5 to 7.0 g) were mixed with a 10 mL
suspension containing 1 g MWCNTs@Fe;0,. The black mixture
was then vigorously stirred for 2 h at room temperature to
assemble the PEI molecules onto the magnetic MWCNTSs and
subsequently dried at 100 °C for 10 h. Finally, the resulting
product was washed with copious amounts of deionized water,
followed by drying in an oven at 50 °C for 12 h. The schematic
diagram for the synthesis of the nanohybrid MWCNTs@Fe;0,/
PEI is shown in Scheme 1.

Characterization of adsorbents

The surface morphology, structural composition and physico-
chemical characteristics of the samples were investigated using
various analytical techniques including SEM (scanning electron
microscope), TEM (transmission electron microscope), EDS
(energy dispersive X-ray spectrum), FT-IR (Fourier transform
infrared spectroscopy), XRD (X-ray diffraction), TGA (thermal
gravimetric analysis), VSM (vibrating sample magnetometer),
etc. The FT-IR spectra of the samples in the region of 4000-
400 cm "' were obtained with a Magna-IR 750 spectrometric
analyser (Nicolet Co., USA). Typical XRD patterns over a 26 range
of 10-80° were acquired on a Bruker D8 Advance X-ray diffrac-
tometer (Bruker Inc., Germany). SEM images and EDS spectra of
samples were obtained using a Nova™ Nano SEM 250 (FEI Co.,
USA). TEM images were recorded using an FEI Tecnai G20
microscope (FEI Co., USA). TGA analysis was conducted via TAQ
600 instrument (TA Instruments, Inc., USA) under a N, atmo-
sphere. The magnetization curves of the samples at room
temperature were measured by a VSM (Quantum Design, Inc.,
USA). The pH-dependent surface charges of the samples at
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different pH values were determined using a Malvern 3600
Zetasizer (Malvern Instruments Ltd., UK).

Batch adsorption experiments in a mono-pollutant system

To investigate the adsorption kinetics, thermodynamics,
isotherms, and effect of pH on the adsorption of each pollutant
by the as-prepared adsorbent, all batch experiments in the
mono-component system were conducted in glass conical
bottles with 100 mL capacity by shaking at 150 rpm in an air
bath shaker and the experiments were performed in duplicate.
The experimental details for each batch experiment are shown
in ESIL.t Afterwards, the uptake amounts at time ¢ and equilib-
rium for each pollutant were calculated by the following
equations:

g = (CO _mCI)V [1)
(G -GV
ge = ———— (2)

where g. (mg g7 ') and ¢, (mg g ) represent equilibrium
adsorption amount and that of time ¢, respectively; C, (mg L™ %),
C; (mgL™"), and C. (mg L") represent the initial, residual, and
equilibrium concentration of the adsorbate, respectively. V (mL)
is the volume of the adsorbate solution and m (g) represents the
dosage of the adsorbent.

Adsorption isotherms in a binary system

In order to investigate the simultaneous removal performance
of the as-prepared MWCNTs@Fe;0,/PEI composite adsorbent
towards MO and Cr(vi), as well as the mutual effects in
a complex system, adsorption isotherms of the
MWCNTs@Fe;0,/PEI toward individual pollutants (Cr(vi) and
MO) at 25 °C in a MO-Cr(v1) binary system were performed and
compared with those isotherms obtained in a mono-pollutant
system. The detailed adsorption conditions in a binary system
were specifically described in ESIf and the adsorption-
separation process in the binary system is illustrated in
Scheme 2.
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Scheme 1 Synthesis of MWCNTs@FezO4/PEI composite and the proposed adsorption mechanisms.
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Scheme 2 Schematic diagram for simultaneous capture of MO and
Cr(v1) in MO-Cr(vi) binary system.

Regeneration and stability of resulting adsorbent

The regeneration and stability of the as-obtained adsorbent for
the uptake of MO and Cr(vi) were tested by checking the cycle
number-dependent adsorption capacities for 200 mg L™" MO
and 50 mg L™" Cr(v1), respectively. The details are as follows; the
saturated adsorbents with MO or Cr(vi) were first dispersed into
a 30 mL NaOH solution (0.5 mol L") by sonication for 10 min.
After that, the solid material was separated from the eluent with
a permanent magnet, followed by washing thoroughly with
deionized water, and then reused in the next cycle of adsorption
experiments.

Evaluation of MWCNTs@Fe;0,/PEI for a model effluent

The treatment performance of MWCNTs@Fe;0,/PEI for model
wastewater was evaluated for its practical potential. On the
basis of OECD guidelines for chemicals testing,® a synthetic
sewage consisting of peptone (160 mg), meat extract (110 mg),
K,HPO, (28 mg), urea (30 mg), NaCl (7 mg), CaCl,-2H,0 (4 mg),
MgSO,-7H,0 (2 mg), and tap water (1 L) was prepared and then
applied as solvent for preparing the model textile effluent with
50 mg L~ * Cr(vi) or 200 mg L~ MO, respectively. The adsorption
was conducted by blending 15 mg of the adsorbent with 30 mL
of simulated wastewater (the ratio of solid to liquid, 0.5 g L") at
an initial solution pH of 3.0. After an adsorption equilibrium
was achieved, the solid was facilely isolated by a permanent
magnet and the residual concentration of target adsorbate in
the supernatant was determined using UV-Vis spectroscopy.
Then the separated adsorbents were successfully treated by
using 30 mL of eluent and washed with adequate deionized
water. Finally, the regenerated MWCNTs@Fe;O/PEI was used
again for the next run of the adsorption process. The adsorp-
tion-desorption cycles were repeated twice to evaluate the
duration of the as-synthesized adsorbent in practical
application.

Results and discussion
Characterization of adsorbents

The morphology of the samples can be observed from the SEM
images shown in Fig. 1a-c. For pristine MWCNTs, it is clearly
observed that numerous tubes interconnected to form a porous
network due to the excellent flexibility of individual nanotube.
As for MWCNTs@Fe;0,4, the monodispersed Fe;O, nano-
particles were evenly attached on the surface of MWCNTs. After
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Fig. 1 SEM images of MWCNTs@FezO4 (b),
MWCNTs@FeszO4/PEl (c), and TEM images of MWCNTs (d),
MWCNTs@FezO4 (e), MWCNTs@FesO4/PEI (f).

MWCNTs (a),

the introduction of PEI, the tubes aggregate together to form
a more ordered network, which is conducive to the adsorption
proceeding. Synchronously, the EDS spectra were recorded to
verify the surface composition of the MWCNTs@Fe;0,/PEI
(Fig. S17). It is clear that, except for C (70.28 at%), N (8.98 at%)
and O (15.91 at%) were the abundant elements, which is
consistent with our expectations.

TEM images of the samples shown in Fig. 1d-f indicated that
highly dispersed MWCNTs are with a tubular hollow structure
and with an average diameter of 20-30 nm. Magnetic Fe;0,
nanospheres with an average size of 150-200 nm were
successfully decorated on the tips of the MWCNTs to form
tadpole-like nanocomposites through solvothermal treatment.
A dense and transparent polymeric layer was clearly observed on
the surfaces of both the MWCNTs and Fe;0,, indicating that the
PEI molecules were successfully introduced into the hybrid.

The XRD results of the samples are depicted in Fig. 2a. The
diffraction peak at 20 = 26.4° from the (002) plane of the
MWCNTSs was observed in all three samples, indicating that the
crystalline structure of the MWCNTSs remains intact and was not
destroyed during the whole preparation process.*> Compared
with the pristine MWCNTs, the intensity of this peak in the
other two samples significantly decreased due to the deposition
of Fe;O, nanoparticles and decoration of PEI molecules on the
surface. The peaks of Fe;O, nanoparticles with the cubic spinel
structure at 26 = 30.1° (220), 35.5° (311), 43.1° (400), 53.4° (422),
57.0° (511) and 62.6° (440) appeared in both MWCNTs@Fe;0,
and MWCNTs@Fe;0,/PE], further confirming the presence of
the magnetite component in the composites. By comparison,
the intensity of each peak for the MWCNTs@Fe;0,4/PEI
decreased slightly after PEI modification, suggesting the
successful grafting of PEI molecules onto the magnetic
MWCNTs.

FT-IR spectra of the resulting samples were shown in Fig. 2b.
For MWCNTs, the absorption bands at ca. 3417, 1633, and
1395 em ™" are from asymmetrical and symmetrical vibrations
of the carboxyl group.* The strong peak at around 587 cm ™' in
both MWCNTs@Fe;0, and MWCNTs@Fe;0,/PEI was attrib-
uted to the stretching mode of Fe-O bonds in the Fe;O, nano-
particles.*® Owing to the introduction of the PEI molecules,

RSC Adv., 2019, 9, 4722-4734 | 4725
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Fig. 2 Characterization of the samples. XRD patterns (a); FT-IR spectra (b); TGA curves (c); Magnetization curves (d).

some newly appeared peaks were observed in the FT-IR spec-
trum of MWCNTs@Fe;O,/PEL. The absorption band at
3416 cm ', overlapped with the -OH of the MWCNTSs and was
much stronger than that of the MWCNTs@Fe;0,4, from the
stretch vibration of N-H bond in PEI. The two peaks at 2927 and
2847 cm ™! are due to the symmetric and asymmetric stretches
of the -CH, groups in PEI, respectively.*

TGA curves of the samples were depicted in Fig. 2c. Obvi-
ously, the MWCNTs and MWCNTs@Fe;0, are thermally stable
at a temperature below 200 °C. After that, the slight weight loss
of about 5 wt% for the MWCNTs@Fe;0, and 1.0 wt% for the
MWCNTs were observed in the temperature region of 200-
350 °C. The weight loss from 350 to 800 °C was from thermal
decomposition of the MWCNTSs. For MWCNTs@Fe;0,/PEI, the
weight loss of about 16.0 wt% below 200 °C was attributed to
deintercalation of water in the sample. Over the temperature
range of 200-300 °C, about 9.2 wt% of weight loss for
MWCNTs@Fe;0,/PEI was observed. From 300 to 400 °C, the
MWCNTs@Fe;0,/PEI showed a rapid weight loss (ca. 20.8 wt%),
which was due to the decomposition of PEI molecules.’
Decomposition of MWCNTs from 400 to 650 °C caused a further
weight loss of the MWCNTs, MWCNTs@Fe;0,, and
MWCNTs@Fe;0,/PEL At a higher temperature above 650 °C,
Fe;0, slowly decomposed due to high thermal stability metal
oxides.*® Based on the aforementioned results, the loading mass
of PEI on MWCNTs@Fe;0,/PEI was calculated to be ca.
20.8 wt% when 2.4 g of PEI was used for the preparation of the
target adsorbent.

The magnetization curves in Fig. 2d indicated that both
samples with Fe;O, magnetite were superparamagnetic. The

4726 | RSC Adv., 2019, 9, 4722-4734

values of the saturation magnetization were determined to be
26.3 emu g ' for MWCNTs@Fe;0, and 13.0 emu g ' for
MWCNTs@Fe;0,/PEI,  respectively. = Compared  with
MWCNTs@Fe;0,4, the magnetism for MWCNTs@Fe;0,4/PEI
was obviously decreased, manifesting that large amounts of
nonmagnetic PEI molecules were introduced into the nano-
composites. However, MWCNTs@Fe;0,4/PEI could still be
easily isolated from treated wastewater under a magnetic
field within several seconds. The adequate magnetic
response of the resulting adsorbents meets the demand of
fast solid/liquid separation after an adsorption equilibrium
was achieved.”

Adsorption performance of MWCNTs@Fe;0,/PEI in mono-
pollutant system

Effect of solution pH on uptake performance. Initial solution
pH is one of the most important factors influencing the
adsorption behaviour of ionizable compounds, because the
solution pH not only affects the ionization state of the adsor-
bates but also determines the surface charge of adsorbents.*
Thus, the effects of solution pH varying from 2 to 11 on the
uptake capacities of three different adsorbents for anionic MO
and Cr(vi) were investigated in the present work. It is obvious
from Fig. 3 that the removal of MO and Cr(v1) by the as-obtained
sorbents was highly dependent on the solution pH values.
MWCNTs@Fe;0,/PEI showed much higher adsorption capac-
ities than the other two adsorbents within the investigated pH
range for MO and Cr(vi) removal, implying that the surface
modification with PEI is an effective strategy to improve the

This journal is © The Royal Society of Chemistry 2019
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for MO, 50 mg L~ for Cr(vi); adsorbent dosage, 3 mg for MO, 10 mg for
Cr(v1); solution pH, 3-11; contact time, 6 h; temperature, 25 °C; and
agitation speed, 150 rpm).

adsorption performance of MWCNTs towards anionic
compounds. At a pH below 6, the adsorption capacity of the
MWCNTs@Fe;0,/PEI for MO declined sharply with the raising
of pH values. Over a pH range of 6-9, the adsorption process is
almost not affected by the solution pH. At pH above 9, the
removal of MO on the MWCNTs@Fe;0,/PEI is significantly
depressed.

The uptake behaviour of MO and Cr(vi) by the three different
sorbents at various pH values can be further explained using
plots of the zeta potentials versus pH values shown in Fig. S4.F
As can be seen, because of the introduction of PEI molecules the
pH,,. of MWCNTs@Fe;0,/PEI is up to ca. 11.5, which is much
higher than those of MWCNTs (pH,,. of ca. 3.5) and
MWCNTs@Fe;0, (pHp,c of ca. 9.0). This indicates that in a wide
pH region the surface of as-prepared MWCNTs@Fe;0,/PEI is
positively charged. At a lower pH, large amounts of amine and
imine groups on MWCNTs@Fe;0,/PEI are protonated to form
positively charged active sites conducive to the uptake of
anionic compounds through electrostatic attraction, resulting
in an improved adsorption capacity toward MO and Cr(vi).
Whereas, at higher pH values, MWCNTs@Fe;0,/PEI surfaces

This journal is © The Royal Society of Chemistry 2019
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are increasingly deprotonated and competitive uptake from
OH™ is gradually enhanced, leading to decline in the adsorption
capacity. However, it was observed that adsorption of MO in the
pH of 6-9 is highly independent of the solution pH where
electrostatic attraction between MO and resulting adsorbent is
greatly shielded, demonstrating that the -7 EDA interaction
between the localized m-electron in the conjugate aromatic
rings of the CNTs and MO molecules plays a major role in the
sorption of MO in this region. For the uptake of Cr(vi) by
MWCNTs@Fe;0,/PEI, the g. values declined sharply with an
increase of the solution pH, indicating that the electrostatic
attraction between the anionic Cr(vi) and cationic surfaces of
the MWCNTs@Fe;0,/PEI is the dominant mechanism for the
occurance of the adsorption. It is observed that, besides an
extremely low g. of Cr(vi) at a low pH, uptake of Cr(vi) by
MWCNTs and MWCNTs@Fe;0, is highly independent on the
solution pH and the adsorption of Cr(vi) by these two adsor-
bents is almost negligible at neutral and alkaline conditions,
manifesting that no specific adsorption sites are available for
Cr(vi) uptake on these two adsorbents. Additionally, intermo-
lecular hydrogen bonds are not involved in the adsorption
process because the uptake of both MO and Cr(vi) follows the
monolayer coverage mechanism and higher temperatures are
more favourable for adsorption, which is contradictory to
multilayer adsorption caused by intermolecular hydrogen
bonds between adsorbate molecules.*® Therefore, it can be
easily concluded from the aforementioned discussion that the
highly efficient adsorption removal of MO was mainly driven by
electrostatic interaction while the -7t EDA interaction has
a secondary role in the adsorption process, and Cr(vi) was
mainly adsorbed by electrostatic interaction. Hydrogen bonding
between MO (or HCrO, ) and the residual carboxyl groups on
the edges of the CNTs may also participate in the removal of MO
and Cr(vi) on the as-obtained adsorbent. The proposed
adsorption mechanisms are shown in Scheme 1.

Adsorption kinetics

Time-dependent adsorption of MO by MWCNTs,
MWCNTs@Fe;0,, and MWCNTs@Fe;0,/PEI was carried out
with an initial concentration of 200 mg L™" at 298 K. Also
similar experiments were conducted for 50 mg L™" of Cr(vi)
using MWCNTs@Fe;0,/PEI as the adsorbent. The adsorption
kinetics data shown in Fig. 4(a and b) indicated that compared
with MWCNTs and MWCNTs@Fe;0,, MWCNTs@Fe;0,/PEI
showed a much higher sorption affinity toward MO; this is
ascribed to the synergetic effect of PEI with a high cationic
charge density and the MWCNTs with high surface area towards
MO uptake. It is clear that both MO and Cr(vi) were rapidly
adsorbed by the MWCNTs@Fe;0,/PEI in the first stage because
of the fast mass transfer from the significant concentration
difference of adsorbates between the bulk solution and the
surface of adsorbent.

To get further insight into the uptake kinetics of
MWCNTs@Fe;0,4/PEI for MO and Cr(vi), pseudo-first-order
(eqn (3)) and pseudo-second-order kinetics (eqn (4)) models
were exploited to simulate the experimental data:
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where g. (mg g ') represents the equilibrium adsorption
capacity; g; (mg g~ ') is the amount of MO and Cr(v1) adsorbed at
time ¢ (min); k; (min~") and &, (g mg™ ' min~') denote adsorp-
tion rate constants of pseudo-first-order and pseudo-second-
order kinetics, respectively.

The simulated kinetic parameters are presented in Table 1.
By comparison, the pseudo-second-order kinetics better fitted
the adsorption of MO and Cr(vi) on MWCNTs@Fe;0,/PEI
because of the higher correlation coefficients (R*), suggesting
that the chemical adsorption was the rate-limiting step for the
uptake of MO and Cr(vi).* Moreover, the calculated g. values
from the pseudo-second-order kinetics model were much
nearer to the experimental ones. Therefore, the pseudo-first-
order kinetics was not suitable for explaining the rate processes.

Table 1 Kinetics parameters for adsorption of MO and Cr(v) by
MWCNTs@FezO4/PEl

Pseudo-second-order
kinetic model

Pseudo-first-order
kinetic model

Adsorbate  gexp Geal ks R? Geal ks R?
MO 1440.4 1390 0.0506 0.9807 1489 0.0001 0.9997
Cr(v) 90.6 85.4 0.0952 0.9616 89.9 0.0016 0.9969

4728 | RSC Adv., 2019, 9, 4722-4734

Adsorption isotherms

To maximize adsorption capability of MWCNTs@Fe;0,/PEI
toward MO and Cr(vi), adsorption isotherms at three different
temperatures were performed at a pH of 3.0 over an initial
concentration range of 60-330 mg L™ " for MO and 10-90 mg L ™"
for Cr(vi), respectively. The obtained equilibrium data were
simulated by using the Langmuir and Freundlich equations,
which are two well-known isotherm models. The Langmuir
model assumes that adsorbents surface are energetically iden-
tical and one active site can only be occupied by one adsorbate
molecule,* revealing that a monolayer of adsorbates covers the
surface of the homogeneous adsorbent. The nonlinear form of
the Langmuir isotherms model is as follows:

_ Gmax KL Ce

T 14 K.C, )

qe
where g. (mg g7') and ¢, (mg g~ ") represent the equilibrium
and maximum monolayer adsorption capacity, respectively. C.
(mg L) is equilibrium concentration of adsorbate and Ky, (L
mg ') is Langmuir equilibrium constant.

The Freundlich model as an empirical equation is used to
characterize the heterogeneity of the adsorbents, which is rep-
resented in eqn (6).*

qe = KFCel/n (6)

where Kp and n are the Freundlich constants associated with
adsorption capacity and adsorption intensity. The magnitude of

This journal is © The Royal Society of Chemistry 2019
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the n values indicates whether the adsorption is easy (2 = n <
10), difficult (n < 1) or somewhat difficult (1 =< n < 2).”2

The fitted isotherms curves are shown in Fig. 4(c and d). It is
clear that because of the strong driving force derived from the
large concentration difference between the adsorbate and the
adsorbent,”** the adsorption capacities increased sharply at
the initial stage with increasing adsorbate concentration,
slowed down afterward, and finally almost reached equilibrium.
The parameters concerning the isotherms are listed in Table 2.
By comparing the correlation coefficients (R*), the experimental
data were well fitted by the Langmuir model instead of the
Freundlich model, demonstrating that the capture of both MO
and Cr(vi) by MWCNTs@Fe;0,/PEI is by the monolayer mode.
The monolayer adsorption capacities of MO and Cr(v1) at 298 K
are calculated to be 1727.6 and 98.8 mg g~ %, respectively. It was
clearly observed that the g, values increased from 1727.6 to
2040.1 mg g~ * for MO, and rose rased from 98.8 to 125.7 mg g "
for Cr(vi) by varying the temperature from 298 to 328 K, sug-
gesting that the uptake process of MO and Cr(vi) by
MWCNTs@Fe;0,/PEI was thermodynamically endothermic in
nature. The n values of Freundlich model were higher than 2,
suggesting that both MO and Cr(vi) were adsorbed by
MWCNTs@Fe;0,/PEI easily.

Also, the separation factor R;, was applied to evaluate
whether the adsorption of target pollutants is favorable (0 < Ry, <
1), unfavorable (Ry, > 1), linear (R, = 1) or irreversible (R, = 0).*®

1

R 7
1+ K. Gy )

L
where K;, (L mg ") is the Langmuir constant, C, (mg L") is the
initial concentration of adsorbate.

As is shown in Table 2, over the investigated concentration
range the Ry values were 0.0078-0.1133 for MO and 0.0313-
0.2418 for Cr(vi), indicating that the adsorption process of the
resulting adsorbent towards the investigated adsorbates was
favourable. Note that the extremely high adsorption capacity of
MWCNTs@Fe;0,/PEI for MO was mainly assigned to the
synergistic effect of multiple uptake mechanisms (such as
electrostatic attraction, m-m stacking and hydrogen bond)
contributed from the PEI molecules with a high cationic charge
density, MWCNTSs with an aromatic planar structure as well as
residual oxygen-containing groups on MWCNTSs.

In addition, by comparing the adsorption performance of
the resulting adsorbent with that of the other adsorbents
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reported in the previous publications (Table 3), it was clearly
found that the uptake capacities of MWCNTs@Fe;0,4/PEI
toward MO and Cr(vi) are much higher than or comparable to
those of most reported adsorbents. Thus, MWCNTs@Fe;0,/PEI
can be considered to be a promising adsorbent for the treat-
ment of MO- or Cr(vi)-bearing wastewater.

Adsorption thermodynamics

To better understand the adsorption process, the thermody-
namic parameters (such as AG, AH and AS) for adsorption of
MO and Cr(vi) can be calculated from the equilibrium data
obtained over the temperature range of 298 to 313 K according
to eqn (8), (9) and (10).%®

AG = —RTIn K4 (8)
AS AH

In Kd = T — ﬁ (9)

Kd = g—z (10)

where R (8.314 ] mol * K™ *) and T (K) are the gas constant and
absolute temperature, respectively. K4 is the equilibrium
constant which can be obtained via eqn (10). C. (mg L") and ¢.
(mg g7) is equilibrium concentration of adsorbate in aqueous
solution and equilibrium uptake amount of the adsorbate,
respectively. AS and AH can be obtained from intercept and
slope of plotting of In Ky versus 1/T, respectively.

The values for the thermodynamic parameters are listed in
Table 4. AG values are negative and decrease with increasing
temperature, revealing that the uptake of MO and Cr(vi) by
MWCNTs@Fe;0,4/PEI is a thermodynamically spontaneous
process and higher temperature is more conducive to the
adsorption proceeding. Positive values of AH indicates that the
adsorption processes is endothermic in nature and the positive
values of AS suggest a certain degree of freedom increase on the
solid/liquid interface during adsorption of MO and Cr(v1).*

Regeneration, stability and reusability of adsorbent

It is extremely crucial to determine the regeneration, stability
and reusability of a promising adsorbent for real wastewater
treatment. Based on the fact that a higher solution pH hinders
the uptake of MO and Cr(vi) in this study, it can be deduced that
the alkaline solution (i.e. sodium hydroxide) could be chosen as

Table 2 Langmuir and Freundlich parameters for adsorption of MO and Cr(vi) on MWCNTs@FezO4/PE|

Langmuir model

Freundlich model

Adsorbate T (K) Gmax K, R? Ry Ky n R

MO 298 1727.6 0.1305 0.9998 0.0227-0.1133 396.7 2.89 0.9213
313 1786.1 0.1856 0.9979 0.0161-0.0824 612.3 4.15 0.8914
328 2040.1 0.3855 0.9859 0.0078-0.0414 876.5 4.74 0.8914

Cr(vi) 298 98.8 0.3135 0.9953 0.0342-0.2418 40.1 4.68 0.9109
313 114.0 0.3419 0.9919 0.0315-0.2263 48.9 4.85 0.8269
328 125.7 0.3438 0.9913 0.0313-0.2253 52.3 4.58 0.8753

This journal is © The Royal Society of Chemistry 2019
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Table 3 Comparison of adsorption performance of resulting adsorbent with previously reported adsorbents for MO and Cr(vi) uptake

Gmax Experimental Equilibrium time
Type of adsorbent Pollutant (mgg™) conditions (min or h) Ref.
PEI modified persimmon tannin bioadsorbent MO 225.7 PH =4.0; T= 323 K 120 min 56
Hierarchical GOs/Fe;0,/PANI magnetic composites MO 585.0 pH = 4.0; T=298 K ca. 300 min 57
Fe;0,/MIL-101(Alo o Feo1)/NH, MO 355.8 pH = 6.0; T=323K 150 min 58
Co/Cr-codoped ZnO nanoparticle MO 1057.9 pPH=7.0; T=298 K Within 150 min 59
CoFe,0,/MgAI-LDO MO 1219.5 pH = 6.0; T =298 K ca. 360 min 60
MWCNTs@Fe;0,/PEI MO 1727.6 pH = 3.0; T = 298 K 240 min This study
Biochar modified by Fe;0,@Si0,-NH, Cr(vi) 27.2 pH = 1.0; T= 303 K 300 min 61
Polydopamine@zeolitic Cr(v) 136.6 pH = 5.0; T=293 K 1440 min 62
idazolate frameworks-8 microspheres
NiFe,0,/ZnAl LDH/EDTA Cr(vi) 77.2 pH = 6.0; T =318 K Within 120 min 63
Boehmite/PVA composite membrane Cr(vr) 36.4 pH = 5.5; T =298 K 360 min 64
PEI functionalized halloysite nanotubes Cr(v) 102.5 pH = 2.0; T =328 K 1200 min 65
Mesoporous silica magnetite nanoparticles Cr(vr) 34.3 pH = 2.0; T =298 K 120 min 66
modified by 3-aminopropyltriethoxysilane
Poly(ethylene-co-vinyl alcohol) functional Cr(vr) 90.7 pH = 2.0; T =298 K 120 min 67
nanofiber membranes
MWCNTs@Fe;0,/PEI Cr(vi) 98.8 pH = 3.0; T =298 K 240 min This study

Table 4 Thermodynamic parameters for adsorption of MO and Cr(v)
on MWCNTS@FQ304/PE|

AG (KJ mol )

AH AS
Adsorbate  (KJmol™") (Jmol "K' 298K 313K 328K
MO 9.269 60.99 —-9.094 -9.755 —10.77
Cr(v1) 13.199 69.837 —7.729  —8.403  —9.849

an efficient desorption eluent for MO and Cr(vi) adsorbed by
MWCNTs@Fe;0,/PEI adsorbent. As presented in Fig. 5, MO
and Cr(vi) can be easily desorbed from the target adsorbent by
using 0.5 M NaOH and no obvious drop in the removal effi-
ciency was observed even after three conservative adsorption—
desorption cycles, confirming the excellent stability of the as-
prepared adsorbent for MO removal. However, in the case of
Cr(vi), the uptake rate decreased by approximate 10% after
being subject to five sorption-desorption cycles, which is
probably acceptable for treatment of industrial scale waste-
water. Thus, the excellent regeneration, stability and reusability
of MWCNTs@Fe;0,/PEI make it a potential adsorbent for MO
and Cr(v1) capture from wastewater. Besides the aforementioned
advantages, this adsorbent has other merits such as simple and
mild preparation process, easy recyclability, low adsorbent
dosage, no secondary pollution, etc. These characteristics are of
great importance for the simultaneously capturing other
anionic organic and inorganic pollutants in real wastewaters.

Simultaneous capture of MO and Cr(vi) in MO-Cr(vi) binary
system

To check the simultaneous removal performance of the as-
prepared adsorbent in practical applications as well as the
mutual effect between co-existing pollutants, the isotherms for
MO and Cr(vi) adsorption by MWCNTs@Fe;0,/PEI in binary

4730 | RSC Adv., 2019, 9, 4722-4734

systems were carried out in present work. It can be clearly
observed from Fig. 6 that the removal of Cr(vi) by the adsorbent
was greatly promoted by the presence of MO and the g, value of
Cr(vi) gradually increased with increasing MO concentration
from 0 to 40 mg L™". This may be due to that the protonated
-N(CH3;), portion of MO that could provide additional sorption
sites for Cr(vi) uptake via electrostatic attraction under acidic
conditions, thus increasing the uptake amount of Cr(vi) by
MWCNTs@Fe;0,/PEL. For MO™, both the electrostatic interac-
tion and the w-m EDA interaction play a very important role in
the adsorption process. When MO and Cr(vi) coexist, Cr(vi) with
a smaller molecular size is more likely to be preferentially
adsorbed on the surface of the protonated adsorbent via an
electrostatic mechanism, occupying part of the active sites
available for MO, resulting in a decrease in the adsorption
amount of MO by the as-proposed adsorbent. The adsorbed
HCrO, monolayer could not further adsorb MO by electrostatic
attraction, which may be due to that the single anion charge of
HCrO,  has reacted with the protonated N atom on the adsor-
bent surface and the adsorbed Cr(vi) could not provide an extra
active site for MO uptake.

Moreover, the mutual effects between each pollutant in the
binary system were evaluated by using the ratio of sorption
capacities (Rq).® The R, values can be obtained by eqn (11).

_ vi
Gm,i

Ry (1)
where gy, ; (mg g ') and g,,; (mg g~ ') are the uptake amounts of
pollutant i in a binary system and mono-pollutant system with
the same initial concentration, respectively. As is reported: (a) if
Ry > 1, the uptake of pollutant i is enhanced by the co-existing
pollutants, (b) if R, = 1, co-existing pollutants have no influ-
ence on adsorption of pollutant i, and (c) if Ry < 1, the co-
existing pollutants restrain the adsorption of pollutant i.”

The plotting of Ry values as a function of the initial MO or
Cr(vi) concentrations is shown in Fig. 6(c and d). It is clear that

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Regeneration and stability studies of MO and Cr(v) on
MWCNTs@FesO4/PEl with six cycles (conditions: initial dye concen-
tration, 200 mg L™ for MO, 50 mg L™ for Cr(vi); adsorbent dosage,
15 mg; solution pH, 3; contact time, 6 h for MO, 4 h for Cr(vi);
temperature, 25 °C; and agitation speed, 150 rpm).

the R, values of MO were respectively in the range of 0.5085 <
R<0.5812 ([Cr(vD)|co-existing = 10 mg L"), and 0.3802 < R;<0.4626
([Cr(v)]co-existing = 20 mg L"), suggesting that the presence of
Cr(vi) suppressed the adsorption of MO due to the simultaneous
uptake of MO and Cr(vi) by MWCNTs@Fe;0,/PEL Interestingly,
the adsorption of Cr(vi) was significantly increased with
increasing concentration of MO in the MO-Cr(vi) binary system
(i.e., 0.8653 < Ry < 1.2607 for Cr(vi) by the presence of MO with
a concentration of 20 mg L™'). This synergic effect may be
ascribed to the fact that the MO molecules adsorbed onto
MWCNTs@Fe;0,4/PEI would provide a positively charged N-
containing groups for Cr(vi) binding. It was previously evi-
denced that nitrogen-containing groups would be able to
capture metals from aqueous solution.” This similar synergetic
sorption performance was also reported by Tovar-Gomez et al.
for the simultaneous removal of acid blue 25 and heavy metals
from water using a Ca(POj3),-modified carbon.” Overall, both
Cr(vi) and MO could be simultaneously removed from Cr(vi)-MO

This journal is © The Royal Society of Chemistry 2019
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binary system by the as-synthesized adsorbent via multiple
mechanisms such as electrostatic attraction, hydrogen
bonding, EDA interaction, manifesting that
MWCNTs@Fe;0,/PEI composite is a promising adsorptive
material in the treatment of combined pollution wastewater.

TC—TC

Adsorption confirmation by FT-IR, EDS and XPS spectra

In order to verify the occurrence of the adsorption process, the
EDS and XPS spectra of the resulting adsorbent before and after
target adsorbates adsorption were conducted, the results are
shown in Fig. S5 and S67, respectively. From the EDS spectra
(shown in Fig. S5), the new peaks corresponding to S and Cr
could be observed in MO-loaded and Cr(vi)}-loaded
MWCNTs@Fe;0,/PEI, respectively, confirming the successful
adsorption of MO and Cr(vi) by MWCNTs@Fe;0,4/PEL. The
peaks of S and Cr appear simultaneously in MO + Cr(vi)-loaded
MWCNTs@Fe;0,/PE], indicating the simultaneous removal of
the as-prepared adsorbent of MO and Cr(vi). From the survey
scan of XPS spectra (Fig. S5t), new peaks at around 166 eV due
to S 2p and at around 586 eV ascribing to Cr 2p were observed in
MO loaded and Cr(vi) loaded adsorbent, indicating the
successful adsorption of MO or Cr(vi). The simultaneous
adsorption of MO and Cr(vi) can also be verified by the
appearance of peaks for both MO and Cr(vi) in MO + Cr(vi)
loaded adsorbent.

In addition, after adsorption of MO and Cr(vi), the charac-
teristic FTIR (Fig. 2b) peak at 1109.9 cm™ ', 825.5 cm™ ' which
belong to the C-N stretch and the characteristic FT-IR peak at
1027.8 ecm ' which belongs to the sulfonic acid ions stretch,
indicating that MO has been successfully anchored onto the
surface of the MWCNTs@Fe;0,/PEL. These changes in EDX,
XPS and FT-IR spectra after adsorption confirmed that the
amine groups of PEI have an important role in the capture of
these two anionic pollutants.

Evaluation of MWCNTs@Fe;0,/PEI for model textile effluent
treatment

A model textile effluent with 200 mg L™" of MO or 50 mg L™ " of
Cr(vi) was applied to evaluate the practical performance of the
as-prepared MWCNTs@Fe;0,/PEI adsorbent in the present
work. As shown in Fig. S77, a relatively satisfactory removal
efficiency of 96.1% for MO and 49.0% for Cr(vi) (compared with
a removal rate of 99.2% for MO and 62.9% for Cr(vi) in deion-
ized water system) by MWCNTs@Fe;0,4/PEI can be still ach-
ieved. The slightly decreased removal rates of MO and Cr(vi) in
model effluents were mainly due to the complexity of the matrix,
which interferes with the adsorption of the target pollutants.
Noticeably, the magnetically recyclable adsorbent can be easily
regenerated and reused for model wastewater treatment
without significant efficiency losses after several sorption-
desorption runs. These results suggests that MWCNTs@Fe;-
O,/PEI can be considered as a qualified adsorbent for removing
co-existing anionic organic and inorganic pollutants in indus-
trial wastewater.

RSC Adv., 2019, 9, 4722-4734 | 4731
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Fig. 6 Adsorption isotherms of Cr(v) (a) and MO (b) by MWCNTs@FezO4/PEl in MO-Cr(vi) binary system. (Conditions: initial dye concentration,
30-240 mg L~ for MO, 10-60 mg L~ for Cr(vi); adsorbent dosage, 3 mg for MO, 10 mg for Cr(vi); solution pH, 3; contact time, 6 h for MO, 4 h for

Cr(v1); temperature, 25-55 °C; and agitation speed, 150 rpm.)

Conclusions

In the present work, PEI decorated magnetic carbon nanotubes
(MWCNTs@Fe30,4/PEI) were successfully synthesized using
a facile method for use as a magnetically recyclable adsorbent to
adsorb MO and Cr(vi) from aqueous solution. In a single-
pollutant system, the uptake process of both MO and Cr(vi) by
the resulting material follows a pseudo-second-order model and
has a Langmuir isotherms model with g. values of 1727.6 mg
g~ " for MO and 98.8 mg g~ for Cr(vi) at room temperature. The
thermodynamic process of MO and Cr(vi) adsorption is spon-
taneous and endothermic in nature. In the MO-Cr(vi) binary
system, the removal efficiency of Cr(vi) was greatly promoted by
the presence of MO and the improving effect was highly
dependent on the content of the coexisting MO to that of the
protonated -N(CH;), portion of MO, which could provide
additional sorption sites for Cr(vi) uptake. In contrast, owing to
competition from Cr(vi) with a smaller molecular size with MO
molecules, adsorption of MO was obviously restrained by the
presence of Cr(vi). Interestingly, both MO and Cr(vi) could be
simultaneously adsorbed from their mixture solutions (elec-
trostatic interaction, 7w-m EDA interaction, and hydrogen bond
for MO; electrostatic interaction and hydrogen bond for Cr(vi),
both MO and Cr(vi)), suggesting its great potential in the
treatment of complex real wastewater. Additionally, the as-
prepared adsorbent showed excellent regeneration and
stability for consecutive adsorption-desorption cycles. There-
fore, the magnetically recyclable adsorbent could be considered

4732 | RSC Adv., 2019, 9, 4722-4734

as an excellent integrative adsorbent for the purification of
actual wastewater contaminated by MO and Cr(vi). This work
provides some insights into the design of an efficient and easily
recyclable adsorbent for the simultaneous and synergetic
removal of both organic and inorganic pollutants in complex
wastewater.
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