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HIGHLIGHTS

« MGO was composed of iron oxide and graphene oxide.

« MGO simultaneously removes Cd(II) and ionic dyes including MB and OG.

« Synergistic adsorption for OG were obtained in Cd(II)-OG binary system.

« Suppression adsorption for Cd(II) were observed in Cd(II)-MB binary system.

« The tap water samples had little interference with the performance of MGO toward MB and OG.
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Heavy metal and ionic dyes commonly co-exist and constitute the most important and dangerous source
of environmental pollution. Graphene oxide has the potential in the application to remove heavy metal
ions and ionic dyes in wastewater, but it suffers from separation inconvenience. In this paper, magnetic
graphene oxide (MGO) was synthesized and used as an adsorbent for simultaneous removal of Cd(II) and
ionic dyes including methylene blue (MB) and orange G (OG). MGO adsorbent was characterized by
transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray powder diffraction
(XRD) and X-ray photoelectron spectroscopy (XPS). The results showed that kinetic data followed a
pseudo-second-order model and equilibrium data were well fitted by the Langmuir model. In mono-com-
ponent system, the maximum sorption capacities in ultrapure water for Cd(Ill), MB and OG were
91.29 mg/g, 64.23 mg/g and 20.85 mg/g, respectively. The sorption capacity suppressed for Cd(Il) with
increasing MB concentration and almost was not affected for MB with increasing Cd(II) concentration
in Cd(II)-MB binary system. However, the sorption capacity enhanced for OG with increasing Cd(II) con-
centration and for Cd(Il) was independent on the concentration of OG in Cd(II)-OG binary system. In tap
water samples, the sorption capacity for Cd(Il) was 65.39% of that in ultrapure water. However, the tap
water samples had little interference with the performance of MGO toward MB and OG, indicating that
MGO was suitable for removal of ionic dyes from real water.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

hypertension, cardiovascular disorder, diabetes mellitus, and skel-
etal malformation, are related to cadmium [3]. Recently, ionic dyes

Ionic dyes discharged from the textile, printing, and tanning
industries commonly are toxic, and some are carcinogenic and
mutagenic, causing deterioration in water quality, influencing the
photosynthetic activity of aquatic organism [1]. Cadmium is one
of the most toxic heavy metals to environment and human beings
due to its detrimental effects on the environment and human
health [2]. Many diseases, such as renal damage, emphysema,
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and heavy metal ions commonly co-exist and constitute the most
important and dangerous source of environmental pollution [1].
Therefore, it is urgent to find an efficient and cost-effective method
to simultaneously remove these co-pollutions.

Sorption, which is easy to perform, insensitive to toxic sub-
stance, is considered as a fast and relatively inexpensive approach
for wastewater treatment [4]. Many materials were used as adsor-
bents, such as activated carbon, agricultural and industrial resi-
dues, TiO,, chitosan-coated quartz sand, modified mesoporous
silica, montmorillonite, and kaolinite [5-10]. Tovar-Gomez et al.
reported synergic adsorption in the simultaneous removal of acid
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blue 25 and heavy metals using a Ca(POs),-modified carbon [11].
Shukla and Pai investigated adsorption of copper, nickel and zinc
ions on dye loaded groundnut shells and sawdust [12]. Visa et al.
reported simultaneous adsorption of dyes and heavy metals from
multi-component solutions using fly ash [13]. Noticeably, carbona-
ceous adsorbents such as granular activated carbon, activated car-
bon fiber, carbon nanotubes have attracted attention of many
scientists in the past several decades due to their availability,
low-cost, stability and high sorption capacities. Chen et al. investi-
gated europium adsorption on multiwall carbon nanotube/iron
oxide magnetic composite in the presence of polyacrylic acid
[14]. Zaini et al. prepared activated carbon derived from polyacry-
lonitrile fiber for removal of heavy metals Cu(Il) and Pb(II) [15].
Zhou et al. reported ferric oxide doped activated carbon fiber for
phosphorous removal from contaminated waters [16]. Yang et al.
investigated mutual effects of Pb(Il) and humic acid adsorption
on multi-walled carbon nanotubes/polyacrylamide composites
from aqueous solution [17]. Our group also reported simultaneous
sorption of atrazine and Cu(Il) from wastewater by magnetic mul-
ti-walled carbon nanotube [18]. Zhang et al. compared the adsorp-
tion properties of three aromatic organic compounds on four types
of carbonaceous adsorbents including granular activated carbon,
activated carbon fiber, single-walled carbon nanotubes and mul-
ti-walled carbon nanotube, with different structural characteristics
but similar surface polarities [19]. They demonstrated that molec-
ular sieving and micropore effects were very important in the
adsorption of (AOCs) by carbonaceous porous adsorbents [19].
Graphene, a single or several atomic layered graphites, is a fas-
cinating new class of two-dimensional carbon nanostructure and
possesses excellent mechanical, thermal and electrical properties
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[20]. It has showed great promise in the application of electronic
devices, solar cells, sensors, batteries, supercapacitors, hydrogen
storage and environmental pollution remediation [21,22]. Graph-
ene exhibits huge surface area with a calculated value of
2630 m?/g, good chemical stability and graphitized basal plane
structure, thus providing strong n-7n interactions with the aro-
matic moieties present in many dyes [23]. However, graphene it-
self is hydrophobic substance, thus preventing it as an adsorbent
for directly removing dye pollutants from aqueous solution. Graph-
ene oxide (GO), the oxidation product of graphene containing hy-
droxyl, epoxide, carboxyl and carbonyl functional groups, is
hydrophilic, negatively charged, and readily disperses in aqueous
solution to form a stable suspension [24,25]. Therefore, GO has
the potential in the application to remove ionic dyes and heavy
metal ions in wastewater [20,25-27]. However, carbonaceous
adsorbents described above suffered from separation inconve-
nience. Due to the high separation convenience, magnetic nanopar-
ticles have been widely used in environment remediation [28]. It
was believed that magnetic graphene oxide (MGO), exhibiting high
sorption and easy separation properties, would have better perfor-
mances in water purification. Recently, a few researchers focused
on MGO adsorbents for removing dyes [21,23,29,30] or heavy me-
tal ions [4,31-33]. However, to our knowledge, there is no prior re-
port on simultaneous removal of dyes and heavy metal ions using
MGO as an adsorbent.

In this paper, MGO nanocomposite was synthesized and was
used as an adsorbent for simultaneous removal of ionic dyes and
Cd(II). MGO nanocomposite was characterized by scanning elec-
tron microscopy (SEM), transmission electron microscopy (TEM),
X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
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Fig. 1. TEM and SEM images of GO and MGO nanomaterials. (a) TEM of GO, (b) TEM of MGO, (c) SEM of GO and (d) SEM of MGO.
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(XPS). Methylene blue (MB) and orange G (OG) were chosen as
model cationic and anionic dyes, respectively. Multi-component
sorption behaviors were also investigated using binary systems
including Cd(II)-MB and Cd(II)-OG. The different removal perfor-
mance of MGO toward ionic dyes and Cd(Il) in ultrapure water
and in tap water was investigated. Other experimental parameters
such as effects of contact time and pH on removal performance
were also investigated.

2. Materials and methods
2.1. Materials

MB, OG, Ferrous ammonium sulfate [(NH,4),SO4-FeSO4-6H,0]
and ammonium ferric sulfate [NH4Fe(SO4),-12H,0] were pur-
chased from Sinopharm chemical reagent Co., (Shanghai, China).
Cd(NOs3), standard sample was purchased from Institute for Envi-
ronmental Protection in China. Graphite powder was purchased
from Shanghai JinShanTing new chemical factory (Shanghai, Chi-
na). All regents used were of analytical grade. Ultrapure water
was used in all the experiments.

2.2. Synthesis of GO

The synthesis of GO was performed by natural graphite powder
oxidation according to the Hummer and offeman’s method [34].
Briefly, 1 g of graphite powder and 0.5 g of NaNO3; were sequen-
tially added into cold 98% H,SO,4 under the condition of ice bath,
followed by slow addition of 3 g KMnO,4 with stirring at the tem-
perature below 20 °C. Subsequently, the reaction was continued
for 30 min at 35 °C, followed by slow addition of 46 mL ultrapure
water under stirring. The reaction was continued for 15 min at
98 °C. Then, the mixture was diluted to 140 mL with subsequent
addition of 2.5 mL H,0, (wt. 30%). The resulting mixture was fil-
tered and was washed three times with ultrapure water and alco-
hol, respectively, and then dried at 70 °C for 12 h in vacuum oven.

2.3. Synthesis of MGO

The preparation of iron oxide magnetic nanoparticle was per-
formed by coprecipitation of iron oxide nanoparticles on the sur-
face of GO nanomaterials. Typically, 1 g dry GO was dispersed in
100 mL ultrapure water with ultrasonication to form stable sus-
pension. Then, 5.8 g ferrous ammonium sulfate and 10.7 g ammo-
nium ferric sulfate were dissolved in 100 mL ultrapure water to
form mixed iron salt solution under oxygen-free condition. Subse-
quently, 10 mL aqueous ammonia (wt. 25%) was rapidly added into
the mixed solution to produce iron oxide nanoparticles, followed
by slow addition of GO suspension with stirring. The reaction
was continued for 45 min at 85 °C with stirring for 45 min and then
cooled to room temperature. Finally, the MGO solid was collected
by a magnet and was washed with ultrapure water and anhydrous
ethanol three times, respectively, and dried at 70 °C for 12 h in vac-
uum oven.

2.4. Characterization of adsorbent

The morphologies of GO and MGO were observed by scanning
electron microscopy (SEM) (JSM-6700F LV microscope) and trans-
mission electron microscopy (TEM) (JEOL-1230 microscope, Japan).
The structural information was obtained by X-ray diffraction (XRD)
(D/max 2550 X-ray diffractometer, RigaKu, Japan). The composi-
tion and bond energy information of MGO itself and MGO loaded
with dyes and Cd(Il) were investigated by X-ray photoelectron
spectroscopy (XPS) (K-Alpha 1063, United Kingdom) using a

Thermo Fisher Scientific Theta Probe Spectrometer equipped with
Al Ko Micro gathered monochromator as the source of X-ray. XPS
measurements were performed using a monochromatic 400 pm
X-ray beam in constant analyser energy mode. Survey and high-
resolution spectra were obtained at a pass energy of 200 and
50 eV, respectively and with a step size of 1.0 and 0.1 eV, respec-
tively. Detailed spectra processing was performed by commercial
Thermo Avantage software (v. 4.75, © 1999-2010 Thermo Fisher
Scientific). Accurate curve-fitting analysis was applied to the
high-resolution spectra of Cls, O1s and Fe2p using a Smart type
background and Gaussian/orentzian peak shapes. Calibration of
the binding energy (BE) scale was obtained by fixing the aliphatic
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Fig. 2. XRD patterns of the GO and MGO.
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Fig. 4. XPS spectra of GO and MGO. (a) Wide scan, (b) O 1s spectra, (c) Fe 2p spectrum of MGO, (d) C 1s spectra of GO and (e) C 1s spectra of MGO.

Cl1s component at BE values of 284.8 + 0.1 eV. The base pressure
was below 5 x 1072 mbar. Magnetization curve was recorded on
a Lake Shore 7410 vibrating sample magnetometer. The zeta po-
tential of adsorbent was obtained using a Zeta Meter 3.0 (Zeta Me-
ter Inc.).

2.5. Sorption experiments

All sorption experiments were performed by adding 20 mg MGO
adsorbent into 20 ml metal solution and dye solutions with different
concentrations at specified pH value which was adjusted using
0.1 M NaOH and HCI. After sorption, MGO adsorbent was separated
from aqueous solution by a permanent magnet. The residual
concentrations of Cd(Il) and dyes were measured using atomic
absorption spectroscopy and the visible spectrophotometric

method at the maximum sorption wavelength (Anax: 667 nm for
MB and 475 nm for OG, respectively). All the measurements were
carried out in duplicate.

Table 1
Results of XPS analysis of GO and MGO before and after the uptake of Cd(II), MB and
0G.

Elements at.% In adsorbent sample
GO MGO MB-MGO 0G-MGO Cd-MGO
C 66.58 37.30 40.78 35.52 40.53
N 2.16 1.40 2.20 0.94
0 28.78 41.00 38.40 41.97 41.06
Fe 20.30 17.40 20.36 18.19
Ccd 0.22
S 2.27 1.21 1.22
Ca 0.22
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2.5.1. Effect of pH

The effect of pH on sorption of MGO toward Cd(II) and dyes was
investigated by mixing 20 mg MGO with 20 mL of 200 mg/L Cd(II),
or 20 ml of 90 mg/L MB or 20 mL of 60 mg/L OG at different initial
pH values under stirring for 24 h. For dyes, the initial pH values
varied between 3 and 10, but for Cd(II), the initial pH values ranged
from 3 to 8. After magnetic separation, the concentrations of Cd(II)
and dyes were measured.

2.5.2. Sorption kinetic experiments

Kinetic experiments were carried out by mixing 20 mg MGO
with 20 mL of 200 mg/L Cd(II), or 20 mL of 90 mg/L MB, or 20 mL
of 60 mg/L OG aqueous solutions in conical flasks at pH 6.0. The
samples were withdrawn at predetermined time 5 min, 25 min,
45 min, 1h 45min, 2h 45min, 4h 45 min, 6 h 45 min, 10h
45 min, 24 h, 36 h, 48 h. After magnetic separation, the residual
concentrations of Cd(Il) and dyes were measured. The sorption
quantity at any time was calculated according to the following
equation:

(co—cr)V

4. = —m (1)
where g, is sorption quantity, ¢, and ¢, are the initial and residual
concentrations of the analyte, respectively, V is the volume of ana-
lyte solution and m is the mass of MGO adsorbent.

2.5.3. Isothermal sorption

[sothermal sorption experiments included single-component
and multi-component sorption (i.e. binary system). (a) For single-
component system, sorption experiments were conducted at pH
6.0 for 24 h under stirring by mixing 20 mg MGO with 20 mL solu-
tions with known initial concentrations ranging from 10 mg/L to
120 mg/L for MB, from 10 mg/L to 150 mg/L for OG, and from
10 mg/L to 1000 mg/L for Cd(II), respectively, with subsequent
magnetic separation and the analysis of residual concentrations
of dyes or Cd(II). (b) For multi-component system, binary sorption
experiments including Cd(I1)-MB and Cd(II)-OG were conducted
by mixing 20 mg MGO with 20 mL analyte solutions containing
both dyes and Cd(Il) at pH 6 for 24 h under stirring. For Cd(II)-
MB binary system, the initial concentrations of Cd(Il) and MB were
from 10 to 300 mg/L and from 30 to 120 mg/L, respectively. For
Cd(I1)-0G binary system, the initial concentrations of Cd(Il) and
0G were from 10 to 300 mg/L and from 20 to 120 mg/L, respec-
tively. After sorption and magnetic separation, the residual analyte
concentrations including both dyes and Cd(II) were determined.

2.5.4. Desorption and reusability

The desorption and the reusability of MGO adsorbent were
investigated using HCI solution (pH = 3) for Cd(II) and ethylene gly-
col (EG) for MB and OG as effluent solutions. Typically, the MGO
adsorbent was first saturated with Cd(Il), MB and OG for 24 h with
the initial concentrations of 500, 120 and 150 mg/L for Cd(II), MB
and OG, respectively. The adsorbent dosage was 1 g/L. Then MGO
was separated from the solution by a magnet and was subse-
quently immersed in HCI solution (pH 3) for Cd(Il) and in ethylene
glycol (EG) for MB and OG for another 24 h at room temperature.
After reaction and subsequent magnetic separation, the remaining
adsorbates in supernatant including Cd(Il), MB and OG were
measured.

2.5.5. Removal performance of MGO in tap water

To investigate MGO adsorbent performance in real sample, the
sorption experiments were performed in tap water. Supporting
information (SI) Table S1 summarizes the chemical analysis of
the tap water. Typically, 20 mg MGO was mixed with 20 mL of
known concentration of analyte solutions prepared by adding
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Fig. 5. pH effects on MGO sorption toward MB, OG and Cd(II).

MB, OG and cadmium nitrate to the tap water samples. Then 1 g/
L of MGO was added in the tap waters at pH 6.0 and the removal
efficiencies were investigated. The sorption process was continued
for 24 h under stirring. After magnetic separation, the final concen-
trations of dyes and Cd(Il) were determined, respectively.

3. Results and discussion
3.1. Characterization

As seen from Fig. 1, GO exhibited layered structure with smooth
surface and many wrinkles (Fig. 1a and c). For MGO, it was ob-
served that many nanoparticles with an average size of
10.8 £ 1.7 nm were homogeneously anchored onto the surface of
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Fig. 6. Zeta potentials of MGO at various pH values.

the graphene oxide sheets (Fig. 1b, d and Fig. S1 in the Supporting
information).

In the XRD patterns (Fig. 2) of GO nanosheet and MGO nano-
composite, the diffraction peak at 20=9.98° corresponding to
the typical diffraction peak of GO nanosheets, was attributed to
the (002) plane [20]. Two weak peaks at 20 =22.06° and 42.38°
also occur, which were similar to typical GO XRD patterns in pre-
vious literature [24]. For MGO, the peaks at 20 values of 30.2°,
35.6°, 43.3°, 53.7°, 57.1°, and 62.8° were assigned to the (220),
(331),(400), (422), (511), and (440) reflections, respectively, of
the pure cubic spinel crystal structure of Fes0,4 [23]. Furthermore,
the peaks at 20 values of 30.2°, 35.6°, 43.3° and 57.1° were assigned
to maghemite or magnetite, and the peaks at 26 = 53.7° and 62.8°
were attributed to hematite [35]. The peaks at 20=18.2° and
33.1° were assigned to goethite [36]. Noticeably, GO peak disap-
peared in XRD pattern of MGO (Fig. 2). This phenomenon was also
observed by Wang'’s group [37]. They considered that the disap-
pearance of GO peak in XRD pattern of MGO may be derived from
the following reasons: (1) more monolayer graphene caused by the
reduction of graphene sheets aggregation in the presence of mag-
netite, resulting in weaker peaks from carbon being observed; (2)
the strong signals of the iron oxides overwhelming the weak car-
bon peaks [37]. The measured saturation magnetization of MGO
adsorbent was 31.8 emu/g (see Fig. 3), which was strong enough
to separate from aqueous solution because saturation magnetiza-
tion of 16.3 emu/g was sufficient for magnetic separation with a
conventional magnet [38].

Fig. 4 shows the XPS analysis in GO and MGO nanomaterials.
Compared to GO, the new peaks of Fe 2p appeared in MGO adsor-
bent (Fig. 4a), further illustrating iron oxide nanoparticles were
successfully coated on GO nanosheet. The binding energies of Fe
2p3) and Fe 2p;, were 711.2 eV and 725.1 eV, respectively. The sa-
tellite peak of Fe 2ps, for MGO was located at 719.4 eV, which was
consistent with the previous report (Fig. 4c) [32,39]. The binding
energy assigned to O 1s shifted from 532.3 eV in GO to 530.3 eV
in MGO, which was characteristic of the lattice oxygen in magne-
tite (Fig. 4b) [23,33]. The deconvolution C 1s XPS spectra (Fig. 4d
and e) showed that the nonoxygenated ring C, located at
284.6eV in GO and 284.7eV in MGO, was 53.47 at.% and
74.11 at.% in GO and MGO respectively, providing the evidence of
the formation of graphene in MGO compared with that in GO
[23]. The peaks assigned to C (epoxy and alkoxy) were observed
at 286.6 eV, 37.40 at.% in GO and 286.3 eV, 16.45 at.% in MGO, indi-
cating the decrease of the oxygen-containing functional groups
after GO coated with iron oxide nanoparticles [23,33]. The peaks
assigned to C=0 were located at 288.4eV, 9.14 at.% in GO and
288.6eV, 9.44 at% in MGO, illustrating the little increase of

60
Cd2*
50
60

404 20
g 40
£ 30 = 30
- * = 20
o 10

20 A 0

0 1000 2000 3000
10 A )
t (min)
0

0 500 1000 1500 2000 2500 3000 3500

t (min)

MB

q,(mg/g)

20 0 1000 2000 3000
10 t (min)
0 500 1000 1500 2000 2500 3000 3500
t (min)
14
* - * 06
12
10 250
. 200
R .. 150
g T 100
= 6 50
c 0
4
0 1000 2000 3000
2 t (min)
0

0 500 1000 1500 2000 2500 3000 3500
t (min)

Fig. 7. Influence of contact time on the sorption of Cd(Il), MB and OG by MGO.
Inserted part: the plots of t/q; vs. t. The initial concentrations were 200 mg/L, 90 mg/
L and 60 mg/L for Cd(Il), MB and OG, respectively; pH = 6; contact time: 5 min,
25 min, 45 min, 1h45 min, 2h45 min, 4h45 min, 6h45 min, 10h45 min, 24 h, 36 h
and 48 h; temperature: 25 °C; adsorbent dosage: 1 g/L.

Table 2
Parameters of adsorption kinetics of Cd(Il), MB and OG onto MGO fitted by pseudo-
second-order model.

Pollutants qe (Mg/g) k (g/mg min) R?

Cd(1n) 51.55 0.1971 0.9998
MB 64.94 0.0389 0.9996
0G 13.12 0.3175 0.9998

carbonyl groups in MGO compared with that in GO. Compared
with the XPS spectrum of MGO, 1.21 at.% of S and 1.22 at.% of S
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Table 3

appeared in MGO after MB and OG uptake by MGO (see Fig. S2 and
Table 1) indicated that MB and OG adsorbed on MGO, respectively.
In addition, Cd 3d peaks (0.22 at.% shown in Table 1) at 412.48 eV
and 405.77 eV (Fig. S2) as an indicator of Cd(II) sorption on MGO
were detected [40], which provided the evidence that Cd(II) were
successfully adsorbed onto MGO. Table 1 lists the XPS results of
GO and MGO adsorbent before and after MGO uptake by dyes
and Cd(II).

3.2. Effect of pH

The influence of pH on dyes removal efficiencies by MGO adsor-
bent at different pH values was studied and the results were shown
in Fig. 5. It was observed that the quantity of MB and Cd(II) ad-
sorbed onto MGO increased with increasing pH value. Similar re-
sults were obtained for Cd(Il) sorption on crosslinked
carboxymethyl starch [41] and magnetic hydroxyapatite nanopar-
ticles [42]. Noticeably, the pH values ranged from 3 to 8 due to the
formation of Cd(OH), precipitation at pH greater than 8 [42]. It was
observed that the pHpzc value of MGO was approximately 3.5. The
surface charge was positive at pH<3.5, but was negative at
pH > 3.5. Furthermore, the zeta potentials of MGO adsorbent de-
creased with increasing pH value (shown in Fig. 6). Therefore,
the effect of pH on Cd(II), MB and OG adsorption onto MGO can
be explained by electrostatic interaction mechanism between
MGO surface and charged adsorbates. Due to electrostatic attrac-
tion force, MGO adsorbent with negative charge surface at higher
pH (>3.5) value favored sorption toward cationic dye MB and Cd(II)
with positive charge. In contrast, for anionic dye OG, the sorption
quantity decreased with increasing pH value due to electrostatic
repulsion force.

3.3. Sorption kinetics

The effect of contact time on sorption of Cd(II), MB and OG onto
MGO adsorbent was carried out and the results were displayed in
Fig. 7. Obviously, sorption capacity increased sharply with time
and the time required to reach the equilibrium was 165 min,
405 min and 405 min for Cd(Il), MB and OG respectively. Bens-
elka-Hadj Abdelkader et al. reported that sorption equilibrium of
OG was reached after 12 h and 9 h on layered double hydroxide
and calcinated layered double hydroxide, respectively [43]. Han
et al. reported methylene blue sorption onto natural zeolite to
reach equilibrium after 820 min [44]. Liu et al. reported that
855 min was required to reach equilibrium for initial concentration
of 40 mg/L MB adsorbed on graphene [45]. According to the results
of the experiments, 24 h was selected in this study for the follow-
ing sorption equilibrium study.

The kinetic data were fitted with pseudo-second-order kinetic
model, the relationship between sorption quantity and time can
be described with the following equation:

Constants of the Langmuir and Freundlich models for Cd(II), MB and OG in ultrapure water and tap water at pH 6.0.

Pollutants Langmuir model Freundlich model
qm (mg/g) ki (1/mg) R? Ky 1/n R?
Cd(1n) Ultrapure water 91.29 0.0160 0.9688 19.5655 0.2256 0.9001
Tap water 59.69 0.2097 0.9568 24.0296 0.1651 0.7031
MB Ultrapure water 64.23 4.4344 0.9603 37.7252 0.1725 0.8356
Tap water 58.08 2.2528 0.9549 29.8169 0.1922 0.9268
0G Ultrapure water 20.85 0.5301 0.9589 14.2659 0.0819 0.7671
Tap water 2048 0.7372 0.9614 10.7478 0.1688 0.9242
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Table 4
Comparison of the maximum adsorption capacities of some adsorbents for MB, OG
and Cd(II).
Pollutants Adsorbents Jmax References
(mg/g)
MB Magnetic rectorite/iron oxide 31.18 [47]
Graphene nanosheet/magnetite 43.82 [48]
Multi-walled carbon nanotubes/Fe,03 42.30 [49]
oG Activated carbon of thespesia populnea 9.13 [50]
pods
Cd(In) Acrylic acid and crotonic acid modified  29.60 [51]
magneti nanoparticles
CuFe,04 nano-particles 17.54 [52]
Carbon nanotube sheets 92.59 [53]

t 1 t

4 kq, 9e

where ¢; and g, is sorption quantity at time t and at equilibrium,
respectively, co and c; are the initial concentration and the final

ge (Mg/9)

e (Mg/9)

Cd

e (Mg/9)

Qe (Mg/Q)

concentration at time t of the analyte, respectively, k is the rate con-
stant, which can be calculated from the plot of t/q; vs. t.

The results of linear forms of pseudo-second-order kinetic mod-
el on the experiment data were presented in Fig. 7 (inserted part).
Table 2 lists the kinetic parameters for the removal of Cd(Il), MB
and OG by MGO adsorbent using pseudo-second-order model. A
linear relationship with high correlation coefficient (R? = 0.9998,
0.9996 and 0.9998 for Cd(IlI), MB and OG, respectively) was ob-
tained, illustrating that the kinetic data were well fitted with the
pseudo-second-order model.

3.4. Sorption isotherms

3.4.1. Sorption isotherms in mono-component system

Two different sorption isotherms, i.e. Langmuir and Freundich
models, were used to fit the experimental sorption data for MB,
OG and Cd(II). The Langmuir model is based on monolayer sorption
and can be described as the following equation:

Ce Ceo 1
Ce_C, 1 3
d. qm qum ( )

Fig. 9. Effect of initial pollutant concentration on the sorption of Cd(II), MB and OG onto MGO in binary system including Cd(II)-MB and Cd(II)-OG. The initial concentrations:
for Cd(II), 10 mg/L, 50 mg/L, 100 mg/L and 300 mg/L; for MB, 30 mg/L, 50 mg/L, 90 mg/L and 120 mg/L; for OG, 20 mg/L, 40 mg/L, 60 mg/L, and 120 mg/L; pH = 6, contact time:

24 h; temperature, 25 °C; adsorbent dosage, 1 g/L.
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The Freundlich model is based on multilayer sorption and is gi-
ven by the following equation:

lgq. =gk +% Igc. (4)

where ¢ is the equilibrium sorption amount of dyes or Cd(II) ad-
sorbed on MGO (mg/g), ¢, is the maximum sorption amount of
MGO (mg/g), c. is the equilibrium concentration of adsorbates in
aqueous solution (mg/L), k; is a constant determined by plotting
Ce/qe Versus c,, ky and 1/n are the constants related to sorption of
adsorbent and intensity of the sorption, respectively.

Fig. 8 shows that the sorption isotherms data of dyes and Cd(II)
were better fitted with Langmuir model in mono-component sys-
tem. The calculated isotherm constants and correlation coefficients
of Langmuir and Freundlich models were listed in Table 3. The
sorption capacities of adsorbates on MGO were 64.23 mg/g,
20.85 mg/g and 91.29 mg/g for MB, OG and Cd(II), respectively. It
was noted that the maximum sorption capacities of MGO toward
MB (64.23 mg/g) and OG (20.85 mg/g) were much higher than pre-
vious reported adsorbents, such as exfoliated graphene oxide
(17.3 mg/g for MB and 5.98 for OG) [46]. Table 4 summarizes the
maximum sorption capacities of various absorbents for MB, OG
and Cd(II). It was observed that the amount of dyes and Cd(II)

Cd

80
60

06 (i e ) 40 20

adsorbed by bare iron oxide nanoparticles were 2.78, 15.62 and
24.25 mg/g for MB, OG and Cd(ll), respectively. Therefore, the
adsorption of MGO toward Cd(II) and ionic dyes not only resulted
from iron oxide nanoparticles but also from graphene oxide. The
high-performance of the MGO adsorbent towards ionic dyes may
be ascribed to the n—7 stacking between dyes with aromatic struc-
ture of MB and OG and 7m-conjugation regions of the MGO nano-
sheets (see Fig. S3) [21,29,46]. On the other hand, according to
the results described above, the electrostatic interactions between
the positively charged adsorbates (i.e. MB and Cd(Il)) and nega-
tively charged residual oxygen-containing functional groups on
MGO may also play an important role in the sorption of MGO to-
ward MB and Cd(II).

3.4.2. Effect of initial pollutant concentration in multi-component
system

The effects of the initial pollutant concentrations on the sorp-
tion of Cd(II) and dyes onto MGO were investigated in binary sys-
tem (see Fig. 9). Results showed that the sorption of Cd(Il) onto
MGO decreased in the presence of MB (Fig. 9). Furthermore, the
sorption capacity of Cd(II) decreased with increasing concentration
of MB (Fig. 9). At the initial Cd(II) concentration of 300 mg/L, the

Dye
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Fig. 10. Ratio of sorption capacities (R) versus the initial concentration in binary system for the simultaneous removal of Cd(II), MB and OG using MGO adsorbent.
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sorption capacity for Cd(II) was 65.25 mg/g in mono-component
system and 21.38 mg/g in Cd(I[)-MB binary system at the initial
MB concentration of 120 mg/L. i.e., the sorption capacity of Cd(II)
in Cd(II)-MB binary solutions was only 32.76% of that in mono-
component system. However, the sorption of MB onto MGO were
not affected by the presence of Cd(II) in Cd(II)-MB binary solutions.
The sorption capacity of Cd(II) was independent on the OG concen-
tration, but dependent on the initial Cd(II) concentration in Cd(II)-
OG binary system. Noticeably, the sorption capacity of OG onto
MGO enhanced with increasing Cd(Il) concentration in Cd(II)-OG
binary system.

The effect of both Cd(II) and ionic dyes in binary system on re-
moval performance of MGO were determined using the ratio of
sorption capacities (R) as follows:

_ i
qm.i

R ()

where q; is the sorption quantity for contaminant i in the binary
system (mg/g) and g,,; is the sorption quantity for contaminant i
with the same initial concentration in a mono-component system.
It was reported that [11]: if R> 1, the sorption of contaminant i
was enhanced by the co-pollutant; if R=1, the co-pollutant had
no effect on the sorption of contaminant i; if R < 1, the sorption of
contaminant i was suppressed by the presence of co-pollutant.

Fig. 10 shows that R value was less than 1 for sorption of Cd(II)
onto MGO in Cd(II)-MB binary system, which may be caused by
the following reasons: (1) competitive sorption between positively
charged Cd(Il) and positively charged MB, (2) favorable sorption of
MB due to m-m interaction between MB and MGO nanosheets
compared with that of Cd(II) due to electrostatic force. However,
R value was almost equal to 1 for MB sorption in Cd(II)-MB binary
system, thus discarding the competitive sorption between posi-
tively charged Cd(II) and positively charged MB. It revealed that
sorption of MB was favored in comparison with that of Cd(Il) in
Cd(II)-MB binary system. Noticeably, R value was greater than 1
for OG sorption in Cd(II)-OG binary system, indicating that sorp-
tion of OG onto MGO was favored due to -7 interaction between
OG and MGO in Cd(II)-OG binary system. Furthermore, OG sorp-
tion was greatly enhanced in the presence of Cd(II). The reason
may be caused by the fact that anionic dye OG adsorbed on the
surface of MGO favored the electrostatic interactions with Cd(II),
thus creating new specific sites for sorption process and enhanc-
ing the sorption capacity of OG onto MGO. Heavy metal Cd(II)
may interact with the SO; group of OG and with the hydroxyl
and carboxyl groups of MGO. Synergic sorption was also reported
by Tovar-Gomez et al. for the simultaneous removal of acid blue
25 and heavy metals from water using a Ca(POs),-modified carbon
[11]. However, the sorption of Cd(II) decreased at the initial Cd(II)
concentration of 10 mg/L (R< 1), remained stable at the initial
Cd(II) concentration of 50 mg/L (R~ 1), slightly increased at the
initial Cd(II) concentration of 100 mg/L (R > 1), and then decreased
at the initial Cd(Il) concentration of 300 mg/L (R < 1). It was sug-
gested that OG was preferentially adsorbed onto MGO surface at
the initial Cd(II) concentration of 10 mg/L, leading to the decrease
of Cd(II) sorption capacity in Cd(II)-OG binary system. Increasing
OG concentration on the surface of MGO would provide more neg-
atively charged groups, thus creating new more sorption sites for
positively charged Cd(II), resulting in slight enhancement of Cd(II)
sorption capacity due to electrostatic attraction force at the initial
Cd(II) concentration of 50 mg/L and 100 mg/L in Cd(II)-OG binary
system. Therefore, the sorption capacity of Cd(II) onto MGO kept
increase at the initial Cd(II) concentration of 300 mg/L in
Cd(I1)-0G binary system (displayed in Fig. 9), but decreased com-
pared with that in mono-component system, leading to R value
less than 1.

3.5. Desorption and reusability

Desorption behavior was studied using HCI solution and EG as
eluants for Cd(Il) and ionic dyes, respectively (displayed in
Fig. 11). The value of cycle 0 was denoted as the adsorption of
the original MGO. Results showed that adsorption capacities of
Cd(II) and ionic dyes decreased with increasing regeneration cycle
numbers. After the first regeneration cycle, the removal efficiencies
were 67.55%, 55.76% and 83.01% for Cd(Il), MB and OG, respec-
tively. After the fourth cycle, the removal efficiencies were
33.78%, 42.25% and 47.32% for Cd(II), MB and OG, respectively,
indicating that MGO adsorbent had the potential for reusability.
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Fig. 11. Reusability of MGO in the removal of Cd(Il), MB and OG. The initial
concentrations of Cd(Il), MB and OG were 500 mg/L, 120 mg/L and 150 mg/L. The
adsorbent dosage was 1 g/L.
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3.6. Application of MGO adsorbent in tap water

To evaluate the adsorbent performance of the MGO in real
water samples, tap water samples spiked with dyes or Cd(II) were
treated using the as-prepared MGO. The results showed that the
maximum sorption capacities of MB, OG and Cd(Il) onto MGO in
tap water samples were 58.08 mg/g, 20.48 mg/g and 59.69 mg/g,
respectively (shown in Fig. 12), which were 90.43%, 98.23% and
65.39% of those in ultrapure water. The decrease of sorption capac-
ities of Cd(II) in tap water compared with that in ultrapure water
may be caused by the increase of ionic strength in tap water. The
sorption isotherms of MB, OG and Cd(II) onto MGO in tap water
were better fitted with Langmuir model than Freundlich model
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Fig. 12. Sorption curves for Cd(II), MB and OG onto MGO adsorbent in ultrapure and
tap waters. pH = 6; contact time: 24 h; temperature, 25 °C; adsorbent dosage, 1 g/L.

(listed in Table 3). Noticeably, tap water samples had little interfer-
ence with the performance of MGO toward MB and OG, suggesting
that MGO adsorbent was suitable for removal of dyes from real
water.

4. Conclusions

In summary, MGO as an adsorbent was prepared for simulta-
neous removal of Cd(II) and ionic dyes including MB and OG. The
sorption capacities increased for Cd(Il) and MB and decreased for
OG with increasing pH value. The sorption capacities increased
sharply with time and the time required to reach the equilibrium
was 165 min, 405 min and 405 min for Cd(Il), MB and OG respec-
tively. The sorption kinetics of dyes and Cd(II) were well described
by pseudo second-order model. In mono-component system, the
maximum sorption capacities in ultrapure water for Cd(IlI), MB
and OG were 91.29 mg/g, 64.23 mg/g and 20.85 mg/g, respectively.
The sorption capacity decreased for Cd(Il) with increasing MB con-
centration and almost was not affected for MB with increasing
Cd(II) concentration in Cd(I[)-MB binary system. However, the
sorption capacity of Cd(Il) was independent on the OG concentra-
tion, but dependent on the initial Cd(II) concentration in Cd(II)-OG
binary system. Noticeably, the sorption capacity of OG onto MGO
enhanced with increasing Cd(Il) concentration in Cd(II)-OG binary
system. In tap water samples, the sorption capacity of Cd(Il) was
65.39% of that in ultrapure water. However, the tap water samples
had little interference with the performance of MGO toward MB
and OG, indicating that MGO was suitable for removal of ionic dyes
from real water.
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