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ABSTRACT

Magnetic graphene oxide (MGO) was synthesized by co-precipitation and used as an adsorbent for
the removal of methylene blue (MB) from aqueous solution in batch mode. Characterizations of the
materials before and after modification were performed using several techniques such as scanning
electron microscopy, Fourier transform infrared spectroscopy, vibrating-sample magnetometry,
Raman spectra, X-ray photoelectron spectroscopy (XPS), etc. The effects of adsorbent dose, solu-
tion pH, common salt concentrations, MB concentration, and contacting time were systematically
investigated. Results showed that the adsorption capacity at 313 K could reach up to 62.7 mg-g™. The
optimal pH was 9 and the salinity was disadvantageous of MB adsorption. Equilibrium adsorption
data were best fitted by Koble—Corrigan model, indicating that the adsorption process may be based
on multi-layer heterogeneous adsorption and controlled by chemical adsorption process. The Elovich
kinetic model can be used to describe the process of MB adsorption, indicating that the adsorption
process may be the diffusion process of non-homogeneous phase. Thermodynamic analyses showed
that the adsorption process was spontaneous, endothermic and entropic increase. In addition, the
possible adsorption mechanism was also proposed based on the experimental results and XPS
analysis. It is concluded that the mechanism of MB adsorption be mainly -7 bond and electrostatic
force. Furthermore, MB-loaded MGO can be reused in a secondary adsorption for removal of congo
red with the adsorption capacity of 319 mg-g™. Based on the results, it was inferred that MGO could
be used as a promising adsorbent for dye removal.
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1. Introduction

Water pollution caused by various dyes is one of the most
ubiquitous and critical global environmental issue for peo-
ple. Dyes are commonly used in the industries such as textile,
leather, cosmetics, paper, food, plastics, etc. The presence at
concentrations above their permissible values is highly visible
and undesirable [1,2]. There are different kinds of treatment
methods to decontaminate wastewater, such as biological
treatment, photodegradation, hydrolysis, membrane filtra-
tion, ion exchange, and adsorption [3]. Of all the technologies
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that have been proposed to remove dye contaminations,
adsorption method is regarded as one of the most promising
methods because of its high efficiency, convenience, and eco-
nomic viability [4]. Various adsorbents have been reported
to study on the removal of dyes, including biomass, clays,
carbon materials [5-7]. The success of adsorption separation
depends on the performance of adsorbents to a large extent.
Therefore, modifying adsorbent is the primary problem in
determining adsorption experiments. At present, there are
various kinds of adsorbents and different uses, but the most
widely used new materials are mainly carbon adsorbents and
magnetic adsorbents [8].
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Graphene oxide (GO), a two-dimensional monolayer
nanomaterial of sp*bonded carbon atoms packed densely
in a hexagonal honeycomb lattice, is considered as the
most promising material because of its good mechanical
properties, electrochemical and thermal properties, and large
specific surface area [9]. Functionalized GO has good appli-
cation prospects in molecular sensing, catalysis, photother-
mal therapy, energy storage, and environmental protection
[10,11]. In recent years, there are more and more reports
about the application of GO to remove ionic dyes from waste-
water, due to the special thin graphite structure, large specific
surface area with oxygen-containing functional groups such
as hydroxyl, epoxy and carboxyl groups, and m-m electron
system [12]. There have been reported using GO and its
amine-functionalized composite to remove pollutants from
aqueous solution [13]. However, GO is hard to separate from
aqueous solution after adsorption, hence requires a high-
speed centrifugation to achieve the separation effect, and it
is unrealistic for the treatment of wastewater practically [14].
To overcome these issues, the introduction of magnetism
can greatly reduce the energy consumption in the adsorp-
tion process. Magnetic materials have good dispersibility,
easy functionalization and good biocompatibility. They can
be applied in medicine, diagnosis, adsorption, cell biology
and other related fields [15-17]. Because of its unique mag-
netic properties, magnetic materials can be separated from
mixtures under the effect of external magnetic field, which
can solve the problem that the traditional method is not easy
to separate in some system. So there is a good application
prospect in environmental water treatment. The preparation
of graphene-based Fe,O, nanocomposites have been reported
recently [18,19]. However, there has been no related litera-
ture yet for the secondary adsorption of dyes from solution
by magnetic graphene oxide (MGO) composites.

In this work, the introduction of iron oxide magnetic
nanoparticles into GO was proposed to constitute a novel
adsorbent composite, which combine the high adsorption
property of GO and the separation convenience of mag-
netic nanoparticles. MGO was synthesized by depositing

399

magnetic iron oxide nanoparticles on the surface of GO
nanosheets to remove methylene blue (MB), one of the
cationic dyes. The interaction between MB and MGO, and
the adsorption mechanism of MGO were also investigated.
Adsorption kinetics and equilibrium were shown and
adsorption models were applied. Furthermore, the MGO
and MB-loaded MGO were then used to remove congo
red (CR), an anionic dye. It was found that the secondary
adsorption was also highly efficient.

2. Materials and methods
2.1. Materials

Single-layer GO powder (0.5-5 pm, Nanjing XFNANO
Materials Tech. Co., Ltd., Nanjing, China), ferric chloride
(FeCl,-8H,0, Fengchuan Chemical Reagent, Tianjin, China),
ferrous sulfate (FeSO,-7H,O, Sinopharm Chemical Reagent,
Shanghai, China), ammonium hydroxide (25%-28%, w/w,
Sinopharm Chemical Reagent, Shanghai, China) were
all purchased. The structure of MB dye (Kermel, Tianjin,
China) and congo red dye (Aladdin Industrial Corporation,
Shanghai, China) are shown in Fig. 1. All working solutions
were prepared by diluting the stock solution with appropri-
ate volume of distilled water. Other reagents such as HCl,
NaOH, Na(l, and CaCl, were also of analytical grade.

2.2. Preparation of MGO and Fe O,

The MGO composite was prepared by co-precipitation,
which was similar to a method previously reported [20].
Briefly, 045 g GO was dissolved in distilled water under
ultrasonic stirring for 1 h. Subsequently, 2.17 g of FeSO,-7H,0O
and 4.21 g of FeCl-8H,0 solution (molar ratio of Fe*:Fe*
as 1:2) were added slowly to the GO solution while stirring
for 30 min. Then the temperature was raised to 65°C (water
bath), and ammonia solution (28%) was added dropwise
until the pH value of the solution reaches up to 11. After
the reaction, the solution was aged for 30 min. Finally the

MB: N
H,;C = CH,
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Fig. 1. Structure of MB and CR.
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material was collected by magnet after being washed several
times with water and ethanol until the pH was almost 7.0.
Then it was dried in oven at 60°C. The obtained product was
MGO. Fe,0O, was prepared by the same method without GO.

2.3. Characterization of GO and MGO

The pH at point zero charge (pH , ) of MGO was evalu-
ated by the solid addition method of adjusting different pH
of 10 mL 0.01 mol-L* NaCl solution while adding 0.010 g
MGO for 12 h. The pH, ., and pH, , of the solution were
conducted using a pH meter (PHS-3C, China), and the pH
is the point where pH, ., — pH,, , = 0. The scanning electron
microscopy (SEM, Hitachi S4800, Japan) was used to observe
the morphology of the materials at an accelerating voltage
of 10.0 kV. The spectra of functional groups of before and
after modification were recorded in the range of 500-4,000
wave number (cm™) on the Fourier transform infrared
spectroscopy (FT-IR, Nicolet iS50, USA). Raman spectra
were measured by using a Raman spectroscopy (LabRAM
HR Evolution, France). The magnetic properties were deter-
mined using a vibrating-sample magnetometry (VSM, Squid-
VSM, USA). The analysis before and after MB adsorption
were performed with X-ray photoelectron spectroscopy
(XPS, ESCALAB 250Xi, England), which were further used to
determine the semi-quantitative chemical composition and
surface chemical states of GO and MGO.

2.4. Adsorption studies

Adsorption experiments were carried out in batch mode
at 120 rpm, the adsorbents were placed in 50 mL conical
flasks containing 10 mL of MB solution of various concen-
trations. In this study, the effect factors were as follows: the
adsorbent dose (1-20 mg, C, = 100 mg-L™, 303 K), the initial
pH (3-11) of solution (C, = 100 mg-L™, 303 K), co-existed
ions of NaCl, CaCl, solution (0.005, 0.01, 0.02, 0.04, and
0.06 mol-L™, respectively, C; =100 mg-L™, 303 K) and the con-
tact time (10-720 min, C, =100 mg-L7, 303 K), the adsorption
temperature (293, 303, and 313 K, C, = 70-140 mg-L™). To
investigate the reuse of MGO, the MB-loaded MGO adsorp-
tion (C, = 100 mg-L7, 303 K, pH = 9) was obtained. After
adsorption, the MB-loaded MGO was gently washed with
distilled water and dried at 333 K. For the convenience of
experiment, the MGO onto CR and the secondary adsorp-
tion of the MB-loaded MGO onto CR (C, =500 mg-L™?, 303K,
pH = 6.06) were determined with salt and no salt.

The adsorbent and adsorbate were separated by magnetic
field after adsorption, and the residual MB or CR concen-
tration in supernatant samples was analyzed by an UV/VIS-
3000 spectrophotometer (Shimadzu Brand UV-3000, Japan)
of wavelengths of maximum absorbance at 664 and 499 nm,
respectively. The data obtained in batch model studies were
used to calculate the uptake quantity of adsorbate. The quan-
tity of dye adsorbed onto unit weight of adsorbent (g, mg-g™)
and the removal efficiency (p, %) were calculated using the
following equations, respectively:

_ V(Co _C)

m

)

p= (CUC;C) x100% @)

0

where C, is the initial adsorbate concentration (mg-L™), C
or C, is the dye concentration at any time or equilibrium
(mg-L™), Vis the reaction solution volume (L), and m is the
mass of MGO (g).

3. Results and discussion
3.1. Characterization of adsorbents

Characterization of materials can be analyzed and this
is helpful to know the property of surface and explain
adsorption mechanism.

3.1.1. Zero point of charge

The zero point of charge (pH,, ) of materials indicate the
electronic property of the functional groups on their surface
and the results are shown in Fig. 2. The pH  value of MGO
was about 6.59, which meant that the material held a nega-
tively charged surface and was likely to attract MB cationic
ions when the pH was maintained above this value. And the
pH,, values of the modified adsorbent moved to the acid
direction, which was mainly due to the increase of the number
of acidic functional groups on the surface of the adsorbent.

3.1.2. SEM of GO and MGO

The SEM images of the GO and MGO are shown in
Fig. 3. As shown in Fig. 3(a), there were many wrinkles on
the surface of GO and the flake two-dimensional structure
increased its specific surface area. Comparing the images
of GO and MGO, it could be seen clearly in Fig. 3(b) that
Fe,O, particles dispersed unevenly on the GO sheets, and
the modification of MGO showed no significant change of
the morphology of GO sheets.

3.1.3. FT-IR analysis of GO and MGO

In order to further explore the surface characteristics of
GO and MGO, FT-IR analysis was performed and revealed
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Fig. 2. Point of zero charge of Fe,O, and MGO.
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Fig. 3. SEM images of (a) GO and (b) MGO.

spectra can be seen in Fig. 4. For the spectrum of GO, the
strong peak at about 3,443 cm™ could be caused by the
stretching vibration of hydroxyl groups (-OH). The peak
at 1,630 cm™ could be attributed to the -C=O stretching
vibration peak of carboxyl groups. The peaks from 1,000 to
1,300 cm™ could be associated with the C-O-C stretching
vibrations and C-O vibration of hydroxyl groups [21].

Compared with GO, the intensities of the peaks for the
oxygen-containing functional groups were weakened sig-
nificantly, indicating that these groups could combine with
iron groups. Magnetic materials could also conceal the peaks.
And the characteristic peak of Fe-O could be observed at
580 cm™, proving that Fe,O, was successfully immobilized
onto the GO sheets [22].

3.1.4. Raman spectra of GO and MGO

Raman spectra also offer some useful information. Fig. 5
shows the Raman spectra of the resulting GO and MGO. Two
obvious peaks at 1,330 and 1,590 cm™ were corresponding to
the D and G bands, respectively. The D band derives from the
vibration of sp® defective or disordered carbon atoms in the
graphitic structure, while the G band is associated with the
first order bond stretching of sp? carbon atoms and provided
information about the in-plane vibration of sp>-bonded car-
bon atoms [20,23]. The intensity ratio of D to G bands (I,/I )
of MGO increased from 0.9 of GO to 1.2, implying an increase
in the defects and edges of the GO matrix with the introduc-
tion of Fe,O, nanoparticles into the sp>-bonded orbital of GO.

3.1.5. VSM analysis

The magnetization property of Fe,O, and MGO com-
posite is investigated at room temperature by measuring
the magnetization curve, as shown in Fig. 6. The saturation
magnetizations of Fe,O, and MGO were 80.0, 50.0 emu-g™,
respectively, indicating that MGO composite had a high
magnetism and could be easily separated from solution by
external magnetic field, because saturation magnetization
of 16.3 emu-g™ was sufficient for magnetic separation with a
conventional magnet [24].
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Fig. 6. Magnetization curves of Fe,O, and MGO (293 K).

3.1.6. XPS of MGO

The chemical composition and relative content of the
surface element for environmental material are important
to the effects in application of wastewater treatment [25].
Therefore, to explore the characteristics of the MGO surface,
the XPS spectra analysis of O 1s, Fe 2p, before and after MB
adsorption are carried out in Fig. 7. The C 1s spectra peak of
MGO could be resolved into three component peak appeared
at 283.7, 285.8, and 288.1 eV shown in Fig. 7(a), correspond-
ing to C-C, C-O, and C=0O groups, respectively, which was
consistent with the results of FT-IR. The peaks of Fe 2p at
709.6 and 722.5 eV demonstrated the Fe,O, was successfully
coated on GO, shown in Fig. 7(b), the results were similar to
the previous report [26].

XPS is applied to further investigate the groups attached
to the surface of adsorbent. Fig. 7(c) displays the survey spec-
tra of MGO before and after its reaction with MB. The full
survey scan of XPS spectra showed the peaks at binding ener-
gies of about 283.7, 529.1, and 709.4 eV, which corresponded
to C 1s, O 1s, and Fe 2p, respectively. After the adsorption, a
new binding peak of N 1s appeared at 398.6 eV, indicating
that the MB molecules were adsorbed by MGO [27].

3.2. Adsorption study
3.2.1. Effects of adsorbent dose

The adsorbent dosage is one of the important factors
to evaluate the adsorption properties. Therefore, differ-
ent masses of MGO were added to 10 mL MB solution
(100 mg-L") at 303 K for 12 h, and the effect of adsorbent
dose on adsorption is shown in Fig. 8.

It was seen that the removal efficiency (p) of MB
increased from 13.7% to 92.3% which was due to the increase
of adsorption active sites at the adsorbent surface with
increasing adsorbent dosage. And the values of g, decreased
from 68.5 to 46.1 mg-g™ with the increase of adsorbent dos-
age because the amount of MB adsorbed onto unit weight
of adsorbent reduced with the increase of adsorbent mass,
thus causing a decrease in g, values. In next study, 1.0 g-L™
of adsorbent dose was chosen.
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Fig. 7. XPS spectra of MGO. (a) O 1s spectra; (b) Fe 2p spectra;
(c) spectra of MGO before and after MB adsorption.

3.2.2. Effects of solution pH

Solution pH often plays an important role in adsorp-
tion process as pH can affect the existing form of adsorbate
and surface property of adsorbent. Values of g, at various
solution pH are illustrated in Fig. 9. It is observed from Fig. 9
that values of g, increased rapidly under the acidic condition
and rose slowly under the alkaline condition, the maximum
adsorption amount of MB on MGO was 66.24 mg-g™
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Fig. 9. Effect of solution pH on MB adsorption (C, = 100 mg-L",
t =720 min, T =303 K).

occurred at pH 11. With the increasing pH values, the
adsorption of MB on MGO tended to increase, which could
be explained by the increasing electrostatic interaction
between the cationic dye adsorbate species and positively
charged adsorbent surfaces. The point of zero charge, pH_,
of MGO in aqueous solution was 6.59. When the solution
pH was above 6.59, the surface of MGO was negatively
charged due to these oxygen-containing functional groups
(hydroxyl and carboxyl groups) with electronegative, which
could exert a strong electrostatic attraction and made the
adsorption capacity of MGO to increase significantly. Also
lower adsorption at lower pH was due to the presence of
excess H* ions in the solution and the protonation of MGO
might compete with MB cationic dyes. However, when the
solution pH value was 3.0, the adsorption capacity could
still reach 23.8 mg-g™, which might be attributed to other
actions, such as -t stacking interaction between the adsor-
bent and adsorbate. So the high solution pH was favorable
for the adsorption for cationic MB. Because of the steady pH
range between 7 and 9, pH would be adjusted to 9 in the

next experiments. The similar behaviors were also observed
for MB dye adsorption onto modified nanoporous mag-
netic cellulose-chitosan microspheres [25], and onto biochar
from pyrolysis of wheat straw [28].

3.2.3. Effects of NaCl and CaCl,

In natural water, there exist many cationic and anionic
ions such as K*, Na*, Mg*, Ca*, Cl-, HCO;, SO2” which might
compete with MB for the active adsorption sites. Therefore,
it is necessary to investigate the potential influence of co-
existing ions on MB adsorption. The effects of various NaCl
and CaCl, concentration on MB adsorption are performed
and the results are shown in Fig. 10. The increase in the salt
concentration from 0 to 0.06 mol-L* resulted in a decrease
of values of g, from 58.9 to 43.3, and 22.0 mg-L™ for NaCl
and CaCl,, respectively. This trend indicated that there was
a negative effect of co-existing ions on the adsorption of
MB by MGO, which could be attributed to the competitive
effect between MB ions and cations from the salt for the sites
available for the adsorption process. Furthermore, the effect
of Ca? is more serious than Na* in the same mole concen-
tration as Ca*" has more contribution to ionic strength and
more positive charge than Na* [26]. It can be referred that
electrostatic attraction may be a main mechanism according
to the results obtained from effects of solution pH and salt
concentration.

3.2.4. Kinetic study

Effect of contacting time is also important to study and
the results are shown at various temperatures in Fig. 11. It
was obviously found that values of g, rapidly increased
during the initial stage and then increased at a slow speed.
It was also seen that there was higher adsorption quantity at
higher temperature.

In order to explore the adsorption rate and mechanism,
the pseudo-first-order kinetic model, pseudo-second-order
kinetic model and Elovich equation were used to predict the
adsorption process. The pseudo-first-order kinetic model

Cl(mol'L™)

Fig. 10. Effect of NaCl and CaCl, concentration on MB
adsorption (C,=100 mg-L™, pH=9, t =720 min, T =303 K).
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assumes that the adsorption rate is proportional to the avail-
able number of adsorption site, while the pseudo-second-
order model is based on the assumption that the rate limiting
step may be chemical adsorption involving forces through
sharing or electronic exchange between MGO and MB
[29-31]. Elovich model is used to describe the heterogeneous
adsorption of the ion exchange system [32]. The expressions
of three kinetic models were following:

Pseudo-first-order kinetic model:
g, =q.(1-¢") 3)

Pseudo-second-order kinetic model:

kg2t
g, = 2. @)
1+k,qt
Elovich equation:
In(af) Int
q: = (B ) = ©)

where g, and g, represent the adsorption quantity (mg-g™)
at time t and at equilibrium (mg-g™); k, (min™) and k,
(grmg™'min™) are the rate constants of pseudo-first-order
and pseudo-second-order kinetic models, respectively; a is
the initial adsorption rate constant (mg-g'min™®) and the
parameter {3 is related to the extent of surface coverage and
activation energy for chemisorption (g'mg™).

The parameters of the kinetic models, calculated [/~
determined coefficients (R?) and the sum of squares of the
errors (SSE) are listed in Table 1 using nonlinear regressive

Table 1
Parameters of kinetic models for MB adsorption

Pseudo-first-order kinetic model

T/K qe(exp)/(mg.gil) qe(theo)/(mg.gil) kl X 1072 R2 SSE

293 46.1 38.3+£2.0 1.94+041 0.789 217

303 53 48.6 £2.1 1.71+0.29 0.865 232

313 62.7 56.2+2.3 2.01+£0.35 0.861 314
Pseudo-second-order kinetic model

T/K qf(exp)/(mg-g’l) qe(theo)/(mg-g’l) k, » 10+ R? SSE

293 46.1 425+1.7 6.34+138 0916 86.9

303 53.0 54.0+1.6 4.45+0.70 0958 71.7

313 62.7 62.4+1.7 439+0.65 0962 8538

Elovich equation

T/K qﬁ(exp)/(mg-g‘l) a p R? SSE

293  46.1 3.99 +1.37 0.273+0.139

303 53.0 4.28 +1.32 0.264+0.107 0991 14.9

313 62.7 5.61+1.22 0244+0.093 0994 128

Note: SSE = XL(q-q)% q and g, are the experimental value and
calculated value according to the model, respectively.

analysis, and the fitted curves are also shown in Fig. 11.
It was found that the fitted curves from Elovich equation
were closest to experimental points. So Elovich equation
was best to describe the kinetic process with highest R? and
minimum SSE (Table 1). In addition, the g, . values of the
pseudo-second-order kinetic model were very closer to the
measured ¢, than the pseudo-first-order kinetic model,
which turned out that the adsorption system was a chemical
process. Therefore, it was concluded that there be chemical
action during adsorption process.

3.2.5. Adsorption equilibrium study

The equilibrium adsorption isotherm is fundamentally
important in the surface properties of MGO, and expresses
the adsorption behavior and the design of adsorption
systems. The experimental equilibrium data of MB adsorp-
tion onto MGO at pH 9 are presented in Fig. 12. With the
increasing of MB concentration, values of g increased
rapidly and became slow, and finally reached equilibrium.
Furthermore, it could also be seen from the result that the
adsorption capacities of MGO for MB increased with the
increasing temperature from 293 to 313 K. So it was in favor
of MB adsorption at high temperature and the process was
an endothermic reaction.

In the present study, the Langmuir model, Freundlich
model, and Koble-Corrigan model were used to analyze
the experimental data. The Langmuir model assumes that
adsorbed molecules are organized as a monolayer and all
sites are energetically equivalent and there is no interaction
between adsorbed molecules. The Freundlich isotherm is
based on multilayer adsorption and a non-ideal adsorption
method for heterogeneous surface suggesting that adsorp-
tion energy exponentially decreases on completion of the
adsorption center of an adsorbent [33]. The Koble-Corrigan
isotherm is a three-parameter model, a combination of
Langmuir and Freundlich isotherm models. When B is close
to 0, the equation is converted to Freundlich isotherm. When
n is close to 1, the Koble-Corrigan isotherm is approached

q/(mgg")

———————— Pseudo-first-order fit
- Pseudo-second-order fit
——— Elovich fit

0 100 200 300 400 500 600 700 800
(min)

Fig. 11. Effect of contact time on MB adsorption (C,=100 mg-L",
pH=9).
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Fig. 12. Adsorption isotherms and fitted curves of MB
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to Langmuir isotherm. The three isotherm models can be
expressed as follows [34]:
The equation of Langmuir isotherm:

_ quLCe
14K,

(6)
The Freundlich isotherm equation:
9. =K 7)

The Koble-Corrigan isotherm:

__AC
1.= 1+BC"

®)

where g, is the maximum adsorption capacity (mg-g™),
K, is a constant related to the affinity of the binding sites
and energy of adsorption (L-mg™); K, is the constant of the
Freundlich isotherm, 1/n is the constant which is related to
the adsorption capacity and the adsorption intensity; A, B,
and 7 are the Koble-Corrigan parameters.

All parameters of three models are displayed in Table 2
using nonlinear regression and the fitted curves are also
shown in Fig. 12. It was obvious that the values of R?
obtained from Koble—Corrigan model were highest and
the values of SSE were lowest, while the fitted curves from
Koble-Corrigan model were closest to experimental points.
So the adsorption processes were in accordance with the
Koble-Corrigan model. Moreover, the values of n from
Koble-Corrigan model were between 0 and 1, and were all
closer to 0, which indicated that the Koble-Corrigan model
was closer to Freundlich model. So it was implied that the
adsorption process may be of the multi-molecular layer
adsorption with heterogeneous surface. And values of K,
from Freundlich model became larger with the increase
of temperature, which also indicated that the process was
endothermic.

Table 2
Parameters of adsorption isotherm models for MB adsorption

Langmuir
T/K qm(exp)/(mg.gil) qm(theo)/(mg.gil) KL/(ngil) RZ SSE
293 39.8 374+14 547 +2.07 0.764 72
303 47.4 45.0+1.4 3.85+1.01 0.888 67.5
313 58.2 542+29 629+285 0.789 264
Freundlich
T/K g, (exp)/(mg-g’l) K,/(mg-g™) 1/n(x107?) R? SSE
293 39.8 263+1.3 9.60+1.30 0911 27.2
303 474 30.0x1.6 10.8+1.5 0.908 55.8
313 58.2 36.1+1.4 114 +1.1 0.959 50.6
Koble-Corrigan
T/K A B n R? SSE
293 63.8+114 1.41+0.37 0.355+0.086 0.964 9.20
303 82.4+87 1.63+0.23 0.469+0.060 0.989 5.78
313 87.7+8.1 1.27 +0.18 0.323+0.031 0.996 4.54

3.2.6. Thermodynamic analysis

To explain if the adsorption of MB on the MGO com-
posites is endothermic or exothermic and spontaneous,
the thermodynamic parameters including enthalpy change
(AH®), Gibbs free energy change (AG°®) and entropy change
(AS°) were determined using the temperature-dependent
adsorption results using the following equations:

K _ Cad,@ (9)
c - Ce

AG®=-RTInK, (10)

AG® = AH® - TAS® (11)

where K_is the distribution coefficient of the adsorption,
C,s. is the concentration of MB on the adsorbent at equilib-
rium (mg-L7?), R (8.314 J'-mol:K™) is the ideal gas constant,
T is temperature (K).

The thermodynamic parameters calculated by the above
equations are listed in Table 3. The negative values of AG®
indicated that the adsorption processes were spontaneous. In
addition, values of AG® decreased with an increasing tem-
perature suggested that the adsorption be endothermic. The
positive value of AH® also showed the endothermic reaction
and the value was more than 40 k] mol™, proving the reaction
contained the chemical process. Besides, the positive value of
AS° demonstrated the increasing randomness at the solid—
solution interface during MB adsorption onto MGO [35,36].
The value of E  was 13.0 kJ-mol™, between 5 and 40 kJ-mol™,
indicating that there was physical action during adsorption
process. In summary, the adsorption was the process both
with chemical and physical reaction. The thermodynamic
parameters indicated that the adsorption was spontaneous
and endothermic.



406 M. Liu et al. / Desalination and Water Treatment 147 (2019) 398—408

Table 3
Thermodynamic parameters of MB adsorption onto MGO

E, /(KJ-mol ™) AH/(KJ'mol™)

AS/(J-(mol-K)™?)

AG/(KJ-mol™)
303K

293 K 313K

13.0 54.3 223

-11.7 -12.1 -16.1

3.2.7. Secondary adsorption for congo red

Reuse of spent adsorbent can make the adsorption
process economical [37-39]. In this study, the spent or
exhausted adsorbent (MB-loaded MGO) was used in sec-
ond adsorption to another pollutant, CR. The adsorption
quantity of CR onto MGO and MB-loaded MGO is shown
in Fig. 13. It can be seen from Fig. 13 that the adsorption
capacities of MB-loaded MGO for CR were significantly
greater than the direct adsorption under the same con-
ditions, indicating that the MGO surface was negatively
charged and it was hard to adsorb anionic dyes such as CR.
MB-loaded MGO had the better adsorption capacity toward
CR. Besides, salinity was favorable for the adsorption pro-
cesses as the value of g, could improve approximately
40.7% with no salt and 18.1% with salt, respectively. When
the salt existed in the solution, it was possible to decrease
the repulsive forces and thus increase the anionic exchange
capacity. So the MB-loaded MGO can be used to remove
CR from aqueous solution with a higher salt concentration.
Generally, MB bound on MGO can act with CR through
Van der Waals forces and hydrogen bonding as surface
property of MGO changed after MB adsorption. This was
similar to adsorbents modified by surface activated agents
to enhance adsorption capacity toward anionic pollutants
[40,41]. The comparison of MB and CR adsorption capac-
ity by MGO and other adsorbents was listed in Table 4. It
can be referred that MGO has the medium-level adsorption
capacity for MB, whereas MB-loaded MGO has superior
capacity for CR from solution.

3.2.8. Adsorption mechanism

The results of the FI-IR, XPS, and adsorption tests
show that the oxygen-containing functional groups play an

Table 4

important role during the adsorption process. The reaction
mechanisms were formulated as the following equations [20]:

R-OH—->R-O +H" @)
R-COOH -»R-COO™ +H" ()
R-O +MB"-R-0O-MB (11
R-COO +MB" - R-COO-MB av)
R-COO-MB"+CR™ —-R-COO-MB-CR V)
where R is the MGO.
350+
Direct adsorption
3004 B2 Secondary adsorption
2504
~ 200
E, 150
N |
1004
501
0
no salt with salt

Fig. 13. Direct and secondary adsorption for Congo red
(C,=500 mg-L™, pH =6.06, t = 360 min, T =303 K).

Comparison of adsorption capacity with various adsorbents for MB and CR

Adsorbents Target dye Adsorption capacity (mg-g™) Ref.
Wheat straw biochar MB 62.5 [42]
Carbon-doped graphitic carbon nitride MB 57.9 [43]
Congo red functionalized Fe,0,@SiO, MB 31.4 [44]
-Cyclodextrin modified magnetic graphene oxide MB 94.0 [45]
Magnetic graphene oxide MB 62.7 Present study
Acid-treated pine cone CR 40.2 [46]
Polyethyleneimine-modified wheat straw CR 89.7 [47]
La,O,-doped TiO, nanotubes CR 131 [48]
Magnesium oxide (MgO)-graphene oxide CR 237 [49]
MB-loaded magnetic graphene oxide CR 319 Present study
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Fig. 14. Schematic illustration of adsorption mechanism between the MGO and MB.

The reactions show that the more OH- corresponds,
the more chance to react with H" under high solution pH,
demonstrating electrostatic attraction as the main mecha-
nism for cationic MB with positive charge. In addition, the
n—7t stacking is a special spatial arrangement of aromatic
compounds, referring to a weak interaction that often occurs
between aromatic rings, so the m-m stacking reaction is
likely to occur between the MGO and MB for their abundant
aromatic rings. In summary, the main possible interaction
between the MGO and MB are illustrated in Fig. 14.

4. Conclusion

In the present study, MGO composites were prepared
and characterized. There were good adsorption capacity
toward MB and the adsorbent was easily separated from
solution by external magnet, which could greatly simplify
the separation and reduce the energy consumption. The
optimal solution pH for adsorption was pH 9 and the exis-
tence of salts was disadvantage of MB adsorption. Kinetics
data were best fitted by Elovich equation while the equilib-
rium data were best fitted by Koble-Corrigan model. The
MB adsorption processes were spontaneous and endother-
mic in nature. And the secondary adsorption with salt for
CR was practical and meaningful. The adsorption mecha-
nism can be attributed to the electrostatic interaction and
m—t stacking.
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