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ABSTRACT: The composite material graphene oxide (GO)/MIL-
101(Fe) was prepared by a simple one-pot reaction method. MIL-
101(Fe) grown on the surface of a GO layer was confirmed by
scanning electron microscopy (SEM), X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), and thermogravi-
metric analysis (TGA). The adsorption performance and the
mechanism of MIL-101(Fe) and GO/MIL-101(Fe) for methyl
orange (MO) were studied. The results have shown that the
adsorption capacity of GO/MIL-101(Fe) for MO was significantly
better than that of MIL-101(Fe), and its capacity was the highest
when 10% GO was added. The Langmuir specific surface areas of MIL-101(Fe) and GO/MIL-101(Fe) were 1003.47 and 888.289
m*g~!, respectively. The maximum adsorption capacities of MO on MIL-101 (Fe) and 10% GO/MIL-101 (Fe) were 117.74 and
186.20 mg-g~!, respectively. The adsorption isotherms were described by the Langmuir model, and the adsorption kinetic data
suggested the pseudo-second order to be the best fit model. GO/MIL-101(Fe) can be reused at least three times.
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1. INTRODUCTION assembled single-component crystal complex finally forms a
two-dimensional (2D) or three-dimensional (3D) infinitely

The pollutants in the aqueous environment are mainly organic ; N ) 5
extending coordination network in space.” An MOF has not

dyes, and most of them can exist in the environment for a long X i
time. In addition, they are able to enter the human body only ultrahigh §urface area, large pore x'folume, and adjustable
through the food chain and cause a serious negative effect on surface properties (unsaturated metal sites) but ell(l)so excellent
human health." It is estimated that more than 50 billion tons of structural properties (pore size and geometry).” There are
dyes are used in the dyeing process every year, and the annual many types of metal—organic framework materials, for
consumption of reactive dyes accounts for about 30% of the example, MIL-101(Cr),"" MIL-88(Fe),"” MIL-53(Al),"* co-
globally used dyes. On the other hand, during the dyelng balt-based material ZIF-814 (ZIF = zeolite imidazole salt

process, 20—60% of reactive dyes are inevitably lost,” and skeleton), and copper-based material Cu-BTC,"> which can be
methyl orange (MO, which is an anionic dye’) is one of them. applied to various fields, including gas storage and separation,
MO is widely used in the textile, food, paper, pharmaceutical, photocatalysis, drug delivery, and other fields.'*"” Recently,
and printing industries, and due to its —N=N-— structure and MOFs have attracted widespread attention in the treatment of
low biodegradability, it may result in numerous human health pollutants in wastewater. The iron-based metal—organic
and environmental problems.4 Therefore, it is essential to framework material, i.e, MIL-101(Fe), is one of the most
remove MO from water systems to reduce its negative impact representative materials in the MIL-n series. MIL-101(Fe) is a
on the environment. Hence, developing new materials or multistage pore structure, and its large pore diameter provides
technologies that can effectively remove these pollutants is the excellent adsorption capacity. According to Kholdeeva and
top priority.” There are many methods for removing organic Skobelev et al,,'® MIL-101(Fe) is more stable in water since it

dyes from industrial wastewaters, such as chemical degrada-
tion, biodegradation, and physical adsorption;® among various
methods, adsorption has many advantages like low cost,
effective treatment, and being eco-friendly,7 which gradually
becomes one of the most feasible methods for treating water
pollutants.®

Metal—organic frameworks (MOFs), also known as porous
coordination polymers or porous coordination networks
(PCNs), are metal ions or metal clusters and organic ligands
with multiple binding sites (N or O atoms), where a self-

can bind active components such as guest molecules and metal
nanoparticles to confine it in its pores or in a cage to improve
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its adsorption performance. Thanh and Phuong et al.'” showed
through an experiment that the maximum adsorption capacity
of Fe-MIL-101 for Pb(II) is much higher than that of MIL-
101. The surface functional group of Fe-MIL-101 adsorbing
Pb(II) is considered to be the formation of hydroxyl groups on
the iron oxide group. MIL-101(Fe) can be fixed functional
materials or composite unique products using suitable
materials to improve its ability to adsorb and remove pollutants
in wastewater.”” Hamedi and Zarandi et al.>' synthesized a
magnetic metal—organic framework (MOF) composite (MIL-
101(Fe)@PDopa@Fe;0,) for the excellent adsorption
capacities of methyl red (MR) and malachite green (MG).
Hamedi and Trotta et al.>’ synthesized MIL-101(Fe)@
Fe;0,@AC via the hydrothermal method to adsorb rhod-
amine, which showed relatively high efficiency for RhB. Hence,
in this study, MIL-101(Fe) was synthesized with graphene
oxide (GO) to improve its adsorption capacity. There are few
researchers who have studied the core—shell structure
composite (GO@MIL-101(Fe)) that is applied in photo-
catalysis; however, none has definitely shown and described
the structure of the composite (GO/MIL-101(Fe)). This
study focused on MIL-101(Fe) as a super small active
polyhedron that can be synthesized with GO and grown on
the surface of the material layers with strong stable properties
and a sheet structure; the number of its active sites are
relatively limited for the removal of organic pollutants from
wastewater.

Graphene oxide (GO) is a strong stable material of the
representative graphene derivatives. There are some oxygen-
containing functional groups in the center and edges of the
graphene oxide sheet.”” The existence of these groups causes
graphene oxide to be bonded by the van der Waals force
between the layers. Some researchers have studied different
number of layers of graphene oxide sheets by the ultrasonically
exfoliated treatment method,**™%7 providing a lamellar
structure that made MIL-101(Fe) grow easily on the surface
of GO’s layers. Meanwhile, many studies found that GO can be
modified with other materials or on its surface and it can be
synthesized with other materials to fabricate materials with
dual advantage, obtaining the aimed purpose and a
complementary product. Xiuna Jia and Pan Zhao et al*®
synthesized MIL-101(Cr)@GO via the solvothermal method
and applied it as an effective adsorbent for dispersive micro-
solid-phase extraction. The experimental results show that
MIL-101(Cr) is clearly improved when combined with GO.
Similarly, Li and Miao et al.”’ prepared Cu-BTC@GO
composites by mechanochemical synthesis and its experimen-
tal results revealed that compared with Cu-BTC, the
adsorption performance and water stability of Cu-BTC@GO
are improved, and even the removal rate of toluene can reach
98.2%.

Therefore, in this paper, MIL-101(Fe) was synthesized with
GO. nGO/MIL-101(Fe) (n is the mass ratios of GO to GO,
terephthalic acid, and FeCl;:6H,0) as an adsorbent was
prepared via the solvothermal method for the removal of MO.
The effects of adsorption parameters such as the pH of the
solution, the dosage of the adsorbent, and the temperature and
recycling of the adsorbent were investigated, Besides,
adsorption kinetics, isotherm, and thermodynamics studies
were also conducted. Compared to MIL-101(Fe), the
adsorption capacity of GO/MIL-101(Fe) for the removal of
MO in wastewater obviously increased. In addition, it makes
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the application of MOFs more extensive in wastewater
treatment.

2. EXPERIMENTAL SECTION

2.1. Materials and Instrumentation. 2.1.1. Materials.
Ferric chloride hexahydrate (FeCly-6H,0), terephthalic acid
(H,BDC), and N,N-dimethylformamide (DMF) used in this
study were purchased from Sinopharm Chemical Reagent Co.
Graphite powder was purchased from Tianjin Damao
Chemical Reagent, and methyl orange was purchased from
Tianjin Tianhe Chemical Reagent Factory. All chemical
reagents were of analytical grade, and aqueous solutions were
prepared with deionized water.

2.1.2. Instrumentation. The concentration of MO was
quantified by a UV—visible spectrophotometer (TU-1810SPC,
Universal Analysis, Beijing) at 465 nm. X-ray powder
diffraction (XRD) analysis was performed using an XD-3
(Universal Analysis, Beijing) diffractometer using Cu Ka
radiation (40 kV, 40 mA, A1/4 0.15418 nm) to determine the
structure and composition of the fabricated material. Raman
spectra of materials were recorded by a Raman spectrometer
(inVia Reflex, RENISHAW, U.K.). A Fourier transform
infrared (FTIR) spectrometer (550s, Perkin Elmer) was used
to analyze the chemical structure of the sample. A N,
adsorption equipment (JW-BK122W, Beijing) was applied to
analyze the surface area and pore-size distribution. The
morphology analysis of the samples was performed by a
scanning electron microscope (FE-SEM $4800, Japan).
Thermogravimetric analysis (TGA) data were obtained from
TGA/DSC 1 STAR® System (Mettler Toledo); the samples
were heated to 800 °C at a rate of 10 °C:min”" in a nitrogen
atmosphere. The size distribution of the particles was
measured by a Bettersize2600 laser particle size instrument.
The (-potential of the samples was obtained by a JS94
Microelectrophoresis apparatus (Zeta potentiostat).

2.2, Preparation of MIL-101(Fe) and GO/MIL-101(Fe).
The MIL-101(Fe) material’” was synthesized by the
solvothermal method. In this study, 0.427 g of terephthalic
acid and 1.461 g of FeCl;-6H,0 were dissolved in 30 mL of
N,N-dimethylformamide and then stirred continuously for 1 h
at room temperature. Then, the mixed solution was transferred
into a reaction kettle lined with poly(tetrafluoroethylene) and
placed in an oven at 120 °C for a constant temperature
reaction for 24 h. After that, the reaction kettle was cooled to
room temperature and the obtained sample was centrifuged
and washed repeatedly with DMF and anhydrous ethanol.
Then, the sample was dried in an oven at 70 °C and finally
activated in a vacuum drier at 150 °C for 10 h.

The preparation of the GO material is divided into three
stages. At 0—4 °C, 1 g of the graphite powder was added to 23
mL of concentrated H,SO,, and then 3 g of KMnO, and 0.5 g
of NaNO; were added and continuously stirred for 60 min till
the color became dark green. Then, the sample was stirred at
three different temperatures: medium temperature (at 35 °C
stirred for 3 h), high temperature (at 85 °C stirred for 15 min
while 46 mL of DI water was slowly dropped into the sample),
and room temperature (10 mL of H,0, was added to the
sample and stirred for 1 h). Then, the sample was centrifuged
at a high speed, and a 5% dilute HCI solution was added to the
sample and immersed overnight. Then, the sample was washed
with a 5% HCI solution five times and rinsed repeatedly with
deionized water. The pH of the supernatant solution was kept
close to neutral and dried in an oven at 60 °C for 12 h.

https://dx.doi.org/10.1021/acsomega.0c05091
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Figure 1. MIL-101(Fe) and GO/MIL-101(Fe) model diagram.
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The preparation processes of the GO/MIL-101(Fe)
composite material are shown in Figure 1. To prepare GO/
MIL-101(Fe), 0.427 g of terephthalic acid and 1.461 g of
FeCl;-6H,0 were dissolved in 30 mL of N,N-dimethylforma-
mide and stirred at room temperature for 1 h. Then, a certain
amount of GO was added into 6 mL of ethanol and
ultrasonically dispersed for 30 min and later added to the
above solution. The mixed solution was regularly ultra-
sonicated for 20 min until the two solutions were mixed
together completely. Later, the mixture was placed in a
reaction kettle and reacted at a constant temperature of 120 °C
for 24 h. After the reaction kettle was cooled to room
temperature, the obtained sample was centrifuged and washed
repeatedly with N,N-dimethylformamide and absolute ethanol.
Then, the sample was dried in an oven at 70 °C and activated
by a vacuum drier at 150 °C for 10 h. The mass ratios of GO
to GO, terephthalic acid, and FeCl;-6H,0O were 2, 5, 10, 15,
and 20% and were recorded as 2%GO/MIL-101(Fe), $%GO/
MIL-101(Fe), 10%GO/MIL-101(Fe), 15%GO/MIL-101(Fe),
and 20%GO/MIL-101 (Fe), respectively.

2.3. Adsorption Experiments. 2.3.1. Influence of
Adsorbents on Adsorption Performance. To know the mass
ratio that had the higher adsorption performance, 50 mg of
MIL-101(Fe) and GO/MIL-101(Fe) were added into 100 mL
(100 mg-L™") of the MO solution and continuously shaken at
25 °C for 3 h. Then, the sample was filtered and the
concentration of MO was analyzed by a spectrophotometer.

2.3.2. Adsorption Thermodynamics. In the equilibrium
experiment, S0 mg of MIL-101(Fe) and GO/MIL-101(Fe)
were added into 100 mL (20, 30, S0, 100, 200, and 300 mg:
L™") of the MO solution and continuously shaken at 25 °C for
3 h. Subsequently, the sample was filtered and the
concentration of MO was analyzed by the spectrophotometer.

2.3.3. Influence of the pH Value, Dosage, and Temper-
ature on Adsorption. A certain amount of MIL-101(Fe) and
GO/MIL-101(Fe) was added to 100 mL (100 mg-L™") of the
MO solution. Different pH values were observed using 0.1 M
NaOH and 0.1 M HCI solutions at different temperatures by
continuously shaking the sample for 3 h. Then, the sample was
filtered and the concentration of MO was analyzed.

The amount of adsorption is determined by the following
equation

_(G -V

e m (1)

where q, is the adsorption capacity at equilibrium (mg-g™'); C,
is the initial concentration of MO in solution (mg-L™"); C, is
the equilibrium concentration of MO (mgL™'); V is the
volume of the MO solution (L); and m is the mass of the
adsorbent (g).
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3. RESULTS AND DISCUSSION

3.1. Characterization of MIL-101(Fe) and GO/MIL-
101(Fe). 3.1.1. XRD and Raman Analysis. The XRD patterns
of GO, MIL-101(Fe), and GO/MIL-101(Fe) materials are
presented in Figure 2. As seen from the figure, MIL-101 (Fe)

GO
20%GO/MIL- lOl(Fe)
_ ‘memwmm
£ A S%GO/MIL IOI(Fe)
=}
RS IO%GO/MIL 101(Fe)
IAL‘lM TPCATE IR Porw

S%GO/MIL 101(Fe)
“ . Y

2%GO/MIL 101 (Fe)

i U AL

'\ ‘ MIL- IOI(Fe)

10 80
29/(°)

Figure 2. XRD patterns of GO, MIL-101(Fe), and (2, S, 10, 15, and
20%) GO/MIL-101(Fe).

has obvious absorption peaks at 26 values of 5.18, 8.78, 9.36,
18.98, and 23.7°, corresponding to the (111), (220), (311),
(511), and (852) crystal planes. GO has a diffraction peak at a
20 of 11.2°, corresponding to the (002) crystal plane, which
implied that GO was synthesized successfully. In the diffraction
spectrum of GO/MIL-101 (Fe), the characteristic peak of
GO’s multilayer structure basically disappears since the GO in
the composite material is mainly a single-layer structure, which
may be due to the high dispersion of GO after ultrasonic
treatment, which was reported in previous studies. 2831 Ag the
amount of GO in the composite increases, the strength of the
characteristic peak of MIL-101(Fe) becomes weak gradually.
The strength of the characteristic peak of MIL-101(Fe) was
the weakest until 20% GO was added, which demonstrated
that MIL-101(Fe) was successfully synthesized with GO. The
Raman spectra of GO, MIL-101(Fe), and GO/MIL-101(Fe)
are shown in Figure 3. The G and D bands of GO are located
at 1600 and 1353 cm_l, respectively. The G band corresponds
to the vibration of sp* carbon atoms, while the D band is
related to the disordered carbon of the edge and defect
sites.””* Several bands of MIL-101(Fe) are mainly related to
the organic ligands, the bands at 1433 and 1145 cm™! are
assigned to C=0 in the carboxylic group and the C—C bond
of the benzene ring, respectively, and the band appeared at 860
cm™! is ascribed to the vibrations of C—H and the benzene
ring. The characteristic bands of GO and MIL-101(Fe) appear

https://dx.doi.org/10.1021/acsomega.0c05091
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Figure 3. Raman spectra of the as-prepared samples.

in the GO/MIL-101(Fe) composite and the red Raman shift
(D and G bands) of GO in the composite is located at 1360
and 1608 cm™, indicating that the interaction between GO
and MIL-101(Fe) is in line with the result of XRD.

3.1.2. FTIR Spectra Analysis. The FTIR spectra of the MIL-
101(Fe) and GO/MIL-101(Fe) materials are shown in Figure
4. As for graphene oxide, the characteristic peaks of GO above

" blue shift
MIL-101(Fe)
~
X
Q; 1390.
g vﬂ/*’_\\
Z 10%GO/MIL-101(Fe)
s
=
§ 1537
S
GO p
1719.8
1611.3
1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500

wavenumber/cm™!

Figure 4. FTIR spectra of MIL-101(Fe), 10% GO/MIL-101(Fe), and
GO.

3000 cm™" and near 1719 cm™ are related to the oxygen
functional groups (such as —OH and C=O in carboxyl
groups) on the GO surface.”* The peaks of graphene oxide at
1611 cm™ and at around 1100 cm™ are related to —OH in
adsorbed water and alkoxy C—O, respectively.*® The character-
istic peaks of MIL-101-(Fe) were located at 545, 750, 1020,
1390, 1582, and 1702 cm™, which proved that MIL-101(Fe)
was successfully synthesized. The peak at 545 cm™ was
assigned to the Fe—O bond,”” which appeared in both MIL-
101(Fe) and GO/MIL-101(Fe), and the peaks at 750 and
1020 cm™! were assigned to C—H bending vibrations and C—
O-C, respectively.”® The peaks located at 1390 and 1582
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cm™! corresponded to the symmetric and asymmetric
vibrations of O—C=0, and the peak at 1702 cm™'
corresponded to the C=0 bond in carboxyl groups and was
in line with the reported literature.””** The peaks at 3000 and
1719 cm™ of the composite disappeared as the —OH and
—COOH groups on the surface of GO have reacted with MIL-
101(Fe). The peak of MIL-101(Fe) in the composite at 1582
cm™' disappeared and the one at 1390 cm™' became slightly
weak, which may be because GO agglomerates limited the
formation of MIL-101(Fe) in the composite. The peak of GO/
MIL-101(Fe) at 1702 cm™" disappeared and the one at around
1537 cm™" is the blue shift of the O—C=0 bond and has been
even strengthened, which demonstrated that MIL-101(Fe) was
successfully grown on the surface area of GO. The character-
istic peaks of MIL-101(Fe) mostly appeared in the GO/MIL-
101(Fe) composite, indicating that the crystal structure of
MIL-101(Fe) remained in the composite.

3.1.3. SEM Analysis. The SEM images of MIL-101(Fe) and
GO/MIL-101(Fe) materials are presented in Figure S, and
accordingly, it is found that MIL-101(Fe) is a regular
polyhedron, as shown in Figure Sa,b. The aggregates of GO/
MIL-101(Fe) and MIL-101(Fe) nanocomposites look com-
pletely different. It can be seen that after mixing 10% GO,
MIL-101(Fe) was grown on the surface of GO. As the amount
of GO increased, the crystal size decreased gradually. GO in
the lamellar layer may limit the formation of MIL-101(Fe)
polyhedra, and thus MIL-101(Fe) crystals on the surface of
GO become smaller and more irregular. The particle-size
distribution of MIL-101(Fe) and GO/MIL-101(Fe) is shown
in Table 1.

3.1.4. Brunauer—Emmett—Teller (BET) Surface Areas and
Pore Structure Analysis. The nitrogen adsorption—desorption
isotherms and pore-size distributions of MIL-101(Fe) and
GO/MIL-101(Fe) are given in Figure 6 and Table 2. It can be
seen from Figure 6 that MIL-101(Fe) shows very high N,-
saturated adsorption capacity, and the N,-saturated adsorption
amount of 10% GO/MIL-101(Fe) drops obviously. It can be
seen from Figure 6a that the MIL-101(Fe) material shows a
similar type I adsorption—desorption isotherm, which proves
that it has a typical microporous structure and has a uniform
pore-size distribution.*® Table 2 describes the specific surface
area and pore structure parameters of MIL-101(Fe) and GO/
MIL-101 (Fe) materials. It can be seen that the specific surface
area of 10% GO/MIL-101(Fe) decreased compared to MIL-
101(Fe), which indicates that the doping of GO can regulate
the specific surface area of GO/MIL-101(Fe) composites. The
decrease of the specific surface area was mainly due to the
minimal pore structure of GO, which relatively reduces the
number of pores per unit mass of the composite material,*”
and accumulation of GO in the composite material can reduce
the specific surface area of the composite material. In addition,
when GO was added, GO agglomerated in the reaction system
and made organic ligands difficult to coordinate with Fe** ions,
which may fail to prevent the formation of the crystal structure
of MIL-101(Fe). Therefore, the specific surface area of the
GO/MIL-101(Fe) composite was reduced.

3.1.5. TGA Analysis. The TGA analysis of MIL-101(Fe) and
GO/MIL-101(Fe) is shown in Figure 7. The weight loss of
MIL-101(Fe) occurs at S50—330 °C due to the evaporation of
moisture and the elimination of free terephthalates in the pores
of MIL-101(Fe). Subsequently, the significant weight loss from
330 to 650 °C is attributed to the decomposition of
coordinated organic ligands as a result of the breakdown of

https://dx.doi.org/10.1021/acsomega.0c05091
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Figure 5. SEM analysis of MIL-101(Fe) (a, b),10% GO/MIL-101(Fe) (c, d), 20% GO/MIL-101(Fe) (e), and GO(f).

Table 1. Particle-Size Distribution of MIL-101(Fe) and
GO/MIL-101(Fe)

samples D,, (um)  Dyo (um)  Dsp (um) Dy (pm)
MIL-101(Fe) 25.96 1.181 13.31 69.23
GO/MIL-101(Fe) 9.179 0.986 4.923 24.15

the framework, and at around 800 °C, the framework collapses.
In general, the GO/MIL-101(Fe) composite has shown a
similar thermal degradation process compared to pure MIL-
101(Fe). However, GO/MIL-101(Fe) showed a slight weight

Table 2. Surface Area and Pore Structure Parameters of
MIL-101(Fe) and GO/MIL-101(Fe)

BET surface Langmuir pore pore

area surface area volume diameter
samples mg) (g ) (g (om)
MIL-101(Fe) 607.93 1003.47 043 2.63
GO/MIL-101(Fe) 542.69 888.289 0.40 2.73

loss due to the existence of GO at temperatures from 600 to
800 °C.

3.2. Effect of Adsorbents on Adsorption Perform-
ance. The effect of MIL-101(Fe) and the different mass ratios
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Figure 6. Nitrogen isotherm analysis of MIL-101(Fe) and GO/MIL-101(Fe) (a) and pore-size distribution analysis of MIL-101(Fe) and GO/

MIL-101(Fe) (b).
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Figure 7. TG curves of MIL-101(Fe) and GO/MIL-101(Fe). Figure 9. Effect of time on the adsorption of MO onto MIL-101(Fe)

and 10% GO/MIL-101(Fe).
of GO/MIL-101(Fe) on the removal of MO is shown in

Figure 8. It can be seen from Figure 8 that the adsorption

were gradually occupied and the adsorption rate slowed down
after 180 min, finally reaching the equilibrium. The adsorption
capacity of 10% GO/MIL-101(Fe) for MO was 68% higher

200 T than that of MIL-101(Fe).
To better study the relationship between the adsorption
T T processes of MIL-101(Fe) and GO/MIL-101(Fe) for the
150 L I removal of MO, the Lagergren model was used to analyze its
T adsorption kinetics. The first-order reaction kinetic model and
) T pseudo-second-order kinetic model can be calculated to
g determine the adsorption rate constant. The linear form of
~ 100 H the Lagergren first-order model is represented as follows
ky
N log(q, = q,) =logq, = = ~¢ 2)
where g, and g, (mgg™') are the amounts adsorbed at
equilibrium and at time ¢ (min), respectively, and k; (min™") is
0 \ \\ , the rate constant for the Lagergren first-order model.
MIL-101(Fe) 2%GO  5%GO  10%GO  15%GO  20%GO The kinetic data were further analyzed using pseudo-second-
GO ratio order kinetics expressed as follows
Figure 8. Effect of the GO ratio on the adsorption of MO onto MIL- £ = 1 + it
101(Fe) and GO/MIL-101(Fe). q, kg’ 4, 3)

where k, (g'mg™'-min™") is the rate constant of the pseudo-
capacity of MO on GO/MIL-101(Fe) has been significantly second-order model.

improved and the adsorption capacity of 10% GO/MIL- The pseudo-secondary curves of MIL-101(Fe) and GO/
101(Fe) is the highest. As the mass ratio of graphene oxide MIL-101(Fe) for MO adsorption are shown in Figure 10. The
increased continuously, the adsorption performance of MO kinetic parameters obtained for the Lagergren primary and
decreased gradually. Due to the presence of a large amount of pseudo-secondary models (where g, is the calculated
GO that occupied the pores of the MIL-101(Fe) material, the equilibrium adsorption amount) are listed in Table 3. For
pores of the composite and the surface active sites of the the pseudo-second-order kinetic model, the regression
adsorbent decreased, and thus the adsorption of MO was also correlation coefficients (R?) of the adsorption of MIL-
reduced. 10% GO/MIL-101(Fe) was denoted as GO/MIL- 101(Fe) and GO/MIL-101(Fe) for MO were greater than
101(Fe) in all subsequent experiments. the R* of the Lagergren first-order kinetic model and were

3.3. Adsorption Kinetics. The effects of time on the 0.9970 and 0.9993, respectively. The equilibrium adsorption
adsorption of MIL-101(Fe) and GO/MIL-101(Fe) are shown capacity data calculated by pseudo-second-order kinetics (q,.)

in Figure 9. It can be seen from Figure 9 that the adsorption is also close to the equilibrium adsorption capacity in the
capacity of MO by MIL-101(Fe) and GO/MIL-101(Fe) experiment. The amount of equilibrium adsorption calculated
increased rapidly before 30 min. This was due to the large according to the formula was close to the equilibrium
specific surface area of MIL-101(Fe) and GO/MIL-101(Fe) adsorption capacity obtained in the experiment, which
and a large number of active adsorption sites on the surface. indicated that the adsorption behavior of MIL-101(Fe) and
With the increase of time, most of the adsorptive active sites GO/MIL-101(Fe) materials for methyl orange suggested the
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Figure 10. Pseudo-second-order kinetic curves for MO adsorption
onto MIL-101(Fe) and GO/MIL-101(Fe).

pseudo-second order to be the best fit model, and it was
confirmed that the removal of methyl orange by GO/MIL-
101(Fe) was mainly based on the chemical reaction between
GO/MIL-101(Fe) and MO.

3.4. Adsorption Isotherm. The adsorption isotherms of
MIL-101(Fe) and GO/MIL-101(Fe) for the adsorption of
MO are shown in Figure 11. It can be seen from Figure 11 that
the adsorption capacity of 10% GO/MIL-101(Fe) for MO is
significantly higher than that of MIL-101(Fe). The exper-
imental data were fitted using the Langmuir and Freundlich
adsorption isotherm equations.

The Langmuir adsorption isotherm model is given as follows

1_a, [L](L)
g Q (Q’)c )

where Q° is the amount of monomolecular layer-saturated
adsorption (mg-g™') and b is the Langmuir equilibrium
constant. Q° and b can be calculated from the slope and
intercept of the straight-line plot of 1/g, versus 1/C..

The Freundlich adsorption isotherm model is represented as
follows

1
log q, = log Ky + nlog C, (s)
The Langmuir and Freundlich isothermal adsorption models
were used to fit the adsorption data of MIL-101(Fe) and GO/
MIL-101(Fe) adsorbents for the methyl orange simulation
solution. The fitting results are shown in Figure 11 and Table
4. The linear correlation coefficients R* of the Langmuir
adsorption isotherm model fitting were 0.983 and 0.986,
respectively, which were greater than the linear correlation
coefficients R* of the Freundlich adsorption isotherm model

Figure 11. Adsorption isotherms for MO onto MIL-101(Fe) and
GO/MIL-101(Fe) at 298 K.

fitting, indicating that the adsorption process of MIL-101(Fe)
and GO/MIL-101(Fe) for methyl orange was based on the
Langmuir adsorption isotherm model. Accordingly, the
adsorption of methyl orange by the adsorbent was monolayer
adsorption.

3.5. Effect of pH Values on Adsorption Performance.
Figure 12 reveals the effects of pH values on the adsorption of
MO onto MIL-101(Fe) and GO/MIL-101. The adsorption of
both MIL-101(Fe) and GO/MIL-101 for MO increased when
pH values were between 2 and 4 and then decreased gradually
as the pH value increased. Under faintly acidic conditions, the
adsorption capacity of MO was better due to the positive
charge on the surface of the adsorbent since MO is an anionic
dye. Under weakly acidic conditions, a protonation reaction
occurred on the surface of the adsorbent.’” As the pH value
increased, OH™ in the solution increased consequently and
competed with the anionic methyl orange, which decreased the
adsorption capacity. At the same pH value, the adsorption of
MO onto GO/MIL-101(Fe) was significantly higher than that
onto MIL-101(Fe). The (-potential values of GO/MIL-
101(Fe) at various pH values are shown in Figure 13. Under
acidic conditions, more positive charges appeared on the
surface of the composite and were attributed to the adsorbed
MO.”” With the increase of the pH value, the adsorption
capacity of MO on GO/MIL-101(Fe) was reduced, as the
anionic methyl orange in aqueous solution was repulsed by the
negative charge on the surface of GO/MIL-101(Fe).”

3.6. Effect of Dosage on Adsorption Performance.
Figure 14 demonstrates the effects of dosage on the adsorption
of MO onto MIL-101(Fe) and GO/MIL-101(Fe). It can be
seen that with the increase of dosage, the adsorption amount of
methyl orange on MIL-101(Fe) and GO/MIL-101(Fe)

Table 3. Kinetic Model Parameters for MO Adsorption onto MIL-101(Fe) and GO/MIL-101(Fe) (pH =7, C, = 100 mg-L™", T

=298 K, and m = 0.05 g)

Lagergren first order

pseudo-second order

sample q. (mg-g™") k; (min™") qec (mg-g™)
MIL-101(Fe) 117.74 0.0249 72.62
GO/MIL-101(Fe) 186.20 0.0289 79.13
4603

R k, (g'mg™"-min™") Qe (mg:g™) R
0.9603 0.0011 12121 0.9970
0.9338 0.0015 188.68 0.9993
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Table 4. Isotherm Parameters of MO Adsorption onto MIL-101(Fe) and GO/MIL-101(Fe) (298 K)

Langmuir Freundlich
samples Q° (mgg™) b (L'mg™") R? Kz N R?
MIL-101(Fe) 232.58 0.146 0.983 34.012 1.83 0.924
GO/MIL-101(Fe) 369.00 0.385 0.986 64.183 1.84 0.936
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Figure 12. Effect of pH on the adsorption of MO onto MIL-101(Fe)
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adsorbents gradually decreased. Due to the increase of dosage,
the specific surface area and active adsorption sites provided by
the adsorbent increased but the amount of the adsorbate
(MO) in the solution remained constant; however, the unit
adsorption capacity decreased with the increase of dosage.
Within the chosen dosage range (0.0S, 0.07, 0.09, 0.11, 0.13,
and 0.15 g) in the study, the maximum adsorption capacity was
found to be 0.05 g.

3.7. Effect of Temperature on Adsorption. The
adsorption capacities of MO onto MIL-101(Fe) and GO/
MIL-101(Fe) at different temperatures are shown in Figure 15.

4604

MIL-101(Fe) adsorbents for methyl orange increased slightly,
which indicated that the adsorption of methyl orange onto the
adsorbents was an endothermic reaction and the effect of
temperature on the adsorption of MO onto the two adsorbents
was negligible.

The related thermodynamic parameters for MO adsorption
onto GO/MIL-101(Fe) can be calculated from the following
equation

AG = AH — TAS (6)
Q
K e
‘TG )
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Table S. Thermodynamic Parameters for MO Adsorption onto MIL-101(Fe) and GO/MIL-101(Fe)

T/K
298.15
308.15
318.15
328.15
338.15
298.15
308.15
318.15
328.15
338.15

samples

MIL-101(Fe)

GO/MIL-101(Fe)

AG (Ig-mol™)
-2.82
—291
-3.02
-3.13
-3.21
-5.82
—6.01
—-6.23
—6.39
—6.59

AH (kJ-mol™")
2.24

AS (J-K-mol)™)
9.46

4.08 19.51

AH

AS
log Ky =~ = 2303RT

R (8)
where AG is the change in the Gibbs free energy (J-mol™');
AH is the change in apparent enthalpy (J-mol™'); AS is the
change in entropy (J K™'mol™"); T is the thermodynamic
temperature of the reaction (K); R is the universal gas
constant, 8.314 (J-K'mol™); Kj is the partition coefficient;
Q. is the equilibrium adsorption capacity (mg-g™'); and C, is
the equilibrium concentration of the adsorbate (mg-L™").

The related thermodynamic parameters of MIL-101(Fe) and
GO/MIL-101(Fe) adsorbents for methyl orange are presented
in Table 5. It can be seen from Table 5 that the AH values of
the methyl orange adsorption process of MIL-101(Fe) and
GO/MIL-101(Fe) adsorbents are positive, illustrating that the
adsorption process was an endothermic reaction process. AG is
negative at different temperatures, showing that the adsorption
was a spontaneous process. AS is a positive value, indicating
that after the adsorption of methyl orange on the surfaces of
MIL-101(Fe) and GO/MIL-101(Fe) adsorbents, the internal
disorder of the reaction system increased during the adsorption
process.

3.8. Reusability of the Adsorbent. After the adsorption
process, the composite was obtained from aqueous solution by
centrifugation and then added into 100 mL of ethanol and
shaken for 30 min; this step was repeated three times till the
supernatant of the solution was nearly colorless. The adsorbent
was washed repeatedly by deionized water, dried in an oven at
70 °C, and finally activated in a vacuum drier at 150 °C for 10
h for the next experiment. The results of the desorption
experiments of the MIL-101(Fe) and GO/MIL-101(Fe)
adsorbents are shown in Figure 16. It can be seen from Figure
16 that after three adsorption cycles, the adsorption of methyl
orange by the MIL-101(Fe) adsorbent decreased from 117.4
to 79.87 mg-g~', and the adsorption amount of MO by the
GO/MIL-101(Fe) adsorbent decreased from 186.2 to 130.03
mg-g~". The results showed that after three reuses, the MIL-
101(Fe) and GO/MIL-101(Fe) adsorbents still maintained a
high adsorption capacity for methyl orange, which indicated
that their regeneration performance was good. This phenom-
enon of the decrease may be due to the fact that part of the
methyl orange molecules entered GO/MIL-101(Fe) during
the adsorption process; besides, these methyl orange molecules
could not be washed out from the pores during the
regeneration washing process. Therefore, regeneration of the
adsorption sites occurred almost on the surface of the
adsorbent in each regeneration washing. Meanwhile, the
adsorption of MO onto adsorbents from other studies is
given in Table 6.
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Figure 16. Results of desorption regeneration of adsorbents.

Table 6. Adsorption Capacities of Different Adsorbents for
the Removal of MO from Aqueous Solution

adsorption capacity

adsorbent (mg-g™) reference
polyaniline based on DBSNa 759 39
MIL-53(Al) 81.2 40
graphene oxide aerogel (GOA) 55.56 41
CoFe,0,/GO 33.85 42
GO-IPDI-CDs 83.40 43
QPEL/SiO, 105.4 44
MS_Br@AC40 123.20 45
MIL-101(Fe)/GO 186.2 in this work

3.9. Adsorption Mechanism. The adsorption mechanism
is presented in Figure 17. GO agglomerates in the reaction
system that may prevent the organic ligands to coordinate with
Fe® ions and more positive charges appear on the surface of
the composites material. The adsorption capacity of the
composite for MO was improved through electrostatic
attraction®® between the positive charge on the surface of
GO/MIL-101(Fe) and the negative charge of the sulfonic acid
group of MO, and the electronegative N atom of MO
interacted with Fe ions by the complexing reaction. The
carboxyl and hydroxy groups on the surface of GO or the
carboxyl groups of terephthalic acid interacted with MO by
hydrogen bonding.>*> MO also may adsorb on the surface of
the composite by 7—7 stacking.*’
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Figure 17. Adsorption mechanism of MO onto GO/MIL-101(Fe).
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4. CONCLUSIONS

In this paper, GO/MIL-101(Fe) was prepared by doping MIL-
101(Fe) with graphene oxide. The MIL-101(Fe) material can
maintain its polyhedron structure and grow on the surface of
the GO single layer, which formed the structure of GO/MIL-
101(Fe). The surface area of GO/MIL-101(Fe) decreased due
to blockage of a part of GO in the composite, but its active
sites increased; therefore, GO agglomerated in the reaction
system that may prevent the organic ligands to coordinate with
Fe®" ions and more positive charges appeared on the surface of
the composite material. Thus, the maximum adsorption
capacity of GO/MIL-101(Fe) was better than MIL-101(Fe)
for MO, and the maximum adsorption capacities of MILL-
101(Fe) and GO/MIL-101(Fe) were 117.74 and 186.20 mg-
g~!, respectively. Its adsorption behavior was more consistent
with the Langmuir adsorption isotherm equation. Adsorption
kinetics data ascertained the pseudo-secondary kinetic model,
and the adsorption process to MO was a spontaneous
endothermic reaction. GO/MIL-101(Fe) exhibits good re-
generation ability, which can be reused at least three times.
This study showed that GO/MIL-101(Fe) is a good candidate
for the removal of organic pollutants from wastewater.
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