Environmental Science and Pollution Research (2022) 29:30774-30789
https://doi.org/10.1007/5s11356-021-17654-5

RESEARCH ARTICLE q

Check for
updates

Magnetic graphene oxide for methylene blue removal: adsorption
performance and comparison of regeneration methods

Yawei Shi'® - Haonan Wang' - Guobin Song’ - Yi Zhang' - Liya Tong' - Ya Sun' - Guanghui Ding’

Received: 19 July 2021 / Accepted: 16 November 2021 / Published online: 7 January 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract

A series of Fe;0,-graphene oxide (GO) composite materials (MGOs) with abundant surface area, rich oxygen-containing
functional groups, and magnetic properties were prepared in a facile coprecipitation method and then employed for the
adsorptive removal of methylene blue (MB) from water. The kinetic data were better fitted in the pseudo-second-order model
than in the pseudo-first-order model, and the intraparticle diffusion model revealed the two-step diffusion process including
diffusion in the boundary layer and in the porous structures. The maximum adsorption amounts of MB were calculated to be
37.5-108 mg/g at 25 °C and pH 9 using the Langmuir isotherm model. Thermodynamic study showed that the adsorption
process was spontaneous, with AH° of 23.0-49.6 kJ/mol and AS® of 131-249 Jemol~'sK~!. The adsorption amount of MB
increased with pH in the range of 4—10. Inorganic ions including Na* and Ca?* suppressed the adsorption of MB, and the
more pronounced impact of Ca** was ascribed to its higher valence state. The cetyltrimethylammonium bromide (CTAB)
surfactant showed a stronger inhibitory effect than Ca>*. The adsorption mechanism was proposed to be a combination of
electrostatic interactions, hydrophobic adsorption, and electron donor—acceptor interactions. Two methods were used for
the regeneration of spent MGO, and the results showed that the peroxomonosulfate (PMS) oxidation method was more
favorable than the acid washing method, considering the better regeneration ability and lower amount of washing water used.
Finally, the reaction mechanism of PMS oxidation was analyzed based on quenching tests and in situ open circuit potential
measurements, which proved that OH and 1O2 played dominant roles and that the fine adsorption ability of MGO promoted
the reaction between them and MB.

Keywords Magnetic graphene oxide - Adsorption - Methylene blue - Regeneration - Peroxomonosulfate - Advanced
oxidation process

Introduction

Dyes with fascinating colors are widely used in human soci-
ety, but the discharge of dye wastewater may greatly threaten
the environment and human health. For example, dyes in
wastewater can hinder the growth of plants by suppressing
the penetration of sunlight into water (Ceretta et al., 2020).
In addition, dyes are known to be related to several severe
dysfunctions and diseases, even leading to cancer (Khan
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et al., 2020). Methylene blue (MB) is a typical dye that is
still widely used in the textile industry (Ighalo et al., 2021).
MB is also used in the pharmaceutical industry for the poten-
tial treatment of Alzheimer’s disease (Schirmer et al., 2011).
Through inhalation or ingestion, MB can cause difficulty
breathing, methemoglobinemia, mental confusion, and other
harm to the human body (Rafatullah et al., 2010). Consider-
ing the severe detrimental impacts of MB and other dyes, a
variety of remediation methods have been utilized, such as
oxidation (Missaoui et al., 2021; Rani and Shanker 2021),
membrane separation (Zhao et al., 2021), flocculation/
coagulation (Li et al., 2017), and adsorption. Adsorption is
a process that occurs due to the affinity of certain adsorb-
ate species to an adsorbent. Compared to other remediation
methods, the adsorption process possesses several merits,
such as simplicity, easy operation, high efficiency, and the
avoidance of unwanted byproducts (Chen et al., 2018; Gupta
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and Khatri 2017; Hajahmadi et al., 2015). Various adsor-
bents have been applied, including carbon materials (Azari
et al., 2020; Partlan et al., 2020; Pirzadeh and Ghoreyshi
2013), metal-organic frameworks (MOFs) (Pirzadeh et al.,
2018; Soni et al., 2020), zeolites (Doekhi-Bennani et al.,
2021; Jietal., 2021), and metal oxides (Fatima et al., 2020;
Hu et al., 2013). Among these adsorbents, carbon materi-
als stand out due to their tailored structures, well-developed
porosity, and ample surface functional groups.

Graphene oxide (GO) is a well-known carbon material that
has attracted global attention since its birth. GO has been suc-
cessfully used for the adsorptive treatment of dye wastewater
(Ersan et al., 2017; Khan et al., 2017; Ramesha et al., 2011,
Yang et al., 2011). However, the posttreatment separation of
GO is difficult due to its good dispersion in water, and residual
GO may show some adverse effects on the ecological system
(Chen et al., 2012). Recently, magnetic GO (MGO) prepared
by compositing GO with magnetic materials has received
attention (Doan et al., 2021; Khan et al., 2020; Molaei, 2021;
Ramirez-Ubillus et al., 2021; Sadrnia et al., 2021). Due to the
magnetic feature of MGO, it can be facilely separated with an
external magnetic field after adsorption, which simplifies the
water treatment process and avoids the potential unfavorable
effects of GO on the water environment.

The magnetic feature of MGO facilitated its recollection
after adsorption, but it could not be directly reused after
separation due to the occupation of adsorption sites. Thus,
the selection of an efficient regeneration method remains an
issue (Liu et al., 2020a, b). The thermal regeneration method
is a possible choice, but it requires high temperature and thus
has a high energy cost. The biological regeneration method
is environmentally friendly but generally suffers from a low
treatment rate and thus a long operation time (Gamal et al.,
2018). The solvent washing method with inorganic (acid,
alkali, etc.) or organic solvents (ethanol, acetone, etc.) is
also commonly utilized (Lu et al., 2011; Song et al., 2021).
However, the use of organic solvents may bring additional
organic pollution, while acid or alkali washing may result in
large amounts of spent washing water.

Recently, the persulfate-based advanced oxidation pro-
cess (AOP) has been extensively investigated, where per-
oxymonosulfate (PMS) and peroxydisulfate (PDS) are used
as oxidants (Anfar et al., 2021; Qian et al., 2021). Compared
to symmetric PDS, PMS possessing an asymmetric structure
is more active and performs better for the mineralization of
organic pollutants (Cheng et al., 2021). Magnetic graphene-
based materials have been successfully used in AOP for the
catalytic degradation of organic pollutants (Gong, 2016;
Solis et al., 2021; Wang et al. 2020a, b; Yin et al., 2019).
Nevertheless, persulfate-based AOP is generally influenced
by water matrix properties, such as inorganic ions and
natural organic matter. In addition, the direct application
of persulfate-based AOP may adversely impact the water

quality through the release of sulfate anions (Solis et al.,
2020). Therefore, using persulfate-based AOP for adsorbent
regeneration is considered an attractive approach and has
been successfully utilized for the regeneration of activated
carbons through thermal activation (Hutson et al., 2012;
Wang et al., 2021), ultraviolet activation (An et al., 2015),
or electrochemical activation (Liu et al. 2020a, b; McQuil-
lan et al., 2018; Zhou et al., 2020a, 2020b). Considering
the catalytic ability of MGO, the spent MGO could act as
the catalyst for PMS activation in the regeneration process.
Thus, extra energy inputs may be avoided, further improv-
ing the convenience and economy of the persulfate-based
regeneration method.

In this work, MGO materials were prepared in a facile
coprecipitation method and then employed for the adsorp-
tive removal of MB from water. The adsorption performance
of MB was studied in detail by investigating the adsorp-
tion kinetics, isotherms, and thermodynamics, as well as
the effects of pH, inorganic ions, and surfactant. Moreover,
the regeneration of MGO was performed by PMS oxidation
at ambient temperature and compared with the acid wash-
ing method. The reaction mechanism of the catalytic PMS
oxidation process is also discussed.

Experimental
Preparation

Magnetic graphene oxide (MGO) was prepared by a
coprecipitation method using graphene oxide (GO),
(NH,),Fe(SO,),-6H,0, NH,Fe(S0,),-12H,0, and aqueous
ammonia. Appropriate amounts of (NH,),Fe(SO,),-6H,0
and NH,Fe(SO,),-12H,0 were dissolved in 50 mL water,
mixed with 100 mL GO suspension (1 g/L), and then heated
at 85 °C in a water bath. Subsequently, under nitrogen pro-
tection with mechanical agitation mechanical stirring at 300
r/min, aqueous ammonia was added at a rate of ~ 1 drop per
s until the solution pH reached 11. The mixture was stirred
for another 1 h and cooled naturally. The precipitate was
then magnetically separated, rinsed with water and ethanol,
and finally dried to obtain MGO. The feed ratio of Fe(Il) and
Fe(III) was set as 1:2, and the theoretical mass ratio of GO
to Fe;0, was set as 1:2, 1:3, 1:5, or 1:10 to obtain MGO1,
MGO2, MGO3, or MGO4. For comparison, plain Fe;O, was
prepared in the same manner except that GO was not added.
Details for suppliers of the materials are provided in Text
S1.1 in the Supplementary Information.

Characterization

The adsorbents were characterized by transmission elec-
tron microscopy (TEM), X-ray diffraction (XRD), Fourier
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transform infrared (FTIR), nitrogen sorption, vibrating sam-
ple magnetometry (VSM), zeta potential measurements, X-ray
photoelectron spectroscopy (XPS), and open circuit potential
(OCP). The characterization details are provided in Text S1.2
in the Supplementary Information.

Adsorption and oxidation experiments

Adsorption tests were performed in batch mode using a shaker
bath with a rotation speed of 150 rpm, and the concentrations
of methylene blue (MB), sulfamethoxazole (SMX), and bis-
phenol A (BPA) in the solution after adsorption were meas-
ured with a TU-1901 UV-vis spectrometer at 664, 276, and
260 nm, respectively. NaOH or HCI was added when needed
to investigate the effect of pH value. NaCl, CaCl,, or cetyltri-
methylammonium bromide (CTAB) was added when needed.

Kinetic studies were performed by fitting pseudo-first-order
(PFO), pseudo-second-order (PSO), and intraparticle diffusion
models. The isotherm data were fitted to the Langmuir and
Freundlich models. For thermodynamic studies, the standard
Gibbs free energy change (AG®) and the standard enthalpy and
entropy change (AH® and AS°) were calculated.

Regeneration of the adsorbent was conducted using two
methods. For the acid washing method, the spent adsorbent
after adsorption of MB in 50 mL of 50-mg/L solution was
magnetically separated, washed with 0.1 M HCI and water
three times, and then used for the next adsorption run. For
the peroxomonosulfate (PMS) oxidation method, the mag-
netically separated spent adsorbent was treated with 50 mL
of 4-mM PMS for 4 h, washed with 50 mL of water to
remove residual PMS, and then used for the next run.

To illustrate the PMS oxidation mechanism, additional
catalytic oxidation experiments were conducted. Certain
amounts of MGO, PMS, and MB solution were added to a
glass flask and mechanically stirred in a water bath at 25 °C.
For comparison, an adsorption control test was conducted
without the addition of PMS, and the initial pH was tailored
to 3.2 which was the value in the presence of PMS. Quench-
ers including methanol, tert-butanol (TBA), furfuryl alcohol
(FFA), and benzoquinone (BQ) were added when needed.
The apparent rate constants (k) were obtained from the
linear form pseudo-first-order kinetic model. More details
concerning the data analysis in the adsorption and oxidation
experiments are provided in Text S1.3 in the Supplementary
Information.

Results and discussion
Characterization of the adsorbents

TEM measurements were employed to investigate the mor-
phology of graphene oxide (GO) and magnetic graphene

@ Springer

oxide 1 (MGO1). GO possessed a typical sheet-like mor-
phology with wrinkles (Fig. 1a), and the transparent nature
of the sheet indicated the exfoliation of GO to monolayer
or few-layer structures. In addition to the GO sheet, addi-
tional aggregates of spherical particles were observed in the
image of MGO1 (Fig. 1b), which were introduced in the
coprecipitation process. XRD patterns of GO, Fe;0, MGO1,
and MGO1-MB (the sample after MB adsorption) are dis-
played in Fig. 1c. The characteristic peak at 20=11.0° was
revealed in the pattern of GO, which was obviously shifted
to a lower diffraction angle compared to the diffraction angle
of graphite at 20=26.4° (JCPDS 41-1487), attributed to
the increased graphite layer spacing upon the introduction
of oxygen-containing functional groups. In the pattern of
MGOI, the peak ascribed to GO was slightly shifted to
20=10.7°, suggesting the insertion of iron oxide particles
between the GO layers. In addition, the peak was dramati-
cally weakened compared to GO. On the one hand, ultra-
sound treatment and the introduction of iron oxide particles
may interrupt the staking of GO layers (Yang et al., 2012),
leading to decreased diffraction intensity. On the other hand,
partial reduction of GO may occur considering the alkaline
environment in the coprecipitation process (Cheng et al.,
2012; Zhu et al., 2017), which may also weaken the diffrac-
tion peak. Moreover, the additional peaks observed in the
pattern of MGO1 were ascribed to Fe;O, (JCPDS 19-0629),
suggesting the successful preparation of the magnetic com-
posite material. The XRD pattern of MGO1-MB was similar
to the XRD pattern of MGOV1, indicating the stability of the
adsorbent during the adsorption process.

Nitrogen sorption isotherms were measured to investigate
the porosities of the materials (Fig. 1d), and the calculated
textural properties are provided in Table 1. The low specific
surface area (Sggy) of GO was similar to the results in previ-
ous reports (Lee et al., 2019; Zhu et al., 2020), which was
ascribed to the agglomeration of GO sheets in the powder
sample. Interestingly, the Sgpr of MGO1 was found to be
larger than the Sggr of GO and Fe;0,. During the copre-
cipitation process, aqueous ammonia was added for the pre-
cipitation of iron species, creating an alkaline environment.
Generally, an alkaline environment would lead to the reduc-
tion of GO. For example, GO was reduced with ammonia
solution at 90 °C to produce reduced GO (rGO) (Zhu et al.,
2017). In another work, rGO was obtained by reduction of
GO with urea at 95 °C (Cheng et al., 2012). In addition,
the reduction of GO could lead to an increased surface area
(Yang et al., 2012). Thus, we inferred that the increased
surface area here was attributed to the partial reduction of
GO, which was also reflected by the textural properties of
the samples with higher Fe;O, amounts (MGO2-4) (Fig. S1
and Table S1). As shown in Table S1, the surface areas of
MGO2-4 were all higher than the surface area of GO but
lower than the surface area of MGO1, which was attributed
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Fig. 1 TEM image of GO (a) and MGO1 (b), XRD patterns (c), nitrogen sorption isotherms (d), FTIR spectra (e), and magnetization curves (f)

of the samples

to the lower amounts of GO in these samples and thus
weaker enhancement of the surface areas in the coprecipita-
tion process. The reduction degree in this work was limited

considering the relatively weaker conditions compared to the
previous work (Zhu et al., 2017), evidenced from the XRD
analysis where the characteristic peak of GO still existed in
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Table 1 Textural properties of the adsorbents

Sample SBET (mz/g) Viotal (cm3/g) Viicro (cm3/g) D, (nm)
GO 28.5 0.0379 0.00341 5.32
Fe;0, 88.2 0.362 0.000 16.4
MGO1 173 0.299 0.0243 6.91
MGOI1-MB 112 0.239 0.0126 8.54

the composite material (Fig. 1c), which was different from
the case reported previously where the corresponding peak
could no longer be observed after reduction (Zhu et al.,
2017). The decreased surface area after MB adsorption was
ascribed to the occupation of the MGO1 surface by MB
molecules.

FTIR spectra of the samples are illustrated in Fig. le.
Broad bands at approximately 3433 and 1630 cm™! were
observed in all the samples attributed to the stretching and
bending vibrations of -OH groups (Chen et al., 2017; Zhang
et al., 2019). The peak at 1730 cm™! observed in the pat-
terns of GO was ascribed to the stretching vibration of C=0
groups (Muniyalakshmi et al., 2020), while the two peaks
at 663 and 570 cm™ in the pattern of Fe,0, were attributed
to Fe—O bonds (Deng et al., 2019). These three peaks were
observed in the pattern of MGO1 with reduced intensities,
indicating the successful preparation of the composite mate-
rial. After the adsorption of MB, additional bands at 1594,
1318, 1223, and 1125 cm™" were observed and attributed to
the C—N stretching vibration of the heterocycle, C-N stretch-
ing vibration of the terminal dimethylamino group, and C-C
stretching and bending vibrations of the heterocycle respec-
tively (Ovchinnikov et al., 2016), verifying the adsorption
of MB on the adsorbent. The magnetization curves of the
adsorbents are compared in Fig. 1f. As expected, the satura-
tion magnetization of MGO1 was lower than the saturation
magnetization of Fe;0, alone. After the adsorption of MB,
the saturation magnetization dropped slightly. When dis-
persed in water at the same dosage, MGOI1 could be effec-
tively separated with an external magnetic field while GO
could not (Fig. 1f inset), verifying the excellent magnetic
separation property of the composite adsorbent.

XPS measurements were performed to further investi-
gate the chemical compositions of the adsorbents (Fig. 2
and Table 2). The survey scans proved the presence of Cls,
Ols, and Fe2p peaks in MGO (Fig. 2a), consistent with the
FTIR results. The ratio of Fe to C increased from MGO1 to
MGO4 (Table 2). Moreover, based on deconvolution of the
Fe2p spectra (Fig. S2), both Fe(Il) and Fe(III) were revealed
and the ratios of Fe(III) to Fe(II) were found to be close to 2
(Table 3), supporting the XRD results.

Furthermore, the ratio of O to C in the carbon struc-
ture was calculated, where the oxygen content in MGO
was obtained by subtracting the oxygen atoms in Fe;0,.
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Compared in Table 2, the ratios of (O-4/3Fe)/C in the
MGO samples (0.286-0.329) were all considerably smaller
than the ratios in GO (0.471), which was assigned to the
reduction of GO in the coprecipitation process. In addi-
tion, deconvolution of the Cls spectra led to three peaks
at approximately 284.8, 286.6, and 288.7 eV, which were
attributed to C—-C/C=C, C-0, and C =0 species respec-
tively (Huang et al., 2017; Wang et al., 2019). The relative
content of C—C/C=C was higher for MGO (54.4-60.1%)
than GO (43.8%) (Fig. 2b—f and Table 3), further verifying
the reduction of GO.

Effect of pH

The adsorbents were employed for the adsorption of meth-
ylene blue (MB) at a series of pH values. As displayed in
Fig. 3a, the adsorption amounts of MB were generally ele-
vated with an increase in pH, indicating that an alkali envi-
ronment was more favorable for MB adsorption. Consider-
ing the cationic nature of MB, we inferred that electrostatic
interactions between MB and the adsorbent surface were
involved in the adsorption process (Eltaweil et al., 2020;
Song et al., 2021).

According to zeta potential measurements, the surface
of MGO1 was positively charged at a lower pH value but
negatively charged at a higher pH value (Table 4). Thus,
electrostatic repulsion between MB cations and the adsor-
bent surface was expected at a lower pH. The relatively
higher concentration of H* ions may also lead to stronger
competition with MB for the adsorption sites (Yao et al.,
2021). These reasons resulted in the lower adsorption
amounts of MB in the acidic environment. As discussed in
the “Characterization of the adsorbents” section, abundant
functional groups including -OH and -COOH were present
on the adsorbent surface. The pK, values of benzoic acid
and phenol with different substituents were in the range
of 3.43-4.37 (Hollingsworth et al., 2002) and 7.15-10.30
(Gross and Seybold 2001), respectively. Thus, deprotonation
of -COOH occurs at approximately pH 4, and deprotonation
of -OH occurs at a higher pH. With an increase in the solu-
tion pH, the adsorbent surface became negatively charged
due to the gradual deprotonation of these groups, leading to
electrostatic attraction towards MB and thus higher adsorp-
tion amounts.

Electrostatic interactions were not the only adsorp-
tion mechanism, because MB could still be adsorbed at
pH 4 when the adsorbent surface was positively charged
(Table 4), and electrostatic repulsion was expected. Based
on the results here and previous works (E et al. 2020; He
et al., 2020; Kah et al., 2017), other mechanisms including
hydrophobic adsorption and electron donor—acceptor (EDA)
interactions also played a role, which was also evidenced
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Fig.2 XPS survey scan of GO and MGO (a) and the XPS Cls spectra of GO (b) and MGO1-4 (c—f)
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Table 2 XPS analysis of the adsorbents

Sample C (atom. %) O (atom. %) Fe (atom. %) Fe/C (0O-4/3Fe)/C

MGO1 44.7 37.9 17.4 0.389 0.329
MGO2 41.7 39.1 19.2 0.460 0.324
MGO3 41.8 38.6 19.6 0.469 0.298
MGO4 38.2 40.0 21.8 0.571 0.286
GO 68.0 32.0 — — 0471

by the adsorption results with GO and the values of AH®
discussed below.

For comparison, MB adsorption with GO was also inves-
tigated. A similar increasing trend of adsorption amount
with increasing pH was revealed (Fig. S3a), which was
also attributed mainly to the change in the surface charge
of GO (Table 4). Moreover, the adsorption of MB with GO
was conducted at Cy=150 mg/L, higher than the value of
50 mg/L with the magnetic adsorbents. Actually, almost
complete removal of MB was achieved when employing
GO for the treatment of 50 mg/L MB. The surface of GO
was negatively charged in the whole pH range of 4-10, sug-
gesting stronger electrostatic attraction with MB. In addi-
tion, the better removal of MB with GO was ascribed to its
aromatic structure, which could interact with MB efficiently
through EDA interactions in the form of n-m stacking. The
magnetic adsorbents contained lower amounts of GO, and
Fe;0, lacked an aromatic structure, leading to weaker EDA
interactions. Consequently, the adsorption amounts followed
the order of GO >MGO1>MGO2 >MGO3 >MGO4>F
e;0,. Although the magnetic adsorbents possessed lower
adsorption amounts, they could be facilely separated due to
the magnetic feature and were considered more favorable for
potential applications.

Kinetic, isotherm, and thermodynamic studies
As observed above, an alkali environment was more favora-

ble for MB adsorption. According to the local standard of
GB 18,918-2002 in China, the pH of wastewater should be

in the range of 6-9. Thus, we employed a pH of 9 instead
of 10 as the optimum pH condition in the following stud-
ies because a pH of 10 was not feasible from an industrial
viewpoint. As shown in Fig. 3b and Fig. S3b, the kinetic
data were better fitted in the PSO model than in the PFO
as indicated by the larger R? and closer calculated g, values
(Table 5). Recently, it was demonstrated that the adsorption
mechanism could not be proposed directly based on the bet-
ter fitting result in PSO than PFO (Hubbe, 2021; Tran et al.,
2017). Instead, this reaction stems from a mathematical basis
(Mahdavi et al., 2018; Simonin, 2016; Tan and Hameed
2017). Considering this factor, the data were further ana-
lyzed with the intraparticle diffusion model. The curves con-
sisted of two linear stages (Fig. 3c and Fig. S3c), indicating
the two-step diffusion process with diffusion in the boundary
layer and in the porous structures (Tan and Hameed 2017),
and the declining rate constants (k; > k,, Table 6) sug-
gested that adsorption equilibrium was gradually reached
on the surface of MGO and GO. As shown in Table 1, the
micropore volumes of the samples are very low, and the
molecular size of MB, which is 1.42 nmXx0.62 nmXx0.16 nm
(Zhang et al., 2006), is much smaller than the average pore
sizes of the adsorbents, indicating that the diffusion of MB
in the porous structure is favorable also reflected from the
fitting results in the intraparticle diffusion model where rela-
tively low slopes of the second stage are observed (Fig. 3c).
Once the MB molecule passed through the boundary layer
and entered the porous network, its diffusion was fast and
adsorption equilibrium was established in a short time.
Isotherm studies were performed by conducting MB
adsorption under a series of initial concentrations. As
depicted in Fig. 3d and Fig. S3d, ¢, first increased with C,
and then approached stability, suggesting the gradual satura-
tion of adsorption sites. Fitting results in the Langmuir and
Freundlich models (Table 7) showed that the adsorption pro-
cess could be adequately described by both models (Hubbe,
2021). The maximum adsorption amount (q,,,,) dropped
from MGOI1 to MGO4 (Table 7), in line with the order in
the “Effect of pH” section. The Freundlich constant (Ky),
which represented the adsorption amount, followed a con-
sistent order, further verifying the reliability of the results.

Table 3 XPS deconvolution

Samples Cls Fe 2p
results for Cls and Fe2p of the
adsorbents C-C/C=C (%) C-0 (%) C=0 (%) Fe(I) (%) Fe(IID) (%) Fe(III)/
Fe(1l)
(%)
MGO1 54.7 25.8 19.5 34.8 65.2 1.87
MGO2 57.8 259 16.3 33.8 66.2 1.96
MGO3 60.1 27.6 12.3 333 66.7 2.00
MGO4 54.4 27.1 18.5 33.1 66.9 2.02
GO 43.8 43.1 13.1 — — —
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Fe,0, 18.4+0.2 —84+23 —215+02

b) 120
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tion isotherms of MB (d) (Experimental conditions: Cy=100 mg/L
for a—c; adsorbent dosage=0.5 g/L for a—d; pH=9 for b—d; tempera-
ture =25 °C for a—d)

The performance of MGO1 for MB adsorption was
compared with previous studies. As shown in Table S2,
Gdmax ©f MB on MGO1 was comparable with various
adsorbents including MOF, zeolite, and carbon materials.
Although some of the adsorbents showed larger adsorp-
tion amounts than MGO1, they could not be magnetically

Table 5 PFO and PSO kinetic

. Adsorbents Exp. ¢, (mg/g) PFO model PSO model
models for MB adsorption on
the adsorbents Cal. g, (mg/g) k, (102 min~") R2 Cal. g, (mg/g) k, (1073 g/ R?
(mgemin))

MGO1 101 93.6 3.62 0.930 98.5 0.545 0.980
MGO2 732 64.0 4.81 0.823 68.9 1.04 0912
MGO3 444 40.6 6.28 0.938 423 3.03 0.974
MGO4 30.9 29.5 5.78 0.966 30.4 3.99 0.990
GO 479 404 17.3 0.831 433 0.548 0.911
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Téble.6 The intraparticle Adsorbents k, (mgeg™' min~%%) C, (mg/g) R} k, (mgeg™! min=0%) C, (mg/g) R,
diffusion constants for MB
adsorption on the adsorbents MGOLl 476 55.9 0980  1.02 84.4 0.872
MGO2 2.52 37.7 0.943 1.35 51.6 0.812
MGO3 1.50 29.2 0.796 0.465 36.3 0.980
MGO4 0.945 22.5 0.945 4.81e-3 30.6 0.001
GO 14.0 254 0.966 12.0 276 0.962
Table 7 Isother.m models T (°C) Adsorbent Langmuir model Freundlich model
for MB adsorption on the
adsorbents Grnax (ME/E) K; (L/mg) R? Kp ((mg/g) n R?
(L/mg)""™)
20 MGO1 103 0.780 0.997 69.2 10.7 0.992
MGO2 71.7 0416 0.990 46.9 10.8 0.998
MGO3 474 0.0364 0.995 8.57 3.13 0.999
MGO4 34.6 0.0204 0.960 3.33 2.38 0.977
GO 494 1.10 0.987 371 15.5 0.985
25 MGO1 108 2.52 0.991 78.9 12.3 0.998
MGO2 77.4 0.443 0.972 47.7 9.15 0.990
MGO3 57.3 0.0305 0.984 8.17 2.76 0.992
MGO4 37.5 0.0279 0.996 5.34 2.81 0.996
GO 519 1.69 0.991 389 14.5 0.994
30 MGOI 122 1.95 0.992 84.4 10.2 0.992
MGO2 82.8 0.709 0.988 57.7 12.1 0.997
MGO3 59.9 0.0454 0.934 11.6 3.15 0.963
MGO4 36.3 0.0402 0.998 7.84 3.52 0.996
GO 541 1.97 0.977 393 12.6 0.994
35 MGO1 131 2.12 0.986 88.8 9.35 0.989
MGO2 85.1 0.871 0.988 61.3 13.0 0.997
MGO3 60.4 0.0598 0.960 15.3 3.71 0.981
MGO4 423 0.0326 0.996 6.98 3.00 0.999
GO 574 36.3 0.986 488 22.6 0.985

separated due to the lack of magnetic species. Thus,
MGOI1 can be considered a promising candidate for MB
adsorption with both a large adsorption amount and mag-
netic properties.

The temperature effect on MB adsorption was studied as
well. With an increase in adsorption temperature, g, ,, of
MB was elevated on all the adsorbents (Fig. S3d for GO,
Fig. 3d and Fig. S4a-c for MGO, Table 7), suggesting the
endothermic properties of the adsorption process. Further-
more, thermodynamic parameters including AG°, AH®,
and AS° were calculated by fitting the van’t Hoff equation
(Fig. S4d and Table 8). The negative AG® values suggested
that the adsorption of MB on MGO and GO was spontane-
ous. The absolute value of AG® declined in the order of
MGO1 >MGO2 >MGO3 > MGO4, again proving that
MGO1 was more favorable for MB adsorption. The positive
AH°® value implied endothermic properties, in accordance
with the increased ¢,,,, at a higher temperature.

@ Springer

The AH° value for physical or chemical adsorption was
reported to be <20 and 80-200 kJ/mol respectively (Li et al.,
2010). For MGO, the absolute values of AH° were in the
range of 23.0-49.6 kJ/mol, which indicated the combina-
tion of physical and chemical adsorption in the process. As
reported previously, the energy associated with nonspecific
hydrophobic, electrostatic, or EDA interactions was approxi-
mately 0.4-4,> 20, or 4-167 kJ/mol, respectively (Kah
et al., 2017). These types of interactions may be involved,
and electrostatic and EDA interactions may play a larger
role in the adsorption process. Here, this conclusion does
not conflict with the result observed in the kinetic studies
when the intraparticle diffusion model was used because MB
molecules had to pass through the boundary layer and then
interact with the adsorbent surface through these interac-
tions. The AS° value is known to be related to the change in
disorder. When aqueous dye molecules were adsorbed on the
solid MGO or GO surface, they became bound and suffered
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Table 8 Adsorption thermodynamics for MB adsorption on the
adsorbents

Adsorbent 7 (°C) InK, AG° (kl/ AH° (kJ/ AS°
mol) mol) (Jsmol~'eK ™)
MGOI1 20 9.52 -23.2 49.6 249
25 10.1 -25.1
30 10.3 -26.0
35 10.6 —-27.0
MGO2 20 8.51 —20.7 31.1 177
25 8.70 —21.6
30 8.98 —22.6
35 9.11 —-233
MGO3 20 6.98 —17.0 29.3 158
25 7.09 —17.6
30 7.39 —18.6
35 7.53 —19.3
MGO4 20 6.30 —15.4 23.0 131
25 6.57 —16.3
30 6.63 —16.7
35 6.79 —174
GO 20 11.1 -27.0 65.8 316
25 114 -28.2
30 11.5 -29.1
35 125 -32.0

loss of freedom, leading to decreased disorder. However,
desorption of water molecules (Teli and Nadathur 2018) and
changes in the adsorbent surface (Dai et al., 2018) occurred
at the same time, which may lead to increased entropy. Here,
the positive AS° value reflected the net increase in disorder
in the whole process.

Generally, hydrophobic adsorption and electron
donor—acceptor interactions were also involved in the
adsorption process of some emerging pollutants, especially
the pollutants with aromatic structures. Thus, the adsorp-
tion of two typical emerging pollutants, sulfamethoxazole

(SMX), and bisphenol A (BPA) was further investigated. As
illustrated in Fig. S5 and Table S3, the g,,,, values of SMX
and BPA were 25.0 and 33.8 mg/g respectively, indicating
that MGO could also be used as a potential candidate for the
treatment of these pollutants. The relatively lower adsorption
amounts for SMX and BPA compared to MB were attributed
to the absence of electrostatic attraction in the adsorption
process of these two pollutants.

Effect of inorganic ions and surfactant

The inorganic ions and surfactants present in wastewater
may impact the adsorption of dyes. To illustrate this issue,
NaCl and CaCl,, typical inorganic salts, and CTAB, a widely
used cationic surfactant, were added to synthetic wastewater.
As displayed in Fig. 4a, g, dropped in the presence of NaCl,
CaCl,, and CTAB. These added cationic species (Na*, Ca",
and CAT™) could screen the negatively charged surface sites,
which was detrimental for the adsorption of MB through
electrostatic attraction (Singh et al., 2019). Compared to
Na*, the more pronounced impact of Ca** (Fig. 4a) was
ascribed to its higher valence state. However, CTA™, as a
monovalent cation showed a stronger inhibitory effect than
Ca’*, even though it was added in a much smaller amount
(Fig. 4a), suggesting that the adsorption of bulky CTA™ cati-
ons (C,oH,,N) led to the occupation of more surface space
than in the case of inorganic ions; thus, not only electrostatic
attraction but also EDA interaction and hydrophobic adsorp-
tion of MB were hindered. As a result, g, of MB dropped to
a greater extent.

Reusability for MB adsorption

The commonly employed acid washing method was first
used for the regeneration of MGO because it possessed
relatively weaker adsorption abilities towards MB at lower
pH values. During acid washing, the color of the solution
turned from transparent to blue, indicating desorption of MB

500
a) 7 77 none b) ] U mGol C) | Regenerated by acid washing
450 NaCl 100 mM 100 £ MGO2 100 7 Regenerated by PMS oxidation
=] caCl2 100 mM . (=== Vlelex] § §
N [ CTAB | mM 25 [ MGO4 25 7 N
150 7 7 §
® ® Y ¢ 3 7
£ 1004 £ so4 é £ 504
N - 7 &
g N g
E /
0 ; %ﬂ @ME“ 0 / i 0 J
GO MGO2  MGO3  MGO4 1 2 5 1 2 3 4 5

Fig.4 Effects of inorganic ions and CTAB on MB adsorption (a),
reusability of MGO1-4 by acid washing (b), and a comparison of the
reusability of MGO1 by acid washing and PMS oxidation (c¢) (experi-

Runs

mental conditions: Cy=50 mg/L for MGO1-4 and 150 mg/L for GO;
adsorbent dosage =0.5 g/L; temperature =25 °C)
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from the spent adsorbent. After acid washing three times,
the regenerated MGO was used for the next adsorption run.
As shown in Fig. 4b, g, of MB decreased gradually in the
five consecutive adsorption runs. The decreased amount of
adsorption was attributed to residual MB on the surface of
MGO. As discussed in the “Effect of pH” section, although
electrostatic repulsion existed between MB and the MGO
surface at lower pH values, hydrophobic adsorption, and
electron donor—acceptor (EDA) interaction could still lead
to the adsorption of MB. In other words, the adsorbed MB
could not completely desorb in the regeneration process.
In addition, although repeated washing could enhance the
desorption of MB, more spent washing water would be pro-
duced, which needs further treatment. Thus, the acid wash-
ing method was not favorable from a practical viewpoint.
Furthermore, taking MGO1 as an example, PMS oxida-
tion was employed as an alternative adsorbent regeneration
method. During the PMS oxidation process, we observed
that the color of the solution turned light blue first, and the
solution pH was measured to be approximately 2.7. We
inferred that this acidic environment led to the desorption
of MB. However, the pH value of 2.7 was much higher than
the pH in the acid washing process where 0.1 M HCl was
employed. Thus, desorption only partially contributed to
the PMS oxidation process. In addition, the light blue color
remained for a while and then gradually faded, which was
different from the case in acid washing where the blue color
remained. In this case, the residual MB in the solid phase
should be limited from the viewpoint of adsorption equi-
librium, suggesting that the oxidation of MB favored the
regeneration of surface sites. As shown in Fig. 4c, the PMS
oxidation method was more effective for the regeneration of
MGOL1 than the acid washing method. The decreased ¢, of
MB in the consecutive adsorption runs was attributed to the
degradation products of MB, which occupied some sites on
the surface of MGOI1 and hindered the adsorption of MB.

Reaction mechanism of the PMS oxidation method

A reusability test showed that PMS oxidation could effi-
ciently regenerate the magnetic adsorbent, but the reaction
mechanism of the catalytic oxidation process remained
unclear. Thus, additional experiments were conducted to
illustrate the reaction mechanism. Magnetic adsorbents
(MGO1-4) were first employed for catalytic oxidation of
MB in the presence of PMS (Fig. 5a), and the apparent rate
constants (k) were calculated (Fig. S6a). The removal
efficiency of MB in the catalytic oxidation system followed
the order of MGO1 >MGO2 >MGO3 > MGO4, which
was in accordance with the order of adsorption amounts
obtained in the “Effect of pH” section. Furthermore, a fine
linear trend (R*=0.972) between k,, and g, was observed
(Fig. 5b), indicating that a stronger adsorption ability led

@ Springer

to faster oxidative removal of MB. Generally, two types of
reaction mechanisms are involved in the PMS oxidation
process, i.e., the reactive oxidative species (ROS) pathway
and the nonradical electron-transfer pathway (Zhou et al.,
2020a, 2020b). Hydroxyl radicals (OH), sulfate radicals
(SO,7), superoxide radicals (O, ™), and singlet oxygen (102)
are typical ROS involved in the PMS-based oxidation pro-
cess; thus, the effects of quenchers (methanol, TBA, BQ, and
FFA) on MB removal were studied. As depicted in Fig. 5c,
the addition of quenchers reduced MB removal, but the
removal values in the presence of quenchers still exceeded
the adsorption control, suggesting the involvement of more
than one ROS in the reaction process. The k, values were
further calculated (Fig. S6b and Fig. 5c inset) and analyzed.
Methanol is considered an efficient quencher for both OH
and SO,~, while TBA is known to effectively quench OH
rather than SO,". Thus, k,, values similar to the k,, values
of methanol and TBA (Fig. 5c inset) suggested the negligible
contribution of SO,~ to MB removal. The relative contribu-
tions of OH and adsorption were calculated to be 33.2% and
17.7% by comparing the corresponding &, values to that of
the reaction control.

BQ and FFA as quenchers of O, (Yang et al., 2021) and
1O2 (Guo et al., 2021) respectively, could suppress the reac-
tion as well (Fig. 5Sc). When simply comparing the k, values,
the contributions of O,~ and 'O, were calculated to be 44.0%
and 46.8%, respectively. However, adding up the contributions
of OH, O,", 102, and adsorption resulted in an unreasonable
value of 141.7%. The standard redox potential of O,~ was
—0.34 V, much lower than the standard redox potential of OH
(1.8-2.7 V) and 102 (2.2 V) (Khan et al., 2021); thus, O, pos-
sessed weak reactivity (Zhang et al., 2021). Based on the
results here and previous work (Tian et al., 2020; Wang et al.,
2020a, 2020b), we inferred that O,~ did not directly partici-
pate in the reaction, but worked as a precursor that transferred
into 'O, through recombination and reaction with water. The
addition of BQ quenched O, and hindered its transformation
into l02; thus, the removal of MB was evidently reduced. In
the presence of FFA, MB removal efficiency was suppressed
to a larger degree, which was ascribed to the ability of 'O,
to be produced in other routes, such as the self-decomposi-
tion of PMS (Tian et al., 2020). Excluding O, ", the sum of
relative contributions including OH, 102, and adsorption was
97.7%, which was close to 100% and reasonable. The non-
radical electron-transfer pathway was demonstrated to play a
determining role in some PMS-based catalytic systems (Fan
etal., 2021; Shi et al., 2020). In situ OCP measurements have
been successfully employed previously to characterize the
electron-transfer pathway, where the potential of the catalyst
was raised upon PMS addition into the solution, indicating the
formation of a metastable catalyst-PMS* complex (Ren et al.,
2020). However, in this work, although the initial potential of
the MGOL1 catalyst was slightly increased compared to bare
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Fig.5 Removal of MB in the PMS/MGO system (a), linear correla-
tion between k., and g, (b), effect of quenchers in the PMS/MGO1
system (c), and the open circuit potential-time curves on MGO1-GCE

GCE, the addition of PMS did not trigger an obvious change in
its potential (Fig. 5d), disproving the involvement of the non-
radical electron-transfer pathway in the MGO1/PMS system.
Based on the above discussion, OH and 'O, as ROS played
dominant roles in the reaction process. Considering the short
lifetime of these reactive species, they existed mainly in the
boundary layer between the solution and the surface of the
MGOI catalyst. Thus, adsorption also played an important
role, which helped to bring MB to the catalyst surface and
promote the reaction between ROS and MB.

Conclusions

A series of Fe;0,-graphene oxide (GO) composite materials
with increasing Fe;O, loading amounts was synthesized in
a facile coprecipitation method and characterized by TEM,
XRD, nitrogen sorption, FTIR, zeta potential measurements,
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and GCE (d) (experimental conditions: C;=50 mg/L; adsorbent dos-
age=0.5 g/L; PMS =1 mM; temperature =25 °C)

VSM, and XPS. The characterization results showed that
GO was partially reduced during the preparation process,
and the resulting composite material possessed abundant
surface area, rich oxygen-containing functional groups, and
magnetic properties. The materials were then employed
for the adsorptive removal of methylene blue (MB) from
water. The alkali environment was more favorable for MB
adsorption, which was attributed to the enhanced electro-
static attraction between MB cations and the negatively
charged surface groups at a higher pH. In addition, other
mechanisms including hydrophobic adsorption and elec-
tron donor—acceptor (EDA) interactions, also played a role.
A kinetic study showed that the PSO model could better
describe the adsorption process than the PFO model. Further
analysis based on the intraparticle diffusion model revealed
the two-step diffusion process including diffusion in the
boundary layer and in the porous structures. Isotherm stud-
ies showed that both the Langmuir and Freundlich models
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could adequately describe the adsorption process, and the
maximum adsorption amounts of MB were calculated to be
108, 77.4, 57.3, and 37.5 mg/g for MGO1-4 (magnetic gra-
phene oxide 1-4). Although these values were lower than the
value of GO (519 mg/g), they could be facilely separated due
to the magnetic feature, which was more favorable for poten-
tial applications. Thermodynamic studies showed that the
adsorption processes on MGO1-4 were spontaneous, with
AH° of 49.6-23.0 kJ/mol and AS® of 249-131 Jemol~'eK™".
Na*, Ca®*, and CAT™" suppressed the adsorption of MB in
the order of Na* < Ca®" < CAT™, and the stronger inhibition
effect of CTAY was attributed mainly to its bulky structure.
The reusability test showed that the PMS oxidation method
was more favorable than the acid washing method, consider-
ing the better regeneration ability and lower amount of wash-
ing water used in the former case. Finally, the reaction mech-
anism of PMS oxidation was analyzed based on quenching
tests and in situ OCP measurements, which proved that OH
and 'O, played dominant roles and that the fine adsorption
ability of MGO promoted the reaction between them and
MB.
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