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Abstract

In this paper, we synthesized a polyglycerol(PG)-mediated superparamagnetic graphene oxide nanocomposite called MGON,
consisting of PG-modified superparamagnetic iron oxide nanoparticles (SPION) covalently bonded to PG-functionalized
graphene oxide (GO). MGON exhibits better dispersibility and colloidal stability in aqueous solution than the magnetic graphene
oxide reported in the literature. The physicochemical properties of MGON were analyzed by X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), transmission electron microscopy (TEM),
vibrating sample magnetometer (VSM), and UV-vis spectroscopy. Applied to the adsorption of tetracycline (TC) in aqueous
solution as an adsorbent, the MGON showed excellent adsorption performance with the maximum adsorption capacity of
684.93 mg/g at 298 K. Adsorption kinetics and isotherm results indicate that the adsorption process conforms to the pseudo-
second-order kinetics and Langmuir isotherm models. Adsorption thermodynamics has confirmed that the adsorption process of
TC on MGON is spontaneous and endothermic. With the increase of temperature, the adsorption capacity of MGON increases
continuously, and the adsorption capacity of MGON is the largest when the pH value is 7. Furthermore, the 7t-7t and cation-7t
interaction, amidation reaction, and hydrogen bonding can be used to explain the adsorption mechanism of TC on MGON.
Desorption and regeneration experiments showed that MGON still had 67.65% regenerative performance after five cycles.
Hence, MGON is a promising adsorbent in the removal of tetracycline from wastewater.
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Introduction

Antibiotics have good inhibition and killing effects on bacte-
ria, viruses, parasites, etc. and have good control and thera-
peutic effects on common diseases in daily life. Therefore,
antibiotics have become more and more widely used in peo-
ple’s lives and become common drugs (Wammer et al. 2011).
However, due to the non-standard use of antibiotics and not
yet strictly regulated, it has caused the abuse of antibiotics (Bu
et al. 2016; Wang et al. 2016). Especially in the medical and
aquaculture industries, the abuse of drug antibiotics is
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particularly serious (Martinez et al. 2015), which will not only
endanger human health but also cause damage to the ecosys-
tem (Robert et al. 2013; Xie et al. 2016; Zhang et al. 2019b).
Hence, it is important to develop a cost-effective adsorbent for
the removal of antibiotics. Currently, the most commonly used
methods for removing antibiotics are adsorption, photocata-
lytic degradation, biodegradation, oxidation, and
electrodegradation (Gadipelly et al. 2014). Adsorption is the
casiest, most economical, and most promising method of an-
tibiotic removal for economic and environmental reasons
(Alvarez-Torrellas et al. 2016; Song et al. 2014). Because of
its high specific surface area, abundant surface groups, and
high stability, carbon materials are preferred materials for ad-
sorption of antibiotics, such as activated carbon, carbon nano-
tubes, porous carbon, and graphene (Martins et al. 2015; Xie
et al. 2016; Yuan et al. 2012; Zhang et al. 2015).

Graphene is a unique two-dimensional carbon
nanomaterial consisting of a single layer of carbon atoms
and a sp” hybrid orbital hexagonal honeycomb structure. It
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is expected to have a revolutionary impact in a wide range of
fields on account of its excellent optical, electrical, and me-
chanical properties (Geim 2009; Liu et al. 2017; Rao et al.
2010). Graphene oxide has great application potential in the
field of adsorption on account of its high specific surface area
and a variety of hydrophilic oxygen-containing functional
groups such as carboxyl and hydroxyl groups on the surface
(Li et al. 2017b; Lin et al. 2013; Mukherjee et al. 2016; Yang
et al. 2017b). Graphene oxide is difficult to be separated after
being dispersed in water. In order to improve the separation
efficiency, magnetic separation technology has attracted the
interest of researchers (Han et al. 2016; Tang et al. 2012). In
particular, Fe;0,4 nanoparticles have attracted extensive atten-
tion due to their excellent properties such as low toxicity,
magnetic responsiveness, outstanding superparamagnetism,
and easy separation (Gong et al. 2019; Yang et al. 2017a).
Fe;0,4 nanoparticles can be introduced into common adsor-
bent materials such as mesoporous carbon (Yang et al. 2018a),
graphene oxide (Li et al. 2018), mesoporous silica (Wang et al.
2017), and metal organic framework (MOF) (Han et al. 2019)
to prepare a series of magnetic porous materials and used as
adsorbents to remove contaminants. In addition, Fe;04 nano-
particles can also be easily grafted with polymers such as PG,
and PG-modified Fe;0,4 nanoparticles are not only easier to
further functionalize, but also increase their dispersion stabil-
ity and biocompatibility in water (Zhao et al. 2012).

Recently, PG has become a commonly used surface
modifier because of its excellent physical and chemical
properties (Li et al. 2011; Yang et al. 2018a, b). The PG
layer can be grafted directly onto nanomaterials with reac-
tive functional groups such ascarboxyl and hydroxyl
groups by a “grafting” method of in situ ring-opening po-
lymerization initiated by glycidol (Mohsen et al. 2009;
Yang et al. 2017a). PG-functionalized nanomaterials have
high hydrophilicity, good dispersibility, and biocompatibil-
ity in aqueous media. Furthermore, by stepwise organic
reactions, the hydroxyl groups on the PG layer can be
easily converted to more reactive functional groups such
as carboxyl, amino, and azide groups to facilitate further
functionalization (Yang et al. 2019). Based on the above
strategies, Yang et al. reported the application of
polyglycerol-mediated nuclear-satellite superparamagnetic
mesoporous carbon nanocomposites in dye adsorption
(Yang et al. 2018a). But so far, the preparation of covalent-
ly bonded superparamagnetic graphene oxide nanocom-
posites by two PG layers has not been reported.

In this paper, we successfully prepared a polyglycerol-
mediated superparamagnetic graphene oxide nanocomposite
by constructing a strategy that covalently mediates PG link-
age. Applied to the removal of tetracycline in aqueous solu-
tion, and the effects of adsorption time such as contact time,
temperature, solution pH, and ionic strength were investigat-
ed. At the same time, the isotherms, kinetics, and
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thermodynamics of the adsorption process were studied, and
the adsorption mechanism of MGON on TC was also
discussed.

Materials and methods
Materials

Graphene was purchased from Suzhou Carbon Graphene
Technology Co., Ltd. Sulfuric acid and nitric acid were sup-
plied by Guangzhou Chemical Reagent Factory, China.
Glycidol (96%) and triethylene glycol (98%) were purchased
from Aladdin. N-Hydroxysuccinimide (NHS) (98%), 1-(3-
dimethylaminopropyl)-3-ethylcarbodimide hydrochloride
(EDC) (98.5%), ethylenediamine dihydrochloride, 4-
dimethylaminopyridine (DMAP) (99%), tetracycline hydro-
chloride (USP), and iron(IIT) acetylacetonate (98 %) were pro-
vided by Mackin. Ethyl acetate, pyridine, and methanol were
obtained by Tianjin Zhiyuan Chemical Reagent Co. Ltd. All
chemicals were used without further purification.

Characterization

The FTIR spectrum was collected at room temperature by a
Nicolet iS50 FTIR spectrometer (Thermo Scientific). XRD
pattern was carried out on a Bruker D8 Advance X-ray dif-
fractometer with Cu K« irradiation operated at 40 mA and
40 mA, and TEM was conducted on a FEI Tecnai G2 Spirit
BioTWIN apparatus with an acceleration voltage of 120 kV.
XPS measurements were measured using a Thermo Escalab
250Xi instrument and UV—vis absorption spectroscopy on a
Shimadzu UV-3600 spectrophotometer. The magnetic proper-
ties of sample were examined with a magnetic field of +
10,000 KOe at 27 °C by VSM.

Synthesis of GO, GO-PG, and GO-PG-COOH

One hundred milligrams of graphene was added to 60 mL of
mixed acid (concentrated sulfuric acid/concentrated nitric ac-
id =3:1) and sonicated for 1 h. The reaction was stirred under
reflux at 60 °C for 8 h. After the reaction was completed, it
was cooled to room temperature, and the product was centri-
fuged five times at 4000 rpm to obtain GO reserve liquid.

Ten milliliters of glycidol was added to 200 mg dried GO
and sonicated to completely disperse. Then, the reaction was
stirred at 140 °C for 24 h. After the reaction was over, cooled
to room temperature, and an appropriate amount of deionized
water was added to ultrasonically disperse it. Finally, the prod-
uct GO-PG was obtained by multiple ultrafiltration washing
(MWCO =100 K, Amicon, Millipore) and stored at 4 °C be-
fore being used.
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The GO-PG reaction solution was evaporated to dryness
and dissolved in an appropriate amount of pyridine. Succinic
anhydride and DMAP (succinic anhydride: GO-PG =2:1;
DMAP: GO-PG=1:1) were then added, and the reaction
was stirred magnetically for 24 h at room temperature. After
the reaction, the mixed solution is dialyzed in water to remove
pyridine, unreacted succinic anhydride, and free DMAP, then
ultrafiltered twice with methanol/water (v/v = 1:1), and finally
ultrafiltered three times with deionized water to acquire GO-
PG-COOH reserve liquid.

Synthesis of SPION-PG-NH,

SPION-PG-COOH was synthesized in terms of the method
previously reported (Yang et al. 2017a). To introduce amino
groups, 1 mg EDC and 10 mg NHS were dissolved in 2 mL
5 mg/L SPION-PG-COOH solution and stirred for 1 h to
activate the carboxyl group, and then 20 mg ethylenediamine
hydrochloride was added and the reaction was stirred magnet-
ically at room temperature for 24 h. After the reaction finished,
the product was subjected to ultrafiltration multiple times to
obtain SPION-PG-NH, stock solution.

Synthesis of MGON

Fifteen milligrams NHS and 1.5 mg EDC were added to 3 mL
5 mg/L GO-PG-COOH solution and stirred for 1 h to activate
the carboxyl group, after which 5 mg SPION-PG-NH, was
added. Then, the mixture was magnetically stirred for 24 h at
room temperature. After the reaction was completed, the prod-
uct was washed multiple times to obtain MGON
nanocomposite.

Adsorption experiment

All batch adsorption experiments were conducted in 20 mL
brown glass vials by adding 4.5 mg MGON to 15 mL 30 mg/L
TC solution and shaking for 24 h at a speed of 150 rpm. In
order to inquire the kinetics of adsorption, 4.5 mg MGON was
added to different tetracycline concentrations (0500 mg/L)
(pH =7) to evaluate the effect of different TC concentrations
on adsorption. At the same time, we also studied the effects of
different temperature conditions (288 K, 298 K, 308 K) and
different NaCl concentrations on the adsorption of tetracycline
by MGON. Then, MGON was removed by using a magnet,
and the tetracycline concentration before and after adsorption
was examined by a UV-vis-NIR absorption spectrum at a
maximum absorption wavelength of 358 nm.

To further investigate the regeneration and reusability of
MGON, we performed desorption experiments. The regener-
ation of MGON was carried out by adding MGON/TC to a
0.01 M NaOH solution (400 mL), and the mixture was stirred
at 25 °C for 24 h. Repeat the same procedure five times and

separate the solid/liquid phase by a magnet. In each adsorption
cycle, the suspension liquid containing 4.5 mg MGON and
30 mg/L TC (150 mL) was shaken at 25 °C for 24 h at a pH of
7.

The amount of adsorption was determined by using the
following formula:

(Co—C.)V
P (1)
MMGON

where g, (mg/g) is the adsorption amount at equilibrium; Cy
and C, (mg/L) are the initial concentration and equilibrium
concentration of TC in solution, respectively; V (L) is the
volume of solution; m oy (g) is the mass of the adsorbent
used.

Models of data analysis

To investigate the adsorption mechanism and identify poten-

tial rate control steps, the pseudo-first-order, the pseudo-sec-

ond-order, and the Boyd membrane diffusion models were

employed to analyze experimental data (Li et al. 2017b).
The pseudo-first-order model:

In(g.~q,) = In q,~kit (2)
The pseudo-second-order model:

9 4. 4k
The Boyd’s film-diffusion model:
B, = —0.4977-In(1-F) 4)

where ¢, and ¢, are severally the adsorbed amount of tetracy-
cline at equilibrium and at different time (mg/g). &y, k; are the
adsorption rate constants of the pseudo-first-order and the
pseudo-second-order models, respectively. B, is mathematical
function of F, and F'is equivalent to ¢g,/q, (Yang et al. 2017b).

In order to study the adsorption efficiency, the adsorption
process of tetracycline was analyzed by Langmuir,
Freundlich, and Temkin isotherm models, which were
expressed in Egs. (5), (6), and (7), respectively, as follows
(Gao et al. 2012):

The Langmuir isothermal model:

c. C, 1
— =4 (5
9 9m quL )

The Freundlich isothermal model:
1
Ing,=mKr+—InC, (6)
n
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The Temkin isothermal model:
q.,=KrInC.+Krin f (7)

where g.and g,, are the equilibrium-absorbed concentration
and the maximum adsorption capacity of the adsorbent (mg/
g), respectively. C, (mg/L) is the equilibrium solution phase
concentration and # is the Freundlich linearity index. K;, Kx,
K7 are severally the adsorption constants of Langmuir,
Freundlich, and Temkin isotherm models.

Adsorption thermodynamics is useful for understanding
the extent and driving force of the adsorption process and
revealing the mechanism in the adsorption process. The ad-
sorption thermodynamic parameters are obtained by the fol-
lowing formula (Zhang et al. 2019b):

311
oy
=
<
N’
£
g 111 220
o
Rt
E 400
422511 440
— 77—
10 20 30 40 50 60 70 80
2 Theta (degree)
Fig. 3 XRD pattern of MGON

Fig. 2 TEM images of a GO, b GO-PG, ¢ SPION, d SPION-PG, and e MGON. f HRTEM image of MGON

AG’ = —RT-In K, (8)
-AH? 1 AS?
AG’ = AH'-T-AS? (10)

where AGH(KJmol—l), AS? (J/(mol-K)), and AH? (KJ/mol) are
adsorption thermodynamic constants, which represent entropy
change, enthalpy change, and Gibbs free energy change, re-
spectively. R is an ideal gas constant (8.314 J/(mol-K)). K, is
the adsorption equilibrium constant and is equivalent to g,, x
K, Ug).

Results and discussion

The synthesis strategy of MGON is delineated in Scheme 1.
SPION synthesized by thermal decomposition was grafted
with PG in terms of reported methods before. The grafted
PG layer not only improves the hydrophilicity but also pro-
vides a rich hydroxyl group for further modification (Yang
et al. 2019, 2018b). SPION-PG-COOH was prepared by
reacting SPION-PG with succinic anhydride. Next, SPION-
PG-COOH is reacted with ethylenediamine, and an amino
group is introduced on the surface to acquire SPION-PG-
NH,. Graphene oxide is produced by oxidation of graphene
by mixed acid (Jia et al. 2013), and then grafted with PG. The
GO-PG is reacted with succinic anhydride to form a carboxyl
group on the surface to obtain GO-PG-COOH. Finally,
MGON was synthesized by amidation reaction of GO-PG-
COOH and SPION-PG-NH, under the activation of NHS/

@ Springer



32350

Environ Sci Pollut Res (2019) 26:32345-32359

~
o
~

Cls

-~

8

E

Z

'z o1s

= ¥

<

8
Fe2p3 Nis
' L_______\
- T T - T -

800 600 400 200 0

Binding Energy (eV)

~
)
~

Cls

Raw

C=C(284.78 cV)
C-N (28528 ¢V)
0-C=0 (289.83 ¢V)
C-0 (28698 eV)
C-C (284.78¢cV)

Intensity (a.u.)

Binding Energy (eV)

T v T T T T T v T
294 292 290 288 286 284 282 280

(b)| ¢

724.88¢V 710.68¢V
Fe2p,, Fe2p,,
y ’

Intensity (a.u.)

- T T T hd T T T T T v T T T
740 735 730 725 720 715 710 705
Binding Energy (cv)

(d) Ols 532.98¢V

c-0

»

Intensity(a.u)

533.43eV
530.63eV -COOH

Fe-O

T T T T T T
526 528 530 532 534 536 538 540
Binding Encrgy (¢V)

Fig. 4 Typical XPS results of MGON samples. a Full spectrum. Core level spectra of b Fe 2p, ¢ C 1s,and d O 1s

EDC. The various characterization methods for detecting the
synthetic process by the following methods are as follows.

Characterization

The FTIR spectroscopy is a crucial method for qualitative
analysis of the characteristic peaks of materials, whose chem-
ical structure can be studied. The FTIR patterns of SPION,
SPION-PG, SPION-PG-COOH, and SPION-PG-NH, are
shown in Fig. 1a. The increase of the absorption bands at

Weight ratio (%)

T T T T T T T
100 200 300 400 500 600 700 800
Temperature (°C)

1085, 2915, and 3402 c¢cm ! severally correspond to the
stretching vibrations of C-O-C, C-H, and O-H, which indi-
cates that PG was successfully grafted on SPION (Zhao
et al. 2012). The strong peak at 1726 cm™ ' confirmed the
existence of carboxylic acid groups on the surface of
SPION-PG after modification, and the peak at 1163 cm s
attributed to coupled C-C/C-O stretch vibration (Badruddoza
et al. 2011). In the spectra of SPION-PG-NH,, the two char-
acteristic absorbance bands centered at 1645 cm ' and
1555 cm™' which can be attributed to the C=0O stretching

(b)2o

TC
MGON
358 nm MGON/IC
154 / :
- 275 nm ¥
= %
&
S
3
=
H 1.04
2
-
]
@
S
<
0.5+
0.0 T T T T T T T v
200 250 300 350 400 450 500
Wavelength (nm)

Fig. 5 a TGA curves of GO and GO-PG under nitrogen. b UV-vis absorption spectra of MGON, TC, and MGON/TC
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10000

vibration of -NHCO- (amide) and the N-H bending of NH,,
respectively (Yang et al. 2018a). Figure 1b shows the FTIR
spectra of GO, GO-PG, GO-PG-COOH, and MGON. The
absorption bands of GO appeared at 3475, 2923, 1725,
1642, 1385, and 1210 cm ! correspond to O-H, C-H, C=0
(carboxylic acid groups), C=C, C-OH, and C-O stretching
vibrations, respectively (Li et al. 2017a; Yao et al. 2012).
The increasing absorption band at 1100 ¢cm ' (C-O-C
stretching vibration) means that PG is successfully grafted
on the surface of GO (Yang et al. 2019), which is also sup-
ported by TGA result (Fig. 5a), The result indicated that the
graft amount of PG was about 21.88 wt% at 200~800 °C. The
absorbance peak at 1728 cm ™' correspond to C=O stretching
vibration of carboxylic acid groups in the FTIR curve of GO-
PG-COOH. After conjugation with SPION-PG-NH,, the
characteristic absorption band at 1635 cm™' is attributed to
the C=0 stretching vibration of -NHCO- (amide I) in the
FTIR spectrum of MGON (Fan et al. 2012). Furthermore,

Fig. 7 The dispersion stability of GO, GO-PG, SPION-PG-NH,, and
MGON in aqueous solution

580 cm ! is a characteristic absorption peak of Fe;04 (Wang
et al. 2019). These results indicated that MGON was success-
fully prepared.

Figure 2 shows typical TEM images and size distribution
of GO, GO-PG, SPION, SPION-PG, and MGON. It can be
seen from Fig. 2a that GO showed a folded layered structure
and was partially transparent, suggesting that the thin layer of
the base which may support a higher surface area-to-volume
ratio to provide more active sorption sites for the target con-
taminant (Cui et al. 2015). The morphology of GO-PG is
shown in Fig. 2b. After PG was chemically grafted on the
surface of GO, a more pronounced dark region was observed,
which was related to the grafted PG on the surface of GO. This
speculation can also be confirmed from Fig. 5a. The dark
areas on the GO base surface indicate a higher density of
grafted PG, which can be explained by the higher density of
hydroxyl functional groups on the GO surface (Pham et al.
2010). Good shape ellipsoidal or nearly spherical SPION were
observed with an average size of about 12.06 nm in Fig. 2c.
The SPION-PG-NH, shown in Fig. 2d has high dispersibility
and stability in aqueous solution. Figure 2 e demonstrates the
fixation of SPION on GO. It can be observed that a large
number of nanoparticles are in the darker color region, while
the lighter color region has only a small amount of nanoparti-
cles, indicating that SPION are immobilized on the surface of
the GO-PG by a strong covalent bond of the amide bond,
rather than by simple physical absorption or hydrogen bond
interaction. The HRTEM image (Fig. 2f) showed that the
SPION were strongly attached onto the GO nanosheets. The
well-resolved lattice fringes with an interplane spacing of
0.304 nm are attributed to the d-spacing of the (220) planes
of Fe;04, which agrees with the XRD results, attesting the
formation of well-textured and highly crystalline SPION in
MGON (Xie et al. 2011).

The XRD pattern was used to characterize the crystal struc-
ture of MGON. Figure 3 shows characteristic diffraction peaks
at 18.50, 29.93, 35.45, 43.23, 53.85, 57.14, and 62.91 (20),
which was well matched with the standard materials (JCPDS
19-0629) (Li et al. 2017b). The results revealed that Fe;O,4
nanocrystals are highly crystallized in MGON (Lian et al.
2016).

The elemental composition and surface chemical valence
states of MGON were further analyzed by XPS. The wide-
scan XPS full spectrum of MGON in Fig. 4a showed four
peaks at 284.08, 400.48, 532.08, and 711.08 eV correspond-
ing to C Is, N 1s, O 1s, and Fe 2p, respectively. Figure 4b
exhibits the high-resolution XPS spectrum of Fe 2p, and the
two peaks centered at binding energies of 710.68 and
724.88 eV are severally assigned to Fe 2p;,, and Fe 2p;,,
which is very consistent with the reported values for Fe;04
(Lei et al. 2014). The core level spectrum of C 1s (Fig. 4c)
displayed four component peaks at binding energies of
284.78, 285.28, 286.98, and 289.83 eV corresponding to

@ Springer



32352

Environ Sci Pollut Res (2019) 26:32345-32359

180 ] —=*— 10 mg/L

q, (mg/g)

T T T
2000 3000 4000

1 T
0 1000

T
2000

5000 0 1000 3000
Time (min) t (min)
(c) (d)s
60 - [ A
= 10 mg/L 57
50 e 30mglL .
o A 60 mg/L
£ 40
w 3
= -
o m
E, 30 4 2
T
S 204
1 = 10 mg/L
* 30 mg/L
104 0 A 60 mg/L
o T T T T T -1 T T T T T
0 1000 2000 3000 4000 0 1000 2000 3000 4000
t (min) t (min)

Fig. 8 a Adsorption kinetics of tetracycline onto MGON. b Pseudo-first-order kinetics. ¢ Pseudo-second-order kinetics. d Boyd’s film-diffusion kinetics.

CMGON =03 mg/mL, T=25 OC, pH =7.0

C=C/C-C, C-N, C-0, and O-C=0 groups, respectively (He
et al. 2010; Li et al. 2017b). As shown in Fig. 4d, the high-
resolution spectrum of O 1s can be disintegrated into three
peaks at binding energies of 530.63, 532.98, and 533.43 eV,
which severally belong to Fe-O, C-O (alcoholic hydroxyl and
ether), and C=0 groups (Badruddoza et al. 2011; Lei et al.
2014). These results further demonstrate that MGON has been
successfully synthesized.

The UV-vis absorption spectra of MGON, TC, and

MGON/TC are displayed in Fig. 5b. It can be clearly seen that
the spectrum of MGON has almost no characteristic absorp-
tion peaks and TC has two strong absorption peaks at 275 nm
and 358 nm, while the absorption spectra of MGON/TC also
displays two absorption peaks at 275 nm and 358 nm. The
results demonstrated that tetracycline was successfully
adsorbed on the MGON surface.

Table 1 Kinetics parameters for
adsorption of tetracycline onto
MGON

Models Parameter Cy (mg/L)
10.00 30.00 60.00
Pseudo-first-order model Ge.car (ME/g) 30.30 92.54 174.13
k1 (/min) 0.00329 0.00201 0.00124
R’ 0.9967 0.9920 0.9695
Pseudo-second-order Ge.car (ME/E) 35.46 109.89 196.08
k, (g/mg min) 1.11x107* 2.15%107° 8.00x10°°
R’ 0.9959 0.9987 0.9994
Boyd’s film diffusion Intercept —0.6746 —0.494 —0.5305
Slope 0.00389 0.00201 0.00124
R’ 0.9786 0.9919 0.9694
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Fig.9 a Adsorption isotherms of tetracycline onto MGON. b Langmuir, ¢ Freundlich, and d Temkin model fitting for the adsorption of TC onto MGON.

Cmgon =0.3 mg/mL, pH=7.0

As shown in Fig. 6, the magnetization property of the
MGON was conducted at room temperature by VSM. The
saturation magnetization of MGON was measured to be
6.81 emu/g. The saturation magnetization of the MGON mix-
ture we synthesized is smaller than that reported in some lit-
erature (Cui et al. 2015; Huang et al. 2017). This decrease can
be attributed to the smaller size of Fe;O4 nanoparticles, the
surface modification of PG to Fe;O,, and the presence of GO
(He et al. 2010; Yang et al. 2018a). The magnetized hysteresis

Table 2 Isotherm parameters for adsorption of tetracycline onto
MGON
Models Parameters T (K)
288 298 308

Langmuir Gmax (mg/g) 64935 684.93 757.58

K, (L/mg)  557x10° 561x10° 535x107°

R 0.9507 0.9584 0.9570
Freundlich K (L/mg) 6.3509 6.9594 7.1965

n 1.3316 1.3454 1.3287

R? 0.9417 0.9456 0.9468
Temkin Kr 141.12 129.03 122.38

R’ 0.9514 0.9492 0.9490

loop exhibits an S-like curve and the magnetic coercivity or
remanence is almost zero, suggesting the superparamagnetic
behavior of MGON (He et al. 2010). In addition, as shown in
Fig. 6 (bottom inset), MGON can achieve solid-liquid separa-
tion in a few minutes under the action of external magnetic
force. The one on the left exhibited the MGON was nicely
decentralized in aqueous solution, while the one on the right
displayed how the MGON was separated via placing a magnet
near the container. The photograph in Fig. 7 shows the
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Fig. 10 Adsorption thermodynamics of TC adsorption on MGON
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Table 3  Adsorption thermodynamic parameters of tetracycline on

MGON

TK) K, AH’ KJ/mol)  AS°(J/(mol/ AG® (KJ/mol)
K))

288 3.6169 4.2101 25.3103 —3.0792

298 3.8425 —3.3323

308 4.0531 —3.5854

dispersion stability of GO, GO-PG, SPION-PG-NH,, and
MGON with a concentration of 2 mg/L in aqueous solution.
It was observed that the GO sample formed a distinct precip-
itate at the bottom of the bottle within 10 h, while the GO-PG
and SPION-PG-NH, samples hardly changed, which proved
that GO-PG and SPION-PG-NH, exhibited excellent disper-
sion and colloidal stability in the aqueous solution, and could
maintain good dispersion stability for a long time. In addition,
MGON, which is covalently synthesized by polyglycerol can
also maintain a well-dispersed state in water.

Adsorption kinetics

Adsorption is a physicochemical process concerning the mass
transfer of solutes from the liquid phase to the surface of the
adsorbent (Hu et al. 2011). Adsorption kinetics is a significant
parameter to depict the adsorption rate of adsorbate at the
solid-liquid interface. The adsorption kinetics of the whole
adsorption process was studied to fully illustrate the influence
of adsorption rate and adsorption time, which is helpful to
understand the adsorption behavior of MGON. Figure 8a
shows the time profile of different initial concentrations of
TC adsorbed from aqueous solution onto MGON. It can be
seen from the adsorption process that the higher the original
concentration of TC is, the longer the reaction takes to reach
the adsorption balance. The removal rates of TC solutions
with initial concentrations of 10 mg/L, 30 mg/L, and 60 mg/
L within 24 h are 90.24%, 86.18%, and 66.62%, respectively.

(a)

100

80

- ¥
S 60-
g ;/
El
40
20
0 T T T T
2 4 6 8 10

Solution pH

Moreover, it can be observed that the adsorption capacity of
MGON increases rapidly within the first hour, and then slowly
increases until the adsorption equilibrium is reached. To fur-
ther investigate the adsorption mechanism and describe the
kinetics of MGON adsorption of TC, the pseudo-first-order
and the pseudo-second-order models were applied. The kinet-
ic parameters in the two models in Table 1 are derived from
Egs. (1), (2), and (3). The comparison of the correlation coef-
ficient (R?) shows that the R? value (0.9959, 0.9987, 0.9994)
of the pseudo-second-order rate model is larger than the R*
value (0.9967, 0.9920, 0.9695) of the pseudo-first-order mod-
el, and the obtained g, . value is closer to the g, ., value.
These indicate that the chemistry adsorption dominates the
adsorption of tetracycline by MGON and the pseudo-
second-order kinetic model can better explain the adsorption
behavior of TC on MGON.

To clarify the step of controlling the total elimination rate of
the adsorption process, the Boyd’s film-diffusion model is
used in the adsorption of tetracycline (Fig. 8d). Based on in
light of Eq. (4), for a linear plot of B, versus ¢ through the
origin, the pore diffusion determines the mass transfer rate.
Conversely, if the resulting plot is non-linear or linear but does
not cross the origin, we can draw the conclusion that mem-
brane diffusion or chemical reactions also make a leading role
in the rate of adsorption (Yang et al. 2017b). The intercepts
obtained as in Table 1 are all non-zero, foreboding that the
diffusion process is controlled by means of membrane diffu-
sion or chemical reaction.

Adsorption isotherms

The adsorption isotherm of tetracycline is shown in Fig. 9a.
The adsorption capacities at 288, 298, and 309 K are 450.8,
478.43, and 525.3 mg/g, respectively. The adsorption capacity
increased with the increase of the initial concentration of TC,
suggesting that a higher concentration of TC was beneficial to
adsorption, which may be due to the introduction of rich -NH,

(b)

100

q, (mg/g)

20
NaCl Concentration (mM)

40 60 80

Fig. 11 Effects of pH (a) and ionic strength (b) on TC adsorption by MGON. C; (r¢)=30.0 mg/L, Cygon=0.3 mg/L, T=25°C
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Table 4 The comparison of
adsorption capacity (g,,) of Adsorbent Dosage (mg/mL) pH TC concentration ¢, (ng/g)  Refs.
various adsorbents for (mg/L)
tetracycline
NDMGO 0.19 4.0 150 356 Li et al. (2017b)
GO 0.181 3.6 166.67 313 Yuan et al. (2012)
MGOS 0.625 3.0 300 473 Yu et al. (2017)
MWCNTs 0.2 7.0 200 364.37 Xiong et al. (2018)
Smectite 5 4.0 1000 462 Lietal. (2010)
CoFe,0O/MMT 0.4 4.0 120 24091 Zhang et al. (2019a)
MBC 0.4 6.0 500 177.71 Liang et al. (2019)
MCB 0.2 8.0 100 480 Oladipo and Ifebajo (2018)
MCBB 25 10.0 100 63.3 Oladipo et al. (2017)
Co0O/CuFe,04 1 6.0 200 138.6 Ifebajo et al. (2018)
MGON 0.3 7.0 500 478.43 This work

NDMGO nitrilotriacetic acid to magnetic graphene oxide, MGOS magnetic graphene oxide sponge, MBC mod-
ified biochar, MCB magnetic chicken bone biochar, MCBB magnetic chicken bone-based biochar

group to the sp® carbon network and MGON’s large surface
area. In current work, three conventional classical adsorption
models, namely Langmuir, Freundlich, and Temkin models,
are used to illustrate the adsorption equilibrium process. The
Langmuir model is a model with ideal adsorption surface and
single layer molecular adsorption. The Freundlich model is
widely used in the field of chemistry as an empirical model.
Temkin model is a chemical adsorption model based on strong
electrostatic interaction between positive and negative charges
(Yuan et al. 2012). Figure 9b—d exhibit the fitting results for
the three models, and the fitting parameters are situated in
Table 2. It can be seen from the comparison of the correlation
coefficient (R%) that the isotherm Langmuir model can better
explain the adsorption process of TC on MGON than the
Freundlich model. Therefore, single-layer adsorption domi-
nates the adsorption process with the contribution of hetero-
geneous adsorption. The maximum adsorption capacities (g,,)

100

80

204

0 2 3
Number of cycles

Fig. 12 Five adsorption-desorption cycles for MGON. Cy (r¢)=30.0 mg/
L, CMGON =03 mg/L, T=25 OC, pH =7.0

obtained by the Langmuir isotherms at 288, 298 and 308 K
were 649.35, 684.93 and 757.58 mg/g, respectively. As the
temperature rises, the adsorption capacity of MGON for TC is
also increasing, which demonstrates that higher temperatures
is conducive to adsorption.

Adsorption thermodynamics

In order to describe the adsorption process more clearly,
the adsorption thermodynamics of TC was investigated
(Fig. 10). The experimental results showed that higher
temperatures favor the adsorption of TC, which may be
due to the increase in temperature, the tetracycline mole-
cules move faster in solution, increasing their chances of
contact with the adsorbent. All obtained thermodynamic
parameters are listed in Table 3. All AG® values calculated
at various temperatures are negative, which means that the
adsorption process is spontaneous (Ocampo-Pérez et al.
2012). Moreover, positive values of AH° and AS° demon-
strate that the adsorption process of tetracycline on
MGON is endothermic and is accompanied by an increase
in entropy of the solid-liquid interface system during tet-
racycline adsorption.

Effects of pH and ionic strength on the adsorption
of TC

The effect of pH acts a crucial role during the adsorption
process, which can change the surface charge of the adsorbent,
the morphology distribution, and ionization of the target com-
pound (Oladipo and Ifebajo 2018; Oladipo et al. 2017). The
impact of pH on the adsorption process is shown in Fig. 11a.
The adsorption behavior of TC on MGON has a significant
pH dependence. When the pH increased from 3.0 to 7.0, the
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Fig. 13 The possible adsorption mechanism diagram of TC on MGON

adsorption capacity increased and reached the maximum at
pH =7.0. However, when the pH is greater than 7, the adsorp-
tion capacity decreases with the increase of pH. This adsorp-
tion trend may be due to the pH-dependent morphology of
tetracycline (pKa values at 3.3, 7.7, and 9.7) and the surface
charges of MGON (Ifebajo et al. 2018). When tetracycline is
ionized in acidic (pH < 3.3) or alkaline (pH > 9.7), the removal
efficiency is the lowest; when tetracycline is neutral (pH is
about 7) and MGON is negatively charged in neutral solution,
the removal efficiency is the highest.

Tonic strength is one of the factors affecting the adsorption
capacity. The high concentration of salt in domestic and in-
dustrial wastewater may impact the elimination of organic
pollutants (Xu et al. 2012). So, in this study, we investigated
the effect of ionic strength on the adsorption capacity of the
adsorbent when the NaCl concentration was increased from 0
to 100 mM. As shown in Fig. 11b, when the NaCl concentra-
tion is less than 60 mM, the adsorption capacity decreases
with the increase of NaCl concentration, which may be attrib-
uted to the combination of Na* and CI™! ions with the zwit-
terionic drug molecules in the solution preventing effective
contact of the TC with the MGON surface. Moreover, as a
result of the higher positive charge of NaCl, its smaller size
and its stronger ability to shield the negative charge of the
MGON surface, Na* can be combined with vacancies pro-
duced after TC degradation. When the NaCl concentration is

@ Springer

lower than 60 mM, the adsorption capacity decreases with the
augment of NaCl concentration, indicating that the extrusion
effect has dominated the salting-out effect. When the NaCl
concentration is higher than 60 mM, the adsorption capacity
gradually increases, which manifests that the salting out effect
is enhanced with the augment of ionic strength. Hence, the
increase of adsorption capacity at high ionic strength may be
associated with the salting out effect and has nothing to do
with electrostatic attraction (Yang et al. 2017b).

Comparison with other adsorbents

Table 4 exhibits the adsorption properties of various adsor-
bents for tetracycline adsorption. The TC adsorption capacity
by MGON obtained from the adsorption isotherm data (Fig.
9a) is 478.43 mg/g, which is larger than the adsorption capac-
ity of most adsorbents in the table. This suggests that MGON
may be an excellent adsorbent for treating TC in domestic and
industrial wastewater.

Desorption and regeneration experiments

The desorption and regeneration of adsorbents promote the
reuse of pollutants, which is an important economic factor to
be considered in the process. The purpose of checking the
performance by simulating desorption/regeneration cycle is
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to evaluate the feasibility and cost-effectiveness of large-scale
application of the adsorbent. The results of desorption and
regeneration are shown in Fig. 12. After five adsorption and
desorption cycles, the adsorption capacity of MGON de-
creased while still maintaining an adsorption performance of
about 67.65%. This indicates that the adsorbent has excellent
regenerability and has great application potential in the re-
moval of TC from wastewater.

Adsorption mechanism

Figure 13 depicts the possible adsorption mechanism of tetra-
cycline on MGON. The adsorption kinetics and adsorption
isotherms indicate that chemisorption dominates the adsorp-
tion process, which reveals that the possible amidation reac-
tion between MGON and TC is one of the important factors
driving adsorption. The symmetry structure of the TC mole-
cule and the hexagonal cells of GO can produce 7t-7t stacking
interaction, which promotes the deposition of TC on MGON
(Yuan et al. 2012). The electron-negative substance (hydroxyl
group) in TC may combine with the hydroxyl group of the
graphene oxide sheet in MGON and the oxygen-containing
functional group (such as hydroxyl group and carboxyl group)
on the PG layer to form a hydrogen bond to facilitate the
adsorption of TC on MGON (Liu et al. 2016). The protonated
amino group on the ring C, of the TC molecule may undergo a
cationic-7t interaction with the 7t electron on the MGON, and
the easily grafted protonated amino group in MGON may also
combine with 7t electron on TC (Li et al. 2017b). And this
bonding interaction always occurs between the protonized
amino group and the 7t electron rich structure (Ma and
Dougherty 1997). Therefore, amidation, 7t-7t stacking interac-
tions, hydrogen bonding and cation-7t interactions can be used
to explain the adsorption process of TC on MGON.

Conclusion

In this study, we successfully synthesized a polyglycerol-
mediated superparamagnetic graphene oxide nanocomposite
called MGON, which has good dispersibility and
superparamagnetism in aqueous solution. Compared with oth-
er adsorbents, MGON has an excellent adsorption capacity for
tetracycline as an adsorbent with a maximum adsorption ca-
pacity of 684.93 mg/g at 298 k. The adsorption kinetics and
adsorption isotherms show that the adsorption process of TC
on MGON accords with pseudo-secondary kinetics and
Langmuir isotherm model. The relevant parameters of adsorp-
tion thermodynamics confirm that the whole adsorption pro-
cess is spontaneous and endothermic. Besides, amidation re-
action, hydrogen bonding, 7-7t and cation-7t interactions can
be used to illustrate the adsorption mechanism of TC on
MGON. MGON exhibited good recyclability and maintained

67.65% adsorption performance after five cycles. These re-
sults indicate that MGON is a promising environmentally
treated adsorbent. In addition, the results of this experiment
provide a new paradigm. Through this new method, we can
develop a number of new multifunctional magnetic nanocom-
posites constructed by PG-mediated covalent bonds, which
can be used not only for environmental treatment but also
for other fields such as nanomedicine, catalysis, and energy
storage.
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