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a  b  s  t  r  a  c  t

Fe3O4@SiO2-Chitosan/GO  (MSCG)  nanocomposite  was  investigated  by various  techniques  (SEM,  TEM,
XRD,  VSM,  FT-IR,  XPS)  for the  removal  of tetracycline  (TC).  Effects  of  pH, zeta  potential  and  initial  con-
taminant  concentration  were  studied  in  detail.  Four  background  cations  (Na+, K+,  Ca2+ and  Mg2+) with
a  concentration  of 0.01  M showed  little  influence  on  the  TC  adsorption  at the  studied  pH range  while
the  divalent  heavy  metal  cation  Cu(II)  could  significantly  enhance  the  adsorption.  The  results  indicated
eywords:
raphene oxide
hitosan
etracycline (TC)
u(II)
dsorption

that  the highest  adsorption  capacity  of  TC were  183.47  mmol/kg  and 67.57  mmol/kg  on MSCG  with and
without  Cu(II),  respectively.  According  to  mechanism  investigation  for the  adsorption  of TC by  pH  impact
study  and  XPS  analysis,  besides  electrostatic  interaction  and  �–� interactions,  the  Cu(II)  also  acts  as  a
bridge  between  TC and MSCG,  which  significantly  improve  the  adsorption  of  TC.  This study  provided
valuable  guidance  and  effective  method  for the removal  of TC  from  aquatic  environments.

© 2016  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Tetracycline (TC), the second most widely used antibiotics
orldwide, has been extensively used as human medicines, vet-

rinary drugs, and growth promoters in animal cultivation with
ittle attention for a long time (Lian, Song, Liu, Zhu, & Xing, 2013).
t is reported that only small amount of TC are absorbed during

etabolism, and the majority are excreted via urine and feces as
nchanged form. Residues of TC have been frequently detected

n wastewater (Liu, Xu, Lee, Yu, & Lihong, 2016), surface water,
nd even in groundwater (Gottschall et al., 2012). Their presence
ithin the environment may  cause a risk to human health by pro-
oting antibiotic resistant bacteria (ARB) and antibiotic resistance

enes (ARG) (Sharma, Johnson, Cizmas, McDonald, & Kim, 2016).
herefore, to prevent its deleterious impact on the ecosystem and

ublic health, it is of great importance to develop effective and low-
ost technologies for its removal from surface and wastewater. To
ate, four most promising treatment methods are ion-exchange,

∗ Corresponding author at: College of Environmental Science and Engineering,
unan University, Changsha 410082, PR China.

E-mail address: liuyunguohnu@163.com (Y. Liu).

ttp://dx.doi.org/10.1016/j.carbpol.2016.10.025
144-8617/© 2016 Elsevier Ltd. All rights reserved.
membrane filtration, photocatalytic degradation, and adsorption.
Compared to other techniques, adsorption is considered simple and
economical, and remains one of the most attractive methods for
antibiotic removal (Álvarez-Torrellas, Rodríguez, Ovejero, & García,
2016).

In environmental engineering, polymers have been used for
different purposes, but the use of natural polymers has attracted
considerable attention from the perspectives of cost, environ-
mental and safety concern. Among these, chitosan is a highly
deacetylated derivative of chitin, and known to be a biodegrad-
able and non-toxic natural polymer in addition to its excellent
capability of adsorption (Ge, Hua, & Chen, 2016). Previous studies
have reported that chitosan and its derivatives as biosorbents have
already been used in TC treatment (Jia et al., 2016). For example,
Caroni et al. did a kinetic analysis of the sorption of TC on chitosan
and reported that it is a promising sorbent for TC (Caroni, De Lima,
Pereira, & Fonseca, 2009). Oladoja et al. explored a novel magnetic
macro-reticulated cross-linked chitosan for the adsorption of TC
from aquatic systems and high removal efficiencies were achieved

(Oladoja, Adelagun, Ahmad, Unuabonah, & Bello, 2014). However,
despite the numerous advantages and unique properties of chi-
tosan, its use in a wider range of applications is limited because of its
poor mechanical and electrical properties (Giannakas, Grigoriadi,

dx.doi.org/10.1016/j.carbpol.2016.10.025
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2016.10.025&domain=pdf
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eontiou, Barkoula, & Ladavos, 2014). An effective method for
mproving the physical and mechanical properties of CS is to form
rganic–inorganic composites through incorporation of nanofillers,
uch as metal nanoparticles, clays, carbon nanotubes and graphene
xide (Huang et al., 2015).

Graphene, a monolayer of hexagonally arrayed sp2-bonded car-
on atoms, due to its excellent physical and chemical properties,
as been studied world-wide for several purposes, since its discov-
ry in 2004 (Kyzas, Koltsakidou, Nanaki, Bikiaris, & Lambropoulou,
015). Chemical structure of graphene oxide (GO) is reported as oxi-
ized graphene, decorated with various oxygenated functionalities
uch as hydroxy, epoxy on the basal plane and carbonyl, carboxylic
cid at the edges (Mukherjee, Bhunia, & De, 2016).These oxygen
ydrophilic functionalities make GO dispersible in water as well as
ome organic solvents extensively, and easier to intercalate. From
arlier reported literatures, it is known that the aromatic compound
an be easily adsorbed on GO and graphene by �– � stacking (Lin,
u, & Li, 2013). TC consists of four aromatic rings with various func-

ional groups on each ring, which can be strongly deposited on the
O surface via �–� interaction and cation–� bonding. Therefore,

ntercalation of CS into GO could not only enhance the physical and
hemical properties derived synergistically from both components
ut also the adsorption capacity of TC.

Since this composite material is preferably soluble in water,
eparation is difficult. To improve the efficiency of separation, mag-
etic separation technology has attracted much attention (Han,
ao, Ouyang, Sohi, & Chen, 2016; Tang et al., 2012), but fewer were
sed to separate TC from aqueous solution directly. Thus, introduc-

ng magnetic properties to the adsorbent can be a research hotspot,
agnetic nanoparticles, especially Fe3O4, have attracted more and
ore attentions because of the outstanding properties such as easy

eparation and low toxicity (Shan, Yan, Yang, Hao, & Du, 2015).
owever, there are two major challenges. One is related to the

eunion, poor dispersion of Fe3O4 in water. The other is the easy
xidation/dissolution of iron nanoparticles, especially at high con-
entrations of acid solution. To compensate for these shortages,
urface modifications of magnetic nanoparticles based on cova-
ent binding or physical coating have been widely explored (Fan,
i, Zhou, & Liu, 2016; Muliwa, Leswifi, Onyango, & Maity, 2016).
or example, Magnetic Fe3O4@poly(m-phenylenediamine) parti-
les (Fe3O4@ PmPDs) with well-defined core−shell structure were
esigned for high performance Cr(VI) removal by taking advantages
f the easy separation property of magnetic nanoparticles (Wang
t al., 2015). In comparison with these organic coating materials,
iO2 can serve as a more ideal shell component because of its sta-
ility under acidic conditions, and abundance of surface hydroxyl
roups are able to link special functional groups (Lai, Xie, Chi, Gu, &
u,  2016). Thus, the silica shell is convenient for the material to be

rafted onto chitosan, which can also make the core–shell structure
ore stable.

The objective of this paper focused on the TC removal ability by
he graphene oxide composites, namely Fe3O4@SiO2-Chitosan/GO
anocomposite (MSCG). The samples were characterized by X-ray
iffraction (XRD), scanning electron microscopy (SEM), transmis-
ion electron microscopy (TEM), Fourier transformation infrared
pectrum (FT-IR), vibrating sample magnetometer (VSM) and X-ray
hotoelectron spectroscopy (XPS). Meanwhile, to fully understand
he sorption behavior of TC on MSCG, and how pH and Cu(II)
ffect TC adsorption on the MSCG, a series of sorption experiments
ere conducted to determine the sorption properties. The adsorp-

ion mechanism was investigated by XPS analysis. Our results
emonstrate that MSCG exhibits tremendous potential for effective

emoval of TC and fast separation performance in aqueous media
imultaneously.
ymers 157 (2017) 576–585 577

2. Materials and methods

2.1. Materials

Tetracycline hydrochloride (TC, 98% purity) was obtained from
Amresco (Ohio, USA), and used without further purification. Chi-
tosan (95% degree of deacetylation) was commercially available
from Macklin Biochemical Co., Ltd. (Shanghai, China). Poly (4-
styrenesulfonic acid-co-maleic acid) sodium salt (molar ratio 1:1)
(PSSMA) was supplied by Aladdin (Shanghai, China). Analytical
reagent grade copper chloride dihydrate (CuCl2·2H2O), FeCl3·6H2O,
ethylsilicate (TEOS), anhydrous sodium acetate (CH3COONa), glu-
taraldehyde solution (50 wt.%) and all other chemicals used in this
study were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Milli-Q element ultrapure water (18.2 �,  Mil-
lipore, Massachusetts) was used to prepare all solutions and all
materials were used as-received without further treatment.

2.2. Preparation of Fe3O4@SiO2

0.5 g PSSMA was dissolved in 20 mL  of ethylene glycol to form
a clear solution, and 0.54 g of FeCl3·6H2O and 1.5 g of anhydrous
sodium acetate were added immediately under stirring until they
were completely dissolved. Then the mixture was transferred into
a Teflon lined stainless steel autoclave, and maintained at 473 K
for 10 h, and then allowed to cool to room temperature. Finally
the resulting products (Fe3O4 particles) were collected by magnetic
separation, washed several times by distilled water and dried in the
vacuum oven at 303 K. After that the Fe3O4 particles were dispersed
in 6 mL  of water and reserved.

The 1 mL  as-prepared Fe3O4 dispersion was added into the
mixed solution of 20 mL  ethanol, 1 mL  water and 1 mL  NH3 H2O
with the help of ultrasonication. Subsequently 0.1 mL  TEOS and
5 mL  ethanol were added into the reaction system simultaneously,
and continued to ultrasonic. The obtained product (Fe3O4@SiO2)
was collected by magnetic separation and rinsed with ethanol sev-
eral times.

2.3. Preparation of Fe3O4@SiO2-Chitosan/GO(MSCG)

Graphene oxide (GO) was  prepared following the methods
described in our previous paper (Huang et al., 2015). The prepa-
ration process of MSCG following the method reported in the
literature (Travlou, Kyzas, Lazaridis, & Deliyanni, 2013). Briefly, 2 g
pure chitosan was dissolved in 100 mL  of acetic solution (2% v/v),
and the mixture was sonicated for 30 min. Then 0.75 g magnetic
particles (Fe3O4@SiO2) was added to the chitosan solution, and the
mixture solution was  stirred for 2 h. Next, 15 mL  of glutaraldehyde
solution was added to the reaction flask, together with 1.5 g of GO.
The mixture was adjusted to pH 9.0–10.0 and was stirred at 353 K
for 1 h. The precipitate was washed with ethanol and distilled water
in turn and dried in a vacuum oven at 323 K. The final product
(MSCG) was ground to a fine powder, with a size after sieving in
the range of 75–125 �m.

2.4. Characterization

The morphological investigations of MSCG were observed by
the field emission scanning electron microscope (SEM, Hitachi S-
4800, Japan) and transmission electron microscopy (TEM, Tencnai
G2 F20, USA). Fourier transform infrared spectrum (FT-IR, Nicolet
Magna-IR 750, USA) was  utilized for the identification of the surface

functional groups at room temperature. Surface elemental compo-
sition of all samples were determined using a X-ray photoelectron
spectroscopy (XPS) (Thermo Fisher Scientic, UK). Wide angle X-ray
diffraction (XRD) patterns were recorded by a D8 ADVANCE X-ray
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Fig. 1. The SEM images of (a) Fe3O4, (c) Fe3O4@SiO2, (e) GO, (g) M

iffraction spectrometer (Bruker, German). Magnetic property of
he sorbents was analyzed using a vibrating sample magnetometer
VSM, MPMS-XL-7). The point of zero surface charge (pHPZC) of the
amples was determined using a Zeta-sizer Nano-ZS (Malvern, UK).

.5. Adsorption experiments

All experiments were conducted in100 mL  glass bottles at 298 K,
nd all solutions were wrapped with aluminum foil to avoid
ight exposure. After 24 h of reaction, the mixture was drawn and
eparated immediately by the aid of a permanent magnet. TC con-
entrations before and after adsorption were determined by a UV
pectrophotometer (UV-2550, SHIMADZU, Japan) at 358 nm.  In this
tudy, all experiments were duplicated, and only the average values
ere reported. Preliminary experiments (adsorbent free) showed
hat the loss of TC was less than 5% during the whole experimental
rocess, (data not shown). The Cu(II) concentrations were deter-
ined by a flame atomic absorption spectrometry (PerkinElmer

A700, USA).
 The TEM images of (b). Fe3O4, (d) Fe3O4@SiO2, (f) GO, (h) MSCG.

2.5.1. pH effect study
The effect of pH on TC adsorption on MSCG in the presence of

four background electrolytes were conducted as follows. First, five
sets of 50 mL  solutions were prepared. Four sets of the solutions
contained TC concentration of 0.1 mmol/L and 0.01 mol/L NaCl, KCl,
CaCl2, and MgCl2 solution, respectively. Another set contained TC
concentration of 0.1 mmol/L. 0.1 mol/L HCl or 0.1 mol/L NaOH was
used to adjust the solution pH to the desired values in the range of
3.0–10.0. Then 20 mg  MSCG was added into the solutions, and the
mixtures were shaken with a speed of 150 rpm for 24 h. Finally, the
concentrations of TC was analyzed.

The effect of pH on TC adsorption on MSCG with or without
Cu(II) was conducted in a similar way  as noted above. Three sets of
50 mL  solutions were prepared. Two  sets of the solutions contained
TC concentration of 0.1 mmol/L and Cu(II) concentration of 0.1 or
0.2 mmol/L. Another set contained TC concentration of 0.1 mmol/L.
0.1 mol/L HCl or 0.1 mol/L NaOH was used to adjust the solution pH

to the desired values in the range of 3.0–10.0. Then 20 mg  MSCG
was added into the solutions, and the mixtures were shaken with
a speed of 150 rpm for 24 h. Finally, the concentrations of TC was
analyzed.
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Fig. 2. (A) XRD patterns of (a) Fe3O4, (b) Fe3O4@SiO2, (c) MSCG. (B) Magnetization
B. Huang et al. / Carbohydra

.5.2. Adsorption kinetics study
In the kinetic experiments, three sets of 1L solutions with TC

oncentration of 0.1 mmol/L, simultaneous TC concentration of
.1 mmol/L and Cu(II) concentration of 0.1 mmol/L, and simulta-
eous TC concentration of 0.1 mmol/L and Cu(II) concentration of
.2 mmol/L, were prepared respectively. The adsorbent was  then
dded into the solution with a dosage of 0.4 g/L. The mixed solu-
ion was shaken with a speed of 150 rpm in darkness. HCl and NaOH
olutions with the concentration of 0.1 M were used to adjust the
H to 6.0 ± 0.1. The samples were collected at appropriate time

ntervals, and the TC concentrations of all samples were measured.
he amounts of TC adsorbed at specific time were determined by
q. (1)

t = (C0 − Ct)V
m

(1)

here qt (mmol/kg) is the amount of TC adsorbed at time t, and Ct
mmol/L) is the concentration of TC at time t, V is the volume of TC
olution, and m is the weight of MSCG.

.5.3. Adsorption isotherms study
Adsorption isotherms of TC with or without Cu(II) were studied

s follows. A series of 50 mL  solutions with TC concentrations of
–0.2 mM,  with or without 0.1 or 0.2 mM Cu(II) were prepared.

The adsorbent was then added into the solutions with a dosage
f 0.4 g/L and the solution pH was kept at 6.0 ± 0.1. Other experi-
ental conditions were the same as the pH effect experiments. The

quilibrium adsorption amounts of TC were calculated by Eq. (2)

e = (C0 − Ce)V
m

(2)

here qe (mmol/kg) is the amount of TC adsorbed at equilibrium,
0 and Ce (mmol/L) are the concentration of TC at initial and equi-

ibrium, respectively.

.5.4. Reusability test
The regeneration of adsorbent was carried out by desorbing

C with 0.05 mol/L NaOH solution, TC/Cu with 0.05 mol/L HCl
nd 0.05 mol/L NaOH solutions, respectively. After being separated
y the aid of a permanent magnet and washed with ultrapure
ater, the sorbent dried at 328 K for the next adsorption cycle.

he amount of residual TC on the adsorbent was analyzed. The
dsorption–desorption cycles were repeated for 5 times.

. Results and discussion

.1. Characterization of MSCG

Fig. 1 shows the magnification images of Fe3O4, Fe3O4@SiO2,
O, MSCG. As shown in Fig. 1a and Fig. 1c, which represents the
EM of Fe3O4, Fe3O4@SiO2, respectively, those nanoparticles are of
pherelike morphology in general, in order to better observe the
orphology and structure of the Fe3O4 and Fe3O4@SiO2 nanopar-

icles, TEM measurements have been provided in Fig. 1b and d. As
an be seen from Fig. 1b, the diameter of those particles is ranging
etween 250 and 300 nm,  and the roughness of the nanoparti-
les surface can be discerned clearly, after being coated with a
ilica layer, the typical core–shell structure of the Fe3O4@SiO2
an be observed, the surface becomes smoothly and the diame-
er increases to about 400 nm (Fig. 1d). Fig. 1e and f show a typical
EM and TEM image of GO, which presents a sheetlike structure

ith multi-layer smooth surface and wrinkled edge. After combi-

ation with Fe3O4@SiO2 and chitosan to form the MSCG composite
Fig. 1g and h), the MSCG had a much rougher surface, revealing that

any small Fe3O4@SiO2-Chitosan particles had been assembled on
curve of (a) Fe3O4, (b) Fe3O4@SiO2, (c) MSCG. (The insets show the MSCG dispersed
in  ultrapure water and the magnetic separation). (C) FT-IR spectra of (a) Fe3O4, (b)
Fe3O4@SiO2, (c) GO, (d) MSCG.

the surface of the GO layers with a high density, and the construc-

tion of the Fe3O4@SiO2-Chitosan particle was less than 1 �m as
estimated from the TEM image.

Fig. 2A shows the XRD pattern of Fe3O4, Fe3O4@SiO2 and MSCG.
The strong diffraction peaks indexed to (220), (311), (400), (422),
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ig. 3. (a) Zeta potentials of MSCG at different pH and effect of pH on adsorption o
etal  cation electrolytes (Na+, K+, Ca2+, and Mg2+).

511) and (440) show the characteristics of Fe3O4 with a cubic
nverse spinel structure (JCPDS 19-0629) in all the samples. This
esult indicates that the multiple composite has been successfully
ynthesized without damaging the crystal structure of Fe3O4 core
uring silica coating and surface functionalization.

The room-temperature magnetization hysteresis loops were
easured with a VSM to investigate the magnetic property of

he sorbents. The saturation magnetization values for Fe3O4,
e3O4@SiO2 and MSCG were 74.0, 67.0 and 10.5 emu/g, respec-
ively (Fig. 2B). Although the saturation magnetization decreased
ue to the relatively low amount of Fe3O4, the existence of GO
nd the surface modification by CS (Ye, Xie, Shi, Gao, & Ma,  2014),

omplete magnetic separation can be achieved in 30 s by placing

 magnet near the vessels containing the aqueous dispersion of
SCG as shown in the inset of Fig. 2B. Additionally, no hystere-

is was observed in the hysteresis loops of three materials, and
ith and without Cu(II) by MSCG. (b) Adsorption of TC onto MSCG in four different

the remanence and coercivity were nearly zero, exhibiting typical
superparamagnetic behavior.

FT-IR was employed to examine the surface groups of the syn-
thesized materials, and the FT-IR spectra of Fe3O4, Fe3O4@SiO2, GO
and MSCG were shown in Fig. 2C. The characteristic sorption band
of Fe3O4 at 580 cm−1 was  attributed to the stretching vibration of
Fe–O bond (Singh, Barick, & Bahadur, 2011). Apart from the peak
at 593 cm−1, the spectra of Fe3O4@SiO2 appeared a broad strong
band at 1122 cm−1 due to Si O stretching (Zhang et al., 2013),
reflecting the coating of silica on the magnetite surface. As for the
GO (Fig. 2C), absorption peak at 3428 cm−1 was  attributed to O H
stretching vibration. The absorption at 1728 cm−1 corresponded to

the stretching band of C O in carboxylic acid (Hou, Zhang, Zhu,
Li, & Wang, 2011). The peak at 1627 cm−1 could be assigned to
the C C stretching vibration of the sp2 carbon skeletal network
(Kyzas, Travlou, & Deliyanni, 2014). The peaks at 1396 cm−1 and
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Table  1
Kinetic constants for the adsorption of TC with and without Cu(II) onto MSCG.

Initial concentration
(mM)

Pseudo-first-order kinetic Pseudo-second-order kinetic

qe,exp (mmol/kg) k1 (1/min) qe,cal (mmol/kg) R2 qe,exp (mmol/kg) k2 (kg/mmol min) qe,cal (mmol/kg) R2

−3 0 −4
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TC = 0.1 Cu(II) = 0 57.80 2.50 × 10 26.31 

Cu(II) = 0.1 151.2 4.97 × 10−3 18.89 

Cu(II) = 0.2 151.4 3.53 × 10−3 31.02 

068 cm−1 corresponded to the stretching vibrations of C OH and
 O C, respectively (Wu  et al., 2014). In comparison with the GO,
he same functional groups above mentioned were found in the

SCG around the corresponding wavenumber. However, the peak
t 1728 cm−1, which can be attributed to carboxyl groups, disap-
eared for MSCG. The characteristic bands appeared at 1639 cm−1

scribed to the amide I (C O stretching), at 1596 cm−1 ascribed
o amide II (N H blending modes), confirming that the carboxyl
roups reacted with chitosan during the preparation of the com-
osite. In addition, the band at 3428 cm−1 and 1068 cm−1 presented

 shift to 3417 cm−1 and 1076 cm−1, respectively, and the charac-
eristic peak of Fe3O4@SiO2 could also be observed at 597 cm−1 and
133 cm−1, indicating Fe3O4@SiO2 was successfully grafted to the
urface of GO by the function of chitosan.

.2. Effect of pH

As shown in Fig. S1a, the TC (symbolized as TCH2) is an
mphoteric molecule with multiple ionizable functional groups
nd formed a series of species at different pH levels. As can be seen
rom Fig. S1b, the predominate TC species are TCH3

+ at pH <3.3,
CH2

0 at 3.3 < pH <7.7, TCH− at 7.7 < pH <9.7, and TC2− at pH >9.7
Gu & Karthikeyan, 2005). The TC becomes less positively charged
or more negatively charged) as pH is increased.

As shown in Fig. 3a, the pHPZC of MSCG estimated by zeta poten-
ial was 3.0–4.0. When the pH was 3.0–4.0, zeta potential shift from
ositive to negative, indicating that the surface of MSCG was neg-
tively charged over the pH range except pH 3.0. And it also shows
hat solution pH significantly affected TC adsorption on the MSCG.
n the absence of Cu(II), the adsorption of TC increases when pH is
ncreased from 3.0 to 6.0; then it gradually reduced as the pH is fur-
her increased (to pH 10.0). The pH effect can be associated with the
H of point of zero charge (pHPZC) of MSCG and the pH-dependent
peciation of TC. This result can be interpreted as follows. When the
olution pH is below the pKa1 (3.3) value of TC, the dominant species
f TC in water is TCH3

+, while the surface of the adsorbent was  pos-
tively charged. The dominant electrostatic interaction between TC
nd the MSCG should be repulsion at low pH. However, there is still

 considerable amount of TC (50.21 mmol/kg) adsorbed on MSCG
urfaces at pH 3.0, indicating that besides the electrostatic interac-
ion, the strong �–� interactions could occur between the bulk �
ystems on GO surface and benzene rings in TC molecules (Lin et al.,
013). When solution pH increases from 3.3, the adsorption capac-

ty increases with the highest adsorption capacity (67.57 mmol/kg)
ound at pH 6.0, which was much higher compared with the pre-
ious literatures in the adsorption of TC (Kang, Liu, Zheng, Qu, &
hen, 2010; Oladoja et al., 2014; Zhang, Liu, Wu,  Lan, & Qu, 2015).
t pH 6.0–7.0, the dominant TC species is TCH2, and the MSCG sur-

ace is negatively charged. Hence, the lowest electrostatic repulsion
s experienced at pH 6.0–7.0, resulting in the highest adsorption
apacity. When pH further increases from 7.7, the dominant species

ecome TCH− and TC2−, and the surface of MSCG was negatively
harged. The increase in the proportion of negatively charged TC
pecies and negative charges on the surfaces of MSCG results in a
tronger electrostatic repulsion; thus, there is a reduced adsorp-
.862 57.80 4.23 × 10 59.38 0.997

.694 151.2 13.4 × 10−4 151.7 0.998

.919 151.4 5.71 × 10−4 152.2 0.998

tion affinity of TC to MSCG, and the adsorption capacity reduced to
52.62 mmol/kg at pH 10.0.

The effects of four background cations (Na+, K+, Ca2+, and Mg2+)
with a concentration of 0.01 M on the adsorption of TC onto MSCG
over pH range from 3.0 to 10.0 were investigated by batch adsorp-
tion experiments, and the results were showed in Fig. 3b. For all
four cation electrolytes, the adsorption of TC onto MSCG increased
from 47.5 mmol/kg at pH 3.0 to 69.2 mmol/kg at pH 6.0, while with-
out the four cation electrolytes, the adsorption of TC onto MSCG
increased from 50.2 mmol/kg at pH 3.0 to 67.6 mmol/kg at pH 6.0.
Thus, it obviously showed that the four background cations had lit-
tle effect on the TC adsorption at the studied pH range, which was
similar to the results reported in previous literature (Zhao, Geng,
Wang, Gu & Gao, 2011).

Adsorption of TC onto MSCG with the presence of 0.1 mM and
0.2 mM Cu (II) in various pH values was shown in Fig. 3a. The results
showed that the TC uptake increases tremendously in the presence
of Cu(II) than the absence of Cu(II) as pH is increased from 3.0 to
7.0, and the adsorption amount of TC increases with the increas-
ing concentration of Cu(II). For example, the highest adsorption
capacity of TC with the presence of 0.1 mM and 0.2 mM  Cu(II) were
173.60 mmol/kg and 183.47 mmol/kg at pH 7.0, respectively. This
is mainly attributed to the effect that the TC species in the pres-
ence of Cu(II) carry more positive charges than TC species in the
absence of Cu(II), which should increase the TC adsorption accord-
ing to the rule of electrostatic interaction. This leads to a hypothesis
that the Cu(II) act as a bridge between MSCG and TC. As the Cu(II)
has higher affinity to the sorbent, the TC (complexed with Cu(II))
can be greatly adsorbed (Kang et al., 2010). While when the pH is
increased from 7.0 to 10.0, the dominant species of TC are TCH − and
TC2−, due to the increased electrostatic repulsion, the adsorption
capacity of TC decreases in the presence of Cu(II). Similar observa-
tions were reported on the adsorption of TC on goethite and waste
tire powder in the presence of Cu(II) (Lian et al., 2013; Zhao et al.,
2011).

3.3. Adsorption kinetics

The adsorption kinetics of TC on GMSC with and without the
presence of 0.1 mM and 0.2 mM Cu(II) was  illustrated in Fig. 4a. For
the single system, TC adsorption rapidly increased during the first
60 min, subsequently the adsorption rate declined, and the equi-
librium was  reached within 480 min. For the binary system, the
presence of Cu(II) increased the adsorption rate of TC and enhanced
the amount of absorbed TC to about treble values in the absence
of Cu(II), and the equilibration time was  significantly shorten to
240 min, however, the sorption of TC kept relatively constant with
an increase in Cu(II) concentration in the range of 0.1–0.2 mM.  Two
commonly used kinetics models, pseudo-first-order and pseudo-
second-order kinetics models were applied to interpret kinetics
data. The linear forms of expressions are presented by Eqs. (3) and
(4) below.
ln(qe − qt) = ln qe − k1t (3)

t

qt
= 1

k2q2
e

+ t

qe
(4)
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Fig. 4. (a) Adsorption kinetics of TC with and without Cu(II) onto MSCG. (b) Adsorption isotherms of TC with and without Cu(II) onto MSCG. (pH = 6 ± 0.1, T = 298 K, t = 24 h).

Table 2
Langmuir and Freundlich parameters for the adsorption of TC with and without Cu(II).

Initial concentration (mM)  Langmuir Freundich

qmax (mmol/kg) KL (L/mmol) R2 KF (mmol1−n Ln/kg) 1/n R2

w
a
s
t

TC = 0.1 Cu(II) = 0 248.0 3.752 

Cu(II) = 0.1 205.3 101.7 

Cu(II) = 0.2 485.3 18.73 

here q (mmol/kg) and q (mmol/kg) are the amount of TC
e t

dsorbed at equilibrium and at time t, k1 (1/min) is the rate con-
tant of pseudo-first order adsorption, while k2(kg/mmol min) is
he rate constant of pseudo-second order model.
0.995 286.5 0.643 0.996
0.917 302.0 0.249 0.987
0.966 828.1 0.449 0.998

The values of k , k , and q can be calculated from Eqs. (3) and
1 2 e

(4), and are presented with the linear regression values in Table 1.
As shown in Table 1, the adsorption kinetics data can be better
fitted to the pseudo-second-order model (R2 > 0.99), In addition, the
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Fig. 5. The XPS spectra of N 1s, O 1s, Cu 2p on (a) MSCG; (b) TC-loaded MSCG; (c) TC/Cu(II)-loaded MSCG; (d) Cu(II)-loaded MSCG.
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Fig. 6. Schematic adsorption

alculated qe values were very close to the theoretical ones, which
uggested that the dominant rate-limiting step of the adsorption
echanism might be due to chemical adsorption (Gao et al., 2012).

.4. Adsorption isotherms

Adsorption isotherms of TC on MSCG at pH 6.0 with and with-
ut Cu(II) are shown in Fig. 4b. The amount of TC adsorbed on
SCG increased with increasing TC equilibrium concentration,

nd the adsorption amount of TC was significantly enhanced with
he increasing concentration of Cu(II). The same phenomena was
eported for the adsorption of TC onto mesoporous silica adsor-
ent (Zhang et al., 2015). Both Langmuir and Freundlich isotherm
odels are applied to analyze the adsorption process of TC with and
ithout the presence of 0.1 mM and 0.2 mM Cu(II) to the composite
SCG, which are presented in Eqs. (5) and (6), respectively.

e = qmaxKLCe
1 + KLCe

(5)

e = KFCe
1/n (6)

here qe (mmol/kg) is the TC adsorption amount at equilibrium,
max (mmol/kg) is the capacity representing a full monolayer cov-

rage of adsorbent surface according to Langmuir isotherm, Ce is
he concentration of TC at equilibrium, KL is the relative energy of
dsorption, KF is adsorption constant of Freundlich isotherm, and n
s the Freundlich linearity index (Liu, Zhong, Zhao, Frear, & Zheng,
anism for the removal of TC.

2015). The conformity of the experimental data to the two isotherm
equations has been tested, as indicated by the values of the corre-
lation coefficients (R2) of the nonlinear plots, and the calculated
parameters are listed in Table 2. Compared with the Langmuir
model, the Freundlich model fits the adsorption isotherms better
(R2 = 0.996, 0.987, 0.997), which indicates that the uptake of TC with
and without Cu(II) on the sorbent preferably followed the multi-
layer adsorption process. The values of KF and 1/n for all the results
suggested the adsorbent was  favorable for the removal of TC from
aqueous solution.

3.5. Removal mechanism

Considering that XPS is useful to identify the chemical elements
on the surface of the adsorbent, to investigate the adsorption mech-
anism of TC and Cu(II) on MSCG, XPS analysis of MSCG before and
after the adsorption of TC and TC/Cu have been carried out. The
results of a wide scan of samples in Fig. S2 show that the major ele-
ments of MSCG and Cu-loaded MSCG are C, N, and O. The presence
of a Cu(II) 2p peak in TC/Cu-loaded MSCG provides evidence of the
Cu(II) adsorption onto the sorbent. The adsorption mechanism was
studied as follows:
The high-resolution N 1s XPS spectra of the MSCG before and
after adsorption are shown in Fig. 5. For MSCG, N 1s peak was
deconvoluted into three peaks, 9.2% of N = at 398.7 eV, 74.0% of

NH at 399.5 eV and 16.8% of positively charged nitrogens (N+)
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t 402.3 eV, after TC adsorption, the molar ratio of N+ increased
ignificantly from 16.8% to 40.6%, the N = increased from 9.2% to
0.2% and the NH decreased from 74.0% to 49.2%. The relative
ontent of N+ peak is much larger in the MSCG than in TC-loaded
SCG, which may  be ascribed to the increase of N+ peak as a result

f the interaction between TC and amino groups in MSCG. The
1s spectra of MSCG were deconvoluted into three peaks at 530.4,
32.5 and 533.6 eV, which were assigned to the Fe O (Fe3O4), C O
alcohol hydroxyl and/or ether), and C O (carbonyl), respectively
Travlou et al., 2013). Compared with the molar ratio change of the
igh-resolution N 1s XPS spectra, there is no obvious change for
he high-resolution O1s XPS spectra before and after the adsorp-
ion of TC. Therefore, we can conclude that the positively charged
itrogens might be one of the most important adsorption driving

orces for TC, indicating the presence of electrostatic interaction
etween TC and positively charged nitrogens in the MSCG accord-

ng to the effect of pH. While another important adsorption force
as the strong �–� interactions between the bulk � systems on
O surface and benzene rings in TC molecules based on the reports

n the previous literatures (Gao et al., 2012; Lin et al., 2013). As
hown in Fig. S3, the Cu(II) adsorption on MSCG with and with-
ut TC increases with the solution pH increases up to 7.0, then it
hanged little as the solution pH is further increased to 10.0. It also
an be seen that the presence of TC greatly increases the adsorp-
ion amount of Cu(II) on the adsorbent. Generally, the saturation
dsorption sites is certain for the adsorption of Cu(II) on the adsor-
ent, while the sorption amounts of Cu(II) on MSCG were increased
ignificantly after the addition of TC. This is mainly due to a part of
he copper was adsorbed on the surface of TC, which could be in
he formation of TC-Cu(II) complexes (Tang et al., 2014; Zhang et al.,
015). In the Cu2p spectra (Fig. 5), the peaks should be assigned to
he binding energy of the Cu(II) 2p3/2 and Cu(II) 2p1/2 level, respec-
ively. A satellite band (939.1–943.6 eV) was observed nearby the
u 2p3/2 peak (933 eV), which was representative of the oxidation
tate of Cu(II). It also can be seen from Fig. 5, when TC was added
nto the solution, the presence of TC leaded to the formation of a
ew satellite peak, suggesting that some of the oxygen-containing

unctional groups(C O, OH) on TC could combine with Cu(II),
s the oxygen-containing functional groups exhibit strong affin-
ty towards Cu(II). Meanwhile, the adsorption amount of TC was
ignificantly enhanced with the increasing concentration of Cu(II),
ndicating the Cu(II) played a crucial important role in promoting
he absorption of TC on MSCG. After TC uptake, only slight shifts
f the three peaks of N 1s spectra were observed, when TC/Cu(II)
ere added, the peaks of N = disappeared, and the molar ratio of
NH- increased significantly from 49.2% to 71.2%, which proved the
dsorption interaction between Cu(II) and amino groups in MSCG.
ue to the strong complexation between Cu(II) and amino groups
f the adsorbent, the N atom donated a lone pair electrons to form
he covalent bond N Cu(II) (Ling, Liu, Xu, Chen, & Li, 2013). The
ame phenomena was reported for the adsorption of TC/Cu onto
helating amino-Fe(III) functionalized mesoporous silica (Zhang
t al., 2015). After the adsorption of TC/Cu, the molar ratio of the

 O increased from 68.3% to 72.8% and the molar ratio of the C O
ecreased from 21.3% to 16.8% compared with the adsorption of
C. This result can be attributed to the interaction of Cu(II) with
xygen in TC to form metal complexes, which may  result in the
ontent change of oxygen-containing functional groups of TC, and
t’s consistent with the XPS study of Cu(II). The XPS analysis of inter-
ction between Cu(II) and MSCG, Cu(II) and TC as mentioned above
emonstrated that the Cu(II) participated in a bridging interaction
etween TC and the adsorbent.
Based on the above results and discussion, the adsorption mech-
nism in this study was schematically described in Fig. 6. In
ingle TC, the presence of electrostatic interaction between TC and
ositively charged nitrogens in the MSCG, and the strong �–� inter-
ymers 157 (2017) 576–585

actions between the bulk � systems on GO surface and benzene
rings in TC molecules were the important adsorption force. After
Cu(II) was involved, in the ternary system of MSCG, TC and Cu(II),
the Cu(II) participated in a bridging interaction between TC and the
adsorbent, including metal complexes by the interaction of Cu(II)
with oxygen-containing functional groups of TC, and the strong
complexation between Cu(II) and amino groups of the adsorbent.
It’s the role of Cu(II) that notably enhanced adsorption efficiency in
the removal of the combined contaminants.

3.6. Reusability

The adsorption–desorption cycles were repeated five times, the
results are shown in Fig. S4. Compared to the virgin compos-
ite MSCG, the regenerated MSCG exhibited excellent reusability
for the adsorption of TC with and without Cu(II). At the 5th
adsorption–desorption cycle, the adsorption capacity of TC with
and without Cu(II) on the MSCG decreased to approximately 85.7%
and 84.0% of the initial adsorption amounts, respectively, indicat-
ing that the MSCG could be an efficient and potential adsorbent for
TC removal due to the excellent regeneration performance.

4. Conclusions

In this work, MSCG was successfully prepared which could be
separated and collected easily from treated solution by an exter-
nal magnetic field. Sorption results indicated that the experimental
data were well-fitted to the pseudo-second-order kinetic model
and Freundlich isotherm model. The underlying mechanism of TC
adsorption was investigated by pH impact study and XPS analysis.
The interaction between TC and MSCG might include electrostatic
interaction and �–� interactions, the presence of Cu(II) in binary
system significantly enhances the adsorption of TC on MSCG, indi-
cating that the Cu(II) acts as a bridge between TC and MSCG.
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