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• The presence of m-NPs increased the
adsorption equilibrium time of TC onto
GO.

• m-NPs promoted TC adsorption due to
the adsorption of TC onto m-NPs.

• The introduction of m-NPs led to the in-
crease of TC adsorption on GO at various
pH.

• m-NPs/GO had greatest promoting ef-
fect on TC removal among five m-NPs/
adsorbents.

• The heteroaggregation mechanism was
studied by TEM images and DLVO
calculation.
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Multiple nanoparticles (NPs) often coexist inwaterwith contaminants,which inevitably affect the fate and trans-
port of coexisted contaminants and other types of nanoparticles in actualwater. This researchwas devoted to ex-
amine the adsorption of tetracycline (TC) on graphene oxide (GO) in the presence of different amounts of model
engineered and natural NPs (m-NPs), including metal oxides (ZnO and Fe2O3), clays (kaolin and montmorillon-
ite). The experimental results proved that the existence of m-NPs greatly enhanced the TC adsorption onto GO
except for that at Fe2O3/GO = 10:1 and lengthened the adsorption equilibrium time. The enhanced adsorption
amount of TCwith increasingm-NPs/GO ratio was primarily due to the adsorption of TC ontom-NPs. In contrast,
the slightly inhibitory effects by 10:1 Fe2O3/GO could be attributed to the blockage effect on GO surface by a small
amount of Fe2O3. Comparedwith fivem-NPs/adsorbents, m-NPs/GO had the greatest promoting efficiency on TC
removal. Moreover, the heteroaggregation of GO with different m-NPs was studied in aqueous phase by micro-
scopic, spectroscopic, and computational methods. Analysis showed that the electrostatic attraction between
negatively charged GO and positively charged ZnO were likely to first heteroaggregate in binary systems of GO
and ZnO, while GO were prone to homoaggregate owing to electrostatic repulsion with the same negatively
charged montmorillonite (or kaolin). Besides, Fe2O3 tended to first homoaggregate and then heteroaggregate
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with GO. In summary, this report elucidated complex interactions between GO and m-NPs, which was crucial to
fundamentally understand towards a predictive framework for describing the fate and migration of GO and m-
NPs in actual water.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Nanoparticles (NPs), including natural and engineered nanoparti-
cles, have beenwidely used in human life, such as pharmaceuticals, cos-
metics, building materials, and electronic devices fields (Andre et al.,
2006). At present, engineered nanoparticles are mainly divided into
the following categories: carbonaceous nanoparticles (e.g. graphene
and biochar), metal oxides (e.g. Fe2O3 and ZnO), zerovalent metals
(e.g. silver), semiconductors (e.g. SiO2), and nanopolymers (e.g.
dendrimers) (Bhatt and Tripathi, 2011). Among them, carbonaceous
nanoparticles and metal oxides, due to their unique physicochemical
properties, occupy the largermarket share in themanufacturing and ap-
plication of NPs (Shi et al., 2017). Besides, clays (e.g. kaolin, montmoril-
lonite) as a kind of natural nanoparticles have wide applications in
cosmetics, therapeutic and medicine, as well as wine clarification in
the food industry. Moreover, clay minerals are also used for environ-
mental protection and remediation (Awad et al., 2019; Ji and Pei,
2019), making them ubiquitous in the natural environment.

Graphene is one kind of typical carbonaceous nanoparticles,which is
composed of honeycomb structure of conjugated carbon atoms with
sp2-hybridized single layer (Yu et al., 2016). It is a basic unit for many
carbonaceous materials, such as fullerenes, nanotubes, and three-
dimensional graphite (Jiang et al., 2018a). Since its discovery in 2004,
due to its special structure, high specific surface area, and excellent me-
chanical, electrical, thermal and optical properties, graphene is regarded
as ideal candidates for many organic pollutants adsorption (Wang et al.,
2013; Yusuf et al., 2015; Zhang et al., 2019). Large scale production of
graphene industry is expected to grow continuously in the next ten
years (Zhou et al., 2015). However, mass production will unavoidably
be released into the environment, thus bring serious hazards to
human health and ecological systems. Tetracyclines, as a class of com-
monly used antibiotics, are frequently detected in groundwater, surface
water, and even drinking water (Li et al., 2019), which poses a threat to
the aquatic environment, including the toxicity to aquatic organisms
and thedissemination of antibiotic resistance genes amongmicroorgan-
isms. Some side effects of graphene could be increased because of the
adsorption of tetracyclines pollutants, and the fate andmigration of tet-
racyclines might also be changed in the environment. Thus, an in-depth
understanding of the adsorption behavior and environmental risks of
graphene nanomaterials in adsorbing tetracyclines contaminants is
essential.

In natural water systems, multiple NPs often coexist in wastewater.
NPs can not only react with pollutants, but also it can react with other
types of NPs. These reactions can occur simultaneously or continuously,
and will be the crucial factor determining the fate, transport, and toxic-
ity of contaminants and NPs (Sun et al., 2015). Sorption of various or-
ganic contaminants (e.g. antibiotics, dyes, and endocrine disruptor
compounds) by single carbonaceous nanoparticles at a time has been
extensively studied (Gao et al., 2012; Lin et al., 2013; Zhang et al.,
2011; Zhou et al., 2017). Until now, lots of researches had been reported
that graphene nanomaterials possessed good adsorbability to multiple
antibiotics contaminants owing to their huge specific surface area and
strong π-π interactions (Chen et al., 2015; Ghadim et al., 2013; Liu
et al., 2016; Rashidi Nodeh and Sereshti, 2016). However, little attention
has been placed on study the effects of various NPs on antibiotics ad-
sorption by graphene nanomaterials. In fact, pollutants adsorption by
multiple NPs can occur inevitably once they are released into water en-
vironment. In addition, because of the ubiquity of multiple NPs in
natural waters, heterogeneous adsorption may be more important
than homogeneous adsorption in determining the direction andmigra-
tion of contaminants in aqueous solution (Ki-Tae et al., 2009). When
graphene nanomaterials are released into natural waters, the aggrega-
tion or interaction of these nanomaterials with other NPs is inevitable,
whichwill affect their adsorption behaviors (Duan et al., 2019). Accord-
ingly, it is very valuable to investigate the adsorption behavior of adsor-
bent in the presence of natural aquatic particles, which is of great
significance to predict its application prospects in practical use.

As reported, the presence of metal oxides (SiO2 and Al2O3) had two
main impacts on 17β-estradiol (E2) uptake by graphene oxide (GO),
namely heteroaggregation and homoaggregation (Jiang et al., 2018b).
Moreover, the size-dependent effect of SiO2 and Al2O3 on the sorption
of sulfamethoxazole by carbon nanotubes (CNTs) was explored (Chen
et al., 2017). However, as we know, few studies have been carried out
to investigate the influence of various NPs on antibiotics removal by dif-
ferent adsorbents, such as graphenes, CNTs, biochar (BC), and activated
carbon (ACs). For this study, GO was selected as adsorbents, metal ox-
ides (ZnO and Fe2O3) and clays (kaolin and montmorillonite) nanopar-
ticles were selected as model engineered and natural NPs (m-NPs).
Tetracycline (TC)was chosen as a target antibiotic pollutant. Adsorption
kinetics and isotherms on the TC adsorption by GOwere examinedwith
the coexistence of m-NPs, and the impacts of pH and different amounts
of m-NPs on these processes were discussed. Besides, although CNTs,
BC, and ACs have been used to explore the adsorption properties of
TC, the influence of m-NPs on the adsorption of TC by various carbona-
ceousmaterials has not been paid enough attention. Therefore, the spe-
cific purpose of this studywas to compare the adsorption characteristics
of graphene nanomaterials with other common carbonaceousmaterials
in the absence and presence of m-NPs, including multi-walled carbon
nanotube (MWCNT), BC, powdered activated carbon (PAC), and granu-
lar activate carbon (GAC). Finally, based on zeta potentials, transmission
electron microscopy (TEM), and DLVO calculation, the potential
influencing mechanisms were clarified.
2. Materials and methods

2.1. Materials

GO was prepared according to the modified Hummers method (Li
et al., 2017b). The specific preparation methods of GO were described
in the Supplementary Materials. The MWCNT was purchased from
Chengdu Organic Chemicals Co., Ltd., China. Rice straw was provided
by a farm in Yiyang, Hunan province, China. BC was prepared by pyrol-
ysis of straw at 600 °C and the detailed synthesis process was described
in the Supplementary Materials. ACs (PAC and GAC) were obtained
from Sinopharm Chemical Reagent Co., Ltd., China. The obtained GO,
MWCNT, BC, and PAC could be used directly, but the GAC needed to
be crushed to 150–225 μm size before use.

Tetracycline hydrochloridewas provided by Hefei Bomei Biotech-
nology Co., Ltd., China. Fe2O3 m-NPs (purity ≥99%), ZnO m-NPs (pu-
rity ≥99%), kaolin, NaOH, HCl, and other chemical reagents were
obtained from Sinopharm Chemical Reagent Co., Ltd., China. Mont-
morillonite was purchased from Shanghai Aladdin Bio-Chem Tech-
nology Co., Ltd., China. All chemicals were of analytical grade
during the entire experiment process and prepared with deionized
water (18.25 Ω/cm).
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2.2. Characterizations

Brunauer-Emmett-Teller (BET) surface area and pore volume of the
samples were characterized by multipoint N2 adsorption-desorption at
77 K using a Quadrasorb EVO instrument (Quantachrome, USA). The
compositions of surface elements and functional groups of GO were de-
termined by X-ray photoelectron spectroscopy (XPS) (Thermo Fisher,
USA) and Fourier transform infrared spectrum (FT-IR) (Shimadzu,
Japan). The surface structure andmorphologywere performedby a trans-
mission electron microscopy (TEM) (Tecnai G2 F20, USA). The phase
structure of m-NPs was investigated by a Bruker D8-Advance X-ray dif-
fractometer (XRD) (Bruker, German). The zeta potentials and particle
sizes of sampleswere determined bydynamic light scattering (DLS)mea-
surements using a zeta potential meter (Zetasizer Nano-ZS90, Malvern).

2.3. Adsorption experiments

Batch experiments were carried out in 25 mL 0.01 mol/L NaCl back-
ground electrolyte at 25 °C. In the study of adsorption kinetics, various
m-NPs/GO ratios (0:1, 10:1, 50:1 and 100:1) were obtained by adding
specific amounts of m-NPs into the suspension of GO. The suspension
was mixed in a rotary shaker for 30 min at 180 rpm, and then TC was
added into the solution at initial concentration of 50 mg/L. The samples
were analyzed at different time intervals from 0 to 1440 min. Isotherm
experiments were performed at the initial concentrations of TC from 50
to 300mg/L. To evaluate the influence of pH, the acidity and alkalinity of
different solutions (3−11)were adjusted bynegligible volume of HCl or
NaOH at 50 mg/L TC. The comparison of TC adsorption by MWCNT, BC,
PAC, and GAC in different amounts of m-NPs were conducted by adding
0.005 g adsorbent at 150 rpm for 24 h. The experimental data were re-
ported as the average of three duplicate experiments.

The supernatant was filtered by 0.45 μmwater systemmicroporous
membranes. Residual TC concentrations were determined with an UV–
Vis spectrophotometer (UV-2550, SHI-MADZU, Japan) at a wavelength
of 357 nm (Li et al., 2017a). The amount of TC adsorbed was calculated
based on the following equation:

qe ¼
Co−Ceð ÞV

m
ð1Þ

where Co and Ce represent the TC initial and equilibrium concentrations,
respectively (mg/L); V stands for the solution volume (L) andm is the ad-
sorbent mass (g).

3. Results and discussion

3.1. Characterization of adsorbents

FT-IR spectrum is conducted to investigate the bonding links of GO.
In the FT-IR spectrum (Fig. 1a), some characteristic peaks of oxidized
Fig. 1. FT-IR (a) and C 1s XPS (b) spectrum of GO; XRD pa
groups were detected at 3415 cm−1 (O\\H stretching vibrations), at
1723 cm−1 (C_O stretching vibrations), at 1391 cm−1 (C-O-H
stretching vibrations), and at 1079 cm−1 (C\\O stretching vibrations)
(Yang et al., 2010; Yao et al., 2012). The peak around 1628 cm−1

corresponded to the skeletal vibration of C_C bond (Yin et al., 2018;
Zhu et al., 2018). Furthermore, the chemical composition and atomic
concentrations of GO were evaluated by XPS (Geng et al., 2009). XPS
further confirmed that the existence of oxygen and the oxygen percent-
age was around 32.7% and carbon percentage was 65.8% in mass. The
C1s spectrum of GO (as shown in Fig. 1b) contained four major peaks
after deconvolution at 284.24, 285.04, 286.86, and 288.54 eV, which
were assigned as the carbon in C_C, C\\O, C_O, and O-C=O, respec-
tively (Liu et al., 2019b; Wang et al., 2014).

The surface area was found to be 248.2, 99.8, 10.1, 4.2, and 5.2 m2/g
for GO, montmorillonite, kaolin, ZnO and Fe2O3, respectively. Total pore
volume followed the order of montmorillonite (0.162 cm3/g) N GO
(0.159 cm3/g) N kaolin (0.056 cm3/g) N ZnO (0.020 cm3/g) N Fe2O3

(0.019 cm3/g) m-NPs. There was little difference in total pore volume
between ZnO and Fe2O3.

XRD is an important tool for examining the crystal structure of m-
NPs. The XRD pattern of m-NPs is performed in Fig. 1c. For Fe2O3, the
analysis revealed eleven strong peak at 2θ = 24.2°, 33.2°, 35.7°, 41.0°,
49.6°, 54.2°, 57.7°, 62.5°, 64.1°, 72.1°, and 75.6° corresponding to the
(012), (104), (110), (113), (024), (116), (018), (214), (300), (1010),
and (220) planes from the cubic structure of γ-Fe2O3 (JCPDS, No. 04-
0755) (Abdelrahman et al., 2019; Asfaram et al., 2016). For ZnO, nine
strong diffraction peak at 2θ = 31.9°, 34.5°, 36.4°, 47.7°, 56.7°, 63.0°,
66.4°, 68.0°, and 69.2° could be indexed to (100), (002), (101), (102),
(110), (103), (200), (112), and (201) crystal planes, respectively,
which matched well with the indexed peaks of pure hexagonal ZnO
(JCPDS No. 36-1451) (Chen et al., 2013; Ghaedi et al., 2014). XRD pat-
tern of montmorillonite showed the characteristic peak at 2θ = 5.84°
corresponding to the (001) plane,whichwas attributed to the interlayer
structure (Liu et al., 2019a). Two apparent peaks appeared at 2θ=12.4°
and 24.5° corresponded to the (001) and (002) planes of kaolin, which
were typical for kaolin group minerals. Another diffraction peak of kao-
lin at 2θ = 26.2° corresponded to the plane (011) of α-quartz (JCPDS
card number 89-8937), which suggested the presence of quartz, and
quartz together with kaolinite was themainminerals of the kaolin sam-
ple (Olusegun et al., 2018; Shaban et al., 2017).
3.2. Effects of contact time

The adsorption kinetics of TC on GO in the absence and existence of
m-NPs are presented in Fig. 2. TC adsorbed amount enhanced with in-
creasing reaction time and reached equilibrium under approximately
240 min in the GO-TC system. In comparison, the equilibrium time
was much slower in the heterogeneous systems of m-NPs and GO. The
tterns of montmorillonite, kaolin, ZnO, and Fe2O3 (c).



Fig. 2. Adsorption kinetics curves of TC onto GO under different m-NPs/GO ratios (the solid lines and dotted lines are the pseudo-second-order model and the pseudo-first-order model
simulation, respectively). C0(TC) = 50 mg/L, T = 25 °C, pH= 7.0, I = 0.01 M NaCl.
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results showed that the existence of m-NPs slowed down the adsorp-
tion of TC onto GO.

The pseudo-first order (PFO) and pseudo-second order (PSO)
modelswere employed to fit the adsorption kinetics data. The nonlinear
fitting results of PFO and PSO models are reflected in Fig. 2 and Table 1.
In comparison with the pseudo-first order model (R2 = 0.698–0.948),
the pseudo-second order model fitted the experimental data better, as
evidenced by the relatively higher R2 values (0.904–0.995) and closer
values between the experimental values (qe,exp) and the calculated
equilibrium adsorption capacity (qe,cal). Therefore, the chemisorption
might be the rate-limiting step in the TC adsorption process and the
Table 1
The parameters of TC adsorption kinetic on GO in the existence of m-NPs.

Adsorbents qe,exp (mg/g) Pseudo-first-order mo

k1 (1/min) q

Fe2O3/GO 0:1 37.95 0.0913 3
10:1 42.34 0.0444 4
50:1 93.88 0.2181 9
100:1 116.82 0.2075 1

ZnO/GO 0:1 37.95 0.0913 3
10:1 204.30 0.2826 1
50:1 234.71 0.2917 2
100:1 240.45 0.2741 2

Montmorillonite/GO 0:1 37.95 0.0913 3
10:1 248.96 0.2623 2
50:1 257.15 0.2830 2
100:1 262.82 0.2979 2

Kaolin/GO 0:1 37.95 0.0913 3
10:1 88.96 0.1475 8
50:1 174.09 0.1619 1
100:1 233.55 0.2119 2
adsorption rate was proportional to the number of active sites on the
GO surface. As displayed in Table 1, the calculated kinetic rate constants,
k2, all decrease with the addition of various m-NPs, especially, decrease
with increasingm-NPs/GO ratio from 0:1 to 100:1 for kaolin and ZnO. It
indicated that the adsorption sites of GO might be occupied or/and
blocked by the m-NPs and the occupying or/and blocking effect was
more significant with increasing ZnO/GO and kaolin/GO ratios (Sun
et al., 2015). Differently, k2 slightly increased with increasing montmo-
rillonite/GO and Fe2O3/GO ratios except for that at Fe2O3/GO = 50:1.
The different effects of montmorillonite and Fe2O3 on TC might be
caused by the different properties of these substrates (Chen et al., 2017).
del Pseudo-second-order model

e,1 (mg/g) R2 k2 (g/mg min) qe,2 (mg/g) R2

6.79 0.906 0.0039 38.14 0.995
1.48 0.940 0.0019 42.88 0.991
1.34 0.802 0.0037 93.56 0.954
12.77 0.795 0.0027 115.74 0.951
6.79 0.906 0.0039 38.14 0.995
99.13 0.754 0.0026 202.48 0.923
27.69 0.770 0.0025 231.28 0.935
34.29 0.722 0.0021 238.59 0.906
6.79 0.906 0.0039 38.14 0.995
45.11 0.948 0.0021 248.80 0.992
52.84 0.863 0.0022 256.58 0.969
57.48 0.836 0.0024 261.02 0.951
6.79 0.906 0.0039 38.14 0.995
4.95 0.754 0.0022 88.34 0.947
67.20 0.779 0.0013 173.16 0.952
23.81 0.698 0.0013 230.22 0.904



Table 2
TC adsorption parameters calculated by intra-particle diffusion model in the existence of
m-NPs.

Adsorbents Stage I Stage II

kd1
(mg/g
min0.5)

L1
(mg/g)

R2 kd2
(mg/g
min0.5)

L2
(mg/g)

R2

Fe2O3/GO 0:1 4.0433 7.54 0.990 0.1043 34.62 0.750
10:1 4.8061 2.63 0.999 0.1983 36.18 0.668
50:1 6.1578 46.85 0.988 0.1265 89.86 0.667
100:1 8.0387 54.92 0.990 0.2363 109.14 0.863

ZnO/GO 0:1 4.0433 7.54 0.990 0.1043 34.62 0.750
10:1 9.2954 129.48 0.988 0.3089 194.52 0.708
50:1 9.7969 153.20 0.997 0.4245 220.31 0.739
100:1 11.1099 149.29 0.978 0.4032 228.31 0.639

Montmorillonite/GO 0:1 4.0433 7.54 0.990 0.1043 34.62 0.750
10:1 14.7012 147.81 0.958 0.2218 241.35 0.852
50:1 13.1693 162.01 0.999 0.2554 249.26 0.786
100:1 12.4720 171.09 0.993 0.2665 253.79 0.887

Kaolin/GO 0:1 4.0433 7.54 0.990 0.1043 34.62 0.750
10:1 7.2416 30.13 0.981 0.2790 80.28 0.834
50:1 14.1545 63.16 0.976 0.3978 161.38 0.815
100:1 14.3441 113.48 0.937 0.5229 216.34 0.776
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Although the above kinetic models deduced the possible adsorption
behavior in the TC uptake onto GO, they were not able to determine the
actual transfer steps. The intra-particle diffusion model was applied to
further analyze the rate-limiting step (Fig. 3). As illustrated in Fig. 3,
the plot of qt versus t0.5 for the TC adsorption exhibit the two-stage lin-
earity, suggesting the adsorption process includes multiple steps. The
first stage of this reaction had enough effective adsorption sites on the
GO surface with high adsorption rate, indicated that the diffusion of
TC molecule occurred from the mixed solution to the external surface
of GO (filmdiffusion). The second stage represented the gradual adsorp-
tion stage due to the TC molecules suffered the hindrance when TC
transferred to inner pores (intra-particle diffusion) (Hu et al., 2015;
Kenawy et al., 2019). These results confirmed that the adsorption
might be a complicated combination of involving both film diffusion
and intra-particle diffusion. The kinetic parameters of TC intra-particle
diffusion in the heterogeneous system of m-NPs/GO are exhibited in
Table 2. The values of intercept L reflected the information about the
boundary layer effect (Shi et al., 2017). As exhibited by Table 2, almost
all increased L values in Stage I and II reveal a positive contribution of
m-NPs to the initial film diffusion and intra-particle diffusion of TC
onto GO, thus promoting TC adsorption. According to the change of L
values, the addition of m-NPs played a greater role in the Stage II than
Stage I.

3.3. Adsorption isotherms

Fig. 4 displays the adsorption isotherms of TC adsorption on GO and
theirmixtureswithm-NPs at 298K. Thefitting adsorption isothermdata
by the Langmuir and Freundlich models are tabulated in Table 3. By
comparing the values of R2, RMSE, and χ2, it was obvious that the
Fig. 3. Intra-particle diffusion model of TC adsorption onto GO in the existen
adsorption isothermsof TCwere simulated by the Freundlichmodel bet-
ter than the Langmuir model even in the existence of m-NPs, suggesting
the TC sorption on GO was mainly controlled by the heterogeneous
chemisorption (Razmi et al., 2019). The presence of different amounts
of m-NPs promoted the TC adsorption to GOwith increasing TC concen-
tration except for that at Fe2O3/GO = 10:1. Clearly, the Kf values of
montmorillonite/GO, ZnO/GO, kaolin/GO and Fe2O3/GO increased from
1.33 to 1012.54, 255.67, 187.56, 56.82 (mg/g)/(mg/L)N, respectively,
ce of m-NPs. C0(TC) = 50 mg/L, T = 25 °C, pH= 7.0, I = 0.01 M NaCl.



Fig. 4. Isotherms of TC adsorption onto GO under different m-NPs/GO ratios (the solid lines and dotted lines are the Freundlich model and Langmuir model simulation, respectively). T=
25 °C, pH= 7.0, I = 0.01 M NaCl.
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with them-NPs/GO ratio increasing from 0:1 to 100:1. Thus, the promo-
tion effects followed the order montmorillonite N ZnO N kaolin N Fe2O3.
Unlike the present research results, kaolin andmontmorillonite only re-
strained the adsorption of 17β-estradiol (E2) and bisphenol A (BPA) on
GO or reduced graphene oxide (rGO) (Sun et al., 2017). Moreover, the
results were also different form the studies of E2 adsorption on CNTs
in the existence of ZnO and Fe2O3, E2 adsorption capacities increased
markedly with the increase of Fe2O3/CNTs ratio, but decreased slightly
with the increasing of ZnO/CNTs ratio (Shi et al., 2017). Thismight be at-
tributed to the different reaction characteristics betweenm-NPs and ad-
sorbates or adsorbents and adsorbates.
Table 3
Adsorption isotherm parameters of TC on GO in the existence of m-NPs.

Adsorbents Langmuir

qm (mg/g) KL (L/mg) R2 RMSE

Fe2O3/GO 0:1 1066.55 7.64 × 10−4 0.993 4.42
10:1 101.09 0.014 0.887 5.37
50:1 210.51 0.013 0.871 12.41
100:1 190.76 0.053 0.838 10.49

ZnO/GO 0:1 1066.55 7.64 × 10−4 0.993 4.42
10:1 2141.79 0.030 0.978 52.04
50:1 2127.42 0.039 0.983 45.95
100:1 1729.35 0.087 0.915 105.21

Montmorillonite/GO 0:1 1066.55 7.64 × 10−4 0.993 4.42
10:1 1750.71 0.250 0.859 141.09
50:1 1816.79 0.413 0.952 86.31
100:1 3779.95 0.375 0.936 109.19

Kaolin/GO 0:1 1066.55 7.64 × 10−4 0.993 4.42
10:1 177.83 0.022 0.799 13.08
50:1 602.10 0.019 0.912 35.70
100:1 652.00 0.130 0.787 80.28
To further investigate the promotion effects, the removal efficiencies
of TC by GO andm-NPs in the absence and existence of 0.005 g GOwere
determined. From Fig. S1, TC removal efficiency by GO is about 18% at
pH = 7 and the removal capacity of TC by four kinds of m-NPs all
show a significant increase with increasing the mass of m-NPs. The ad-
sorption capacity by m-NPs alone also followed the order montmoril-
lonite N ZnO N kaolin N Fe2O3, demonstrating that TC could be
adsorbed on the m-NPs surface, especially at higher concentrations of
m-NPs. In the synergistic system of GO and m-NPs, TC removal effi-
ciency was higher than that of GO andm-NPs alone, and the adsorption
was not equal to the sum of the two. The enhanced adsorption
Freundlich

χ2 Kf [(mg/g)/(mg/L)N] N R2 RMSE χ2

19.53 1.33 0.88 0.997 2.98 8.89
28.80 8.98 0.40 `0.971 2.74 7.48
154.06 16.54 0.42 0.973 5.67 32.10
110.05 56.82 0.22 0.985 3.21 10.29
19.53 1.33 0.88 0.997 2.98 8.89
2708.28 105.53 0.66 0.990 35.29 1245.64
2111.64 132.00 0.64 0.990 36.56 1336.36
11,069.79 255.67 0.48 0.956 75.79 5744.52
19.53 1.33 0.88 0.997 2.98 8.89
19,905.95 458.16 0.44 0.925 102.63 10,532.78
7449.05 539.90 0.53 0.986 46.31 2144.95
11,921.50 1012.54 0.72 0.949 97.49 9503.87
19.53 1.33 0.88 0.997 2.98 8.89
171.21 25.12 0.33 0.934 7.48 56.02
1274.48 50.35 0.44 0.990 11.73 137.69
6445.08 187.56 0.27 0.994 12.98 168.39
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capability was attributed to the possible enhancing performance of GO
induced by m-NPs. However, the different degrees of promotion effect
shown by the four m-NPs might be ascribed to their different surface
characteristics, such as large specific surface area and pore volume, as
well as the surface charge.

Therefore, the adsorption of TC onto m-NPs led to the increase of TC
adsorption in the binary system of GO and m-NPs. However, the inhib-
itory effects of 10:1 Fe2O3/GO on TC adsorption might be caused by the
slight blocking of the adsorption sites on the surface of GO, and the
blockage effect could greater than the adsorption effect in a small
amount of Fe2O3.

1/N is the parameter associated with the intensity of adsorption or
surface heterogeneity of the material. Generally, the value of 1/N b 1
verifies a normal Freundlich isotherm, becoming more and more het-
erogeneous as it tends to zero, while 1/N N 1 implies synergistic adsorp-
tion (Fytianos et al., 2000). In this study, all 1/N values obtained fromTC
adsorption were N1, suggesting that the adsorption process involved a
cooperative adsorption by GO and m-NPs.

3.4. Effect of pH

The influence of pH is displayed in Fig. 5. In homogeneous system of
GO, the TC adsorption capacity decreased as increasing pH. After the ad-
dition of montmorillonite, ZnO and kaolin, TC adsorption capacity first
increased and then decreased with pH from 3.0 to 11.0. The addition
of Fe2O3 showed a downward trend in the TC adsorption on GO by vary-
ing the pH from 3.0 to 11.0 (Fig. 5). In heterogeneous system of GO and
m-NPs, the adsorption capacities of TCwere obviously enhanced than in
homogeneous system of GO at various pH values. This pH-dependent
adsorption could be traceable to the distribution of TC species and the
surface charges of m-NPs and GO in aquatic solution.
Fig. 5. pH effect on TC adsorption by GO under different m-NP
TC has three acid dissociation constants (pKa= 3.3, 7.7, and 9.7) and
exists as a cationic (TCH3+), zwitterionic (TCH2

0), and anionic (TCH− or
TC2−) species, respectively (Gao et al., 2012). The surface charges of m-
NPs, GO, m-NPs/GO are measured by zeta potentials measurement and
shown in Fig. S2. GOwas negatively charged under varying pH from 3.0
to 11.0 due to rich oxygen-containing functional groups on its surface,
which was conducive to the adsorption of TCH3+ and TCH2

0. However,
with increasing pH value, the adsorption amount of TC gradually de-
creased because the increase of pH value promoted the deprotonation
of the oxygen-containing groups on TC molecule and GO. The
electron-acceptor ability of these parts was weakened with the increas-
ing of pH value, inhibiting the binding of cation-π and π-π bonds with
GO (Gao et al., 2012). Under the alkaline conditions, the adsorption ca-
pacity of TC decreasedwith increasing pH due to the electrostatic repul-
sion between negatively charged TC and m-NPs/GO, whereas TC
adsorption showed different results by adding various m-NPs under
the acidic conditions. The addition of the negatively charged kaolin en-
hanced the negative charge onto the surface of GO. In the presence of
kaolin, TC adsorption amount started to slightly increase with increas-
ing pH value to 7 because of themutual attractive interactions between
positively charged TC and negatively charged kaolin/GO.Montmorillon-
ite had obviously promotion effect on TC adsorption on GO over the
tested pH range, but there is little difference in adsorption capacity
under different pH values. In the mixed system of GO and ZnO, adsorp-
tion ability of TC was enhanced in the pH value from 3.0 to 7.0, which
might be related to the salting out effect of Zn2+under acidic conditions.
ZnOwas unstable in solution and approximately 100% Zn2+was readily
transferred into aqueous solution under acidic conditions. The release of
Zn2+ could improve the activity coefficient of TC, reduced the solubility
of TC, and hence promoted the adsorption of TC on GO (i.e. salting-out
effect). Besides, electrostatic interaction might also play a key role in
s/GO ratios. C0(TC) = 50 mg/L, T = 25 °C, I = 0.01 M NaCl.
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acidic conditions owing to the more negative charge of ZnO/GO was
more beneficial to positively charged TC adsorption at pH b 7 and the
more positive charge of ZnO/GO was more beneficial to negatively
charged TC adsorption at pH 7–10. The addition of Fe2O3 led to a signif-
icant decrease in TC uptake on GO. The effect of high concentration
Fe2O3 (Fe2O3/GO ≥50:1) was ascribed to the electrostatic repulsion be-
tween positively charged TC and Fe2O3/GO at pH b 7. Besides, the
heteroaggregation between the positive charges of Fe2O3 andnegatively
charged GO might reduce some adsorption sites. When the Fe2O3/GO
ratio was 10:1, the heteroaggregation might be the major factor for
the decrease of adsorption capacity at pH b 7. Shi et al. (Shi et al.,
2017) identified the effects of Fe2O3 on the uptake of E2 by carbon nano-
tubes. Likewise, the electrostatic attraction between negatively charged
Fig. 6. Diffrent adsorbents for TC adsorption at different m-NPs/ad
CNTs and positively charged Fe2O3 promoted the heteroaggregation at
pH b pHzpc. The influence mechanisms of m-NPs on TC adsorption on
GO were further proved by TEM and DLVO analysis.

3.5. Comparison to other adsorbents

The effect of four m-NPs (montmorillonite, ZnO, kaolin and Fe2O3)
on the adsorption of TC bydifferent adsorbents are investigated at initial
TC concentration of 50 mg/L and exhibited in Fig. 6. As reflected by
Fig. 6, all m-NPs show promoting effect on TC adsorption by GO, BC,
MWCNT, PAC and GAC with increasing m-NPs concentration resulting
from the adsorption of TC to m-NPs. Compared with the influence of
m-NPs on the adsorption of TC by other four adsorbents, the m-NPs
sorbents ratios. C0(TC) = 50 mg/L, T = 25 °C, I = 0.01 M NaCl.



Fig. 7. (a)–(d) are the TEM images ofmontmorillonite/GO, kaolin/GO, ZnO/GO and Fe2O3/
GO, respectively.
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presented the greatest promoting efficiency for TC adsorption on GO. It
was indicated that the combined effect of GO and m-NPs was the best
among the five adsorbents for 50 mg/L TC removal.

3.6. Influencing mechanisms of m-NPs

The surface morphology of the m-NPs/GO heteroaggregates were
observed using TEM (Fig. 7). From TEM images, the exterior surface of
GO is attached by stonelike or platelikem-NPs, resulting in the blockage
of the adsorption sites on GO surface or increase the aggregation of GO
sheets. However, only limited adsorption sites on GO surface were
blocked by m-NPs owing to their smaller surface area, and these m-
NPs particles could increase the adsorption sites for TC adsorption due
to either the synergistic effect of m-NPs and GO or the adsorption effect
of m-NPs/GO heteroaggregation. Similar research results have been re-
ported by Shi et al. (Shi et al., 2017), demonstrating that the E2 adsorp-
tion on CNTs was notably improved with the addition of Fe2O3. In the
binary system of montmorillonite/GO and kaolin/GO (Fig. 7a and b),
the TEM images show some partially overlapped transparent films on
Fig. 8. Interaction energies between GO/GO, m-NPs/m-NPs and m-NPs/GO versus separation di
NaCl.
the edge of montmorillonite/GO and kaolin/GO, indicating that GO
tends to homoaggregate, whereas montmorillonite or kaolin is prone
to heteroaggregate with GO. Hence, GO first homoaggregated, and
then smaller montmorillonite or kaolin particles entered these porous
aggregates. However, in the present of ZnO (Fig. 7c), the
heteroaggregation between GO and ZnO was superior to the
homoaggregation between the same type of m-NPs or GO. These results
were consistent with the theoretical calculations of DLVO. Compared
with the TEM images of ZnO/GO heteroaggregates (Fig. 7c), more wrin-
kles appeared on the surface of Fe2O3/GO heteroaggregates (Fig. 7d),
which were probably dependent on Fe2O3 first homoaggregate and
then heteroaggregate with GO.

3.7. DLVO theoretical analysis

The measured contact angles and calculated Hamaker constants
used for DLVO theory analysis are presented in Table S1. The DLVO in-
teractions between GO/GO, m-NPs/m-NPs, m-NPs/GO particles are ex-
hibited in Fig. 8. In the homogeneous system, the maximum energy
barrier between GO/GO (9.40 × 10−20 J) was weaker than those of be-
tween kaolin/kaolin (2.55 × 10−18 J) and montmorillonite/montmoril-
lonite (3.05 × 10−19 J), demonstrating preferable aggregation of GO
than that of kaolin and montmorillonite. In binary systems of kaolin
and GO, the maximum repulsive energy between GO and kaolin
(5.13 × 10−19 J) were markedly lower than those between pairs of kao-
lin (2.55 × 10−18 J) but greater than those between pairs of GO
(9.40 × 10−20 J). Hence, in heterogeneous systems of kaolin/GO, GO
was likely to homoaggregate between identical particles, while kaolin
particles were inclined to heteroaggregate with GO rather than to
homoaggregate. The electrostatic repulsion existed between the same
charged GO/GO and kaolin/kaolin, whereas relatively lower degree of
electrostatic repulsion between pairs of GO was beneficial to their
homoaggregation. Thus, in the mix system of GO and kaolin, GO was
prone to be homopolymerized first, and then heteropolymerized with
kaolin. Similar results also existed in binary systems of GO andmontmo-
rillonite. In the homogeneous systemof ZnO, the positiveΦtot suggested
the existence of electrostatic repulsion between ZnO/ZnO. However, in
the hybrid systems of ZnO/GO, the negative Φtot confirmed strong at-
traction between oppositely charged GO and ZnO, which promoted
the heteroaggregation rather than the homoaggregation. For Fe2O3,
the maximum energy barrier between pairs of GO particles
(9.40 × 10−20 J) was much higher than those between pairs of Fe2O3/
GO (1.04× 10−20 J) and Fe2O3/Fe2O3 (1.47× 10−22 J),whereas themax-
imum energy barrier of Fe2O3/Fe2O3 was much lower than Fe2O3/GO,
stance calculated by DLVO theory. m-NPs/GO= 10:1, T=25 °C, pH= 7.0, I=0.01mol/L
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demonstrating that Fe2O3 was prone to first homoaggregate and then
heteroaggregate with GO in the mix system of GO and Fe2O3.

4. Conclusions

The findings of this study investigated the adsorption characteristics
of TC by GO with presence of m-NPs (Fe2O3, ZnO, montmorillonite and
kaolin). Results showed that adsorption kinetics was better fitted by
pseudo-second-order kinetic model than the first-order kinetic model,
whichwas controlled by both film and intraparticle diffusion processes.
The adsorption equilibrium time of TC to GO increased with increase of
m-NPs/GO ratios. The presence of different amounts ofm-NPs enhanced
the TC adsorption capacity except for that at Fe2O3/GO = 10:1 and the
adsorption capacity significantly increased with increasing TC concen-
tration. The promotion effects could be ascribed to the adsorption of
TC onto m-NPs, whereas the inhibitory effects of 10:1 Fe2O3/GO might
be attributed to the blockage effect greater than the adsorption effect
in a small amount of Fe2O3. In addition, the experimental data clearly
showed that the introduction of m-NPs contributed to an increase of
TC adsorption on GO in the tested pH range. By comparing the effects
of m-NPs on the adsorption of TC on five adsorbents (GO, BC, MWCNT,
PAC and GAC), it confirmed that the combined action of GO and m-
NPs has the greatest promotion efficiency for TC removal. According to
TEM images and DLVO calculation, GO was more inclined to first
homoaggregate and then heteroaggregate with montmorillonite and
kaolin in the composite system. However, Fe2O3 was first
homoaggregation and then heteroaggregationwithGO, and the electro-
static attraction between oppositely charged GO and ZnO favored their
heteroaggregation in the binary system of GO and ZnO.
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