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Adsorption of emerging contaminant metformin using graphene oxide
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� Rapid and efficient removal of metformin can be achieved during the adsorption process.
� Sorption kinetic, isothermal and thermodynamic characteristics of metformin are explored.
� The adsorption capacity of GO for metformin is influenced in the presence of NaCl and background electrolyte.
� The adsorption mechanism is believed to be so-called pep interactions and hydrogen bonds between GO and metformin.
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a b s t r a c t

The occurrence of emerging contaminants in our water resources poses potential threats to the livings.
Due to the poor treatment in wastewater management, treatment technologies are needed to effectively
remove these products for living organism safety. In this study, Graphene oxide (GO) was tested for the
first time for its capacity to remove a kind of emerging wastewater contaminants, metformin. The
research was conducted by using a series of systematic adsorption and kinetic experiments. The results
indicated that GO could rapidly and efficiently reduce the concentration of metformin, which could
provide a solution in handling this problem. The uptake of metformin on the graphene oxide was
strongly dependent on temperature, pH, ionic strength, and background electrolyte. The adsorption ki-
netic experiments revealed that almost 80% removal of metformin was achieved within 20 min for all the
doses studied, corresponding to the relatively high k1 (0.232 min�1) and k2 (0.007 g mg�1 min�1) values
in the kinetic models. It indicated that the highest adsorption capacity in the investigated range (qm) of
GO for metformin was at pH 6.0 and 288 K. Thermodynamic study indicated that the adsorption was a
spontaneous (DG0 < 0) and exothermic (DH0 < 0) process. The adsorption of metformin increased when
the pH values changed from 4.0 to 6.0, and decreased adsorption were observed at pH 6.0e11.0. GO still
exhibited excellent adsorption capacity after several desorption/adsorption cycles. Besides, both so-
called pep interactions and hydrogen bonds might be mainly responsible for the adsorption of met-
formin onto GO.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Pharmaceutical and Personal Care Products (PPCPs) were a
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.
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series of compounds including analgesics, antibiotics, contracep-
tives, lipid regulators, in addition to the active ingredients in soaps,
detergents, perfumes, and skin, hair, and dental care products (Rice
andMitra, 2007). In recent years, their increasing consumption and
adverse effects on ecological or human body have been attained
extensive attention. The emission of these emerging contaminants
has emerged as an environmental problem and rather poor
wastewater management could not effectively eliminate these
compounds (Terzi�c et al., 2008). Therefore, there is a widespread
demand that this kind of contamination requires effective

mailto:liuyunguo_hnu@163.com
mailto:liushaobo23@aliyun.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2017.03.071&domain=pdf
www.sciencedirect.com/science/journal/00456535
www.elsevier.com/locate/chemosphere
http://dx.doi.org/10.1016/j.chemosphere.2017.03.071
http://dx.doi.org/10.1016/j.chemosphere.2017.03.071
http://dx.doi.org/10.1016/j.chemosphere.2017.03.071


S. Zhu et al. / Chemosphere 179 (2017) 20e28 21
elimination.
Metformin has become a worldwide first-line pharmaceutical

for type 2 diabetesmellitus since the late 1950s (Viollet et al., 2012),
the medicinal use was well characterized, but the effect it had on
the environment was still uncertain. It was found that there were
some threats in intersex gonads in male fish, fecundity and the
overall size of male fish after exposing fathead minnows in
wastewater effluent with metformin (Pimephales promelas), and
the juvenile Pimephales promelas were more susceptible to the es-
trogenic effects of metformin than older, sexually mature male one
(Niemuth and Klaper, 2015; Crago et al., 2016). Metformin was not
structurally hormone-like chemical compound, and could not
cause estrogenic activity (Escher et al., 2011). However, it has been
proved thatmetforminwas an effectivemedicine to treat endocrine
disorder polycystic ovarian syndrome (PCOS) (Tang et al., 2012).
The results suggested that metformin might be a potential endo-
crine disruptor in the environment (Niemuth and Klaper, 2015).
Thus, metformin would be one of the nontraditional endocrine
disrupting chemicals (EDCs) in the environment. Despite a large
conversion in wastewater treatment plants (WWTPs) before
discharge, metformin was still one of the most abundant pharma-
ceuticals found in WWTP effluent and surface-waters, and it could
usually reach 6 tons per year in individual WWTPs of urban areas
(Blair et al., 2013; Oosterhuis et al., 2013). Therefore, metformin has
become an emerging contaminant in the environment. It is
necessary to find a way to decontaminate metformin.

Adsorption has been proved to be an excellent and promising
technique due to its low expenses, accessibility, excellent perfor-
mance, and environmentally benignity. In recent years, various
materials have been widely applied to the elimination of various
contaminants, such as powdered activated carbon (PAC) (Yoon
et al., 2003), ion exchange resin (Gupta et al., 2004; Wang et al.,
2016), carbon nanotubes (Yao et al., 2010), chitosan (Hu et al.,
2011a), bottom ash (Mittal et al., 2009a, 2009b, 2010a, 2010b),
activated carbon (Gupta et al., 1998; Gu et al., 2009), biochar (Tan
et al., 2015, 2016, 2017) and organic resin (Lu et al., 2016). How-
ever, these sorbents suffered the problem of either low sorption
capacities or high-cost. Thus, there is a strongly desire to search for
a high-performance, low-cost adsorbent. Graphene oxide (GO), a
single atomic layer material derived from graphene, has inspired
huge interests in adsorption, photocatalytic degradation and
sensor, due to its excellent physical-chemical properties and high
specific surface area (theoretical value of 2620 m2 g�1) (Zhao et al.,
2011b; Chang and Wu, 2013; Hu et al., 2016). It has confirmed that
GO could be a promising adsorbent, because it had large surface
area and abundant surface oxygen-containing groups (Hu et al.,
2014a; Wu et al., 2017). In previous study, GO was used as an
adsorbent to remove metal ions (copper, zinc, cadmium and lead),
the maximum adsorption capacity of GO for Cu(II), Zn(II), Cd(II) and
Pb(II) could reach 294, 345, 530, and 1119 mg g�1, respectively
(Sitko et al., 2013). It was demonstrated that GO could act as a good
adsorbent in adsorbing tetracycline antibiotics from aqueous so-
lution (Gao et al., 2012). GO could also be successfully applied for
the removal of aniline (Fakhri, 2017), 17b-estradiol (Jiang et al.,
2016). Moreover, GO could be an efficient adsorbent for the
removal of various dyes such as methylene blue, methyl violet and
Basic Red 12 (Ramesha et al., 2011; Moradi et al., 2015). It was re-
ported that metformin was an emerging contaminant in the envi-
ronment (Niemuth and Klaper, 2015; Crago et al., 2016), and
effective removal was needed. Unfortunately, there were very little
data available about the elimination of metformin, few articles
about the reduction of metformin had been reported (Blair et al.,
2013; Kim et al., 2014; Neamţu et al., 2014; Kyzas et al., 2015; Cui
and Schr€oder, 2016), and the application of graphene oxide as an
adsorbent in the removal of metformin from aqueous solution was
still scarce.
In this study, GO was studied for the first time to remove met-

formin from aqueous solution and characterized by scanning
electron microscope (SEM), transmission electron microscope
(TEM), X-ray diffraction (XRD), Fourier transform infrared spec-
troscopy (FTIR), X-ray photoelectron spectroscopy (XPS), Brunauer-
Emmett-Teller (BET) and zeta potential to investigate its adsorption
behaviors. Batch adsorption experiments were carried out to
explore the effects of contact time, concentration, temperature, pH,
and ionic strength on the removal of metformin by GO. The effects
of electrolyte anions (Cl�, NO3

�, SO4
2- and PO4

3�) and electrolyte
cations (Naþ, Kþ, Mg2þ and Ca2þ) in aqueous solutions on the
adsorption of metformin onto GO were also investigated.
2. Materials and methods

2.1. Materials

Metformin (97%) were purchased from Acceia ChemBio Co., Ltd
and graphite powder was obtained from Tianjin Kermel Chemical
Regent Ltd. All chemicals including K2S2O8, P2O5, H2SO4, NaNO3,
KMnO4, H2O2, NaCl, Na3PO4, KCl, Na2SO4, MgCl2, CaCl2 and HCl
were supplied by Shanghai Chemical Corp. All compounds used in
the experiment were analytical grade without further purification.
All the solutions were prepared using high purity water
(18.25 MU cm�1) from a Millipore Milli-Q water purification sys-
tem. A stock solution (40 mg L�1) of metformin was prepared by
dissolving 42 mg of metformin (97%) in 1 L of Milli-Q water. The
working solution of desired metformin concentrations used in the
following experiments was obtained by diluting the stock solution.

GO was prepared by using modified Hummers method from the
natural graphite powder (Jiang et al., 2016). Briefly, 6 g graphite
powder was firstly oxidized by 24ml concentrated H2SO4 (98%), 5 g
K2S2O8 and 5 g P2O5, and stirred at 353 K for 4.5 h. Then,1 L of Milli-
Q water was added and left overnight. The mixture was washed
thoroughly and dried under vacuum at 333 K. Next, 240 ml 273 K
concentrated H2SO4 (98%), 30 g KMnO4 and 5 g NaNO3 were slowly
added to oxidize the preoxidized graphite and stirred below 293 K
for 4 h. Then, the reaction was carried out at 308 K for 2 h. Next,
500ml Milli-Q water was added slowly and themixturewas stirred
for another 6 h at 363 K. After that, 40 ml H2O2 (30%) was used to
eliminate the surplus MnO4

� and stirred for 2 h at room tempera-
ture. The products were finally washed by 10% (v/v) HCl and water
several times. The resulting solution was sonicated for 2 h and
freeze dried for further use.
2.2. Characterization of GO

The surface morphologies and structures of GO were observed
by scanning electron microscope (SEM, JSM-7001F, Japan) and
transmission electron microscope (TEM, JEM-3010, Japan). The
fourier transform infrared spectroscopy (FTIR) of GOwas conducted
by using a Nicolet 5700 FT-IR Spectrometer (Thermo Scientific). The
surface elemental composition analyses of GO were characterized
based on the X-ray photoelectron spectroscopy (XPS) (Thermo
Fisher, USA). The Brunauer-Emmett-Teller (BET) specific surface
area of GO was measured by using automatic surface analyzer
(Quantachrome, USA). The X-ray diffraction (XRD) patterns of GO
was obtained by an X-ray diffractometer (Rigaku D/max-2500,
Japan) with Cu Ka radiation (k ¼ 1.541 Å). The zeta potentials of
GO inwater solutions at pH 4.0e11.0 (adjusted byNaOH or HCl) was
detected by a zeta potential meter (Zetasizer Nano-ZS90, Malvern).
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2.3. Batch adsorption procedures

Batch adsorption experiments were carried out by agitating
20 mL metformin solution with 3 mg GO at 130 rpm, 303 K in a
thermostatic rotary shaker for 160 min. The pH of the solution was
adjusted with 0.01e1.0 M HCl or NaOH solution on a digital pH
meter (PHS-3C). The mixture was separated by filtering through
0.45 mm membrane filters after adsorption (Xu et al., 2012; Wang
et al., 2014).

The residual metformin concentration was measured by UV
spectrophotometer (UV-2550, SHIMADZU, Japan) at 232 nm
(Sharma et al., 2016). The amount of metformin adsorbed onto GO
at the specific time was calculated using the following equation:

qe ¼ ðC0 � CeÞV
m

(1)

where qe is the adsorption quantity (mg g�1); C0 and Ce is the initial
and equilibrium concentrations of metformin in solution (mg L�1);
V is the volume of solution (L), and m is the mass of GO (mg).

The isotherm experiments were conducted by varying initial
concentrations from 8 to 40 mg L�1 at three different temperatures
(288, 303 and 318 K), and pH value was 6.0. The contact time was
set as 160 min to ensure adsorption equilibrium, and the other
parameters kept constant.

Kinetic experiments were carried out using 10 mg L�1 metfor-
min solution containing 3 mg GO for a period of 160 min at 303 K.
Samples were collected at different pre-determined time intervals
to evaluate uptake of metformin. The other parameters kept
constant.

The effect of pH on the adsorption properties was carried out by
varying pH value from 4.0 to 11.0. The other parameters kept the
samewith above experiments. The concentration of metforminwas
10 mg L�1.

The ionic strength experiments were conducted by adding
various NaCl concentrations, varying from 0 to 0.1 M, into reaction
system, and pH value was 6.0. The concentration of metformin was
10 mg L�1.

In order to investigate the effect of different background elec-
trolyte ions, batch competitive adsorption were studied in the
presence of various anions (NO3

�, SO4
2-, Cl�) and cations (Naþ, Kþ,

Mg2þ and Ca2þ) at the concentration of 0.01M. The experiment was
conducted by adding 3 mg GO in 10 mg L�1 of metformin solution
with desired anions and cations at pH 6.0 for 160 min. The other
parameters kept constant.

2.4. Desorption experiment

Sodium hydroxide was applied to be the desorption medium in
the desorption experiment. The GO which had been used to adsorb
metformin was washed by 0.2 M NaOH solution at room temper-
ature. Then the adsorbent was washed several times by Milli-Q
water and dried to reuse.

3. Results and discussion

3.1. GO characterization

Fig. 1a and b showed the SEM and TEM images of GO. It was
apparent that GO displayed many wrinkles on the surface and
owned a layered structure, which could contribute to increasing the
specific surface area and adsorption capacity of GO.

The XPS spectrums showed the presence of C and O element in
the GO at the binding energy of 286.81 eV and 532.52 eV (Fig. 1c).
The ratio of carbon content to oxygen content (C/O) for GO was
1.843, which implied the abundance of oxygen-containing func-
tional groups. It showed that the majority of oxygen-containing
groups were C-O and C]O (Fig. 1c). These function groups were
expected to form strong bonds with metformin on the GO surfaces.
The C1s XPS spectrum of GOwas shown in Fig. 1d. It was found that
four different peaks centered at 284.5, 286.2, 287.8, and 289.0 eV,
corresponding to the C]C/C-C, C-O, C]O and O-C]O, respectively
(Zhao et al., 2011a), which confirmed that GO has been successfully
oxidized via oxidizing reaction. The synthesized GO also presented
high specific surface area (108.71 m2/g) and pore diameter
(2.44 nm), which was proved by the BET analysis, and this would be
beneficial to the uptake of contaminants. The specific area of GO
was much higher than that of graphite (4.5 m2 g�1) (Zhu and
Pignatello, 2005), indicating a good exfoliation degree has been
obtained. The reason why the specific area was lower than that of
theoretical degree (2620 m2 g�1) may be that the incomplete
exfoliation and the agglomerations of grapheme oxide layers dur-
ing the process of preparation.

The internal structures of GO and graphite were also examined
byXRD and the resultswere shown in Fig.1e. From theXRDpatterns
of GO, a sharp diffraction peak at 2q ¼ 10.04� (d ¼ 0.88 nm), which
was corresponded to the typical diffraction peak of GO, was attrib-
uted to the (002) plane. On the contrary, there was a intense peak at
26.50� (d ¼ 0.34 nm) for graphite. The peak at a lower degree could
be related to longer distances among the atoms, which suggested
that the adjacent layers of the GO were placed in longer distances
between one another than those of graphite. The increase of the
distances after graphite modification might be the introduction of
the abundant oxygen-containing functional groups on the surfaces
of GO (Waltman et al., 1993; McAllister et al., 2007; Lee et al., 2015).
These results were corresponded with the XPS characteristic.

3.2. Adsorption kinetics

The contact time on metformin adsorption onto GO was one of
the main factors, which determined the residence time of uptake at
the solid-liquid interface (Mercer and Tobiason, 2008). Thus, the
adsorption kinetics must be studied to obtain the optimum contact
time. In this study, Fig. 2 showed the time dependence of metfor-
min on GO. Clearly, the removal efficiency reached almost 80%
within 20 min, and a slower adsorption until the adsorption equi-
librium was obtained in approximately 160 min. The adsorption
process was very rapid and efficient, which corresponded with the
relatively high k1 (0.232min�1) and k2 (0.007 gmg�1 min�1) values
in the pseudo-first-order and the pseudo-second-order model. The
rapid adsorption rate might be attribute to the sufficiency of active
sites and the absence of internal diffusion resistance during the first
20 min (Jiang et al., 2017).

The experimental data was simulated with pseudo-first-order
model and pseudo-second-order model, respectively. Fig. 2
exhibited that the curves of the pseudo-first-order and the
pseudo-second-order models fitted with kinetic sorption data of
metformin adsorption. Detailed information about these models
was provided in the Supplementary Material.

After being fitted by the two models, the calculated parameters
were listed in Table 1. It was apparent that the pseudo-second-
order model (0.980) showed better correlation coefficients (R2)
than the pseudo-first-order model (0.924). Furthermore, the
calculated qe (47.100 mg of metformin g�1 GO) value of the pseudo-
second-order model was more agreeable to the experimental data
better than that of the pseudo-first-order model (Jin et al., 2015).
Thus, it could be concluded that the pseudo-second-order model
fitted the adsorption process better than the pseudo-first-order
model, suggesting that the adsorption rate depended on chemi-
sorption (Hu et al., 2011b; Wu et al., 2016). The result corresponded



Fig. 1. (a) SEM image of GO; (b) TEM image of GO; (c) XPS survey spectra of GO; (d) C1s core level spectra of GO; (e) XRD patterns of GO and graphite; (f) FTIR spectra of GO before
and after metformin adsorption.
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with the previous reports (Jiang et al., 2016).
3.3. Adsorption isotherm and thermodynamics

Batch adsorption isotherm experiments were carried out to
study the adsorption behaviors in solid and liquid phase at equi-
librium, and the results were displayed in Fig. 3. Langmuir and
Freundlich isotherm model were the most common models to
simulate the adsorption isotherm curve. As for Langmuir model,
there was an assumption which the surface of adsorbent had finite



Fig. 2. Kinetics of metformin adsorption onto GO at 303 K, pH ¼ 6.0.

Fig. 3. Adsorption isotherms of metformin by GO at three different temperatures:
t ¼ 160 min, pH ¼ 6.0.
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adsorption sites, and the adsorption process only occurred by
specific homogeneous adsorption without any interaction between
the adsorbed GO and pollutants (Wang et al., 2013). By contrast,
Freundlich model suggested that adsorption take place on a het-
erogeneous surface without saturation of adsorbent binding sites
(Repo et al., 2010). Detailed information about these models was
provided in the Supplementary Material.

The parameters calculated from the two models were listed in
Table 2. It could be seen obviously that the correlation coefficient
(R2) values of the Freundlich model were higher than the values of
the Langmuir model. The results proved that the adsorption be-
haviors of metformin onto GO was in compliance with the
Freundlich model, and the adsorption process took place on a
heterogeneous surface without saturation of adsorbent binding
sites. The high values of KF (49.622, 50.060 and 42.287) indicated
that GO had a high adsorption capacity and affinity for metformin.
Moreover, the constants n of Freundlich model at three tempera-
tures were 4.824, 5.713 and 4.656, respectively. The n values were
more than 1 and less than 10, implying that favorable adsorption
was for metformin onto GO at all temperatures studied.

From Table 2, it could also be observed apparently that the
highest adsorption capacity in the investigated range was obtained
at 288 K. There was a relatively lower adsorption capacity at higher
temperature, which suggested that the removal of metformin were
promoted at lower temperature.

Thermodynamic parameters were evaluated to confirm the
adsorption nature of metformin onto GO (Table S1). These param-
eters, including standard free-energy change (DG0), standard
enthalpy change (DH0), and standard entropy change (DS0), were
calculated from the experimental data via relative equations as
described in Supplementary Material.

The values of DG0 were negative at all temperatures, which
indicated that the adsorption was spontaneous. The adsorption
reaction was exothermic according to the negative DH0 value,
Table 1
Kinetic parameters for adsorption of metformin onto GO.

qe,exp Pseudo-first-order

qe,1 (mg of metformin g�1 GO) k1 (min�1) R2

43.586 ± 1.281 0.232 ± 0.031 0.924
which was in good agreement with the result showed in Fig. 3 that
the adsorption of metformin decreased with the increase in tem-
perature. In addition, the positive DS0 value revealed increased
randomness at adsorbateeadsorbent interface during the adsorp-
tion progress.
3.4. Effect of initial solution pH

The effect of pH on metformin adsorption by GO was shown in
Fig. 4a, which indicated that the adsorption process was sensitive to
the varying pH values. It was observed that the uptake of metfor-
min increased when the pH value changed from 4.0 to 6.0, and then
decreased with the pH increased from 6.0 to 11.0. These phenom-
ena might be attribute to the change of the surface charge of GO
and the speciation of metformin at different pH values.

The zeta potentials of GO under various pH (4.0e11.0) were
investigated and the results could be seen in Fig. 4b. It showed that
GO had a net negative charge and kept decreasing with the increase
of pH. These results indicated that GO was always negatively
charged under the condition, and it might hold great promise for
positively charged contaminant.

It should be pointed that metformin has two distant pKa values
(pK1 ¼ 2.8, pK2 ¼ 11.6), corresponding to the biprotonated/
monoprotonated, and monoprotonated/neutral form conversions,
respectively. Considering different pKa values and species of met-
formin, the monoprotonated forms might increase from 4.0 to 6.0,
then decreased at higher pH values. Thus, the amount changes of
the monoprotonated form could lead to a decline in electro-
neaccept ability of metformin and weaker interactions of so-called
pep interactions between graphene oxide and metformin.
Furthermore, the electrostatic interactions between the negative
charged GO and the positive charged metformin might not be the
main adsorption force.
Pseudo-second-order

qe,2 (mg of metformin g�1 GO) k2 (g mg�1 min�1) R2

47.100 ± 0.856 0.007 ± 0.001 0.980



Table 2
Constants and correlation coefficients of Langmuir model and Freundlich model for metformin adsorption onto GO.

T (K) Langmuir model Freundlich model

qm (of mg metformin g�1 GO) KL (L mg�1) R2 KF (L mg�1) n R2

288 96.748 ± 4.521 0.681 ± 0.183 0.869 49.622 ± 1.602 4.82 ± 0.289 0.985
303 89.099 ± 2.013 0.763 ± 0.107 0.957 50.060 ± 1.760 5.713 ± 0.439 0.975
318 88.517 ± 3.060 0.478 ± 0.086 0.935 42.287 ± 2.385 4.656 ± 0.456 0.961

Fig. 4. (a) Effect of the solution pH; (b) Zeta potentials; (c) Effect of background electrolyte cations; (d) Effect of background electrolyte anions; (e) Effect of ionic strength; (f)
Adsorption/desorption cycles: T ¼ 303 K, t ¼ 160 min, pH ¼ 6.0.
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3.5. Effect of background electrolyte

In order to examine the effect of background electrolyte on the
adsorption capacity, batch experiments were carried out. The re-
sults were presented in Fig. 4c and d. It was obvious to find that
there was a negative effect on the metformin adsorption when the
reaction occurred in the presence of various background electro-
lytes, including both anions and cations. It could be found that the
impact of divalent cations (Ca2þ and Mg2þ) on the metformin
adsorption was larger than monovalent cations (Naþ and Kþ). This
might be attributed to higher polarizing power of divalent cations
(Hu et al., 2014b), which further resulted in easily and strongly
occupying more adsorption sites by electrostatic attraction on GO
than Naþ and Kþ. There was also a decrease of metformin adsorp-
tion on GO in the presence of anions, the adsorption of metformin
under the same pH value was in the following sequence:
CK > Cl� > SO4

2� > PO4
3�.The phenomenon might be explained by

the competition of higher concentration of Naþ ions with the
metformin for adsorption sites (Hu et al., 2014b), for the adsorption
experiments were studied in the presence of 0.01 M NaCl, Na2SO4,
and Na3PO4 solutions, respectively. Thus, lower adsorption on the
GO surfaces was achieved with the decrease of valence.

3.6. Effect of ionic strength

Considering the complexity of water resources, various ionic
strength might influence the uptake capacity of GO to metformin.
Therefore, the effect of ionic strength was conducted by batch ex-
periments at different concentrations of NaCl, and the obtained
results were shown in Fig. 4e. It was found that the adsorption
capacity reduced with increasing concentration of NaCl from 0 to
0.1 M. This phenomenon could be explained by following possi-
bilities: (i) there might be a great detriment in active coefficients of
metformin, which limited their migrating to GO surfaces; (ii) the
competitive adsorption between Naþ ions and metformin was
helpful to decrease the uptake capacity of GO; (iii) the increased
ionic strength reduced the electrostatic repulsions between GO,
resulting in the aggregation of GO particles (Hu et al., 2014a; Jiang
et al., 2016).

3.7. Desorption experiment

Desorption experiments were carried out to study the reus-
ability and cost effectiveness of GO in this study. As it shown in
Fig. 4f, the adsorption capacity of GO decreased with the increase of
cycles. The adsorption capacity of metformin onto GOwas 50.47mg
of metformin g�1 GO in the first circle, and after five cycles it could
still remain at 31.60 mg of metformin g�1 GO. Therefore, it could be
concluded that GO could be considered as an economical adsor-
bent. The decrease of specific surface area and functional groups
might contribute to the lower adsorption capacity of metformin
onto GO (Pavagadhi et al., 2013).

3.8. Adsorption mechanism

Due to the large quantities of oxygen-containing functional
groups and aromatic rings on the surface, GO established p-elec-
tron acceptor or donor properties (Zhou et al., 2015; Yu et al., 2016).
Due to the presence of delocalized p-electron system, the theo-
retical calculations have predicted a quasiplanar structure for the
two monoprotonated forms. Thus, metformin could be considered
as a good candidate for stabilizing the so-called pep interactions,
for instance, with the aromatic rings involved in graphene oxide.
(Hern�andez et al., 2015). Besides, hydrogen bonds could also occur
between amines of metformin and oxygen-containing groups in
GO. According to our study, the electrostatic interactions between
the negative charged GO and the positive chargedmetforminmight
not be the main adsorption force during the adsorption process.

In order to investigate the molecular interaction of metformin
with GO, the FTIR spectra of GO before (GO) and after metformin
adsorption (GO/MF) were shown in Fig. 1f. Several characteristic
peaks were observed in the GO spectrum, such as 3453 cm�1 (O-H),
1729 and 1400 cm�1 (C]O), 1624 cm�1 (C]C), and 1066 cm�1 (C-
O-C) (Jin et al., 2015). It was obvious to find that there were large
amount of oxygen-containing functional groups existed on GO
surface, the result was consistent with XPS analysis. However, the
characteristic peak centered at 1624 cm�1 slightly shifted to
1635 cm�1 after adsorption. This could be corresponded to C]C
skeletal vibration, owing to the so-called pep interaction between
metformin and GO. Moreover, the peaks of the O-H bending vi-
bration and epoxy C-O-C bending vibration of GO migrated to
3484 cm�1 and 1080 cm�1, respectively. The peak of C]O
(1729 cm�1) could not be found in the spectrum after adsorption.
These might suggest that hydrogen bonds formed after metformin
adsorption. Based on the above analysis, the so-called pep in-
teractions and hydrogen bonds might mainly be the probable
adsorption mechanism. The adsorption mechanism could be illus-
trated by Fig. S1.

4. Conclusions

This research explored the possibility of using GO as an adsor-
bent to remove metformin from water under different concentra-
tions and pH values. GO exhibited high adsorption capacity even
under the existence of other surrounding conditions, including pH,
ionic strength, temperature, and background electrolyte. The
highest adsorption capacity in the investigated range (qm) of GO
was at 288 K and pH 6.0. The isotherm parameters and kinetics
could be well described by the Freundlich isotherm and pseudo-
second-order kinetic model, respectively. The adsorption process
was exothermic and spontaneous, which was confirmed by the
thermodynamic study. GO showed excellent adsorption capacity
after numerous desorption/adsorption cycles. The excellent
adsorption capacity of GO for metformin might mainly due to so-
called pep interactions and hydrogen bonds. Thus, GO could be
an efficient and potential adsorbent for metformin removal.
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