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Abstract Activated graphene adsorbents (G-KOH) were syn-
thesized by a one-step alkali-activated method, with a high
specific surface area (SSA) and a large number of micropores.
As a result, the SSA of the final product greatly increases to
∼512.6 m2/g from ∼138.20 m2/g. The resulting G-KOH was
used firstly as an adsorbent for the removal of ciprofloxacin
(CIP) in aqueous solutions. Experimental results indicated that
G-KOH has excellent adsorption capacity (∼194.6 mg/g). The
alkali-activation treatment introduced oxygen-containing
functional groups on the surface of G-KOH, which would be
beneficial to improving the adsorption affinity of G-KOH for
the removal of CIP. Kinetic regression results showed that the
adsorption kinetic was more accurately represented by a
pseudo-second-order model. The overall adsorption process
was jointly controlled by external mass transfer and intra-
particle diffusion, and intra-particle diffusion played a domi-
nant role. A Langmuir isothermmodel showed a better fit with
adsorption data than a Freundlich isotherm model for the
adsorption of CIP on G-KOH. The remarkable adsorption
capacity of CIP onto G-KOH can be attributed to the multiple

adsorption interaction mechanisms (hydrogen bonding, π–π
electron donor–acceptor interactions, and electrostatic inter-
actions). Results of this work are of great significance for
environmental applications of activated graphene with higher
SSA as a promising adsorbent for organic pollutants from
aqueous solutions.
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Introduction

Ciprofloxacin (CIP) as a broad-spectrum synthetic antibiotic
widely used for the several bacterial infections, which pose
serious threats to the ecosystem and human health due to
incomplete metabolism in humans or coming from effluents
of drug manufacturers. CIP, even at low concentrations in
waters, can lead to the development of antibiotic-resistant
bacteria. Even though its removal is of extreme importance,
there are not many studies performed on it. Among many
chemical, physical, and biological treatment methods, adsorp-
tion technology is one of the most effective methods for CIP
removal due to its low cost, high efficiency, simplicity, and
insensitivity to toxic substances (Gupta and Ali 2008; Gupta
et al. 2011, 2008, 2009). A few studies in literature deal with
CIP adsorption on activated carbon(Huang et al. 2014), mont-
morillonite (Wu et al. 2010), carbon nanotubes (CNTs) (Li
et al. 2014), and graphene(Wu et al. 2013).

High-capacity adsorbent for the removal of pharmaceutical
antibiotics from aqueous solution is still under development to
reduce the adsorbent price and to resolve disposal problems.
Carbon materials are well-known adsorbents with unique
advantages due to their low cost, high adsorption capacity,
and easy disposal. CNTs have an ideal limit specific surface
area (SSA) of ∼1,300 m2/g. However, the high cost for mass
production of high-quality CNTs is a challenge for the
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commercialization of CNT adsorbents (Ma et al. 2012).
Graphene, as a new 2D material with a theoretical SSA of
∼2,630 m2/g, has attracted much attention on the horizon of
material science (Ma et al. 2014; Zhu et al. 2011), which has
been used recently for gas- and aqueous-phase adsorption as a
new and good sorbent candidate. Recently, graphene-based
material derived from graphite oxide is now being
manufactured in ton quantities at low cost. Peculiarly, the
SSA of graphene sheets is related to the number of layers
rather than the distribution of pores. However, chemically
exfoliated graphene is conventionally prone to intrinsic corru-
gations and aggregation during the reduction process, conse-
quently only obtaining a relatively low SSA (<100 m2/g).

As adsorbent materials, graphene is required to possess a
high SSA and pore volume (PV), which could provide enough
adsorption sites for pollutants in wastewater treatment(Ghaedi
et al. 2011). To enhance adsorption capacity, physical or
chemical activation is required to obtain activated graphene
with a higher SSA and more porous structure (Xia et al. 2014;
Zhu et al. 2011). In general, physical activation is performed
in a CO2 or steam atmosphere at a high temperature, and
chemical activation can be achieved using different chemical
reagents, typically KOH (Li et al. 2011), H3PO4 (Kuppireddy
et al. 2014) or ZnCl2 (Saka 2012). Thus, activation treatment
of graphene will provide a good approach to improve the
textural properties. However, few investigations have been
reported on physical or chemical activation of graphene used
as adsorbents.

In this paper, we synthesize an activated graphene adsor-
bent by a one-step KOH activation annealing method. Obvi-
ously, the KOH-activated method can create micropores in the
graphene. As a result, the SSA of the final product greatly
increases to ∼512.6 m2/g from ∼138.20 m2/g. And then,
activated graphene was firstly used as an adsorbent material
for removal of selected pharmaceutical antibiotics (CIP) in
aqueous solutions. Excellent adsorption properties
(∼194.6 mg/g) have been realized. Comparisons of adsorption
properties for CIP on graphene before and after activated
treatment were further investigated. These results indicate that
alkali activation is a useful method to improve the adsorption
affinity of CIP contaminants on graphene. Therefore, activat-
ed graphene may be a promising adsorbent nanomaterial for
organic pollutants from aqueous solutions.

Experimental

Materials

All chemicals were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China) in analytical purity and
used in the experiments directly without any further purifica-
tion. All solutions were prepared using deionized water.

Activated treatment of graphene

The graphite oxide was prepared using a modified Hummer’s
method (Hirata et al. 2004; Hummers and Offeman 1958; Ma
et al. 2014). Graphite oxide was dispersed in deionized water
and sonicated in an ultrasound bath for 12 h. The sonicated
dispersion was centrifuged for 20 min at 4,000 rpm to remove
unexfoliated graphite oxide particles from the supernatant.
The obtained suspension of graphene oxide (GO) was then
processed by freeze-drying to obtain GO powder. A mixture
of GO and KOH powder was performed in a stainless steel
vessel in an inert gas atmosphere. The weight ratio of KOH to
GO was 4:1. The mixing time was 10 min to obtain a uniform
powder mixture. The mixture was then heated to 1,023 K for
1 h under flowing argon in a horizontal tube furnace, washed
in concentrated hydrochloric acid and the deionized water,
and then dried; the activated GO was noted G-KOH. To
compare the performance of adsorbents before and after acti-
vated treatment, the GO was also then heated to 1,023 K for
1 h under flowing argon in a horizontal tube furnace, washed
in concentrated hydrochloric acid and deionized water, and
then dried; the obtained sample was noted G.

Characterization methods

The microstructure and morphology of the G and G-KOH
were analyzed by high-resolution transmission electron mi-
croscopy (HRTEM, JEOL 2100F, Japan). SSA, PV, and pore
size distribution of the G and G-KOH were calculated from
the adsorption/desorption isotherms of N2 at 77 K by the
multi-point Brunauer–Emmett–Teller (BET), density func-
tional theory (DFT), and Barrett–Joyner–Halenda (BJH)
method using an Autosorb-iQ-C (Quantachrome, American,
Inc.), and the sample was degassed at 373 K for 4 h prior to the
measurements. X-ray photoelectron spectroscopy (XPS) anal-
ysis was carried out in a Kratos Axis Ultra DLD spectrometer,
using monochromated Al Ka X-rays, at a base pressure of 1×
10−9 torr. Survey scans determined between 1,100 and 0 eV
revealed the overall elemental compositions of the sample,
and regional scans for specific elements were performed. The
peak energy values were calibrated by placing the major C1s

peak at 284.6 eV. Samples were prepared identically to those
of the batch experiments. Fourier transform infrared (FT-IR)
spectra of powder samples were recorded on a Tensor 27 FT-
IR spectrometer (Bruker Optics, Inc.). Raman spectroscopy
(Jobin Yvon T64000) was used to further characterize G and
G-KOH.

Batch adsorption experiments

CIP concentration was determined colorimeterically by
measuring at maximum absorbance (λmax=275); the chem-
ical structure of CIP is shown in Fig. S1. A calibration
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curve was plotted between the absorbance and concentra-
tion of the CIP to obtain the absorbance–concentration
profile of the CIP based on Beer–Lambert’s law. For high
concentration of CIP, it was diluted before absorbance
measurement. The concentration of CIP in the solution
was determined by the Beer–Lambert’s law expression
(Behnajady et al. 2006). Batch adsorption experiments
were conducted in 50-ml glass bottles with 20-mg adsor-
bents and 40-ml CIP solution of different initial concentra-
tions of 40∼200 mg/L, and the pH of the solution was
adjusted to ∼7.0 (nearly in neutral solution to avoid the
unpredictable influence) with HCl or NaOH solutions.
Timing of the sorption period started as soon as the solu-
tion was poured into the bottle. Sample bottles were shaken
on a shaker (TS-2102C, Shanghai Tensuclab Instruments
Manufacturing Co., Ltd., China) and operated at a constant
temperature of 25 °C and at 150 rpm for 3 h. Preliminary
experiments indicated that the adsorption of CIP reached
equilibrium in ∼1.0 h. Thus, the contact time of 3 h was
selected in the batch experiments. All adsorption experi-
ments were conducted in duplicate, and only the mean
values were reported. The maximum deviation for the
duplicates was usually less than 5 %. The blank experi-
ments without the addition of adsorbents were conducted to
ensure that the decrease in the concentration was actually
due to the adsorption of adsorbents, rather than by the
adsorption on the glass bottle wall. After adsorption, equi-
librium has been achieved; the CIP concentrations of the
solutions were measured using a spectrophotometer
(UV759UV-VIS, Shanghai Precision & Scientific Instru-
ment Co., Ltd.). Kinetic studies were performed at a con-
stant temperature of 25 °C and at 150 rpm with 150 mg/L
initial concentration of CIP solutions. The ionic strength
experiments were conducted in 150 mg/L CIP solution also
at pH 7, with varying concentrations (0.05, 0.1, 0.2, and
0.4 mol/L) of NaCl solution. The effect of solution pH on
dye removal was studied in the range of 2–10 with 150 mg/
L initial concentrations of CIP solutions. The initial pH
values of all the solutions were adjusted using 0.1 mol/L
HCl or 0.1 mol/L NaOH solutions with desired
concentrations.

The amount of adsorbed dye on adsorbents (qt, mg/g) was
calculated as follows:

qt ¼ C0−Ctð Þ � V

m
ð1Þ

where c0 and ct are the dye concentrations at the beginning
and after a period of time (mg/L), V is the initial solution
volume (L), and m is the adsorbent weight (g).

Results and discussion

Characterization of the adsorbent

The image of GO (Fig. 1a, b) shows that GO is in the form of
flexible sheets, which is like silk wave. Figure 1c, d clearly
indicates that the activation process etches the graphene and
has generated a large destruction of the graphite structure after
activated treatment. The large plat of the graphene structure
was split into many small plat, which led to the G-KOH
agglomeration as shown in Fig. 1c, d.

The G and G-KOH samples were analyzed by FT-IR for
identification of functional groups (Fig. 2a). Some character-
istic oxygen groups still remained before and after activation
treatment, including C–O stretching (1,113/cm) and C=O and
–OH stretching from carbonyl and carboxylic groups (1,631
and 3,435/cm). Activation processes can reduce the GO fur-
ther and remove the remaining functional oxygen groups
partly. These functional groups may also act as anchoring sites
for CIP molecules.

Raman spectroscopy is the most direct and nondestructive
technique to characterize the structure and quality of
graphene, particularly to determine the defects, the ordered
and disordered structures, and the layers of graphene. The
Raman spectra for the G and G-KOH samples consist of two
peaks at high frequencies (Fig. 2b). The first peak appears at
1,600/cm as the so-called G peak related to E2g graphite mode
(Ma andWang 2008; Ma et al. 2009; Souza Filho et al. 2003).
The strong intensity of this peak indicates good graphitization
of graphene. The second peak exists at around 1,329/cm as the

(a) (b)

(c) (d)

Fig. 1 TEM images in a low and b high magnification of G and c low
and d high magnification of G-KOH
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D peak induced by a defect-related vibration mode (Souza
Filho et al. 2003), which is ascribed to disordered carbon, edge
defects, and other defects (sp3-bonded carbon, dangling
bonds, vacancies, and topological defects). The intensity ratio
of the D and G peaks (ID/IG) is an indicator for estimating the
quantity of defect in graphene. It clearly shows that there are
more defects of G-KOH than those of G from the intensity
ratio of the D band and G band (ID/IG=1.14 and 1.44 for G
and G-KOH). The composition of G and G-KOH was deter-
mined by XPS as shown in Fig. 2c, d. The G-KOH showed a
small O1s signal with an atomic content of 9.14 %, in com-
parison with 6.61 % for G. This observation reveals minimal
introduction of new oxygen-containing functional groups on
the surface of G-KOH compared with G.

The N2 adsorption/desorption isotherms and pore distribu-
tion of G and G-KOH are presented in Fig. 3. In comparison,
the N2 adsorption/desorption amount of G-KOH is consider-
ably higher than that of G at low or high pressure. The detailed
features of mesopore and micropore analyzed by the BJH and
DFT method are presented in Table 1. The SSA of G-KOH
drastically increased by about ∼3.7 times than G. Such in-
creases correspond to a decrease in the mean pore diameter
from ∼3.946 to ∼1.658 nm. Moreover, the micro-PVof KOH
is improved almost by ∼3.7 times than G.

The abovementioned results indicated that alkali activation
is a high-efficiency technique for producing a large scale of
porous structures. The activation mechanism is normally sug-
gested to include independent hydroxide and redox processes
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during the reaction. With the activation treatment, KOH pow-
der can react with carbon as follows (Lillo-Rodenas et al.
2003, 2004; Ma et al. 2012):

6KOHþ C→2K þ 3H2 þ 2K2CO3 ð2Þ

When the temperature is higher than 700 °C, the reaction
proceeds as follows:

K2CO3 þ C↔K2Oþ 2CO ð3Þ
K2CO3↔K2Oþ CO2 ð4Þ

2K þ CO2↔K2Oþ CO ð5Þ

When the temperature is higher than 800 °C, the reaction
proceeds as follows:

K2Oþ C↔2K þ CO ð6Þ

The aggregation of graphene will also reduce the useful
SSA. After KOH-activated treatment, the flat of graphene was

destroyed and decreased, and the dispersion is strongly im-
proved. Most importantly, the graphitic structure of graphene
will be destroyed. Large quantities of new micropores are
produced. This implies that the graphene after the KOH-
activation treatment possesses more micropores and could
give rise to an obvious improvement in total SSA.

Effect of dosage

The experimental results of dosage effect for CIP on G-KOH
are shown in Fig. 4. It was observed that the adsorption
capacity of CIP decreased as the G-KOH dosage was in-
creased over the range 100 to 400 mg/L. High G-KOH dosage
may increase the viscosity and inhibit the diffusion of CIP
molecules to the surface of G-KOH. Considering the cost,
operability, adsorption capacity, and accurate weigh, the ad-
sorbent dosage was selected as 20 mg.

Adsorption isotherms

Figure 5 shows the equilibrium isotherms for adsorption of
CIP onto G and G-KOH, and the equilibrium adsorption
characteristics were analyzed by using Langmuir (Langmuir

Table 1 Physical property of G
and G-KOH Samples SSA Average pore size Total pore volume Micropore Mesopore

m2/g nm cc/g cc/g cc/g

G 138.20 3.946 0.713 0.056 0.657

G-KOH 512.65 1.658 0.374 0.209 0.165
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Fig. 4 Effect of adsorbent dosage
on CIP adsorption: initial
concentration 150 mg/L, contact
time 24 h, and agitation speed
150 r/min
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1918) and Freundlich (Freundlich 1906) isotherm models.
The isotherms based on the experimental data and the param-
eters obtained from nonlinear regression by both models are
shown in Fig. 5. The determination coefficients (R2) of the
Langmuir and Freundlich isotherms of G and G-KOH are
summarized in Table 2. The Freundlich isotherm model
showed a better fit with adsorption data than the Langmuir
isotherm model for G based on the determination coefficient.
The applicability of the Freundlich isotherm suggests that
different sites with several adsorption energy values are in-
volved, and in some cases, the intermolecular interactions
occur between CIP and G. However, the result is in inverse
for K-KOH.

Figure 5 shows that the computed maximum monolayer
capacities are 145.9 mg/g for CIP on G and 194.6 mg/g for
CIP on G-KOH. The adsorption capacity of CIP increased
obviously almost by ∼1.33 times after KOH-activated treat-
ment. The above results might be caused by the significant
differences of SSA between G (138.20 m2/g) and G-KOH
(512.65 m2/g). From the composition analysis of adsorbents,
the oxygen atomic content of G-KOH increased from 6.61 to

9.14% after the activated treatment (as shown in Fig. 2b). This
result indicates that the surface of G-KOH was modified by
more oxygen-containing functional groups. Here, the surface
oxygen content may affect the dispersibility of G-KOH and
the water cluster formation in aqueous solution, which conse-
quently can be favorable for the aqueous phase adsorption (Yu
et al. 2012). With the increasing of oxygen content, maximum
adsorption capacity is significantly enhanced. Similar results
have been reported (Yu et al. 2011). Because CIP has good
solubility, the main purpose of the surface functionalization of
graphene is to improve its hydrophilicity and dispersibility in
aqueous solutions. A better dispersion of the G-KOH in water
will increase the available adsorption sites, which may be
favorable for the CIP adsorption in aqueous solution.

The RL value of G is 0.027 for CIP; the RL value of G-KOH
is 0.057 for CIP, indicating that the adsorption of CIP onto G
and G-KOH is favorable, and the G and G-KOH are an
excellent adsorbent material for CIP removal from aqueous
solution. To deepen the understanding of adsorption mecha-
nism, Dubinin–Radushkevich (D-R) isothermmodel was cho-
sen to describe adsorption on both homogenous and
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Fig. 5 Equilibrium adsorption
isotherms of CIP on G and G-
KOH

Table 2 Langmuir, Freundlich, and Dubinin–Radushkevich isotherm parameters of G and G-KOH

Absorbent Adsorbate Langmuir model Freundlich model Dubinin–Radushkevich model

KL (L/mg) qm (mg/g) R2 KF 1/n R2 B (mol/kJ2) Qm (mg/g) E (kJ/mol) R2

G CIP 0.895 145.9 0.735 82.7 0.152 0.946 2.00E−07 136.6 1.58 0.6919

G-KOH CIP 0.416 194.6 0.950 122.4 0.10 0.932 2.00E−07 182.9 0.5 0.7829
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heterogeneous surfaces (Jovanovic et al. 2011). The D-R
isothermmodel was also applied to distinguish between phys-
ical and chemical adsorption of CIP on G and G-KOH. The
isotherm constant, E, and determination coefficients are cal-
culated and presented in Table 2. The values of E are below
5 kJ/mol for the entire range of investigated CIP concentra-
tion. The value of this parameter can give important informa-
tion about adsorption mechanism (Onyango et al. 2004; Tahir
and Rauf 2006). The mean energy of CIP adsorption on G and
G-KOH is below 5 kJ/mol calculated by D-R isothermmodel,
which suggests that physical adsorption is dominating in the
adsorption process between the CIP and adsorbents.

Adsorption kinetics

To study the adsorption kinetics of CIP on G and G-KOH,
150 mg/L initial concentrations of corresponding CIP solu-
tions were used. The adsorption removal of CIP on G-KOH
was found to be rapid at the initial period (∼10 min) and then
became slow and stagnate with the increase in contact time
(∼10 to ∼80 min) and nearly reached a plateau after approx-
imately 80 min of the experiment as shown in Fig. 6a. Gen-
erally, the removal rate of pollutants is rapid initially, but it
gradually decreases with time until it reaches equilibrium.

This phenomenon is attributed to the fact that a large number
of vacant adsorption sites are available for adsorption at the
initial stage, and after a lapse of time, the remaining vacant
adsorption sites are difficult to be occupied due to repulsive
forces between the solute molecules on the solid and bulk
phases (Apul et al. 2012; Ghaedi et al. 2011). Contact time is
one of the most important parameters for practical applica-
tions. It was found that the G-KOH and G showed a much
higher adsorption rate than that of a commercial activated
carbon (Iriarte-Velasco et al. 2011) and other adsorbents (Crini
2006).

Adsorption is a physicochemical process that involves
mass transfer of a solute from liquid phase to the adsorbent
surface. In order to understand the characteristics of the ad-
sorption process, the pseudo-first-order (PFO) and pseudo-
second-order (PSO) kinetic models were applied to fit exper-
imental data obtained from batch experiments, as shown in
Figs. 6 and S2. The kinetic parameters and the determination
coefficients (R2) were determined by nonlinear regression and
are given in Table 3. The R2 values of the PSO kinetic model
are much higher than those of PFO, the calculated qe values
(qe,cal) of PSO models are close to the experimental ones
(qe,exp). Hence, the PSO kinetic model is more appropriate to
describe the adsorption behavior of CIP onto G and G-KOH.
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Fig. 6 Kinetic curves (a), pseudo-second-order model (b), Weber–Morris model (c), and Boyd model (d) of G and G-KOH
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If the movement of adsorbate from the bulk liquid to the
liquid film surrounding the adsorbent is ignored, the adsorp-
tion process in porous solids can be separated into three stages
as follows (Ma et al. 2012; Rengaraj et al. 2004): (1) external
mass transfer of the adsorbate across the liquid film to the
adsorbent exterior surface, which is also called film diffusion
(or boundary layer diffusion or outer diffusion), (2) transport
of the adsorbate from the adsorbent exterior surface to the
pores or capillaries of the adsorbent internal structure, which is
called intra-particle diffusion (or inner diffusion), and (3) the
adsorbate is adsorbed onto the active sites in inner and outer
surfaces of the adsorbent. The third step is considered to be
very fast and thus cannot be treated as rate-limiting step.
Generally, the adsorption rate is controlled by outer or inner
diffusion or both. In order to determine the actual rate-
controlling step involved in the CIP sorption process, a We-
ber–Morris equation was applied. Plots of qt against t

1/2 are
shown in Fig. 6c, and the corresponding kinetic parameters
are listed in Table 3. It was also observed that the regression of
qt versus t

1/2 was not linear, and the plots do not pass through
the origin, suggesting that the intra-particle diffusion is not the
sole rate-controlling step (Dogan et al. 2009), and the external
mass transfer may also be significant in the rate-controlling
step due to the large intercepts of the linear portion of the plots
(Al-Degs et al. 2006).

The adsorption kinetic data were further analyzed by a
Boyd model (Kumar et al. 2005). The calculated Bt values
were plotted against time t as shown in Fig. 6d. The linearity
of the plots provides useful information to distinguish be-
tween external mass transfer and intra-particle-diffusion-con-
trolled mechanism of adsorption (Sankar et al. 1999). The
plots in Fig. 6d do not pass through the origin, confirming
the involvement of external mass transfer in the entire adsorp-
tion process (Gupta et al. 2008). However, the plots are not
straight lines, indicating that external mass transfer shows a
relatively weak rate control for CIP adsorption onto G-KOH.
So, the overall adsorption process may be jointly controlled by
external mass transfer and intra-particle diffusion.

Effect of pH and ionic strength

The adsorption process possibly involved in many mecha-
nisms included electrostatic interactions, electron donor–ac-
ceptor (EDA) interaction, hydrogen bond, etc. Figure 7a
shows the adsorption capacity of CIP on G-KOH at different
ionic strengths (0–0.4 M). As the ionic strength was increased
from 0 to 0.2 M, the adsorption capacity of CIP adsorbed
increased from 187 to 241 mg/g. With the increase of ionic
strength, the adsorption capacity of CIP adsorbed has

Table 3 Kinetic parameters of pseudo-first- and second-order adsorption kinetic models and intra-particle diffusion model for CIP on G and G-KOH

Absorbent Pseudo first-order model Pseudo second-order model Intra-particle diffusion model

qe,exp (mg/g) k1 (/min) qe,cal (mg/g) R2 k2 (/min) qe,cal (mg/g) R2 Ki (g/mg/min0.5) C (mg/g) R2

G 149.4 0.012 3.12 0.124 0.036 147.06 0.999 0.224 147.5 0.0002

G-KOH 177.6 0.020 3.63 0.273 0.008 181.8 0.999 0.107 168.9 0.216

CIP concentration=150 mg/L, G/G-KOH=0. 5 g/L
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Fig. 7 Effect of ionic strength (a) and pH values (b) on adsorption capacity of CIP on G-KOH (CIP concentration=150 mg/L, G-KOH=0.5 g/L)

4722 Environ Sci Pollut Res (2015) 22:4715–4724



remained unchanged; there may be existing cooperative ad-
sorption behavior between CIP and NaCl.

Generally, adsorption of ionizable organic contaminants is
affected by pH due to the varied species. CIP has positively
charged (cationic), negatively charged (anionic), and/or zwit-
terionic species at different pH due to different pKa (6.1 and
8.7). The cationic CIP was dominant at pH <6.1, while the
dominant species was anion at pH >8.7. In this study, the
adsorption capacity decreased at pH <6 or pH >8 and
remained unchanged between pH 6–8, which is consist with
the ionic station of CIP, indicating that the electrostatic inter-
action may be a controllable mechanism. The main differ-
ences between G and G-OH were their SSA and functional
groups. The functional group was one factor responsible for
CIP sorption on graphene. It was observed that oxygen func-
tional groups on graphene surface including –OH and –
COOH groups could reduce the hydrophobicity of graphene
surface. When the pH is ∼7, the zwitterionic species mainly
exist, so the oxygen-containing functional groups have little
effect on the electrostatic interaction between CIP and G-
KOH, and the physical adsorption mechanism based on the
SSA may play a critical role in the process of adsorption; the
results are also consistent with the D-R analysis and SSA
results.

The adsorption mechanism of CIP on G-KOH can also be
explained by π–π EDA interaction, one of the driving forces
for the sorption of organic chemicals with benzene rings on
graphene. The benzene rings with fluorine group and N-
heteroaromatic ring in CIP can function as a π electron accep-
tor due to the strong electron-withdrawing ability of N and F,
as shown in Fig. S1. The –OH groups on the G-KOH surface
can make the benzene rings of G-KOH act as electron donors.
Thus, significantly enhanced CIP sorption on G-KOH by
formation of a π–π bond was expected. However, the π–π
bond was significantly depressed between CIP and G-KOH
because the –COOH groups make G-KOH electron acceptors.
Hydrogen bond widely exists in the process of polar organic
pollutant sorption on carbon nanomaterials (Yang et al. 2008).
Functional groups of organic chemicals can act as hydrogen-
bonding donors and form hydrogen bonds with the graphite
sheets of graphene, where the benzene rings can act as
hydrogen-bonding acceptors. CIP hold C=O and –OH groups
as hydrogen-bonding donors which can form hydrogen bonds
with the oxygen-containing functional groups on graphene
surface (Wang et al. 2010).

Conclusion

In this study, we synthesize an activated graphene adsorbent
by a one-step KOH activation method. Obviously, the SSA of
the final product greatly increases to ∼512.6 m2/g from

∼138.20 m2/g. And then, activated graphene was firstly used
as an adsorbent for the removal of CIP in aqueous solutions.
The maximum adsorption capacity (∼194.6 mg/g) has been
realized, which indicates that alkali activation is a useful
method to improve the adsorption affinity of CIP contami-
nants on graphene. Therefore, activated graphene may be a
promising adsorbent nanomaterial for organic pollutants from
aqueous solutions.
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