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Graphene, a novel class of carbon nanostructures, possesses an ultrahigh specific surface area, and thus
has great potentials for the use as sorbent materials. We herein demonstrate the use of graphene as a novel
adsorbent for solid-phase extraction (SPE). Eight chlorophenols (CPs) as model analytes were extracted
on a graphene-packed SPE cartridge, and then eluted with alkaline methanol. The concentrations in
the eluate were determined by HPLC with multi-wavelength UV detection. Under the optimized condi-
tions, high sensitivity (detection limits 0.1–0.4 ng/mL) and good reproducibility of CPs (RSDs 2.2–7.7%
for run-to-run assays) were achieved. Comparative studies showed that graphene was superior to other
raphene
olid-phase extraction
dsorbent
hlorophenol
ample pretreatment

adsorbents including C18 silica, graphitic carbon, single- and multi-walled carbon nanotubes for the
extraction of CPs. Some other advantages of graphene as SPE adsorbent, such as good compatibility with
various organic solvents, good reusability and no impact of sorbent drying, have also been demonstrated.
The proposed method was successfully applied to the analysis of tap and river water samples with recov-
eries ranging from 77.2 to 116.6%. This work not only proposes a useful method for environmental water
sample pretreatment, but also reveals great potentials of graphene as an excellent sorbent material in

analytical processes.

. Introduction

Sample pretreatment is an important step in chemical analy-
is. Especially in environmental analysis, sample pretreatment is
sually the most important and laborious step due to the complex
atrices of environmental samples and the extremely low concen-

ration of contaminants. Solid-phase extraction (SPE) is a widely
sed technique for environmental sample pretreatment due to its
igh recovery, short extraction time, high enrichment factor, low
onsumption of organic solvents, and ease of automation [1]. The
ore of SPE is the sorbent material that determines the selectivity
nd sensitivity of the method. However, the commonly used SPE
orbents, such as C18 silica and graphitic carbon, are often only
pplicable for a limited number of analytes. Reusability of the SPE
artridges is also a problem. Thus, developing new SPE adsorbents
s of high value.

Carbon nanomaterials represent a novel type of adsorbents,

ncluding fullerenes [2,3], carbon nanotubes (CNTs) [4,5], carbon
anohorn [6], and carbon nanocones/disks [7]. Fullerenes can be
sed as chromatographic stationary phases to offer high selectivity
or specific compounds [8,9] or as sorbent materials for on-line clear
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up and preconcentration [10,11]. In recent years, CNTs have been
shown to be excellent kinds of sorbent materials for SPE [5]. Since
the first application of multi-walled carbon nanotubes (MWCNTs)
in SPE by Cai et al. [12], many reports have been published in
recent years focusing on development of CNTs-based SPE meth-
ods for a great variety of analytes, including phenolic compounds
[13–15], pesticides [16,17], pharmaceuticals [18,19], inorganic ions
[20], organometallic compounds [21], etc. The primary advantage
of CNTs for SPE adsorbents is their high surface areas, which endue
CNTs with high sorption capacities. Then, the selectivity of extrac-
tion can be controlled by covalently or non-covalently modifying
the CNTs with functional groups. Furthermore, intrinsic properties
of CNTs such as fine chemical and thermal stability also make them
suitable to be used as SPE adsorbents. Other carbon allotropes, such
as graphite fiber and diamond, have also been demonstrated as
adsorbents in SPE or micro-SPE [22,23].

Graphene, a new class of carbon nanomaterial, has recently
sparked much interest due to its unique strict two-dimensional
nanostructure [24–26]. Graphene possesses extraordinary elec-
tronic, thermal and mechanical properties, such as ultrahigh

specific surface area, good thermal conductivity, fast mobility
of charge carriers, high values of Young’s modulus and fracture
strength [27–30]. These properties hold great promise for its appli-
cations in chemical analysis [31]. For instance, solid-state gas
sensors made from graphene are capable of detecting individual
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as molecules due to its exceptionally low electronic noise [32,33].
ecause of the remarkable electronic properties, graphene appears
o be a good component for fabricating electrochemical sensors
34–37]. Generally, in the field of chemical sensors, graphene has
hown a bright future. However, in other fields of analytical chem-
stry, its full potential has yet to be realized.

Taking into account the exceptional properties of graphene,
t is rational to expect graphene to be a superior adsorbent for
PE. Firstly, graphene has a large specific surface area (theoret-
cal value 2630 m2/g [27]), suggesting a high sorption capacity.
pecifically, both sides of the planar sheets of graphene are avail-
ble for molecule adsorption; while for CNTs and fullerenes, steric
indrance may exist when molecules access their inner walls. Sec-
ndly, graphene can be easily modified with functional groups,
specially via graphene oxide (GO) that has many reactive groups
38]. The functionalization may further enhance the selectivity of
PE. Thirdly, CNTs usually contain trace amounts of metallic impu-
ities that come from the metal catalysts used in the synthesis
rocess. These impurities may have negative influences on the
pplications of CNTs [39–41]. While for graphene, it can be synthe-
ized from graphite without use of metal catalysts, thus it is easier
o obtain pure material. Despite these potential advantages, less
ttention has been paid to the SPE applications of graphene. Dong
t al. [42] and Tang et al. [43] recently reported the use of graphene
s matrix or probe for matrix-assisted or surface enhanced laser
esorption ionization time-of-flight mass spectrometry (MALDI-
r SELDI-TOF MS). In these reports, the graphene sheets were dis-
ersed in sample solutions to preconcentrate the analytes, and
hen the analyte–graphene complexes were collected by centrifu-
ation and directly analyzed by the MS techniques. However, we
ound that the well-dispersed graphene sheets were difficult to
ompletely isolate from the dispersions even by high-speed cen-
rifugation due to the presence of miniscule sheets of graphene.
urthermore, these methods involved no elution steps, thus they
eemed not to be intact SPE methods.

In this work, we demonstrate a novel SPE method using
raphene powder as adsorbent. Chlorophenols (CPs) were selected
s model analytes for their high toxicity and widespread environ-
ental occurrence [44]. Eight CPs were extracted by graphene-

acked SPE cartridges, and then the cartridges were eluted by
lkaline methanol. The eluates were analyzed by high-performance
iquid chromatography (HPLC) with multi-wavelength ultraviolet
UV) detection. The performance of graphene was compared with
everal other adsorbents including C18 silica, graphitic carbon and
NTs. Finally, the proposed method was applied to the analysis of
nvironmental water samples.

. Experimental

.1. Chemicals

Graphite powder (−325 mesh, 99.9995%) was purchased from
lfa Aesar (Ward Hill, MA). Hydrazine hydrate (85%) and P2O5
ere bought from Sinopharm Chemical Reagent Co. Ltd. (Shang-
ai, China). H2O2, KMnO4, K2S2O8 and concentrated H2SO4 were

rom Beijing Chemical Works (Beijing, China). 2-Chlorophenol
2-CP, 98+%), 3-chlorophenol (3-CP, 99%), 2,4-dichlorophenol
2,4-DCP, 99%), 3,4-dichlorophenol (3,4-DCP, 99%), and 2,4,6-
richlorophenol (2,4,6-TCP, 98%) were from Acros Organics (Geel,
elgium). 4-Chlorophenol (4-CP, 100%) and 2,3,5-trichlorophenol

2,3,5-TCP, 98.3%) were from AccuStandard (New Haven, CT). 2,3-
ichlorophenol (2,3-DCP, 98%) was from Alfa Aesar. The standard

tock solutions of CPs (2000 �g/mL) were prepared in methanol
MeOH) and stored in the dark at 4 ◦C. The working solutions
ere freshly prepared by diluting the stock solutions with water.
1218 (2011) 197–204

Single-walled CNTs (SWCNTs, >90%, outer diameter <2 nm, length
5–15 �m) and MWCNTs (>98%, outer diameter 20–40 nm, length
5–15 �m) were obtained from Nanotech Port Co. Ltd. (Shenzhen,
China). Organic solvents used in this work were all from J.T. Baker
(Phillipsburg, NJ) and of HPLC grade. Ultrapure water from a Milli-Q
system (Millipore, Billerica, MA) was used throughout. All reagents
were of analytical grade unless otherwise noted.

2.2. Apparatus

The SPE experiments were performed on an Agilent vacuum
manifold processing station (Santa Clara, CA) with a Gast vac-
uum pump (Benton Harbor, MI). The empty SPE cartridges (3 mL)
and SPE frits were purchased from Agilent. The HPLC experiments
were performed on a Dionex Ultimate 3000 HPLC system (Sun-
nyvale, CA) consisting of a DGP-3600SD pump, a WPS-3000SL
autosampler, a TCC-3000SD column compartment, and a DAD-
3000 diode array detector (DAD). The system was controlled by
Chromeleon software. Separations were performed on a Dionex
Acclaim PolarAdvantage C16 column (5 �m, 150 mm × 4.6 mm)
with an Inertsil ODS-SP guard column (5 �m, 10 mm × 4.0 mm; GL
Sciences Inc., Tokyo, Japan).

2.3. Synthesis and characterization of graphene

Graphite oxide was synthesized by a modified Hummers
method [45,46]. Graphite powder (3 g) was added into an 80 ◦C
solution of concentrated H2SO4 (12 mL) containing 2.5 g of K2S2O8
and 2.5 g of P2O5, and kept at 80 ◦C for 4.5 h. Then, the mixture
was diluted with 0.5 L of water and left overnight. After that, the
mixture was filtered through a 0.20 �m Millipore nylon membrane
and washed with 1 L of water. The product was dried under ambi-
ent condition. This pre-oxidized graphite was added into 120 mL of
concentrated H2SO4 in an ice-bath, and 15 g of KMnO4 was grad-
ually added into the mixture under stirring. Note that the rate of
addition must be carefully controlled to prevent the temperature
from exceeding 20 ◦C. Consequently, the mixture was stirred at
35 ◦C for 2 h and then slowly diluted with 250 mL of water in an
ice-bath to keep the temperature below 50 ◦C. Then, the mixture
was stirred for another 2 h and diluted with 0.7 L of water. Shortly
after the addition of water, 20 mL of H2O2 (30%, v/v) was added,
causing the color turning to yellow along with bubbling. The mix-
ture was filtered and washed with 1 L of HCl (1:10, v/v) and 1 L of
water. The obtained solid was dialyzed against water for 1 week,
and then dried under ambient condition.

Graphene was synthesized by hydrazine reduction of graphene
oxide (GO) [47,48]. The dispersion of graphite oxide (1 mg/mL)
was ultrasonicated for 1 h to exfoliate graphite oxide to GO. Then,
hydrazine hydrate was added to the dispersion with the weight
ratio of hydrazine to GO being 7:10. This dispersion was heated
at 95 ◦C for 24 h, and the reduced GO gradually precipitated as
black solid. The final product of graphene was collected by filtration
through a fritted glass funnel, washed thoroughly with water and
MeOH, and freeze-dried under vacuum.

The TEM images of graphene sheets were captured on a Hitachi
H-7500 transmission electron microscope (Tokyo, Japan). The sam-
ples for TEM were prepared by placing a drop of GO dispersion on
a carbon-coated copper grid and dried at room temperature. The
AFM images were taken in tapping mode on a Veeco Dimension
3100 scanning probe microscope (Plainview, NY). The AFM samples
were prepared by drop-casting a GO dispersion onto a fresh mica

wafer and then dried under room temperature. The SEM images
were obtained on a Hitachi S-5500 field-emission scanning electron
microscope. The samples for SEM were prepared by placing a drop
of MeOH dispersion of graphene on a silicon wafer and then dried at
room temperature. Specific surface area of graphene was character-
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ig. 1. (A) A typical TEM image of GO sheets. (B) A typical tapping-mode AFM imag
n (C) indicates a sheet thickness of 0.353 nm. (D) A typical TEM image of chemically
EM image of (E) shows a graphene sheet having an upper bound thickness less tha

zed by BET method using an adsorption instrument (Autosorb-1,
uantachrome, USA). The UV–vis spectra were scanned on a DU800
V/vis spectrophotometer (Beckman Coulter, Brea, CA). The X-ray
hotoelectron spectra (XPS) were obtained on an AXIS Ultra DLD
-ray photoelectron spectrometer (Kratos, Manchester, UK) with
l K� X-ray radiation as the X-ray source excitation.

.4. Solid-phase extraction cartridges and procedures

Graphene (20 mg) was placed in a 3 mL SPE cartridge using an
pper frit and a lower frit to avoid adsorbent loss. Prior to extrac-
ion, the cartridge was preconditioned with 9 mL of MeOH and
mL of water, respectively. The sample solution (50 mL) was passed

hrough the cartridge at a flow rate of 1.5 mL/min. Then, the car-
ridge was washed with 1 mL of 10% (v/v) MeOH aqueous solution
o remove the co-adsorbed matrix materials from the cartridge. The
nalytes retained on the cartridge were eluted with 1 mL of alka-
ine MeOH, and then the excess base in the eluate was neutralized
y 30 �L of 1 M HCl aqueous solution. Finally, 20 �L of the eluate
as injected into the HPLC system. After extraction, the cartridge
as washed with 1 mL of alkaline MeOH, 9 mL of MeOH and 9 mL

f water. In this way, the cartridge was available for a next extrac-
ion immediately. Note: the alkaline MeOH was prepared by adding
.5 mL of 1 M NaOH aqueous solution into 50 mL of MeOH.

.5. HPLC analysis

The mobile phase consisted of (A) 25 mM HAc/25 mM NH4Ac
1.45:1, v/v) and (B) acetonitrile (ACN). The gradient elution pro-
ram was as follows: starting at 35% B, increasing B to 62% in 18 min,
hen decreasing B to 35% in 1 min, and keeping constant for 2 min
o equilibrate the column. The flow rate was 1 mL/min. The column
as thermostated at 30 ◦C. Multiple wavelength UV detection was
sed for the quantification of CPs: 276 nm for 2-CP and 3-CP, 282 nm
or 4-CP and 2,3-DCP, 286 nm for 2,4-DCP and 3,4-DCP, and 290 nm
or 2,4,6-TCP and 2,3,5-TCP. The samples were filtered through a
.20 �m Millipore nylon membrane before injection.
.6. Tap and river water samples

Tap water samples were collected from a water tap in our lab
Beijing). River water samples were collected from the section of
sheets deposited on a mica substrate. (C) Height profile taken along the solid line
ed graphene sheets. (E) SEM image of graphene adsorbent. (F) A high magnification
.

Beijing in the Xiaoqing River. The collected water samples were
filtered through a 0.45 �m Millipore cellulose membrane immedi-
ately after sampling and stored in amber glass bottles at 4 ◦C.

3. Results and discussion

3.1. Characterization of graphene and graphene-packed SPE
cartridges

The graphene was synthesized from its oxide form. The TEM
(Fig. 1A) and AFM images (Fig. 1B) show that the as-prepared
GO was completely exfoliated to individual nanosheets with no
bulk aggregates. The size of the sheets ranged from dozens of
nanometers to several micrometers. Noteworthily, from Fig. 1C,
the corresponding section analysis of the AFM image shows that
the thickness of the obtained GO sheets could be less than 0.5 nm,
indicating the generation of single layer of GO sheets. After reduc-
tion by hydrazine, as shown by the TEM image in Fig. 1D, the
graphene maintained its morphology of nanosheets. From the
SEM image (Fig. 1E), the reduced graphene consisted of randomly
aggregated and crumpled sheets to form a disordered solid. A high-
resolution SEM image (Fig. 1F) indicates that the folded regions of
the graphene sheets were thinner than 2 nm. Surface area measure-
ment of the graphene sheets via N2 gas adsorption yielded a BET
value of 433.1 m2/g, which is close to a previously reported value
(466 m2/g) [47]. However, this value is lower than the theoretical
specific surface area of completely exfoliated and isolated graphene
(2630 m2/g [27]) probably due to the partial aggregation of GO dur-
ing the reduction process. Despite this, the specific surface area is
sufficiently high for a SPE adsorbent. For comparison, we also mea-
sured the specific surface areas of commercially available SWCNTs
and MWCNTs. The obtained values are lower than that of graphene:
211.9 m2/g for SWCNTs and 89.8 m2/g for MWCNTs.

The chemical reduction of GO to graphene was confirmed by
UV–vis absorption spectroscopy and XPS. In UV–vis spectra, GO
dispersion showed an absorption peak at 229 nm (data not shown).

After being reduced with hydrazine, the peak at 229 nm shifted to
262 nm, and the absorption in the whole spectral region increased.
This phenomenon suggests that hydrazine reduction cause the
restoration of the electronic conjugation in the graphene sheets
[48]. Fig. 2 shows the high-resolution C 1s XPS spectra of GO
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Fig. 2. The C 1s XPS spectra of GO (A) and chemically reduced graphene (B).

nd graphene. Peak fitting of the C 1s bands of GO yields sev-
ral components corresponding to different functional groups:
on-oxygenated ring C (C–C), C–O bonds, carbonyl (C O) and car-
oxylate C (O–C O) [47]. Upon hydrazine reduction, the peak

ntensities of the oxygen functionalities significantly decrease, indi-
ating that GO has been successfully reduced to graphene. A new
omponent appears at 285.8 eV, probably corresponding to C–N
onds [47,49]. In addition, it should be noted that the oxygen func-
ionalities still exist in Fig. 2B, clearly indicating that the chemically
educed graphene used in this work still contains some polar and
ydrophilic groups. This result is also consistent with the previously
eported literature [38,47,50].

We then tested whether or not the graphene-packed SPE car-
ridges could be kept intact upon rinsing with various solvents,
ecause small sheets of graphene were present in the adsorbent,
nd adsorbent loss would reduce the reusability of SPE cartridge
nd precision of the method. As indicated by Fig. 2, GO contains a
arge amount of hydrophilic groups and can be soluble in water and
ome polar solvents [38]. Thus, GO is unsuitable for direct use as
PE adsorbent because it can be easily rinsed out of the cartridge.
owever, after chemical reduction by hydrazine, the hydrophilic
roups in GO sheets are greatly reduced, and the yielded graphene
s difficult to be dispersed in water or some organic solvents [47].
erein, the graphene-packed cartridges were washed thoroughly
ith water and various organic solvents, and no visible adsorbent

osses were observed in all cases with commercial SPE frits. The
ested organic solvents included MeOH, ACN, ethanol, 2-propanol,
etrahydrofuran (THF), acetone, ethyl acetate, hexane, cyclohex-
ne, dichloromethane, chloroform, and methyl t-butyl ether. The
ood compatibility with various organic solvents may be benefited
rom the partial aggregation of graphene mentioned above. This
esult shows the robustness of graphene-packed SPE cartridges for
ifferent applications.
.2. Optimization of HPLC conditions

HPLC–UV was used for quantification of CPs in both standard
olutions and real water samples. Therefore, the HPLC conditions
Fig. 3. Effect of eluent type on the recoveries of eight CPs. Volume of eluent: 1 mL.
The alkaline MeOH was prepared by adding 1.5 mL of 1 M NaOH aqueous solution
in 50 mL MeOH. Other experimental conditions are stated in Section 2.

were optimized before the SPE experiments. A polar-enhanced
reversed-phase C16 silica column was used to facilitate the sep-
aration of the polar CP analogues. Specifically, we noticed that the
maximum absorption peaks of the eight CPs were different from
each other. Since a DAD was used here, the eight CPs were deter-
mined simultaneously at four different UV wavelengths to reach
the maximum sensitivity for each analyte: 276 nm for 2-CP and 3-
CP, 282 nm for 4-CP and 2,3-DCP, 286 nm for 2,4-DCP and 3,4-DCP,
and 290 nm for 2,4,6-TCP and 2,3,5-TCP. Other detailed optimized
HPLC conditions are presented in Section 2.5.

3.3. Optimization of SPE procedures

The sorption of CPs on the graphene-packed SPE cartridges was
examined. Aqueous standard solutions (1 mL) of the eight CPs at
concentrations up to 10 �g/mL were passed through the cartridges,
and no analytes were detected in the flow-throughs, indicating
that the graphene-packed cartridges have a good sorption capac-
ity for the CPs. Then, the cartridge was washed with 1 mL of 10%
MeOH aqueous solution. The collected washing solution was also
analyzed and found to contain no CPs, indicating that 10% MeOH
solution cannot elute the analytes from the cartridge and thereby
was suitable to be used as a washing solution.

Although the graphene-packed SPE cartridges are applicable for
various organic solvents, only several solvents that are compati-
ble with reversed-phase LC column were tested as eluent solvents,
including MeOH, ACN and THF, because a reversed-phase LC was
used for the quantitative analysis. In all cases, the SPE cartridges
were loaded with 2 �g of each CP in aqueous solution, and then 1 mL
of different eluents was passed through the cartridge. The recov-
eries of the analytes were calculated based on their concentrations
in the eluates. As shown in Fig. 3, ACN had a poor eluting power
toward CPs; especially for DCPs and TCPs, their recoveries were
lower than 15%, indicating the strong affinity of CPs for graphene.
MeOH yielded higher recoveries than ACN, because protic sol-
vent (i.e., MeOH) can elute the polar CPs that may have hydrogen
bonding with the hydroxyl groups on the graphene surface more
effectively than aprotic solvent (i.e., ACN). However, MeOH failed

to effectively elute DCPs and TCPs (recoveries less than 60%). THF
also could not satisfactorily elute CPs, with the recoveries ranging
from 72.0 to 90.0%. The satisfactory results were achieved in the
case of alkaline MeOH, with the recoveries of 91.0–109.4%. This
was probably because the alkaline condition was favorable for the
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ascribed to too stable adsorption and incomplete elution. Increas-
ing the volume of eluent solvent can improve the recoveries, e.g.,
with 2 mL of alkaline MeOH as eluent solvent, the recoveries of CPs
on SWCNTs cartridge can reach 86.6–103.4%. Nevertheless, increas-
ig. 4. Effect of sample pH (A) and volume (B) on the recoveries of eight CPs. Elu
olution. Other experimental conditions are stated in Section 2.

onization of CPs, thus reducing their affinity for graphene and facil-
tating the elution. The volume of eluent was also optimized, and
he efficient elution could only be achieved with no less than 1 mL of
lkaline MeOH. A sequential elution with another milliliter of alka-
ine MeOH revealed the absence of CPs in the adsorbent. Thus, 1 mL
f alkaline MeOH was used as eluent. This complete elution of ana-
ytes also guarantees the reusability of the SPE cartridges. Between
xtractions, the cartridges were washed with alkaline MeOH, pure
eOH and water to ensure that the cartridge could immediately

e available for a next extraction. It is noted that before injection
nto HPLC, 30 �L of 1 M HCl aqueous solution must be added into
he eluate to neutralize the excess base.

The effects of sample pH and volume on the recoveries were
lso investigated. The cartridge was loaded with 2 �g of each CP in
queous solution, and the sample pH was adjusted by 0.1 M NaOH
r 0.1 M HCl aqueous solutions. As shown in Fig. 4A, no signifi-
ant effects were observed with sample pH varying within 3–9.
ote that CPs are ionizable at pH > pKa (the pKa values are listed in
able 1). The less effect of sample pH suggests that non-electrostatic
nteraction such as �–� interaction plays an important role in the
dsorption of CPs to graphene. To facilitate the extraction process,
o adjustment of sample pH was performed in the following exper-

ments. To optimize the sample volume, the cartridge was loaded
ith 1–100 mL aqueous standards containing 2 �g of each CP in all

ases. Generally, for SPE, satisfactory recoveries are required in as
arge volume of sample solution as possible to obtain a high enrich-

ent factor. It is thus necessary to determine the breakthrough
olume. As shown in Fig. 4B, the recoveries were acceptable with
ample volume increasing up to 50 mL. Therefore, 50 mL was
egarded as the breakthrough volume. This breakthrough volume
s larger than that obtained with carbon nanocones/disks (10 mL)

ith the same amount of adsorbent [7], suggesting that graphene
ave a higher sorption capacity than carbon nanocones/disks.

.4. Comparison with other sorbent materials

To evaluate the usefulness of graphene adsorbent, its perfor-
ance was compared with several commonly used reserved-phase

orbent materials, including C18 silica, graphitic carbon, and CNTs.
or this purpose, the same amount (20 mg) of different adsorbents
as packed in 3 mL SPE cartridges. The cartridges were loaded with

0 mL of sample solutions containing 2 �g of each CP. The C18 silica
as evacuated from a Supelclean LC-18 SPE tube (Supelco, Belle-

onte, PA). The CPs in the flow-through, washing solution and eluate
ere all determined.
We first optimized the extraction conditions with regard to
ifferent adsorbents. It was found that CPs adsorbed on C18 and
raphitic carbon cartridges can be easily eluted with MeOH; while
or graphene and CNTs cartridges, the adsorption was very sta-
le, thus alkaline MeOH was used to effectively elute the CPs.
mL of alkaline MeOH. The sample pH was adjusted by 1 M HCl or NaOH aqueous

As shown in Fig. 5, graphene-packed cartridge yields the high-
est recoveries (89.8–102.2%) among these studied adsorbents. This
result definitely justifies the worth of graphene as SPE adsorbent.
For C18 silica, the elution was easier to be conducted than graphene,
but the adsorption was poorer. The CPs could be detected in the
flow-through and washing solution after loading on C18 cartridge,
indicating that 20 mg of C18 silica is insufficient for retention of CPs.
Especially for MCPs, their recoveries are much lower than DCPs and
TCPs, suggesting that C18 has a poor sorption capacity for polar
compounds. To obtain acceptable results with C18, more adsor-
bent should be packed in the cartridge to enhance the adsorption
capacity. For instance, with a C18 cartridge packed with 500 mg of
C18 silica, the recoveries of CPs can reach 98.8–107.5%. However,
increasing the adsorbent amount will add the cost of analysis and is
unfavorable for instrument miniaturization. For graphitic carbon,
the performance was even poorer than C18, and its main problem is
also the shortage of sorption capacity. For MWCNTs, the recoveries
were in the range of 60.8–91.5%. These values were evidently infe-
rior to those of graphene. For SWCNTs, the recoveries were better
than MWCNTs, but still inferior to graphene. Notably, we found that
no CPs were present in the flow-throughs and washing solutions for
MWCNTs and SWCNTs, indicating that CNTs also have good sorp-
tion capacities for CPs. Thus, the lower recoveries on CNTs should be
Fig. 5. Comparison of the performance of graphene with several other adsorbents
(C18 silica, graphitic carbon, SWCNTs, and MWCNTs) for the SPE of eight CPs. The
SPE cartridges were packed with 20 mg adsorbents in all cases. For graphene and
CNTs, the eluent solvent was 1 mL of alkaline MeOH; for C18 and graphitic carbon,
the eluent solvent was 1 mL of MeOH. Other experimental conditions are stated in
Section 2.
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Table 1
Analytical figures of merit via graphene-based SPE–HPLC–UV method.a

Analyte pKa
b tR (min)c Regression equationd R2 e Linear range

(ng/mL)
LOD (ng/mL)f RSD (%)

Run-to-
rung

Day-to-
dayh

Cartridge-to-
cartridgei

Batch-to-
batchj

2-CP 8.49 7.48 y = 0.0112x − 0.0141 0.9963 1–200 0.2 5.9 7.2 5.8 9.4
3-CP 8.85 8.59 y = 0.0092x − 0.0131 0.9964 1–200 0.2 4.6 7.0 5.4 9.8
4-CP 9.18 8.20 y = 0.0144x − 0.0246 0.9969 1–200 0.1 5.3 7.6 5.5 10.0
2,3-DCP 6.44 10.96 y = 0.0094x + 0.0290 0.9975 1–200 0.2 2.9 5.4 7.1 4.8
2,4-DCP 7.67 11.68 y = 0.0086x − 0.0197 0.9973 1–200 0.2 4.8 8.4 5.5 10.8
3,4-DCP 7.38 12.00 y = 0.0072x − 0.0240 0.9969 1–200 0.2 5.4 9.2 6.2 11.3
2,4,6-TCP 7.42 15.14 y = 0.0069x − 0.0198 0.9975 2–200 0.4 7.7 9.5 8.3 10.5
2,3,5-TCP 7.36 16.02 y = 0.0073x + 0.0584 0.9714 2–200 0.4 2.2 6.5 7.7 9.9

a The experimental conditions are stated in Section 2.
b The pKa values of CPs are adopted from Ref. [56].
c tR, retention time.
d y = peak area in mAU min and x = concentration in ng/mL.
e R, correlative coefficient.
f LODs were estimated as the concentrations where s/n = 3.

rtridg

i
f

o
s
a
a
i
a
t
r
s
h
a
t
s

T
R

g The run-to-run RSDs were calculated based on six extractions.
h The day-to-day RSDs were obtained over 3 days and nine extractions.
i The cartridge-to-cartridge RSDs were tested with four graphene-packed SPE ca
j The batch-to-batch RSDs were obtained with three batches of graphene.

ng the volume of eluent solvent will reduce the preconcentration
actor.

From the above comparison, we can realize that the advantage
f graphene over C18 and graphitic carbon mainly lies in the higher
orption capacity; while compared with CNTs, it is more facile to
chieve complete elution with graphene. Therefore, we ascribe the
dvantages of graphene not only to its large surface area but also to
ts unique chemical structure. First, the hexagonal arrays of carbon
toms in the graphene sheets may have a strong �–� interac-
ion with the target molecules. Second, although being chemically
educed, the graphene sheets still have some hydrophilic groups

uch as hydroxyl and carboxyl groups (as illustrated in Fig. 2). These
ydrophilic groups can improve the water-wettability of graphene
nd enhance the retention and elution of polar compounds. Third,
he molecules can readily access both the surfaces of graphene
heets, and this is favorable for both the adsorption and elution

able 2
ecoveries from tap and river water samples (n = 3).a

Analyte Tap water samples

Concentration added (ng/mL) Recovery (%

2-CP 10 87.8 ± 2.
40 105.5 ± 3.

100 99.1 ± 4.
3-CP 10 101.2 ± 4.

40 104.3 ± 8.
100 98.9 ± 5.

4-CP 10 89.0 ± 9.
40 109.3 ± 2.

100 104.2 ± 5.
2,3-DCP 10 98.2 ± 5.

40 104.5 ± 4.
100 107.7 ± 5.

2,4-DCP 10 99.0 ± 3.
40 106.3 ± 3.

100 108.6 ± 5.
3,4-DCP 10 96.7 ± 5.

40 107.4 ± 2.
100 110.3 ± 3.

2,4,6-TCP 10 103.4 ± 9.
40 102.6 ± 9.

100 95.8 ± 7.
2,3,5-TCP 10 106.2 ± 4.

40 97.2 ± 9.
100 116.6 ± 5.

a The experimental conditions are stated in Section 2.
es.

process of SPE. While for CNTs, their tube-like structures may ster-
ically hinder the access of target molecules into the inner structure
of CNTs. These features make graphene very attractive as an adsor-
bent material. It is therefore believed that graphene has a potential
to replace CNTs as a superior SPE adsorbent. Since the specific sur-
face area of the graphene used in this work was still much lower
than its theoretical value, future improvements in the synthesis
process will certainly further improve the performance of graphene
in SPE.

3.5. Analytical figures of merit
Table 1 summarizes the analytical performance obtained via this
graphene-based SPE–HPLC–multi-wavelength UV method. SPE was
carried out with 50 mL aqueous standards. All linear ranges were
based on the average peak areas of at least five CP concentrations.

River water samples

) Concentration added (ng/mL) Recovery (%)

0 10 95.5 ± 2.2
8 40 91.5 ± 4.4
3 100 81.6 ± 4.5
8 10 101.2 ± 1.1
2 40 100.2 ± 6.2
0 100 88.5 ± 6.2
9 10 104.3 ± 3.5
8 40 100.0 ± 6.4
8 100 91.6 ± 4.9
1 10 104.9 ± 8.4
1 40 101.5 ± 9.3
5 100 86.0 ± 7.3
6 10 100.2 ± 2.5
1 40 99.3 ± 1.5
2 100 87.9 ± 2.1
7 10 108.9 ± 7.1
9 40 103.6 ± 6.9
3 100 100.9 ± 3.1
8 10 89.0 ± 3.5
4 40 79.8 ± 3.4
0 100 77.2 ± 3.5
2 10 95.8 ± 6.7
3 40 92.5 ± 6.0
1 100 84.5 ± 7.5
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he lower concentration limits of the calibration curves correspond
o the limits of quantitation (LOQs), which were estimated as the
oncentrations where s/n = 10. Excellent linear relationships were
btained in all cases (R2 0.9714–0.9975). The LODs varied from
.1 to 0.4 ng/mL. These values are below the legal tolerance level
or each phenol in drinking water (0.5 ng/mL) according to the
uropean Community Directive [51] and the maximum contami-
ant level for phenols in drinking water (5 ng/mL) according to the

apanese Ministry of Health, Labour and Welfare [52]. The LODs
ere also lower than those obtained by GC-FID or GC-ECD in U.S.

PA Method 604 for 2-CP, 2,4-DCP, and 2,4,6-TCP [53]. Compared
ith the previously reported methods regarding CPs, the sensitiv-

ty of the present method is somewhat better than those obtained
ith C18 and styrene divinylbenzene SPE disks [54] and liquid
hase microextraction with back extraction [55]. Compared with
he CNTs-based SPE [13] and carbon nanocones/disks-based SPE
7], the obtained LODs are at the same level.

Our initial concern was the reproducibility of this method
ecause of the polydispersity of the graphene sheets. To our sur-
rise, the observed reproducibility of the method was satisfactory
as listed in Table 1). Notably, the run-to-run assays were per-
ormed on a single SPE cartridge (n = 6), and thus the result also
emonstrates the good reusability of the graphene-packed SPE
artridges. In fact, we have found that the graphene-packed SPE car-
ridges can be reused for over 50 times with acceptable recoveries.
n the day-to-day assays, the cartridges were stored at room tem-
erature after dried by air between days. As known, sorbent drying
sually deteriorates the recoveries for the commonly used C18
dsorbent. By contrast, the good day-to-day RSDs listed in Table 1
emonstrate that sorbent drying has no significant impact on the
nalytical performance of the graphene-packed SPE cartridges.

.6. Analysis of tap and river water samples
The proposed method was applied to the analysis of eight CPs
n real environmental water samples including tap and river water
ollected in Beijing. Aliquots of 50 mL of each sample were filtered

ig. 6. Typical chromatograms from the analysis of tap water samples (A) and river
ater samples (B). (a) Unspiked samples and (b) samples spiked with the eight CPs

t the concentration of 40 ng/mL. Peaks: (1) 2-CP; (2) 4-CP; (3) 3-CP; (4) 2,3-DCP; (5)
,4-DCP; (6) 3,4-DCP; (7) 2,4,6-TCP; (8) 2,3,5-TCP. Detection wavelength, 286 nm.
he chromatograms at other data channels (wavelengths) are not shown. Other
xperimental conditions are stated in Section 2.
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through a 0.45 �m cellulose membrane, and then spiked with the
CPs at three different concentration levels (10, 40, and 100 ng/mL).
The spiked samples were stored in the dark overnight, and analyzed
by the proposed method (n = 3). Fig. 6 shows typical chromatograms
obtained from unspiked water samples and water samples spiked
with the eight CPs at a concentration of 40 ng/mL. As listed in
Table 2, the recoveries were in the range of 87.2–116.6% for tap
water samples and 77.2–108.9% for river water samples. These sat-
isfactory recoveries indicate no significant effects from the matrix
composition of the environmental water samples.

4. Conclusions

In conclusion, the proposed method reveals great potentials of
graphene as an advantageous sorbent material in SPE. By using
eight CPs as model analytes, the graphene-packed SPE cartridges
showed reliable and attractive analytical performance in the anal-
ysis of environmental water samples. Higher recoveries were
achieved with graphene than with other adsorbents including C18
silica, graphitic carbon and CNTs, owing to the large surface area
and unique chemical structure of graphene. Some other advantages
of graphene as SPE adsorbent have also been demonstrated, such
as high sorption capacity, good compatibility with various organic
solvents, good reusability, no impact of sorbent drying, and fine
reproducibility. Therefore, we believe that graphene is a promising
material for SPE. Future efforts should be made to further enhance
the surface area of the graphene adsorbent and extend the appli-
cations of the method.
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