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a  b  s  t  r  a  c  t

This  paper  described  a  simple  and  novel  analytical  technique  for the  determination  of  polycyclic  aro-
matic  hydrocarbons  (PAHs)  in  environmental  water  samples.  A  micro-solid  phase  extraction  (�-SPE)
was  developed  utilizing  cetyltrimethylammonium  bromide  modified  ordered  TiO2 nanotube  array.  The
experimental  results  indicated  that  modified  TiO2 nanotube  arrays  demonstrated  an  excellent  merit  on
the preconcentration  of  PAHs,  and  there  were  excellent  linear  relationships  between  peak  area  and  the

−1 −1
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concentration  of  PAHs  in  the  range  of 0.2–100  �g  L and  1.0–100  �g L , respectively.  The  detection
limits of  proposed  method  for the  targeted  PAHs  were  in  the  range  of 0.026–0.82  �g  L−1 (S/N  =  3).  The
real-world  environmental  water  samples  were  used  to  validate  the  applicability  of  the  proposed  method
and good  spiked  recoveries  were  in  the  range  of 75.0–114%.  All  these  results  demonstrated  that  this  new
�-SPE  technique  was  a  viable  alternative  to  conventional  enrichment  techniques  for  the  extraction  and

lex  sa
analysis  of PAHs  in comp

. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a widely dis-
ributed group of organic pollutants, and are known to be strongly

utagenic and/or carcinogenic, especially for the PAHs containing
our or more aromatic rings [1,2]. Some PAHs are suspected to be
ndocrine disrupters and much more attention has been focused
n their possible biological effects on human health [3].  So far, over
00 PAHs have been known to occur naturally, and 16 of them are
n the priority pollutant list of the US Environmental Protection
gency (EPA) on the basis of occurrence and carcinogenicity [4].

Many modern analytical techniques have been developed and
ubsequently applied for the monitoring of PAHs in the natural

nvironment [5].  Their determination in water is difficult because
heir levels in water are very low due to their low solubility in
ater. In general, a preconcentration procedure is needed before
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the analysis to assure the accuracy and sensitivity of the developed
method. The selection of preconcentration technique is commonly
on the basis of the extraction efficiency, selectivity, its simplic-
ity of operation, low consumption of solvent, rapidity, the ease of
automation, sample throughput and cost, etc. Current techniques
for the preconcentration of PAHs from environmental samples
are solvent extraction [6,7], solid phase extraction (SPE) [8–14],
solid-phase microextraction (SPME) [15–20],  pressurized liquid
extraction (PLE) [21] and supercritical fluid extraction (SFE) [22].
When combined with HPLC, SPE is the most common technique of
sample preparation with merits such as simplicity, high precon-
centration efficiency and short time-consumption [10,23].

Many research groups [24–30] have explored the application
of several nanosize SPE sorbents. Nanomaterials can offer sev-
eral advantages over traditional SPE sorbents such as very large
surface areas, which will result in high extraction capacity and
high extraction efficiencies. However, the use of nanomaterials has
some limitations. When packed column dynamic extraction mode
is used, the nanosize sorbents packed SPE column exhibits high
backpressure, which makes it very difficult to adopt high flow rates.

When the disperse batch mode is used, the nanosize sorbents are
often difficult to be separated and reused. Because of these disad-
vantages, it is necessary to develop new nanosize SPE methods that
can be applied to preconcentrate and separate organic compounds

dx.doi.org/10.1016/j.jhazmat.2011.07.025
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zhouqx@henannu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2011.07.025
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rom environmental water samples. Recently, a unique micro-
olid-phase extraction (�-SPE) has been reported [31,32],  and this
ethod provided a new approach for method development.
Nowadays, highly ordered TiO2 nanotube array, as a new nano-

aterial of TiO2 nanotubes, has been an attractive approach for
any important engineering applications. These potential appli-

ations include photoelectrochemical hydrogen generation, solar
ells, hydrogen storage, gas sensing, templates for growth of
ompound semiconductor nanowires for radiation sensing, sub-
trate for high interfacial bond strength hydroxyl apatite coating
n implants, biomedical applications, as catalyst supports and
hotoelectrocatalytic activity electrode for organic contaminant
egradation [33–35].  However, to the best of our knowledge, there
ave very few reports using TiO2 nanotube array on the enrich-
ent and measurement of environmental pollutants, except that

ur group developed a new enrichment method with TiO2 nan-
tube array for the determination of organochlorine pesticides,
hich had demonstrated that TiO2 nanotube array earned excellent

dsorption capacity for organochlorine pesticides [36]. TiO2 nan-
tube array offer several advantages over the traditional microsize
orbents such as larger surface area, higher adsorption capacity,
ore easily to prepare large enrichment equipment, and higher

ossibility for cycle use.
The surfactants could be adsorbed to the surface of mineral

xides through attractive electrostatic interactions between the
harged mineral oxide surface and the oppositely charged sur-
actant head group resulting in the formation of monolayers of
dsorbed surfactant termed hemimicelles. After saturation of the
ineral oxide surface, hydrophobic interactions between hydro-

arbon chains of surfactant molecules result in the formation of
dmicelles [37–39].  In term of hemimicelles, the hydrophobic
ails are exposed to aqueous solution, so the surfactant-coated
iO2 nanotube surface will become hydrophobic, which favors the
dsorption of non-ionic organic compounds onto the sorbents.
ince possessing larger special areas and more ion-exchangeable
H groups on surface, TiO2 nanotube materials are expected to
ave obvious advantage for the sorption of ionic surfactant, and
ehave remarkable adsorption capability to organic compounds
orrespondingly [40]. The present work was intended to assess the
se of cetyltrimethylammonium bromide (CTAB) coated titanate
anotube array for the extraction of PAHs, and evaluate their appli-
ability for the analysis of PAHs in natural waters.

. Experimental

.1. Chemicals and reagents

A mixed-PAH standard containing the Environmental Pro-
ection Agency (EPA) priority 16 PAHs was purchased from
ccuStandard, Inc. (USA) including acenaphthene (Ace), ace-
aphthylene (Acy), anthracene (An), 1,2-benzoanthracene
BaA), benzo(a)pyrene (BaP), benzo(b)fluoranthene (BbF),
enzo(ghi)perylene (BghiP), benzo(k)fluoranthene (BkF), chrysene
Chry), dibenzo(a,h)anthracene (DiahA), fluoranthene (Flt), flu-
rene (Flu), indeno(1,2,3-cd)pyrene (Inpy), naphthalene (Naph),
henanthrene (Ph), and pyrene (Pyr). The concentration of each
ompound in the mixture was 200 mg  L−1. A working stock solu-
ion (20 mg  L−1) of PAHs was prepared in HPLC grade methanol
ith the standard solution. All the standard solutions were

tored at 4 ◦C in the refrigerator. The aqueous solutions were
repared daily by diluting the standard mixture with ultrapure

ater. The solubility of such compounds was listed in Table 1

41]. HPLC grade methanol and acetonitrile were obtained
rom Jiangsu Guoda Chemical Reagent Co., Ltd. (Huaian, China).
etyltrimethylammonium bromide was obtained from Beijing
Fig. 1. FESEM images of top-view of TiO2 nanotube arrays.

Xinjingke biotechnique Co., Ltd. (Beijing, China). Ultrapure water
was  prepared in the laboratory using a SZ-93 automatic double
pure distillatory from Shanghai Yarong Biochemical Instrument
Factory (Shanghai, China) and all the other solvents were analytical
reagent grade unless otherwise stated. 1% sodium hydroxide and
1 mol  L−1 hydrochloric acid were used for adjusting the pH value
of the water samples.

Titanium sheets (99.6% purity) from Beijing Hengli Taiye Co.,
Ltd. (Beijing, China), Pt electrode was  obtained from Shanghai Ruo-
sull Technology Co. Ltd. (Shanghai, China). A 30 V potentiostat was
obtained from Shijiazhuang The Fourth Radio Factory (JWY-30G,
Shijiazhuang, China)

2.2. Preparation and identification of TiO2 nanotube array

Titanium sheets (0.2 mm thick, 20 × 20 mm size) with 99.6%
purity (Beijing, China) were polished with metallographic abrasive
paper, and then degreased by sonicating in acetone, isopropanol
and methanol, respectively. The sheets were air-dried after rinsing
with ultrapure water. The anodic oxidation was accomplished by
using titanium sheet as anode and platinum as cathode. The dis-
tance between two electrodes was 3 cm in all experiments. The
electrolyte was  composed of 0.14 M NaF and 0.5 M H3PO4. The
anodic oxidation was  carried out at 20 V for 1 h. After electrol-
ysis, titanium sheet was rinsed with ultrapure water and then
air-dried. Prepared TiO2 nanotube arrays were then analyzed with
a field emission scanning electron microscope (SUPRATM 55 FESEM,
Germany) (see Fig. 1).

2.3. �-SPE procedure

The TiO2 nanotube array sheet was cleaned with organic solvent
and water and then directly immersed in the 10 mL  solution with
a constant depth and then the sample vial was sealed. The extrac-
tion conditions were as the same of the optimized conditions. The
stirring rate of the magnetic stirrer was  set at 500 rpm. After the
equilibrium between adsorption and desorption basically reached,
the TiO2 nanotube array sheet was taken out and rinsed with ultra-
pure water in order to remove co-adsorbed matrix substances and
then air-dried. TiO2 nanotube array sheet was  directly immersed

in a small amount of dichloromethane for complete desorption in
an interval of 6 min. Afterwards, the TiO2 nanotube array sheet was
removed, and the dichloromethane was  dried with mild stream of
nitrogen gas. Then the residue was  dissolved in 100 �L methanol.
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Table  1
The solubilities of PAHs in water at 25 ◦C.

Compounds

Naph Acy Ace Flu Ph An Flt Pyr

Solubility (25 ◦C, mg  L−1) 33.8 6.7 3.0 1.7 0.6 0.6 0.1 0.1

Compounds
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BaA Chry BbF 

Solubility (25 ◦C, mg  L−1) 0.02 0.02 0.002 

inally, 20 �L of the solution was injected for HPLC analysis. The
chematic of �-SPE was demonstrated in Fig. 2.

.4. SPE procedure

A SPE procedure was performed for comparison and the enrich-
ent conditions were as reported in Ref. [8].  The SPE cartridges

Agilent ZORBAX SPE C18 cartridge, 0.2 g, 3 mL  polypropylene)
ere conditioned with 5 mL  of dichloromethane, then 4 mL  of
ethanol or 2-propanol, depending on the organic modifier of the

ample, and finally 4 mL  of methanol–water or 2-propanol–water
ixture, Extraction of 10 mL  solution, was carried out under vac-

um at a flow rate of 5 mL  min−1. Subsequently, the cartridge was
ashed with 3 mL  of ultrapure water and dried under a certain
egative pressure for 15 min. Analytes were eluted with 2 mL  of
ichloromethane. The eluents were dried under a stream of N2 gas,
nd the residue was reconstituted with 100 �L of methanol. 20 �L
f the solution was injected for HPLC analysis.

.5. HPLC analysis

A high-performance liquid chromatography system, which con-
isted of two LC-10ATvp pumps and an SPD-10Avp, ultraviolet
etector (Shimadzu, Japan) was used for the separation and anal-
sis. A reversed-phase SunFireTM C18 column (150 mm × 4.6 mm,
article size 5 �m,  Waters Corporation) was used for separation at
mbient temperature and Chromato-Solution Light Chemstation
or LC system was employed to acquire and process chromato-
raphic data. The mobile phase was obtained with methanol–water
80/20, v/v), and the flow rate, the injection volume and detection
avelength was 1.0 mL  min−1, 20 �L and 254 nm,  respectively.

.6. Water samples
In this work, four environmental water samples such as
ainwater, river water, canal water and water from the outlet
f wastewater treatment plant were collected for validating

Fig. 2. Schematic of �
BkF BaP DiahA BghiP Inpy

0.06 0.002 0.004 0.006 0

the proposed method. Rainwater samples were collected from
Henan Normal University, Xinxiang, Henan Province, China. River
water was collected from Baihe River, Nanyang, Henan Province,
China. Canal water was  collected from Gongchanzhuyi Canal,
Xinxiang, Henan Province, China. The water sample from the
outlet of wastewater treatment plant water sample was  collected
from Luotuowan Wastewater Treatment Plant, Xinxiang, Henan
province, China. All the collected water samples were filtered
through 0.45 �m micropore membranes after sampling and were
maintained in glass containers, then stored at 4 ◦C.

3. Results and discussion

3.1. Optimization of �-SPE procedure

In this �-SPE procedure, several factors affect the extraction.
It is not as the same of conventional solid phase extraction. The
adsorption of analytes onto the sorbents is a reversible procedure,
and some of them may  be desorbed at the same time. When these
two  steps reached the equilibrium, the best enrichment would be
achieved. The parameters including concentration of CTAB, the type
of organic solvents, sample pH, extraction time, desorption time,
and salting-out effect would influence the enrichment efficiency. In
order to obtain appropriate extraction efficiency, an optimization
procedure was necessary.

3.2. Effect of CTAB concentration

Surfactant molecules have a polar and non-polar moiety, so they
can dissolve in water as monomers or be incorporated with other
molecules to form a micelle. Critical micelle concentration (CMC),
which is the concentration that they start to form a micelle, depends
on various factors. When the hydrophobic part of the amphiphile is

a hydrocarbon chain, the micelles will consist of a hydrocarbon core
with polar groups at the surface, which serve to maintain solubility
in water. In order to evaluate the effect of CTAB on the extraction
efficiency, different concentration of CTAB from 0 to 150 mg  L−1

-SPE procedure.
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ig. 3. Effect of CTAB concentration. Conditions: pH, 7; equilibrium time, 60 min;
aCl, 0%; organic solvent, dichloromethane; desorption time, 5 min; spiked sample
oncentration, 10 �g L−1 for each compound.

ere added to a spiked ultrapure water sample and the experimen-
al results were shown in Fig. 3. As can be seen that the maximum
eak were obtained at a CTAB content of 90 mg  L−1. The reason is
hat CTAB is saturated on the surface of the TiO2 nanotubes. So
0 mg  L−1 CTAB is adopted in further experiments.

.3. Effect of the kind organic solvents

As far as a �-SPE procedure is concerned, different desorp-
ion efficiency would be obtained when different solvents are used
ecause of the different physical and chemical properties of the
rganic solvents and the different characteristics of the target ana-
ytes. In this experiment, five types of solvents such as methanol,
cetonitrile, acetone, hexane, dichloromethane and toluene were
ested for the desorption of polycyclic aromatic hydrocarbons from
he TiO2 nanotube array sheet. The results were exhibited that
ichloromethane was the most effective solvent for the desorp-
ion of analytes. Moreover dichloromethane was  easily evaporated
n the concentration procedure. So it was used as the solvent for
esorption.

.4. Effect of sample pH
Sample pH plays an important role in the extraction procedure
ecause pH value determines the existing form of the analytes, and
hen the sample pH affects the extraction efficiency. In this exper-
ment, the effect of sample pH on the enrichment of polycyclic

ig. 4. Effect of sample pH. Conditions: CTAB concentration, 90 mg  L−1; organic sol-
ent, dichloromethane; equilibrium time, 60 min; NaCl, 0%; desorption time, 5 min;
piked sample concentration, 10 �g L−1 for each compound.
Fig. 5. Effect of salt effect. Conditions: CTAB concentration, 90 mg  L−1; organic sol-
vent, dichloromethane; equilibrium time, 60 min; pH, 7; desorption time, 5 min;
spiked sample concentration, 10 �g L−1 for each compound.

aromatic hydrocarbons was evaluated in the range of pH 3.0–11.0
(see Fig. 4). As can be seen, the peak area of polycyclic aromatic
hydrocarbons was small, and the uptakes enhanced gradually with
the increase of solution pH in the acidic solution. The maximum
peak area for most analytes appeared at pH 7 on CTAB-titanate
nanotube system. The reason is that TiO2 is an amphoteric mate-
rial with the isoelectric point of 5, so it shows basic character in
solutions of pH > 5. Since negative charges were favorable for the
adsorption of cationic surfactant, the maximum uptake occurred
when the pH value was higher than the isoelectric point of TiO2.
The highest retention for all analytes was obtained when the sam-
ple pH was near to pH 7. Generally, the adsorption was favored at
high pH. Therefore, pH 7 is adopted in further experiments.

3.5. Salting-out effect

Salting-out effect is often an important factor in the enrichment
procedure. In these experiments, it was optimized in the range of
0–30% (w/v), and the results were shown in Fig. 5. It can be seen
from Fig. 5, the peak area increased with the increase of NaCl con-
centration, when the concentration of NaCl changed from 10% to
20%. However, the peak area decreased with the increase of NaCl
concentration when the concentration of NaCl increased from 20%
to 30%. When no NaCl was  added in the sample solution, the peak

area is much larger than that with the addition of NaCl. The reason
is that the addition of NaCl suppressed the thickness of electrical
adsorption layer at the TiO2 solution interface, which led to the
decrease of mixed hemimicelles formed on the TiO2 surface.

Fig. 6. Effect of equilibrium time. Conditions: CTAB concentration, 90 mg  L−1;
organic solvent, dichloromethane; NaCl, 0%; pH, 7; desorption time, 5 min; spiked
sample concentration, 10 �g L−1 for each compound.
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Table  2
Linear ranges, correlation coefficients, precisions and detection limits (S/N = 3) of �-SPE.

Compound Linear range (�g L−1) R2 Intraday precision
(RSD%, n = 6)

Interday precision
(RSD%, n = 6)

LOD  (�g L−1)

Naph 0.2–100 0.989 5.5 7.8 0.18
Acy  0.2–100 0.987 3.8 4.6 0.1
Ace  + Flu 0.2–100 0.985 5.4 5.2 0.12
Ph 0.2–100 0.999 8.6 10.1 0.026
An  0.2–100 0.997 9.5 11.2 0.058
Flt  0.2–100 0.999 6.6 8.5 0.12
Pyr  0.2–100 0.999 8.1 10.1 0.12
BaA  0.2–100 0.9873 5.7 7.2 0.033
Chry 0.2–100 0.996 9.3 11.0 0.082
BbF 0.2–100 0.998 7.4 8.9 0.043
BkF  0.2–100 0.988 7.8 7.5 0.047
BaP  0.2–100 0.991 9.5 12.0 0.10
DiahA 1–100 0.989 9.8 11.0 0.82
BghiP + Inpy 0.2–100 0.993 9.3 9.6 0.093

Fig. 7. Effect of desorption time. Conditions: CTAB concentration, 90 mg  L−1; organic
s
c
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f
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t
F
h
6

Fig. 8. Typical chromatograms of river water samples. A. Blank of river water sam-
ple; B. river water sample spiked with 5.0 �g L−1 for each compound; C. river water
sample spiked with 20 �g L−1 for each compound; Conditions: CTAB concentration,

−1

3.7. Effect of desorption time

T
L

olvent, dichloromethane; NaCl, 0%; pH, 7; equilibrium time, 60 min; spiked sample
oncentration, 10 �g L−1 for each compound.

.6. Effect of equilibrium extraction time

As an equilibrium extraction step is concerned, an important
actor is the equilibrium extraction time. If this time is short,
ood enrichment performance could not be obtained because the
dsorption does not reach the equilibrium. But it will squander
uch time if the extraction time is too long. Hence, a series of exper-

ments were designed for investigation of the effects of extraction
ime in the range of 20–100 min. The results were shown in Fig. 6.

rom Fig. 6, it could be seen that peak areas of polycyclic aromatic
ydrocarbons increased with the increase of time up to 60 min. So
0 min  was used as the extraction time. In fact, 60 min  is sufficient

able 3
inear ranges, correlation coefficients, precisions and detection limits (S/N = 3) of SPE.

Compound Linear range (�g L−1) R2 In
(R

Naph 0.5–100 0.982 8.3
Acy  0.5–100 0.981 9.2
Ace  + Flu 0.2–100 0.994 5.6
Ph  0.2–100 0.994 8.4
An  0.2–100 0.995 4.3
Flt  0.2–100 0.997 1.7
Pyr  0.2–100 0.997 2.8
BaA  0.2–100 0.985 1.8
Chry  0.2–100 0.986 3.2
BbF  0.2–100 0.985 0.8
BkF  0.2–100 0.990 4.3
BaP 0.2–100 0.992 1.4
DiahA 0.5–100 0.988 4.8
BghiP + Inpy 0.5–100 0.988 2.2
90  mg L ; organic solvent, dichloromethane; NaCl, 0%; pH, 7; equilibrium time,
60  min; desorption time, 6 min; 1. Naph; 2. Acy; 3. Ace + Flu; 4. Ph; 5. An; 6. Flt; 7.
Pyr; 8. BaA; 9. Chry; 10. BbF; 11. BkF; 12. BaP; 13. DiahA; 14. BghiP + Inpy.

to achieve satisfactory extraction efficiency on the whole, and the
equilibrium has almost reached. At the same time, with the con-
sideration of the total operation time, the extraction time was set
at 60 min.
In the �-SPE procedure, two  steps are very important, one is
the adsorption of analytes on the surface of adsorbents, and the

traday precision
SD%, n = 6)

Interday precision
(RSD%, n = 6)

LOD  (�g L−1)

 8.9 0.27
 6.8 0.19
 7.9 0.081
 5.2 0.013
 6.1 0.011
 4.6 0.048
 8.1 0.069
 7.8 0.047
 9.7 0.081
 5.2 0.12
 8.2 0.16
 4.5 0.14
 6.8 0.48
 4.6 0.18
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Table 4
Recoveries of real water samples spiked at two  concentration levels of �-SPE.

Water samples Added
levels
(�g L−1)

Naph Acy Ace + Flu Ph An Flt Pyr BaA Chyr BbF BkF BaP DiahA BghiP + Inpy

Rain water Blank N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
5  114.0 ± 7.1 92.0 ± 3.0 93.7 ± 6.3 94.6 ± 5.2 91.7 ± 3.9 94.4 ± 8.2 98.0 ± 5.1 94.5 ± 1.4 96.3 ± 2.5 92.7 ± 6.7 90.0 ± 9.3 103.0 ± 9.8 97.9 ± 7.4 104.0 ± 3.9
20  99.1 ± 6.3 105 ± 4.2 104.0 ± 0.5 98.2 ± 9.3 99.9 ± 6.4 102.0 ± 4.9 104.0 ± 3.5 97.5 ± 9.0 108.0 ± 2.6 101.0 ± 1.6 101.0 ± 4.9 96.4 ± 2.9 94.7 ± 4.7 105.0 ± 2.8

Luotuowan
water

Blank  N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
5  97.3 ± 5.2 88.2 ± 6.8 94.6 ± 2.8 89.3 ± 4.0 101.0 ± 1.7 84.8 ± 8.8 88.4 ± 2.5 92.9 ± 3.3 93.8 ± 4.5 85.6 ± 2.1 77.7 ± 4.5 77.8 ± 1.1 87.4 ± 2.8 81.9 ± 6.4
20  77.9 ± 4.4 85.1 ± 6.5 97.3 ± 6.8 99.1 ± 3.3 95.7 ± 7.2 93.6 ± 5.5 82.8 ± 6.4 85.2 ± 4.3 89.6 ± 2.8 99.7 ± 3.8 75.0 ± 6.3 81.4 ± 9.2 93.2 ± 6.4 92.1 ± 9.2

Baihe  River
water

Blank N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
5  85.8 ± 5.4 78.0 ± 9.1 103.0 ± 2.2 98.5 ± 2.6 103.0 ± 6.3 91.0 ± 7.1 94.9 ± 4.7 105.0 ± 9.6 91.2 ± 9.2 97.7 ± 9.4 96.6 ± 8.8 104.0 ± 2.5 98.4 ± 5.9 96.4 ± 3.8
20  88.2 ± 3.7 95.4 ± 9.7 102.0 ± 4.7 102.0 ± 5.0 106.0 ± 2.1 105.0 ± 0.9 99.2 ± 1.9 103.0 ± 3.5 101.0 ± 2.3 105.0 ± 4.2 101.0 ± 5.0 88.9 ± 6.9 105.0 ± 3.7 108.0 ± 4.8

Gongchanzhuyi
Channel  water

Blank N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
5 98.3  ± 4.6 76.6 ± 6.4 80.1 ± 7.7 94.0 ± 5.8 99.5 ± 3.1 94.2 ± 9.5 92.3 ± 7.6 83.4 ± 5.4 96.8 ± 3.5 82.8 ± 5.5 88.5 ± 6.7 99.7 ± 5.2 112.0 ± 7.0 112.0 ± 4.6
20 96.7  ± 9.9 99.9 ± 5.7 96.9 ± 8.8 98.0 ± 4.5 79.7 ± 6.2 99.8 ± 1.2 91.3 ± 1.1 90.4 ± 9.8 83.2 ± 7.6 107.0 ± 7.1 106.0 ± 2.9 100.0 ± 1.1 101.0 ± 4.5 112.0 ± 8.6

Table 5
Recoveries of real water samples spiked at two  concentration levels of SPE.

Water samples Blank Added
levels
(�g L−1)

Naph Acy Ace + Flu Ph An Flt Pyr BaA Chyr BbF BkF BaP DiahA BghiP + Inpy

Rain Water N.D. 5 59.5 ± 6.0 68.0 ± 5.1 67.8 ± 5.6 77.5 ± 2.8 71.7 ± 3.4 88.5 ± 5.4 98.0 ± 5.9 83.6 ± 5.6 95.3 ± 4.5 91.3 ± 5.2 91.8 ± 3.4 87.9 ± 2.7 90.0 ± 2.4 98.0 ± 1.0
N.D.  20 56.2 ± 9.5 55.6 ± 5.2 71.8 ± 0.4 62.4 ± 1.3 85.2 ± 2.4 88.6 ± 1.9 94.6 ± 0.5 99.9 ± 9.0 108.0 ± 0.6 97.9 ± 1.8 95.7 ± 2.4 90.5 ± 6.1 93.0 ± 0.4 92.7 ± 0.5

Luotuowan
Water

N.D.  5 52.2 ± 3.6 65.7 ± 0.4 69.5 ± 7.1 70.2 ± 5.4 80.8 ± 5.7 88.4 ± 4.0 89.3 ± 1.3 95.2 ± 1.4 92.8 ± 4.7 93.1 ± 1.4 104.5 ± 2.0 91.5 ± 1.4 98.6 ± 6.0 88.4 ± 1.9
N.D.  20 53.8 ± 2.5 55.7 ± 2.4 61.5 ± 5.3 83.7 ± 1.1 86.1 ± 0.8 89.1 ± 1.4 91.0 ± 0.8 86.5 ± 3.8 85.1 ± 1.2 91.0 ± 5.3 86.6 ± 0.3 80.9 ± 4.5 86.4 ± 2.9 95.6 ± 0.8

Baihe  River
water

N.D. 5 51.7 ± 3.9 62.8 ± 2.1 58.9 ± 1.7 68.5 ± 2.6 76.2 ± 6.5 94.8 ± 1.1 95.6 ± 2.2 96.8 ± 0.2 87.2 ± 4.0 87.7 ± 1.3 81.3 ± 5.0 80.4 ± 2.7 87.0 ± 1.0 95.3 ± 1.4
N.D. 20 51.1 ± 8.3 61.2 ± 2.7 67.0 ± 1.5 88.6 ± 0.8 83.6 ± 1.2 89.1 ± 2.7 94.8 ± 0.8 84.2 ± 2.1 82.5 ± 1.5 117.0 ± 0.8 82.5 ± 1.8 83.2 ± 2.5 84.5 ± 2.4 90.0 ± 1.6

Gongchanzhuyi
Channel  water

N.D. 5 54.2 ± 6.4 62.9 ± 9.7 67.0 ± 7.8 72.0 ± 8.6 78.1 ± 2.8 89.6 ± 1.5 94.6 ± 9.4 88.1 ± 2.5 112.0 ± 4.7 100.0 ± 3.1 99.6 ± 4.0 96.4 ± 2.5 87.1 ± 9.2 92.5 ± 6.9
N.D. 20 57.7 ± 6.4 50.1 ± 5.3 63.8 ± 1.3 84.8 ± 0.5 82.2 ± 0.7 97.8 ± 1.0 100.0 ± 1.1 84.7 ± 1.1 87.5 ± 2.0 90.7 ± 2.7 85.4 ± 7.7 84.8 ± 8.1 75.0 ± 2.0 92.0 ± 2.2
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ther is the desorption of analytes from the adsorbents. Ideally
hese two procedures are very rapid. In fact, the procedure may  be
arious due to different conditions. Desorption of polycyclic aro-
atic hydrocarbons from the TiO2 nanotube array sheet with the

ichloromethane is controlled by the time. In order to achieve com-
lete desorption of PAHs, the desorption time was  investigated in
he range of 4–12 min  and the results were exhibited in Fig. 7. It
as found that the PAHs reached the best desorption in 6 min, so

 min  was optioned in subsequent experiments.

.8. Features of the proposed method

As the optimum experimental conditions were determined, the
arameters such as the linear range, correlation coefficients, limits
f detection (LODs) and precisions were evaluated and the results
ere listed in Table 2. A comparison between SPE method and
resent method was carried out and the results were listed in
able 3. It was found that these two method have excellent lin-
arity between the peak area and concentration over the range of
.2–100 �g L−1 for Naph, Acy, Ace + Flu, Ph, An, Flt, Pyr, BaA, Chry,
bF, BkF, BaP, BghiP + Inpy; 1.0–100 �g L−1 for DiahA. The limits of
etection of �-SPE calculated on the basis of the ratio of signal to
oise (S/N = 3) were in the range of 0.026–0.82 �g L−1 and close to
he SPE. The precision of two analytical methods were investigated
sing six replicate experiments with 10 mL  standard solution con-
aining each of the PAHs at 5.0 �g L−1, and the relative standard
eviations (RSD) were all below 10.0% (intraday).

.9. Analysis of real water samples

Four samples of environmental water were extracted using
-SPE procedures. No target analytes were detected. Thus, envi-

onmental water samples were spiked with target analytes at 5 and
0 �g L−1 to assess matrix effects and the extraction performance
as evaluated. The results were shown in Table 4. The typical chro-
atograms of real water sample were demonstrated in Fig. 8. The

piked recoveries were satisfied in the range of 75.0–114%. A com-
arison was made between present method and the conventional
PE, and the results were listed in Table 5. From the table, we can
ee that the merits of present method are obvious. The recoveries
f most PAHs with C18 SPE were lower than that obtained with
rdered TiO2 nanotube array.

. Conclusions

The present study established a new method for the enrichment
nd measurement of PAHs in water samples with ordered TiO2 nan-
tube array. A micro-solid phase extraction (�-SPE) was developed
or the enrichment of PAHs prior to the analyis of high perfor-

ance liquid chromatography. The experimental results indicated
hat a good separation of PAHs was achieved with an isostatic elu-
ion avoiding the baseline drift of the gradient elution. The CTAB

odified TiO2 nanotube arrays demonstrated excellent enrich-
ent ability PAHs, and excellent linear relationships between peak
rea and the concentration of PAHs were obtained. The detec-
ion limits of proposed method for the targeted PAHs were in the
ange of 0.026–0.82 �g L−1 (S/N = 3). The real-world environmental
ater samples analysis validated the applicability of the proposed
ethod and the spiked recoveries were in the range of 75.0–114%.
ll these indicated that this new �-SPE technique would be a good
election and have a great prospect in the monitoring of environ-
ental pollutants in complex samples.
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