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Abstract Titanium dioxide nanorods were prepared on
the surface of titanium wire by hydrothermal synthesis
for use as a solid-phase microextraction (SPME) fiber.
The morphology of the SPME coating was observed by
scanning electron microscopy (SEM). Employed in con-
junction with gas chromatography (GC), the fiber was
investigated with five polycyclic aromatic hydrocarbons
(PAHs) and three terphenyls in direct-immersion extrac-
tion mode. Various parameters were optimized, such as
the extraction time, the stirring rate, the extraction tem-
perature, the ionic strength of the sample solution, and
the desorption time. Under the optimized conditions, the
SPME-GC analytical method achieved a low detection
limit (0.003 pg L™') and wide linear ranges (0.01—
100 ug L' and 0.01-200 ug L") along with good
correlation coefficients (0.9892—-0.9962). The established
method was also used to analyze rainwater and an aque-
ous solution of coal ash. The results indicated that this
fiber could be applied in real-world environmental mon-
itoring. The proposed fiber also exhibited excellent
durability.
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Introduction

Solid-phase microextraction (SPME) as an efficient sample
preparation technique that was introduced by Arthur and
Pawliszyn in 1990 [1, 2]. It uses the adsorption of a stationary
phase to extract analytes from a sample matrix; these analytes
are then desorbed from the stationary phase and directed into
an analytical instrument [3, 4]. SPME integrates sampling,
preconcentration, extraction, and sample injection into one
step, and can easily be coupled with gas chromatography
(GC) and high-performance liquid chromatography (HPLC)
[5]. Although solid-phase extraction (SPE) is the most popular
method of extracting organics from aqueous samples, SPME
has various advantages over SPE, such as a shorter extraction
time, a smaller sample volume, solvent-free extraction, and
higher enrichment efficiency. As it is a rapid, sensitive, and
economical method [6], SPME has been widely applied in
environmental testing [7], biological analysis [8], drug moni-
toring [9], and food testing [10]. However, commercial SPME
fibers are costly and have some disadvantages, including low
thermal and chemical stability, coating fragility, it is relatively
easy to strip off the coating, and they have a tendency to
expand in organic solvents [11]. The extraction coating is
the most important factor in SPME, as it influences the extrac-
tion efficiency, stability, and applicability of this extraction
technique. Therefore, the development of novel improved
coatings is one of the most important ways to improve
SPME technology.

The material used in the extraction coating is an important
consideration because the extraction process is achieved
through a distribution equilibrium between the sample solu-
tion and the extraction coating [12]. A series of materials have
been explored as potential extraction coatings, such as metal
nanometerials [13, 14], metal-organic frameworks [15, 16],
organic polymers [14, 17], and molecularly imprinted
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polymers [18, 19]. Nanomaterials have attracted particular
attention in recent years and have been widely used in
SPME technology [20]. These materials have unique surface
structures and special properties that can enhance extraction
efficiency and improve extraction selectivity [21].

Titanium dioxide (TiO,) has been comprehensively studied
and used in various fields. It is a very useful substance for
preparing SPME coatings due to its chemical and thermal
stability, biocompatibility, nonpolluting nature, low cost, and
high corrosion resistance [22, 23]. There have been many
studies on the use of TiO, in conjunction with nanowires,
nanotubes, nanoparticles, and mesoporous materials
[24-29]. Some studies have found that nanostructured TiO,
is an excellent adsorbent for organic compounds when used in
solid-phase extraction [30-32]. Liu et al. fabricated TiO,
nanotube arrays on the surface of Ti wire for use in the
SPME of polycyclic aromatic hydrocarbons (PAHs) [33].
Their results showed that TiO, nanotube arrays are capable
of extracting PAHs, but the very thin nanotube walls make the
coating very fragile and easy to destroy when carrying out
SPME.

Inspired by the previous studies performed in this field, in
the work reported in the present paper, we prepared a durable
titanium dioxide nanorod coating with a high specific surface
area on the surface of titanium wire for use in SPME.
Hydrothermal synthesis was used to produce a uniform and
tough titanium dioxide nanorod coating in situ, as this process
is simple and easy to implement. PAHs are volatile nonpolar
compounds that are produced during the incomplete combus-
tion of organic matter such as coal, petroleum, wood, tobacco,
and high-molecular-mass organic compounds. They are im-
portant environmental and food contaminants that are distrib-
uted globally [34]. We therefore applied the TiO,-nanorod-
coated Ti wire as an SPME fiber to extract PAHs from real-
world samples (rainwater and an aqueous solution of coal) in
order to check the extraction efficiency of the coated fiber.
However, we also added some terphenyls to the samples to
determine whether the coated fiber is effective at extracting
nonpolar analytes too.

Experimental
Materials and reagents

The titanium wire (® 300 um) was acquired from the Yixing
Shenglong Metal Wire Net. Co. (Jiangsu, China). Anthracene
(Ant), benzo[a]pyrene (BaP), chrysene (Chr), fluorene (Flu),
fluoranthene (Fluor), m-terphenyl (m-TP), o-terphenyl (o-TP),
and p-terphenyl (p-TP) were analytical grade and obtained
from Shanghai Jingchun Industry Co. (Shanghai, China).
Tetrabutyl titanate and KCI were both of analytical grade
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quality and purchased from Sinopharm Chemical Reagent
Co. (Shanghai, China).

Apparatus

The detection and analysis of analytes were accom-
plished on a model 7890A GC system (Agilent
Technologies, Palo, Alto, USA) equipped with a flame
ionization detector (FID) and a split/splitless inlet.
Chromatographic separation was achieved with a HP-5
capillary GC column (30 mx0.32 mm i.d.*x0.25 um
film thickness; Agilent). Ultrapure nitrogen (>99.999%)
was used as the carrier and make-up gases (flow rates:
3 mL min' and 25 mL min ', respectively). Splitless
injection was performed at 300 °C. The detector tem-
perature was set to 300 °C.

A scanning electron microscope (SEM; SUPRATMSS,
Carl Zeiss AG, Oberkochen, Germany) was used to charac-
terize the surface morphology of the SPME fiber.

Preparation of the extraction coating

A similar titanium dioxide nanorod preparation method to that
described in [35] was used in the present work. The first step
was the preparation of the titanium dioxide seed layer. The
titanium wire was cleaned sequentially with acetone, ethanol,
and deionized water. It was immersed in a 0.5 mol L' ethanol
solution of tetrabutyl titanate for 5 min and then dried by
nitrogen. It was subsequently placed into a tube furnace and
calcined at 350 °C for 30 min. This process was repeated three
times, resulting in a titanium wire coated with a titanium di-
oxide seed layer.

The next step was to prepare the titanium dioxide nanorods.
The titanium wire with a seed layer was transferred to a
100 mL high-pressure reaction kettle. A mixed solution con-
taining 6 mL of hydrochloric acid (12 mol L"), 54 mL of
ultrapure water, and 1 mL of tetrabutyl titanate was added to
the reaction kettle. The reaction kettle was then sealed and
placed in the oven at 180 °C for 7 h. The whole process was
repeated three times, yielding titanium wire coated with tita-
nium dioxide nanorods.

Sample preparation

A stock solution of five PAHs and three terphenyls con-
taining Ant, BaP, Chr, Flu, Fluor, m-TP, o-TP, and p-TP
at concentrations of 10 mg L™" in ethanol was prepared
and stored at 4 °C for use. Working solutions were pre-
pared every day by diluting the stock solution to
20 pg L™'. Rainwater and an aqueous solution of coal
ash were collected and used as real-world samples.
Rainwater was collected directly from the environment,
filtered, and extracted directly. Coal ash was collected
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from the boiler room of the University of Jinan. Ten
grams of coal ash were extracted with 60 mL ethanol
for about 6 h in a Soxhlet extractor. The extraction liquid
was then concentrated to 20 mL and filtered, and 500 pL
of the filtrate were added to a 250 mL solution for use as
the aqueous solution of coal ash.

Solid-phase microextraction procedure

A homemade SPME device was refitted with a 5 pL syringe
and equipped with the SPME fiber. The fiber was aged in the
GC inlet at 300 °C for 5 min three times before performing
any extraction. All extractions were performed by directly
immersing the fiber in 10 mL of aqueous solution in a
15 mL flat tube. A magnetic bar was placed into the flat tube
and set to spin at 1050 rpm to expedite the extraction, with the
temperature maintained at 40 °C. After 30 min, the fiber was
drawn back into the syringe and then interposed in the GC
inlet at 300 °C to carry out thermal desorption for 5 min. After
detection, the fiber was retained in the inlet for another 5 min
to reduce possible carryover effects to a minimum. Each sam-
ple was extracted three times under the same extraction

Fig. 1a—f SEM images of the
smooth titanium wire and the
coating of titanium dioxide
nanorods on the SPME fiber
obtained at different
magnifications. a Smooth
titanium wire. b—d Surface of the
SPME fiber coating. e—f Cross-
sections of the SPME fiber
coating

EHT = 5,00 kv
WD = 78mm

conditions, and detection was performed after each extraction
simultaneously by GC/FID.

Results and discussion
Preparation of the extraction coating

Because of its hardness, good thermal stability, and chemical
stability, using titanium wire as a support can increase the
service life of a SPME fiber. Hydrothermal synthesis was used
to prepare the TiO, coating. During the synthesis, using an
excessively high acid concentration will corrode the titanium
wire, but employing an acid concentration that is too low is
not conducive to the formation of nanoparticles of a uniform
size. Therefore, a suitable volume ratio of 6:54:1 hydrochloric
acid (12 mol L™ "):ultrapure water:tetrabutyl titanate was
adopted after some carrying out some tests. This volume ratio,
as well as an optimized temperature of 180 °C and an opti-
mized reaction time of 7 h, was adopted to promote the for-
mation of a firm and uniform nanorod coating. The prepara-
tion process was repeated three times in order to obtain a
thicker SPME coating.
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Fig. 2 Effect of the extraction time on the extraction efficiency.
Conditions: extraction temperature, 40 °C; extraction time, 35 min;
content of KCl, 20% (w/v); concentrations of the analytes, 20 pg L
three extractions were performed at each extraction time

Characterization of the extraction coating

The surface morphologies of the titanium wire and the SPME
fiber were characterized by SEM. Figure 1a clearly shows that
the surface of the titanium wire is smooth. As seen in Fig. 1b,
the microstructure of the coating is uniformly rough. In
Fig. 1c—d, it is apparent that the coating includes 1-2 um
clusters of nanorods. As seen from the cross-section of the
coating shown in Fig. le—f, the thickness of the coating is
about 5—7 pum, and it is composed of multiple layers of nano-
rods (500—700 nm in length). There are some internal and
external gaps in the nanorod clusters. This coating morpholo-
gy greatly increases its surface area, improving mass transfer
and extraction efficiency.

Optimization of the SPME conditions

The extraction conditions can strongly influence the extraction
efficiency of the SPME fiber. In order to achieve the
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Fig. 3 Effect of the stirring rate on the extraction efficiency. Other
conditions are the same as described in the caption for Fig. 2
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Fig.4 Effect of the extraction temperature on extraction efficiency. Other
conditions are the same as described in the caption for Fig. 2

maximum extraction efficiency possible, the extraction condi-
tions were optimized in a factor-by-factor optimization pro-
cess that investigated the extraction time, stirring rate, extrac-
tion temperature, ionic strength of the sample solution, and
desorption time.

Extraction time

SPME is an equilibrium-based extraction process, so the opti-
mal extraction time should be the time taken for the system to
reach equilibrium. The influence of the extraction time was
studied by varying the extraction time from 10 to 50 min. As
shown in Fig. 2, the peak areas of Flu, Ant, o-TP, and Chr
steadily increase upon increasing the extraction time from 10
to 30 min, and then remain largely unchanged. The peak areas
of p-TP and BaP do not change significantly regardless of the
extraction time used, while the peak areas of m-TP and Fluor
continueed to grow right up to the longest extraction time test-
ed. However, the peak-area increases of Fluor and m-TP were
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Fig. 5 Effect of the concentration of KC1 (g mL™', %) on the extraction
efficiency. Other conditions are the same as described in the caption for
Fig. 2
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Fig. 6 Effect of the desorption time on the extraction efficiency. Other
conditions are the same as described in the caption for Fig. 2

only 13.5 and 8.7% from 30 to 40 min, which are not signifi-
cant. Considering the tradeoff between extraction efficiency
and time taken to perform the extraction, 30 min was ultimately
chosen as the optimal extraction time for subsequent studies.
According to a previous report [33], the extraction time for a
different SPME fiber coated with titanium dioxide nanotubes
was 60 min, so the fiber created in the present work reduces the
extraction time required considerably.

Stirring rate

Mass transfer is the molecular transfer process in the system
due to uneven concentration. Increasing the stirring rate can
effectively accelerate the mass transfer of the analytes to the
extraction coating, and thus the extraction efficiency.
However, a fast stirring rate will also produce vortices and
bubbles in the solution, and it will increase mass-transfer re-
sistance. The generation of vortices and bubbles causes air to
enter the extraction interface, reducing the contact area of the
SPME fiber with the solution, thereby hindering the mass-
transfer process. The effect of the stirring rate on the extraction

efficiency was investigated by increasing the stirring rate from
450 to 1200 rpm. As shown in Fig. 3, all of the peak areas
increased up 1050 rpm but leveled off above that stirring rate.
This means that the highest extraction efficiency for the
analytes considered here was obtained at 1050 rpm, so this
stirring rate was chosen for use in subsequent tests.

Extraction temperature

It is well known that increasing the temperature enhances the
thermal motion of molecules. Therefore, increasing the tem-
perature can significantly improve the extraction efficiency.
However, the temperature also impacts on the partition coef-
ficient of the target analytes between the fiber coating and the
sample solution such that a high temperature may actually
reduce the extraction efficiency. The effect of the temperature
on the extraction efficiency was therefore studied by increas-
ing the temperature from 30 to 60 °C. It can be seen from
Fig. 4 that the peak areas of Flu, Ant, o-TP, Fluor, m-TP, and
p-TP are highest when the temperature is 40 °C, while the
peak areas of Chr and BaP increase slowly as the temperature
rises from 40 to 60 °C. Therefore, 40 °C was chosen as the
preferred extraction temperature for subsequent tests.

Ionic strength of the sample solution

Due to the formation of hydration spheres around ionic salt
molecules, adding salt to an aqueous solution can reduce the
solubility of organic analytes, thus increasing the concentra-
tions of the organic analytes in the fiber coating. So, the effect
of ionic strength was investigated by adding varying amounts
of KCl to the working solutions and actual samples. As shown
in Fig. 5, the peak areas of p-TP, Chr, and Bap show a slight
downward trend with increasing ionic strength, while the peak
areas of the other analytes first increased and then leveled off.
Taking into account the balance between minimizing reagent
costs and maximizing the extraction efficiency, a KCI content

Table 1 Analytical performance

of the SPME-GC method Analyte  Linear # Correlation LOD ® Repeatability (n=35, ® Repeatability (n=35,

range coefficient (R) (g L") RSD%) (single fiber) RSD%) (fiber to fiber)
(ngL™h

Flu 0.01-200 0.9959 0.004 1.94 2.02

Ant 0.01-200 0.9959 0.003 2.06 4.20

o-TP 0.01-100 0.9953 0.003 8.56 10.4

Fluor 0.01-200 0.9916 0.002 3.35 5.41

m-TP 0.01-200 0.9915 0.002 1.40 1.02

p-TP 0.01-200 0.9962 0.005 3.37 2.45

Chr 0.01-200 0.9892 0.004 1.35 2.14

BaP 0.01-100 0.9938 0.005 3.09 8.53

 Calibration level: n=9
° Spiking level: 20 ug L™
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Table 2 Recoveries of PAHs in

the rainwater and the aqueous Analyte  Rainwater sample Aqueous solution of coal ash

solution of coal ash, as obtained

using the SPME-GC method de- Concentration ~ “Recovery 9Recovery Concentration ~ “Recovery 9Recovery

veloped in the present work (mgL'.n=3) =3, (n=3, (mgL'n=3) (=3, (n=3,

RSD%) RSD%) RSD%) RSD%)

Flu 0.95+0.03 109 +£4.02 114+3.84 5.10+0.26 102+£7.43 92.4+1.93
Ant 2.23+0.12 85.8+1.22 103+£1.43 291+0.12 96.8+4.21 105+3.56
o-TP 1.21+0.03 110+2.53 109+2.16 2.52+0.09 88.1+6.01 96.8+.62
Fluor 1.63+0.07 108 +3.27 88.6+3.01 3.06+0.12 108 +4.51 113+£3.42
m-TP "N.Q. 90.9 +6.64 98.5+4.23 4.11+0.21 94.5+5.20 106 +1.51
p-TP 0.89+0.01 98.2+3.91 88.7+1.94 "N.Q. 89.4+2.51 9244351
Chr N.D. 100+2.67 93.4+3.07 "N.Q. 109+6.13 89.2+3.08
BaP 2.79+0.20 92.7+6.43 104+5.89 1.91+0.04 116+3.52 99.4+6.06
*Not detected

® Detected but not quantified

© Spiking level: 10 ug L™" . ¢ Spiking level: 20 ug L™

of 20% (w/v) was ultimately chosen as the salt concentration
for subsequent experiments.

Desorption time

Once adsorbed, the target analytes can then be desorbed
completely by applying a sufficiently long desorption time.
However, if the desorption time is too short, the analytes will
not be desorbed completely, lowering the extraction efficien-
cy. So the time above which the peak areas remain largely
unchanged should be the best desorption time. In this study,
the impact of desorption time on extraction efficiency was
determined by increasing the desorption time from 2 to
5 min. In Fig. 6, the peak areas of all analytes are seen to
increase consistently from 2 to 4 min, but when the desorption
time is increased beyond 4 min, the peak areas remain largely
unchanged. This indicates that the target analytes have been
desorbed completely when the desorption time is 4 min, so

1800 4
1500
1200 1 -1
5 Rainwater + 20 pg L
< 900- 3] 13
£ Lo 6 7 8
N’
= 6004 . 1
= Rainwater +10 pg L
on
@7 300
l 1 2.3 46 8
07 Rainwater
T T T T T T T T T T T T
0 2 4 6 8 10 12

Retention time (min)

Fig. 7 GC chromatogram for the rainwater sample
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this desorption time was ultimately chosen for use in subse-
quent studies.

Method evaluation

The analytical performance of the developed SPME-GC
method for each analyte, including the linear range, the limit
of detection (LOD), the correlation coefficient (R), and the
extraction repeatability, is summarized in Table 1. These
values were obtained under the optimized conditions by
extracting from the standard working solutions. The curves
obtained for Flu, Ant, Fluor, m-TP, p-TP, and Chr are linear
in the range from 0.01 to 200 ug L', and the curves for o-TP
and BaP are linear from 0.01 to 100 pg L™". The curves also
showed relatively high correlation coefficients of 0.9892—
0.9962. The LODs (based on three times the signal-to-noise
ratio) were studied by extracting from solutions of distilled
water spiked with the analytes to various levels. The LODs

3000 5
4
1 23
24001 6 7 8
fag
= 20 pg L
< 1500 ne
E
A
= 8
S 1200 DLJWM
.C%D The aqueous solution of coal ash + 10 pg L
600
8
01 The aqueous solution of coal ash
0 2 4 6 8 10 12

Retention time (min)

Fig. 8 GC chromatogram for the aqueous solution of coal ash
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of the analytes were all 0.003 g L™, The repeatability of one
SPME fiber was determined by performing five successive
extractions and then calculating the relative standard devia-
tion; it was found to range from 1.35 to 8.56%. The fiber-to-
fiber repeatability was also measured, and was found to range
from 1.02 to 10.4%.

In order to evaluate the performance of the proposed SPME-
GC method in the analysis of PAHs in real samples, rainwater
and an aqueous solution of coal ash were extracted and analyzed
using the method. The analytical results for the analytes in these
real-world samples are summarized in Table 2. The concentra-
tions of Flu, Ant, o-TP, Fluor, p-TP, Chr, and BaP in rainwater
were 0.95,2.23, 1.21, 1.63, 0.89, and 2.79 ug L respectively,
and the standard deviations ranged from 0.03 to 0.20. m-TP was
detected in rainwater but not quantified, while Chr was not de-
tected. The concentrations of Flu, Ant, o-TP, Fluor, m-TP, and
BaP in the aqueous solution of coal ash were 5.10, 2.91, 2.52,
3.06,4.11, and 1.91 pg L', respectively, and the standard devi-
ations ranged from 0.04 to 0.26. p-TP as well as Chr were de-
tected but were not quantified. The recoveries of the analytes
spiked at 10 ug L™" into the rainwater sample ranged from
85.8 to 110%, and they ranged from 88.6 to 114% when the
spiking level was 20 pg L™". The relative standard deviations
of those recoveries ranged from 1.22 to 6.64%. The recoveries of
the PAHs spiked at 10 pug L' and 20 pug L™ into the aqueous
solution of coal ash were 88.1-116% and 89.2—-113%. The rela-
tive standard deviations of those recoveries ranged from 1.51 to
7.43%. GC chromatograms for the actual samples are shown in
Figs. 7 and 8. It is clear that the rainwater and the aqueous
solution of coal ash were very rich in a wide range of organics.

Conclusions

A titanium wire was applied as a support to prepare a simple
and useful SPME fiber. The wire was coated with TiO, nano-
rods through hydrothermal synthesis. The morphology of the
coating was observed by SEM, and nanorod clusters were ob-
served. When employed in conjunction with GC, the prepared
fiber was applied to extract five PAHs and three terphenyls. The
results indicated that the prepared fiber had high extraction
efficiency, good mechanical strength, and excellent stability.
The proposed SPME-GC method provided a low detection
limit (0.003 pg L"), wide linear ranges (0.01-100 pg L'
and 0.01-200 pg L"), and good correlation coefficients
(0.9892-0.9962). The method was used to analyze a rainwater
sample and an aqueous solution of coal ash, and it provided
satisfactory results in that the recoveries of analytes were ac-
ceptable. The hydrothermal synthesis used in this work to coat
the titanium wire is a simple technique, and the resulting nano-
rods in the coating showed a uniform particle size. The coating
of TiO, nanorods generated in this work also presented excel-
lent extraction performance. We intend to apply in situ

hydrothermal synthesis to generate other nanomaterials for
use as SPME coatings in subsequent studies.
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