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itu growth of novel octahedral
TiO2 nanoparticles on nickel/titanium alloy fiber
substrate for selective solid-phase microextraction
of ultraviolet filters in water samples†

Junliang Du,ab Juan Li,a Rui Lva and Xinzhen Du *b

The nature and fabrication of fiber coatings with good adsorption capacity and selectivity play a decisive

role in solid-phase microextraction (SPME). In this work, a novel SPME fiber was fabricated through

hydrothermal in situ growth of octahedral TiO2 nanoparticles (TiO2NPs) on a superelastic nickel/titanium

alloy (NiTi) wire substrate in acid solution. The resulting fiber coatings were characterized by scanning

electron microscopy and energy dispersive X-ray spectroscopy. Acid types, acid concentration as well as

hydrothermal temperature and time were found to be effective route to manipulate the morphologies

and composition of TiO2-based nanoflakes grown on the NiTi fiber substrates. At the concentration of

0.4 mol L�1 HCl as well as hydrothermal temperature of 150 �C and hydrothermal time of 12 h, TiO2NPs

were in situ grown on the NiTi wire substrates. The obtained NiTi wire with the TiO2NPs coating

(NiTi@TiO2NPs fiber) was employed to investigate the adsorption of some representative aromatic

analytes in water samples coupling with high-performance liquid chromatography with UV detection

(HPLC/UV). The results clearly demonstrate that the fiber exhibits good extraction selectivity for

ultraviolet filters (UVFs). In view of good extraction selectivity for the selected UVFs, the key experimental

parameters were optimized. Under the optimum conditions, the calibration curves were linear in the

ranges of 0.05–100 mg L�1 with the correlation coefficients greater than 0.998. Limits of detection

(LODs) were 0.007 to 0.064 mg L�1. Furthermore, the intra-day and inter-day repeatability of the

proposed method with the single fiber varied from 4.3% to 6.1% and from 4.5% to 6.8%, respectively. The

fiber-to-fiber reproducibility ranged from 5.8% to 8.2%. The developed SPME-HPLC/UV method was

applied to selective preconcentration and sensitive determination of target UVFs from real water

samples. Moreover, the fabricated fiber showed precisely controllable growth and 150 extraction and

desorption cycles.
1. Introduction

Over the past decades, solid-phase microextraction (SPME) has
attracted great interest in the analysis of various analytes in
environmental, food, pharmaceutical, biological and clinical
samples because it is solvent-free, reusable and cost-effective.1–3

Moreover, this technique integrates sampling, extraction,
enrichment, cleanup and sample introduction into a single
step. In the conventional ber conguration, the sensitivity and
selectivity of SPME strongly depend on the intrinsic properties
of the ber coating because SPME is based on the establishment
of the extraction equilibrium of the analytes between the ber
ineering, Mianyang Normal University,

ineering, Northwest Normal University,

yundong@163.com

mation (ESI) available. See

the Royal Society of Chemistry
coating and the sample matrix.4 Currently commercially avail-
able SPME bers are mainly fused-silica bers coated with
organic polymers, such as polydimethylsiloxane (PDMS) for
nonpolar analytes and polyacrylate (PA) for polar analytes.5

However, the fused-silica ber has some potential drawbacks
such as mechanical fragility, relatively low working temperature
and poor solvent resistance, and must be handled with great
care in sampling and injection procedures. In addition, in the
case of adsorption, the surface adsorption amount of target
analytes is subject to the specic surface area of SPME bers
coatings in practical applications. High specic surface area of
the ber coatings is highly desired to achieve high extraction
capacity of SPME ber coatings. Hence, a variety of novel SPME
bers have been developed to increase the surface area of the
ber coatings, enhance the extraction capability and improve
the extraction selectivity at the same time.6 Due to their excel-
lent adsorption performance, different nanomaterials have
been used as promising candidates for the development of the
RSC Adv., 2022, 12, 11933–11941 | 11933
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SPME ber coatings.7,8 Meanwhile, metal wires were of strong
physical strength, and can be handled with great convenience.9

For these reasons, great efforts have beenmade to prepare novel
metallic SPME bers with nanomaterial coatings instead of
commercial fused-silica bers with organic polymers coatings.
In particular, the in situ growth of nanostructured coatings on
the metallic bers have attracted more attention due to their
excellent adsorption properties as well as high chemical,
thermal and mechanical stability.9,10

Metal oxides are a class of appealing inorganic functional
materials. Their surface properties are highly dependent on
their morphologies and sizes.11 Moreover, their characteristic
structures allow for hydrogen bonding, electrostatic,
hydrophilic/hydrophobic and Lewis acid–base interactions with
organic analytes.12,13 In comparison with the commercial poly-
meric coatings, metal oxide coatings are highly versatile with
diverse nanostructures and multiple interactions in extraction
process. These interactions along with their nanostructures
make them good candidates for use as a class of promising ber
coatings to address the challenge for enhancing extraction
capacity and improving extraction selectivity at the same time.
Among these metal oxides, as a promising material, titanium
dioxide (TiO2) has gained great interest because of its diverse
nanostructures, excellent adsorption properties, high chemical
and thermal stability, and good compatibility.14–18 Nano-
structured TiO2 sorbents as SPME coatings on the metal ber
substrates have been applied to the analysis of various analytes
such as, polycyclic aromatic hydrocarbons (PAHs),19,20 ultravi-
olet lters (UVFs)21 and pesticides.22

Among the metal-based ber substrates, nearly equiatomic
nickel/titanium alloy (NiTi) substrates have some additional
interesting characteristics such as shape-memory effect,
superelasticity and corrosion resistance.23 In practical applica-
tion, the NiTi ber substrates are able to withstand any poten-
tial deformation in microextraction and injection procedures.
These unique properties have enabled NiTi wires to become one
of the most frequently used metallic ber substrates in SPME
applications.24–29 In recent years, the in situ growth of TiO2/NiO
composite coatings for SPME applications was reported by
electrochemical anodization,30 chemical oxidation31,32 and
hydrothermal reaction.33 In some cases, the novel TiO2/NiO
nanostructures with different surface morphologies and
compositions demonstrate high adsorption capacity and good
selectivity toward aromatic analytes.30,32 However, the presence
of NiO would lower the acid resistance of the developed NiTi
bers and affect their adsorption performance at the same
time.30,32,33 Therefore, the in situ growth of individual stable TiO2

coatings on the NiTi ber substrate is highly desired. However,
the in situ growth of pure TiO2 coatings on the NiTi ber
substrate was rarely reported for the SPME application. Herein,
we rstly report controllable in situ growth of novel octahedral
TiO2 nanoparticles (TiO2NPs) on the NiTi ber substrates by
direct hydrothermal reaction in strong acid solution for SPME.
Surface morphology and elemental composition of oxide coat-
ings were tuned under different acidic conditions. The extrac-
tion performance of the obtained TiO2NPs coatings was
evaluated using typical chlorophenols (CPs), phthalic acid
11934 | RSC Adv., 2022, 12, 11933–11941
esters (PAEs), ultraviolet lters (UVFs) and polycyclic aromatic
hydrocarbons (PAHs) as model analytes coupled to high-
performance liquid chromatography with UV detection
(HPLC-UV). In view of its higher extraction efficiency and better
extraction selectivity for UVFs, the TiO2NPs coated NiTi
(NiTi@TiO2NPs) ber was employed to optimize the effect of
ionic strength, extraction temperature, stirring, extraction and
desorption time. Moreover, this ber was compared with the
commercially available polyacrylate (PA) ber. Finally, the
proposed method was applied to selective enrichment and
determination of target UVFs in snow water, river water and
wastewater samples.
2. Experimental
2.1. Materials and reagents

Commercially available NiTi wires (0.25 mm, OD) were obtained
from Alfa Aesar (Ward Hill, MA, USA). A 85 mm PA ber was
purchased from Supelco (Bellefonte, PA, USA). A 0.45 mm
microporous membrane of polyvinylidene uoride was
supplied by Xingya Purication Material Factory (Shanghai,
China).

Glacial acetic acid and sodium chloride (NaCl) were obtained
from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
Nitric acid (HNO3), sodium dihydrogen phosphate dihydrate
(NaH2PO4$2H2O) and disodium hydrogen phosphate dodeca-
hydrate (Na2HPO4$12H2O) were purchased from Yantai
Shuangshuang Chemical Ltd (Shandong, China). Hydrochloric
acid (HCl) was purchased from Beijing chemical works (Beijing,
China). Hydrouoric acid (HF) was obtained from Tianjin
Damao Chemical Reagent Factory. HPLC-grade methanol was
obtained from Yuwang Chemical Company (Shandong, China).
Certied individual standards of phenanthrene (Phe), uo-
ranthene (Flu), pyrene (Pyr), benzo[a]pyrene (B[a]p), and Benzo
[ghi]perylene (B[ghi]p) were purchased from Aldrich (St. Louis,
MO, USA). 2-Ethylhexyl salicylate (EHS) was purchased from Dr
Ehrenstorfer (Augsburg, Ger-many). 4-Mehylbenzyidene
camphor (MBC), octocrylene (OC), 2-ethylhexyl 4-(dimethyla-
mino) benzoate (OD-PABA), 2-ethyl-hexyl 4-methoxycinnamate
(EHMC), 2-chlorophenol (2-CP), 2,4-dichlorophenol (2,4-DCP),
2,6-dichlorophenol (2,6-DCP), 2,4,6-trichlorophenol (2,4,6-
TCP), 2-(2,4-dichlorophenoxy)-5-chlorophenol (Triclosan),
dimethyl phthalate (DMP), diethyl phthalate (DEP), di-n-butyl
phthalate (DBP), dioctyl phthalate (DOP), and 2-ethylhexyl
phthalate (DEHP) were obtained from AccuStandard (New
Haven, CT, USA). Unless otherwise stated, all reagents were of
analytical grade.
2.2. Apparatus

Surface morphology and elemental composition of the fabri-
cated bers were characterized by an Ultra Plus scanning elec-
tronic microscope (SEM) (Zeiss, Oberkochen, Germany)
equipped with an energy dispersive X-ray (EDX) spectrometer.
SPME was carried out in a B13-3 thermostat with magnetic
stirrer (Shanghai, China). Desorption was carried out in
a commercially available SPME-LC interface (Bellefonte, PA,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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USA). Separation and detection were performed on Waters 600E
multi-solvent delivery system (Milford, MA, USA) with a Waters
Sunre C18 column (150 mm � 4.6 mm, 5 mm) and a Waters
2487 dual l absorbance detector. Data acquisition was per-
formed on a N2000 chromatography workstation (Zhejiang
University, China). Ultra-pure water was obtained from an
Ulupure water purication system (Chengdu, Sichuan, China).

2.3. Preparation of sample solutions

Standard stock solutions of CPs (2-CP, 2,4-DCP, 2,6-DCP, 2,4,6-
TCP and Triclosan), PAEs (DMP, DEP, DBP, DOP and DEHP),
UVFs (EHS, MBC, OC, OD-PABA and EHMC), and PAHs (Phe,
Flu, Pyr, B[a]p and B[ghi]p) were prepared in HPLC-grade
methanol at a concentration of 100 mg L�1, and stored in
amber bottles in a refrigerator at 4 �C, shielding from light.
Mixtures of standard solutions were prepared by mixing
individual standard stock solutions with ultra-pure water to
the desired concentration to examine the extraction perfor-
mance. Real water samples were collected from the local river
and the effluents of local wastewater treatment plant in April,
2020. Snow water was collected on campus. All these water
samples were ltrated through microporous membrane to
remove suspended particulates and stored in brown glass
bottles at 4 �C.

2.4. Fabrication of the octahedral TiO2 coatings on the NiTi
wires

The NiTi wires (5.5 cm in length) were ultrasonically cleaned
with acetone and ultra-pure water for 10 min, respectively.
Before the hydrothermal treatment, the NiTi wires were acti-
vated in a solution of HF, HNO3 and H2O (1 : 4 : 5, v/v/v) for
2 min. Aer ultrasonic cleaning in ultra-pure water for 10 min,
the pretreated ends were immediately dipped into 20 mL HCl
solutions of 0.4 mol L�1 in 50 mL Teon-lined autoclaves, and
kept in an oven at 150 �C for 12 h. Thereaer, the hydrother-
mally treated NiTi wires were rinsed with ultra-pure water, and
dried in air. The fabricated NiTi bers were conditioned in the
SPME-LC interface for 30 min prior to use.

2.5. SPME-HPLC procedure

In a typical SPME procedure, 15 mL of working solution was
transferred into a 20 mL sample vial sealed with a Teon
septum and a PEEK cap. NaCl was added to control the ionic
strength of working solution or sample solution and phosphate
buffer was added to adjust the solution pH. Thereaer, the
fabricated ber was pierced the septum and exposed to the
stirred solution at preset temperature for a time interval. Aer
extraction, the ber was withdrawn and immediately inserted
into the SPME-LC interface for static desorption in mobile
phase. Subsequently, the mobile phase would pass through the
SPME-LC interface for HPLC analysis. The phase ratio of
methanol and water was 85/15, 70/30, 75/25 and 87/13 (v/v) for
PAHs, CPs, PAEs and UVFs. Corresponding absorption wave-
lengths were set at 254 nm, 282 nm, 280 nm and 310 nm to
detect chromatographic responses. In order to avoid possible
carry-over effect, the fabricated ber was sequentially cleaned in
© 2022 The Author(s). Published by the Royal Society of Chemistry
methanol and ultra-pure water for 5 min aer extraction,
respectively.

3. Results and discussion
3.1. Surface morphology and composition of the oxide
coatings

Commercial NiTi wire is straight annealed with surface oxide
according to its specications. As shown in Fig. S1a and b,† the
bare NiTi wire has relatively smooth surface with some micro-
cracks at high magnication. A native surface passivation layer
is present according to the composition of Ni, Ti and O
elements. For this reason, the bare NiTi wire was pretreated in
the mixed acids to remove the passivation layer. Aer acid
treatment, the pretreated NiTi wires were immediately dipped
into various acid solutions at different concentrations in Teon-
lined autoclaves, and kept in an oven at different temperatures
for different time intervals. The in situ growth of the oxide
coatings on the NiTi ber substrates was investigated in detail
by hydrothermal reaction in acid solution.

3.1.1. Effect of different acids. Fig. 1 shows the effect of
different acids (glacial acetic acid, HNO3 and HCl) on the
morphology and composition of surface oxide coatings. The
morphologies of the oxide coatings grown in acidic solutions
are very different. According to Fig. 1b and d, pure TiO2 coatings
were in situ grown on the NiTi ber substrates. In particular, the
well-dened octahedral TiO2NPs coating was formed in HCl
solution. During hydrothermal process, the formation of the
TiO2NPs coating in HNO3 is due to the Ni dissolution, which
occurs simultaneously along with the oxidation of Ti.34 In HCl
solution, the formation of TiO2NPs occurs as a consequence of
the oxidation and hydrolysis of surface Ti along with the
dissolution of Ni.35 It can also be seen from Fig. 1e that
compared with those of 50–150 nm obtained in HNO3 solution
and those of 150–300 nm obtained in HCl solution, the particle
sizes of the oxide composite grown in glacial acetic acid are
about 10 nm. Corresponding EDX analysis conrms that the
oxide coating is composed of O, Ti and Ni elements (Fig. 1f),
indicating that glacial acetic acid is too weak to remove Ni
element from the Ni and Ti oxide composite coating. Therefore,
the types of acids can affect the morphologies and compositions
of the oxide coatings grown on the NiTi ber substrates. Due to
the formation of well-dened octahedral TiO2NPs with high
specic surface area, HCl was used as a representative acid to
examine several preliminary hydrothermal parameters in the
following study.

3.1.2. Effect of HCl concentration. Fig. S2† shows SEM
images and EDX spectra of the oxide coatings at HCl concen-
trations of 0.1 mol L�1 (Fig. S2a and b†), 0.2 mol L�1 (Fig. S2c
and d†), 0.3 mol L�1 (Fig. S2e and f†) and 0.4 mol L�1 (Fig. S2g
and h†). As the concentration increases, the Ni content rapidly
decreased. At the concentration of 0.4 mol L�1 HCl, pure octa-
hedral TiO2 was directly grown on the NiTi ber substrate
(Fig. S2h†), indicating that the Ni element in the surface oxide
coating was completely dissolved in the solution of 0.4 mol L�1

HCl. At the same time, the sizes of the oxide nanoparticles
remarkably increases. When the concentration was higher than
RSC Adv., 2022, 12, 11933–11941 | 11935
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Fig. 1 Surface SEM images and EDX spectra of the oxide coatings grown on the pretreated NiTi wire by hydrothermal reaction in HCl solution (a
and b), HNO3 solution (c and d) and glacial acetic acid (e and f) at 150 �C for 12 h.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 7

/1
5/

20
25

 1
:3

3:
49

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
0.4 mol L�1, the NiTi wire becomes very brittle and was not
suitable for SPME. Therefore, 0.4 mol L�1 HCl was employed
during hydrothermal process.

3.1.3. Effect of temperature. Effect of temperature on the
oxide coatings was further examined in the solution of
0.4 mol L�1 HCl. As shown in Fig. S3a,† the NiTi ber shows
a winkled surface structure at 100 �C. The EDX analysis shown
in Fig. S3b† conrms that a thin oxide coating was grown on
the NiTi ber surface due to its less content of O element. At
150 �C and 200 �C, the uniform octahedral TiO2NPs coatings
were obtained (Fig. S3c–f†). However, in Fig. S3e,† the TiO2NPs
coating was partially detached from the ber substrate at
200 �C. Therefore, 150 �C was chosen for hydrothermal
reaction.
11936 | RSC Adv., 2022, 12, 11933–11941
3.1.4. Effect of hydrothermal reaction time. Fig. S4† shows
the effect of hydrothermal reaction time on the morphology and
composition of the oxide coatings. From Fig. S4a and b,† the
interconnected Ni and Ti oxide nanoparticles with smaller sizes
were grown on the NiTi ber substrate within 3 h. When the
longer time was employed, the pure octahedral TiO2NPs coat-
ings were grown. Compared with the TiO2NPs coating of 6 h
(Fig. S4c†), the well-dened TiO2NPs coating with larger sizes
was grown on the NiTi ber substrate within 12 h (Fig. S4e†). As
a result, 12 h was employed for the hydrothermal reaction.
3.2. Extraction capability and selectivity

Metal oxides have high affinity toward aromatic compounds
because of multiple interactions such as van der Waals forces,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The extraction capability of the PA fiber and the NiTi@TiO2NPs
fiber for UVFs.
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hydrogen bonding, Lewis acid-base, and hydrophilic/
hydrophobic interaction interactions, which can induce
adsorption selectivity toward aromatic analytes.36,37 For this
purpose, four groups of typical aromatic compounds (CPs,
PAEs, UVFs and PAHs) with different molecular structures were
employed as model analytes to study the extraction perfor-
mance of the pure TiO2 coatings. Fig. 2 shows the extraction
capability and selectivity of the NiTi@TiO2NPs ber obtained in
HNO3 solution, and obtained in HCl solution within 6 h and
12 h. All of the bers showed high extraction capability for the
studied UVFs and PAHs, and poor/negligible extraction capa-
bility for PAEs and CPs. Notably the highest adsorption effi-
ciency was achieved for SPME with the NiTi@TiO2NPs ber
obtained in HCl solution within 12 h. In view of its highest
extraction capability for UVFs, the NiTi@TiO2NPs ber within
12 h was further exploited as a potential ber for the extraction
of UVFs in the following study.
3.3. Comparison of the NiTi@TiO2NPs ber with
commercial PA ber

Fig. 3 exhibites the extraction capability of the NiTi@TiO2NPs
ber and the commercial PA ber for UVFs. The NiTi@TiO2NPs
ber exhibited high extraction efficiency for the studied UVFs
than the PA ber. The peak areas of MBC, OC, OD-PABA, EHMC
and EHS obtained by the TiO2NPs coating are 1.7–2.6 times
higher than those obtained by the PA coating. In view of its
excellent extraction capability, the NiTi@TiO2NPs ber was
further employed to examine the feasibility of the SPME
procedure in combination with HPLC-UV.
3.4. Optimization of SPME conditions for UVFs

In SPME, adsorption is subject to the thermodynamic and
kinetic factors. For this purpose, the effects of ionic strength,
stirring rate, extraction temperature, pH, as well as extraction
and desorption time on the extraction efficiency of the selected
UVFs from water were further optimized.

3.4.1. Effect of ionic strength. Generally addition of inert
salt can decrease the solubility of analytes in aqueous phase due
to salting-out effect and enhance their partitioning onto the
ber for SPME. Nevertheless more salt addition also leads to
increase viscosity of the aqueous phase which negatively affects
the kinetics of the adsorption process. Therefore, addition of
Fig. 2 Typical chromatograms of SPME-HPLC with the NiTi@TiO2NPs fib
HCl solution within 6 h (b) and 12 h (c) for CPs, PAEs, UVFs and PAHs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
salt is favorable from thermodynamic point of view but unfa-
vorable from kinetic point of view.38 In this study, NaCl of 10–
30%(w/v) was investigated. As shown in Fig. 4a, the extraction
efficiency was gradually increased with the increasing content
of NaCl from 10% to 20%, and thereaer decreased at higher
content of NaCl. In the following experiments, NaCl of 20% was
selected to maintain the ionic strength of aqueous solution.

3.4.2. Effect of stirring rate and extraction temperature. In
ber SPME, stirring is an essential process to improve mass
transfer and reduce the equilibration time. Therefore, stirring
rate was studied over the range of 300–700 rpm. As shown in
Fig. 4b, the highest extraction efficiency was obtained at the
stirring rate of 600 rpm. Furthermore, the elevated temperature
is kinetically favorable for improving the diffusion of the analyte
molecules but thermodynamically unfavorable for adsorption
process due to its exothermic nature. Moreover, the increased
water solubility and volatilization of the analytes result in a less
amount of the analytes extracted. Therefore, temperature is
required to be examined in SPME.38 As shown in Fig. 4c, the best
extraction efficiency was achieved at 40 �C.

3.4.3. Effect of pH. According to themolecular structures of
UVFs and TiO2NPs, the solution pHwill affect the existing forms
of UVFs in aqueous solution and the surface charge of TiO2NPs
at the same time.39 Therefore, the effect of solution pH on the
er obtained in HNO3 solution (a), the NiTi@TiO2NPs fibers obtained in

RSC Adv., 2022, 12, 11933–11941 | 11937
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Fig. 4 Dependence of extraction efficiency on ionic strength (a), stirring rate (b), extraction temperature (c), pH (d) as well as extraction time (e)
and desorption time (f).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 7

/1
5/

20
25

 1
:3

3:
49

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
extraction efficiency of ve UVFs was investigated within the pH
range varying from 5 to 9. As shown in Fig. 4d, pH strongly
affected the extraction efficiency of target species and presented
the highest extraction efficiency for UVFs at pH 7. Therefore, the
microextraction was performed at pH 7 in subsequent study.

3.4.4. Effect of extraction and desorption time. SPME is an
equilibrium-based extraction process, and thereby the optimal
extraction time should be the time taken for the system to reach
equilibrium. The inuence of the extraction time was studied by
varying the extraction time from 30 to 50 min. In Fig. 4e, the
extraction equilibrium was reached within 45 min. Also, the
11938 | RSC Adv., 2022, 12, 11933–11941
effect of desorption time was examined within 1–5 min (Fig. 4f).
Desorption of the extracted analytes from the ber coating is
faster when desorption was carried out in the mobile phase.
Sufficient solvent desorption of UVFs in the mobile phase was
accomplished within 4 min.
3.5. Analytical performance

To validate the analytical performance of the proposed method,
linear ranges, limits of detection (LODs) and limits of quanti-
cation (LOQs) were evaluated under the optimum conditions.
In Table 1, LODs were in the range of 0.007 to 0.064 mg L�1 (S/N
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Analytical parameters of the proposed method with the NiTi@TiO2NPs fiber (n ¼ 5)

Analytes
Linear ranges
(mg L�1) r

Recovery
(%)

RSDs for single ber
repeatability

RSDs for ber-to-ber
reproducibility (%)

LODs (mg
L�1)

LOQs (mg
L�1)Intra-day (%) Inter-day (%)

MBC 0.1–100 0.9991 99.1 4.3 4.5 5.8 0.019 0.063
OC 0.1–100 0.9987 103 5.7 6.0 7.5 0.021 0.071
OD-PABA 0.1–100 0.9981 96.4 6.1 6.3 8.0 0.019 0.065
EHMC 0.05–100 0.9989 101 4.5 5.9 6.9 0.007 0.023
EHS 0.5–100 0.9994 105 5.4 6.8 8.2 0.064 0.215
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¼ 3) along with LOQs between 0.023 and 0.215 mg L�1 (S/N ¼
10). Good linear responses were obtained in the concentration
range of 0.05 mg L�1 to 100 mg L�1 with correlation coefficients
(r) > 0.998. To examine the repeatability of the proposedmethod
with the single ber, ve replicate analyses of a standard sample
were performed at the concentration levels of 50 mg L�1. Relative
standard deviations (RSDs) of the intra-day and inter-day anal-
yses varied from 4.3% to 6.1% and from 4.5% to 6.8%, respec-
tively. RSDs for the ber-to-ber reproducibility of the proposed
method ranged from 5.8% to 8.2% with respect to ve bers
fabricated in different batches, demonstrating the precisely
controllable fabrication of the NiTi@TiO2NPs ber. Further-
more, no signicant decrease in peak areas of the tested UVFs
was observed even aer 150 cycles of extraction and desorption.
The recoveries from 91.8% to 95.3% were achieved for spiking
water at the level of 50 mg L�1, indicating that the NiTi@TiO2-
NPs ber presents high recycling stability.
3.6. Real water analysis

Organic UVFs are synthetic compounds with single or multiple
aromatic structures, sometimes conjugated with carbonyl and/
or hydroxyl groups. They are frequently used as ingredients in
the formulation of sunscreens, cosmetics and personal care
products to protect human skin from direct exposure to the
deleterious wavelengths of sunlight. UVFs enter the aquatic
environment directly as a result of water recreational activities
or indirectly through wastewater resulting from the use of
personal care products, washing clothes and industrial
discharges. Currently extensive use of UVFs would lead to
Table 2 Comparison of the proposed method with some reported met

Methods
Extraction time
(min)

Linear ranges
(mg L�1)

TiO2NSs-SPME-HPLC-UVa 30 0.1–400
PIL-SPME-HPLC-UVb 60 0.5–200
PDMS-SBSE-HPLC-MSc 180 0.025–1
PDMS-SPME-GC-FIDd 45 10–500
PA-SPME-GC-FID 45 10–500
C12-SPME-HPLC-UVe 60 5–200
PA-SPME-GC-MS 45 0.5–25
TiO2-SPME-HPLC-UV 45 0.05–100

a TiO2NSs, TiO2 nanosheets. b PIL, polymeric ionic liquids. c SBSE, stir-b
detection. e C12, dodecyl.

© 2022 The Author(s). Published by the Royal Society of Chemistry
environmental pollution as well as accumulative negative effect
on human health.40 Therefore, UVFs have been recently
considered as emerging contaminants, and more attention
should be paid to their monitoring in environmental water.
However, it is difficult to determine UVFs in real water samples
due to their low concentration and the co-existing interferences.
As a result, an appropriate sample pretreatment and enrich-
ment procedure is necessary prior to analysis.21,27 In order to
examine its applicability, the proposed method was applied to
the selective enrichment and the determination of target UVFs
in snow water, river water and wastewater samples. In Table
S1,† the relative recoveries of 76.2%–110% were achieved for
snow water and river water spiked at 5.0 mg L�1 and 10.0 mg L�1.
However, the relative recoveries were between 61.2% and 83.6%
for wastewater samples. The representative chromatograms of
UVFs obtained from snow water sample were shown in Fig. S5.†
These data indicate that acceptable recoveries were obtained for
target UVFs in real water samples.
3.7. Comparison of the proposed method with the reported
methods

Comparison of the proposed method with some other methods,
such as stir bar sorptive extraction41 and SPME,21,27,42–44 for the
determination of UVFs from environmental waters in terms of
some analytical parameters is listed in Table 2. Extraction time
of the proposed method with the NiTi@TiO2NPs ber is shorter
than that of the reported works.27,41,43 The obtained LODs are
lower than those in previous reports21,27,42–44 and comparable to
those in previous reports.41 RSDs are also comparable to those
hods for the enrichment and determination of UVFs in water

LODs (mg L�1) RSDs (%) Recovery (%) Ref.

0.026–0.089 4.5–9.6 88.8–107 21
0.10–5.00 1.8–11.6 54.5–120 27
0.0025–0.01 <26 25–89 41
0.26–0.51bb <8 85–97 42
0.35–0.74bb <8 82–99 42
0.69–1.37 3.5–19.7 82–93 43
0.17–0.29 0.7–4.3 80–83 44
0.007–0.064 4.5–9.1 61.2–110 This method

ar sorptive extraction, MS, mass spectrometry. d FID, ame ionization
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in the previously reported methods. The proposed method is
comparable to and even better than the other reported methods
for the detection of UVFs.

4. Conclusion

In the present work, the NiTi wire was used as a Ti source and
a ber substrate for the in situ growth of octahedral TiO2NPs on
the NiTi ber substrates via hydrothermal reaction in acid
solutions. The strong acid-based hydrothermal preparation was
benecial to the elimination of Ni element in the oxide coating.
Pure octahedral TiO2NPs coating can be obtained in the solu-
tion of 0.4 mol L�1 HCl at 150 �C for more than 6 h, which was
favorable for the SPME of UVFs and PAHs with a large delo-
calized p system. The types of acids, acid concentration and
hydrothermal reaction time greatly affected the surface
morphologies, dimensions and composition of the TiO2-based
coatings, and thereby affected their extraction capability. To
examine the potential applicability of the NiTi@TiO2NPs ber,
the effects of pH and ionic strength of aqueous solution, stirring
rate, temperature as well as adsorption and desorption time on
the adsorption efficiency of the selected PAHs were further
optimized. At pH 7.0, maximum adsorption efficiency was
achieved under the optimized experimental conditions
including NaCl of 20%(w/v), stirring rate of 600 rpm, solution
temperature of 40 �C, adsorption time of 45 min, and desorp-
tion time of 4 min. Under the obtained conditions, linear
chromatographic responses were achieved over the concentra-
tion ranges of 0.05–100 mg L�1 with the correlation coefficients
ranging from 0.9981 to 0.9994. Moreover, the NiTi@TiO2NPs
ber presented high mechanical stability, superior solvent
resistance and highly efficient extraction performance for UVFs
compared to the commercial PA ber. This new strategy
provides a facile route for controllable in situ growth of robust
and highly efficient TiO2 nanostructures on the superelastic
NiTi ber substrates and expand the potential application of
TiO2 coatings in SPME.
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