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Abstract

A polyaniline composite doped with etched multi-walled carbon nanotubes and UiO-66-NH, was prepared by
electropolymerization. It was used as a sorbent to extract the polycyclic aromatic hydrocarbons (PAHs) phenanthrene, fluoranthene
and pyrene. Its surface morphology, crystal structure and capability of adsorbing PAHs were characterized by scanning electron
microscopy, X-ray photoelectron spectrometry, Fourier transform infrared spectrometry and zeta potentiometry. The 7t stacking
and anion-7t interactions are shown to play dominant roles in the sorption mechanism. Coupled with high performance liquid
chromatography, the composite-modified fiber was applied to detect PAHs in lake water samples by direct immersion extraction.
The method excels by (a) wide linear range (0.05-20 ng mL ™), (b) low limits of detection (10 pg mL ™), (¢) satisfactory recovery
from spiked samples (84.7-113.8%), and (d) good reproducibility (relative standard deviations of <6.5%). The method is superior
in terms of costs and reproducibility compared to some pretreatment methods with mass spectrometric detection.

Keywords Polyaniline - UiO-66-NH, - Multiwalled carbon nanotubes - Solid phase microextraction - Chromatography

Introduction

Metal organic frameworks (MOFs) are crystal materials
consisting of inorganic metal ions and organic ligand. Their
morphology or pore-size distribution can be tuned by acid,
surfactant or other ways [1-4]. Because of their tunable po-
rosity and tailorable topology, MOFs have drawn broad
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attention in many fields [5-8]. However, some tuned MOFs
have not good properties which restricted their applied range.
For example, the crystalline structure of some MOFs was easy
to break down after removal of the surfactant template [9].
Some mesoporous MOFs obtained by ligand extension were
likely to collapse in the absence of guest molecules [10]. In
addition, it was difficult to etch some unstable MOFs with
acid to adjust their pore structure [11]. Therefore, it remains
a great challenge to develop an effective strategy to enhance
the properties of the tuned MOFs.

Multiwalled carbon nanotubes (MWCNTSs) are tubular car-
bon materials with abundant 7t-systems, unique electrical
properties and high specific surface properties [12]. It has been
widely used in solid phase microextraction (SPME) [13],
modified electrodes [14] and supercapacitors [15]. The doping
of MWCNTs has been shown to improve the mechanical
strength, thermal stability and chemical properties of the com-
posites [16, 17]. Qasem, et al. synthesized MWCNT/MIL-
101(Cr) composites for CO, capture and separation. The ex-
perimental results showed that the optimal ratio of MWCNT/
MIL-101 to CO, adsorption capacity was 35% higher than
that of pure MIL-101 [18]. Common methods for preparing
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MWCNT composites include in-situ growth and physical
blending, etc. It is still important to develop new approaches
to broaden the applicability of carbon nanotubes.

Polyaniline (PANI) is another widely studied conductive
polymer due to its adjustable properties and low raw materials
[19, 20]. PANI has a multifunctional and permeable porous
structure, which can provide different intermolecular interac-
tions such as acid-base interactions, induction, hydrophobic
interactions and hydrogen bonding. PANI can be directly elec-
trodeposited on the metal surface. It can be easily modified by
controlling electrochemical conditions, types of aniline mono-
mers and dopant ions [21, 22]. Lu, et al. reported a new ap-
proach for the electropolymerization of aniline with the utili-
zation of a MOF thin film [23]. The prepared porous PANI
exhibited higher specific surface area than the pure MOFs.
The approach provided a new route to prepare the composite
of PANI and MOFs.

Polycyclic aromatic hydrocarbons (PAHs) are composed of
two or more fused aromatic benzene rings. They are derived
from oil spills, combustion of fossil fuel, timber and tobacco,
as well as some chemical processes, efc [24, 25]. Based on the
toxicity and potential hazard for human exposure, 16 types of
PAHs have been classified as priority pollutants by United
States Environmental Protection Agency (US EPA). Many
researchers believed that some PAHs would be carcinogenic
to humans [26, 27]. Zelinkova, et al. summarized the path-
ways of PAHs to contaminate food, including PAHs from air,
soil and water, or food cooking and processing [28].
Freshwater is essential to maintain human health, so it is nec-
essary to establish a highly sensitive and simple method for
detecting PAHs in water source.

In this work, we describe a novel polyaniline composite
doped with etched MWCNT/UiO-66-NH, on the surface of
stainless-steel wire by electropolymerization. The PANI-
etched MWCNT/UiO-66-NH, coated fiber was characterized
by fourier transform infrared spectrometry (FT-IR), X-ray dif-
fractometry (XRD) and scanning electron microscopy (SEM).
The adsorption mechanism of PAHs on this composite was
also investigated by infrared spectrometry, X-ray photoelec-
tron spectrometer (XPS) and zeta potentiometry. The fiber was
successfully applied for the detection of PAHs in lake water
samples by direct immersion SPME (DI-SPME).

Experimental section

Reagents and supplies

Methanol and acetonitrile (HPLC/spectrograde) were purchased
from the TEDIA (America, http:/www.tedia.com.cn/). Ultra-
pure water was produced from the ultra-pure water system

(Beijing Epoch Electronic Instrument Co., Ltd., http://www.
leeyuan.net/). Zirconium (IV) chloride (ZrCly, 98.0%), 2-
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aminoterephthalic acid (ATP, 98.0%), acetic acid glacial (HAc,
99.5%) and sodium dodecylbenzene sulfonate (SDBS, 92.5-
100.5%) were purchased from Macklin Biochemical Co., Ltd.
(Shanghai, China, http://www.macklin.cn/). MWCNTs
(diameter: 20-40 nm, length: > 5 um) were obtained from
Shenzhen Nanotech Port Co., Ltd. (Shenzhen, China, http://
www.nanotubes.com.cn/Cn/index.aspx). N, N-
dimethylformamidel (DMF, 99.5%), ethanol (99.7%), aniline
(ANI, 99.5%), sulfuric acid (H,SOy4, 95.0-98.0%) and nitric acid
(HNOs3, 65.0-68.0%) supplied from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China, http://www.sinopharm.
com/), and ANI was purified through vacuum distillation
before used. Phenanthrene (99.5%), fluoranthene (98.0%) and
pyrene (99.0%) were purchased from Aladdin Co., Ltd.
(Shanghai, China, https://www.aladdin-e.com/zh_cn/). All
mobile phase and samples were filtered by polyvinylidene
fluoride filter membrane (pore size: 0.22 pm, diameter: 50 mm.
Jinteng Experimental Equipment Co., Ltd. Tianjin, China, http://
itengda.biogo.net/).

Instruments

A CHI 830 electrochemical workstation (Shanghai Chenhua
Instruments Co., Ltd., http://www.chinstr.com/sy) was
employed for preparing coating. A conventional three-electrode
system was used, including a stainless-steel wire (SS, 2.2 cm %
250 um 0O.D.) as working electrode, a Pt electrode as counter
electrode and a saturated calomel electrode (SCE) as reference
electrode. A Dionex Ultimate 3000 high performance liquid
chromatography system (HPLC) equipped with a six-way valve
manual injector, a photodiode array detector (PAD), a column
with a stationary phase of C18 (Welch Ultimate XB-C18,
Dionex, US) and a column oven (LGC-1025 M, Dingtai
Biochemical Technology Equipment Manufacturing Co., Ltd.
Wuhan, China, http://www.dthschina.com/) was used for
chromatographic analysis. Fourier transform infrared spectra
were acquired using NICOLET iS10 spectrophotometer
(Thermo Fisher Scientific, America, https://www.thermofisher.
com/). Scanning electron microscopy experiments were carried
out on a JSM7100F field-emission scanning electron microscope
(JEOL, Japan, https://www.jeol.com.cn/) with an accelerating
voltage of 15 kV. The surface charge of the composite changed
with pH was measured by a Zeta potentiometer (ZS 90, Malvern
Panalytical Ltd., England, https:/www.malvempanalytical.com.
cn/). The pH of the solution was measured and adjusted by a pH
meter (FiveEasy Plus, Mettler-Toledo International Ltd., https:/
www.mt.com/). The crystal structure of the composite was
characterized by X-ray diffractometry (D8A25, Bruker,
Germany, https://www.bruker.com/cn/). The change of the
inner electron binding energy of the atoms before and after the
composite adsorbed the target analytes was measured by X-ray
photoelectron spectrometer (Escalab 250 Xi, Thermo Fisher
Scientific, America, https://www.thermofisher.com/).
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Fig. 1 The preparation process of
PANI-etched MWCNT/UiO-66-
NH, composite

DMF

ATP

composite coating

stainless steel wire

Preparation of standard solution and water sample

The standard stock solutions of phenanthrene, pyrene and
fluoranthene were prepared in methanol with the concentra-
tion of 1 mg mL™", which were stored at 4 °C. The daily
standard working solutions were obtained by diluting standard
stock solution with ultra-pure water for use.

The water samples were collected from ShaHu Lake and
Yanxi Lake in Wuhan (Hubei, China). All samples were fil-
tered and stored at 4 °C.

Preparation of SPME fiber
Preparation of etched MWCNT/UiO-66-NH, composites

20 mg carboxylated MWCNTs (the carboxylation procedure
was in supplementary materials) were added to 80 mL DMF
solution containing 660 mg ZrCly. After ultrasonic dispersion
for 20 min, 520 mg ATP was added and the ultrasonic disper-
sion was continued for 20 min. The solution was put into a

Fig. 2 SPME-HPLC procedure

ultra sonication

ANI

electropolymerization

Teflon-lined reactor, which was placed in the oven at 120 °C
for 24 h to obtain MWCNT/UiO-66-NH, composite. The ob-
tained composite was washed for 10 times with ethanol, then
it was placed in a vacuum oven for drying at 70 °C overnight.

100 mg dried MWCNT/UiO-66-NH, was put into a Teflon
liner containing 10 mL of 2 M HAc solution for being etched
for 4 h in an oven at 80 °C. The etched composite was washed
for 10 times with ethanol and dried under vacuum at 70 °C
overnight.

Preparation of PANI-etched MWCNT/UiO-66-NH, composite

A stainless-steel wire as working electrode was washed in 0.5 M
H,SO,, 1 M NaOH and ultrapure water for 20 min successively.
The electrolyte solution comprised 10 mL of 0.5 M HNO;,
10 mg etched MWCNT/UiO-66-NH,, 50 mg SDBS and
90 puL of ANL The three-electrode system was placed in the
electrolyte solution. Then the electropolymerization was per-
formed by cyclic voltammetry at scan rate of 100 mV s ' for
80 circles with the potential range of —0.2-1.2 V. After the
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Fig. 3 SEM images of different
coating: UiO-66-NH, (a),
MWCNT/UiO-66-NH, (b),
etched MWCNT/UiO-66-NH, (¢)
and PANI-etched MWCNT/UiO-
66-NH, (d), (Inset: a larger ver-
sion of the modified steel wire
with 100 magnifications)
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Fig. 4 FT-IR spectra (a) and XRD patterns (b) of different matrials:
PANI-etched MWCNT/UiO-66-NH, (a), UiO-66-NH, (b), MWCNT/
Ui0-66-NH, (¢), etched MWCNT/UiO-66-NH, (d) and simulated UiO-
66-NH, (e); XPS: high revolution (¢) of N 1 s spectra (C1) and Zr 3d
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spectra (C2) before (d) and after adsorbing pyrene (a), fluoranthene (b)
and phenanthrene (c), respectively; A plot of the Zeta potential and pH of
the composite coating (d)
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Fig. 5 Mechanism simulation for
the adsorption of PAHs with
composite coating materials

n-m stacking

completion of the electropolymerization, the prepared stainless-
steel wire was washed 3 times with ultrapure water, and dried for
subsequent experiments. The preparation process is shown in
Fig. 1. The optimization of preparing condition was in the sup-
plementary material, Fig. S1.

SPME-HPLC procedure

10 mL of 10 ng mL™" PAHs standard working solution (pH =
5.0) was added to a centrifuge tube with a rubber stopper
inserted with a PANI-etched MWCNT/UiO-66-NH, coated
fiber. The centrifuge tube was sealed with the above rubber
stopper, and the vortex was shaken for 30 min for extraction.
After the extraction was completed, the fiber was taken out
and inserted into a small rubber stopper which was used for
sealing a pipette tip containing 300 uL methanol, and the
whole pipette tip was eddied for 10 min for elution.

When the SPME procedure was finished, the above meth-
anol solution was analyzed by HPLC. Chromatographic con-
ditions: mobile phase was methanol: water (9:1); detection
wavelengths of phenanthrene, fluoranthene and pyrene were
250 nm, 236 nm and 239 nm, respectively; column

. fake atom
N
® 0
®cC

er

negative ion-m interaction

temperature was 45 °C and flow rate was 1 mL min~'. The
SPME-HPLC procedure is shown in Fig. 2.

Results and discussion

Characterization of PANI-etched MWCNT/UiO-66-NH,

Figure 3 shows the microscopic morphology of the different
coatings. It can be seen that the pure UiO-66-NH, was com-
posed of a plurality of octahedrons with a smooth surface
and sharp edges (Fig. 3a). After doped with MWCNTs,
these multiple octahedrons became significantly denser
(Fig. 3b). The presence of MWCNTs was barely observed
because they may be covered by UiO-66-NH, [18, 29].
After etched by acetic acid, the overall structure of the
MWCNT/UiO-66-NH, composite material did not change
significantly. The structure of multiple octahedrons was
maintained, indicating that the overall structure of the crystal
was not destroyed after etching. However, the surface of
each crystal face become significantly rough and the edges
were rounded (Fig. 3c). Figure 3d shows that the PANI

Table 1 Analytical performance

of the established method for the Analytes LRs* Linearity equation LODs LOQs RSD (%) (n=5)
determination of PAHs (One fiber / Fiber to fiber)
Phenanthrene 0.05-20 Y =0.16X+0.05° 0.01 0.03 14/63
R*=0.9975
Fluoranthene 0.05-20 Y =0.09X +0.09 0.01 0.03 1.5/62
R?=0.9940
Pyrene 0.05-20 Y =0.14X+0.02 0.01 0.03 14/6.5
R*=0.9911

* All concentration units in the table were “ng mL ™" ”

°Y: peak area; X: concentration of analyte
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Table 2 Comparison of SPME-
HPLC methods with different
sorbents for PAHs analytes

Sorbents Detections LRs LODs RSD Reference
(mgmL™) gL (%)
POSS-epoxy/TMOS+MTMOS * GC-MS ¢ 0.001-0.2 0.1-0.3 10-12 [36]
PAF-6° GC-MS 0.0016-4.0 0.84.2 7.1-9.6 [37]
PANI-etched MWCNT/UiO-66-NH, HPLC-DAD 0.05-20 10 6.2-6.5 This work

* Epoxy-modified polyhedral oligomeric silsesquioxane with tetramethylorthosilicate and ethyltrimethoxysilane

® Porous aromatic frameworks-6 synthesized by a one-step reaction of cyanuric chloride with piperazine

¢ Gas chromatography-mass spectrometry

doped etched MWCNT/UiO-66-NH, coating exhibited a po-
rous network structure with a typical of polymers like PANL
Since the diameter of the steel wire was 250 wm, the thick-
ness of the coating was about 51 pum (Inset of Fig. 3d).

Figure 4a shows the difference between the infrared spectra
of diverse coatings. The absorption peaks at 1565 and
1386 cm ' were due to the asymmetric and symmetric
stretching of v (O-C=0), respectively. The bands at 1620,
1497 and 1426 cm ' were the typical vibration of v (C=C)
in a benzene ring. The peaks at 1000 cm ' may be ascribed to
the stretching vibrations of Zr-O in UiO-66-NH,. The peak at
665 cm™' can be ascribed to 113-O stretching in the cluster of
Z1404(OH)4(-CO5);». And the bond at about 592 cm ' can be
assigned to the asymmetric stretching vibration of Zr-O,. The
presence of these absorption peaks indicated that the
MWCNT/UiO-66-NH, complex had been successfully doped
into the PANI coating.

XRD patterns of different coating materials were evaluated
to observe any change in the crystal form by comparison with
the simulated UiO-66-NH,. In Fig. 4b, there are eight main

Phenanthrene

Pyrene

Fluoranthene

Value(mAU)

T

7 8 9
Time(min)

Fig. 6 Chromatograms of lake water spiked at 5 ng mL ™' PAHs after (a)
and before (b) SPME; blank lake water after SPME (c)

@ Springer

characteristic peaks at 20 =7.3°, 8.4°, 12.0°, 14.6°, 16.8°,
21.8°, 25.2°, 32.4° which were assigned to the (111), (002),
(022), (004), (400), (115), (442) and (137) planes of UiO-66-
NHo,. The existence of these diffraction peaks indicated that
the crystal structure of UiO-66-NH, had no significant change
during the preparation of composite coating, which was con-
sistent with the results of SEM.

Adsorption mechanisms

The interaction between PAHs and the composite was studied by
FT-IR, XPS, and Zeta potential. In the infrared spectra (Fig.
S3A), the absorption peak of C=C was obviously enhanced after
the adsorption of PAHs, indicating there was 7t stacking between
the composite and PAHs [30]. Additionally, the intensity of v
(Ar-N) grew markedly, which meant that the amino group on the
benzene ring in UiO-66-NH, also interacted with the 7t bond of
PAHs. XPS spectra show that the binding energy of N 1 s
changed from 400.8 eV to 399.6 eV after adsorption (Fig. S3B,
Fig. 4C1). The decrease in the electron binding energy of the
inner layer indicated that the outer electron density of N increased
due to the adsorption of PAHs. For Zr, the combined energy of
the 3d orbit was only reduced by 0.1 eV, and there was almost no
changed (Fig. 4C2). The results showed that the amino group on
the composite adsorbed with PAHs, while Zr did not provide
additional adsorption sites, which was consistent with the con-
clusion of infrared spectroscopy. Figure 4d shows the isoelectric
point of the coating was about at pH =4.2. The optimum extrac-
tion acidity was proved to be pH = 5.0 (Fig. S2C), which indi-
cated that the surface of coating was negatively charged during
extraction. Combined with the results of XPS spectrum, there
may be an anion-7t interaction between the negatively charged
amino group on the composite and PAHs [31, 32]. However, as
the pH continued to rise, the extraction effect began to decrease.
It was probably because the excessive surface charge and hydro-
philicity were not beneficial to the adsorption of PAHs.

In summary, the composite coating with abundant benzene
ring can easily undergo 7t stacking with PAHs [33-35]. At the
same time, there is anion-7t interaction between the negatively
charged composite and PAHs under the optimal pH condition.
The mechanism simulation for the adsorption of PAHs with
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Table 3 Recoveries for the

determination of the PAHs in Analytes Spiked * Sha Lake Yanxi Lake
water samples (n=3)
Found Recovery RSD Found Recovery RSD
Phenanthrene 0 22 - - 12 - -
10 11.0 88.0% 10.2% 10.1 89.0% 7.1%
Fluoranthene 0 7.1 - - 0.3 - -
10 15.8 87.0% 9.7% 9.3 90.0% 13.2%
Pyrene 0 0.6 - - 0.9 - -
10 10.8 102.0% 11.5% 10.1 92.0% 8.4%

2 All concentration units in the table were “ng mL ™' ”

composite coating is shown in Fig. 5. The left and right side of
the figure shows the 7t stacking and the negative ion-7t inter-
action between them respectively. For convenience of expres-
sion, PANI, MWCNTs and all H atoms are omitted from the
figure, and three PAHs are drawn in gray to distinguish C
atoms in MOFs. The composite coating may be a promising
absorbent for the similar analytes with large conjugation struc-
ture, and the amine or phenolic analytes with opposite charge.

Optimization of method

A SPME/HPLC method for the detection of PAHs was
established after the extraction procedure based on the composite
coating. The following parameters for the extraction of PAHs
were optimized: (A) type of eluent; (B) NaCl concentration;
(C) pH of the sample solution; (D) extraction time and (E) elution
time. Respective text and Figures on optimizations were given in
the Supplementary Material (Fig. S2). In short, the following
experimental conditions were found to give best results: (A) type
of eluent: MeOH; (B) optimal NaCl concentration: 0% (w/v); (C)
best sample pH value: 5; (D) optimum extraction time: 30 min
and (E) optimum elution time: 10 min.

Method evaluation

The analytical performance of the SPME/HPLC method for
the detection of PAHs was evaluated under optimal conditions
by extracting a standard dilution of a blank spiked lake water.
Linear ranges (LRs), limits of detections (LODs, S/N =3),
limits of quantifications (LOQs, S/N=10) and relative stan-
dard deviations (RSDs) are presented in Table 1. The LRs of
phenanthrene, fluoranthene and pyrene were in the range of
0.05-20 ng mL™". The LODs were 0.01 ng mL™', and the
LOQs were 0.03 ng mL™'. The RSDs of one fiber and fiber
to fiber ranged from 1.4% to 1.5% and 6.2% to 6.5%, respec-
tively. The upper limit concentration of the linear range was
low (20 ng mL™"), which may limit the analytical application
for the high concentration of PAHs. The established method
had also been compared with some reported methods with the

sorbent of POSS-epoxy/TMOS+MTMOS [36] and PAF-6
[37] (Table 2). These methods used mass spectrometry as
detector, which sensitivity was higher than that of the ultravi-
olet detector. Although the LOD of the new method was not
lower, its lower RSD indicated its good reproducibility. In
addition, the cost of the new method was lower than the
methods equipped with mass spectrometry.

Analysis of PAHs in water samples

The blank lake water spiked samples (5 ng mL™") before and
after SPME were firstly analyzed by HPLC. The chromato-
grams are shown in Fig. 6, which proved that the three PAHs
were well enriched by the PANI-etched MWCNT/UiO-66-
NH, composite (curve a). Then, the developed method was
applied to detect PAHs in real water samples from Sha Lake
and Yanxi Lake. The qualitative of PAHs in water was deter-
mined by the retention time of the chromatogram, and their
quantities was calculated from the calibration plot. As shown
in Table 3, the three PAHs were detected in the two real water
samples, ranging from 0.3 to 7.1 ngmL™". And the determined
recoveries were in the range from 87.0% to 102.0%. These
results indicated that the developed method exhibited satisfac-
tory reliability and applicability for the determination of the
PAHs in water source.

Conclusion

A novel PANI-doped MWCNT/UiO-66-NH, composite coat-
ing was prepared by electropolymerization, which was used
for the preconcentration of PAHs by SPME. The adsorption
mechanism was proved that the 7t stacking and negative
ions-7t interaction played dominate roles between the compos-
ite and PAHs. Coupled with HPLC, a sensitive and simple
detection method for PAHs in water source was established,
which had wide linear detection range, low LOD, satisfactory
precision and accuracy. The analytical method was superior in
lower cost and better reproducibility compared to other
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methods with mass spectrometric detection. The work also
provided an alternative strategy to prepare new composite
material with superior properties.
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