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Abstract The authors describe the in-situ hydrothermal
growth of a porphyrinic zirconium metal-organic framework
(MOF), referred to as PCN-222(Zr), on stainless steel fibers.
The PCN-222(Zr) is uniformly deposited on the fiber and
displays exceptional thermal and chemical stability. The coat-
ed fiber was used for the solid-phase microextraction of
nitrated polycyclic aromatic hydrocarbons (NPAHs) in water
sample prior to their quantitation by gas chromatography in
combination with negative chemical ionization mass spec-
trometry. Limits of detection (S/N = 3) of 17 selected analytes
ranged from 0.10 to 20 ng'L™". Linear range was from 0.4 to
400 ng-L™". Intra- and inter-day reproducibility values obtain-
ed from a single fiber (six replicates) ranged from 2.2-12.8%
and 3.6-12.1%, respectively. Fiber-to-fiber reproducibility for
six parallel fibers ranged from 3.3% to 10.3% under the same
working conditions. The method was successfully applied to
determine NPAHs in environmental water, atmospheric par-
ticulate matter (PM2.5), and soil samples. This work demon-
strated a prominent prospect of this kinds of stable MOF for
applications in extraction techniques.
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Introduction

Solid-phase microextraction (SPME), which was introduced
by Pawliszyn et al. [1], is an effective sample pretreatment
technique. It combines sampling, extraction, pre-concentra-
tion, and sample introduction [2]. SPME features a simple,
sensitive, solvent free, affordable, portable, and easy automa-
tization [3]. This technique can also be applied to on-site sam-
pling for solid and flowing fluids [4, 5]. As a solvent-free
extraction technique, SPME meets key requirements of green
analytical chemistry and is highly sensitive for trace-level
analysis of environmental [6, 7], food [8], clinical, and bio-
logical samples [9].

One of the key challenges in SPME progress is the devel-
opment of efficient and highly selective fiber coatings. These
kinds of fiber coatings increase analyte distribution coefficient
between fiber phase and samples, decrease matrix effects, and
thus improve sensitivity of analytical method [10]. Metal—or-
ganic framework (MOF)-based coating materials attracted sig-
nificant interest because of their outstanding adsorption effi-
ciencies and modifiable structural features [11-23]. MOF sta-
bility values, including those of thermo-, chemical, and
hydrostability, are crucial issues that affect their practical ap-
plications in SPME [12]. To maintain high adsorption efficien-
cy in various extraction conditions, MOF coating frameworks
should be maintained moisture insensitive and chemical resis-
tant in acidic or basic media. MOFs should also withstand up
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to 300 °C without phase transformation and structure collapse
for thermo desorption and reutilization.

These requirements limit extensive applications of some
MOFs as SPME coating materials in high humid conditions
[13—16]. For example, the open-metal site of MOF-199 can
absorb water molecules and results in decreased adsorption
capability toward some aromatic compounds. For other
MOFs, such as MOF-5, water molecule attack results in phase
transformation and structure collapse of the framework.

Zr(IV) and porphyrinic-based MOFs are appropriate for
this challenge than other MOFs because of their high surface
area, intrinsic open frameworks, and high stability [24].
Porous coordination network (PCN)-222 (Zr) is a kind of
MOF formed by Zr(IV) and tetrakis(4-
carboxyphenyl)porphyrin (TCPP). PCN-222 (Zr) can tolerate
damage from water, acids, and base because of the strong
coordination between Zr(IV) cation and carboxylic oxygen
[25, 26]. Although several MOFs were explored as sorbent
materials in solid-phase sorption-based extraction techniques,
Zr(IV) and porphyrinic-based MOFs remain to be reported.

In this work, PCN-222 (Zr) was initially hydrothermally
grown on stainless steel fibers for SPME. Nitropolycyclic ar-
omatic hydrocarbons (NPAHs) are mainly formed during in-
complete combustion of organic matter in ubiquitous environ-
mental pollutants and are carcinogenic to humans [19].
NPAHs were determined at trace level in many environmental
samples. Thus, analytical methods with high sensitivity must
be developed to monitor NPAH levels. Therefore, NPAHs
were selected as target analytes to assess SPME fiber perfor-
mance. Table S-1 shows structure of target analytes. The
method was employed for NPAH detection in atmospheric
particulate matter (PM, 5), environmental water, and soil sam-
ples. This letter describes a novel analytical application of
PCN-222 (Zr) as coating sorbent for SPME.

Experimental section
Chemicals and reagents

All reagents were of analytical grade. Zirconium (IV) chlo-
ride, benzoic acid, acetic acid TCPP and N, N-
diethylformamide (DEF) were obtained from Alfa Aesar
Company (Shanghai, China, www.alfachina.cn). Deionized
water (>18.2 MQ2ecm) was obtained from a Millipore Milli-
Q system (Millipore, Bedford, MA, USA,
www.merckmillipore.com) and used to prepare aqueous solu-
tions for SPME experiments. Standard mixtures of target
analytes at a concentration of 10 ug mL ™" in (1:1, v/v) were
purchased from AccuStandard (New Haven, CT, USA,
www.accustandard.com). These standards were stored in the
dark at 4 °C and were used to prepare working standard solu-
tions. Working standard solutions (5.0 pg mL™" in methanol)
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were prepared weekly. Cyclohexane and methanol were pur-
chased from Tedia Company Inc., USA (www.tedia.com).

Instrumentation

Stainless steel wire substrate and microliter syringes (10 pL)
were purchased from Gaoge Industrial and Trade Co., Ltd.
(Shanghai, China). An 85-2 magnetic stirring device and
Teflon-coated stir bar (9.9 mm x 5.9 mm X 5 mm) were ob-
tained from Zhongda Instruments Co., Ltd., Jiangsu, China.
Quartz filters (1 um pore size and 88 mm diameter; Pall
Gelman Inc., USA) were used for atmospheric particulate
matter (PM2.5) collection. An intelligent midvolume
suspended particle sampler (Model TH-150A; Wuhan Tian
Hong Corporation, China) was used to collect PM, 5 samples
at 100 L min”' flow rate. Sorbent morphology on SPME fiber
was observed by scanning electron microscopy (SEM)
(SWPRA™S5S5, Carl Zeiss Micro Imaging Co., Ltd.,
Germany). Transmission electron microscopy image of pow-
ders was observed on a JEOL Ltd. JEM-2100 spectrometer.
Thermal gravimetric analysis (TGA) of coated fiber was tested
by STA449F3 (Netzsch, Germany) from 50 °C to 500 °C in
flowing N, at a ramping rate of 10 °C min~'. Powder X-ray
diffraction (PXRD) pattern was obtained on Bruker Smart
Apex CCD-based diffractometer. Brunauer—Emmett—Teller
(BET) specific surface areas of typical products were mea-
sured using an ASAP 2020 porosimeter (Micromeritics,
USA). Agilent gas chromatography (GC) system (7890A,
Palo Alto, USA) coupled with negative chemical ionization
(NCI) triple quadruple (QqQ) mass spectrometer (7000B,
Agilent, USA) was used in all analysis experiments.

Synthesis of MOF

A 10 pL GC microliter syringe and 20 cm stainless-
steel wire were used to fabricate the SPME device.
First, a naked stainless-steel wire (2.0 cm) was etched
with hydrofluoric acid (40%) for 20 min. The coarse
surface was washed with methanol and ultrapure water
under ultrasonic agitation and air-dried. The etched sec-
tion of stainless steel wire was immersed in a solution
of 25 mg ZrCly, 10 mg H,TCPP, and 550 mg benzoic
acid, and 0.25 mL acetic acid was added in 3 mL DEF
in the Teflon linear. The Teflon linear was sealed and
placed in steel autoclave at 120 °C for 12 h. MOFs
were deposited on fiber. After cooling to room temper-
ature, MOF-coated fiber was removed from the Teflon
linear and washed with deionized water and methanol.
The fiber was dried at 150 °C for 20 min and then
mounted on the microsyringe device for SPME. The
fiber was vertically inserted into GC inlet and aged
for 1 h at 280 °C.
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Fig. 1 Synthesis of PCN-222
(Zr)-based solid-phase
microextraction fiber

Stainless
steel fiber

GC-NCI-mass spectrometry parameters

GC separation was performed using a HP-SMS capillary
column with dimensions of 30 m % 0.25 mm and film
thickness of 0.25 um (Agilent Technologies. Inc., USA).
Oven temperature was held at 60 °C for 1.0 min and was
programmed to increase as follows: at a rate of 15 °C
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used as carrier gas at a flow rate of 1.2 mL min '. Mass
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Fig.2 Scanning electron micrographs of (a) PCN-222 (Zr)-coated fiber; (b) PXRD spectra of PCN-222 (Zr) peeled from fiber; (¢) nitrogen adsorption—
desorption isotherm of PCN-222 (Zr), inset: pore size distribution; and (d) thermogravimetric curve ofPCN-222 (Zr) fibers
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Table 1  Enrichment factors (EFs) and selectivity for the selected
analytes obtained with the PCN-222 (Zr) SPME fibers

Analyte EF (mean + 0)

mode 1* mode 2° log Kow
1 N-NAP 321 +£6.8 983+£29 2.99
2 N-NAP 341 £10.8 941 £22 6.26
2 N-BiPh 159 £4.8 1220+ 7.0 3.57
3 N-BiPh 103 +£9.2 1199 +74 -
5 N-ACE 71+£11.2 1873 £ 10.1 7.22
2 N-FLO <10 1886 +6.9 3.83
9 N-ANT 90 + 8.1 5195+54 4.16
9 N-PHE <10 4195+6.2 4.16
3 N-PHE <10 2368 +7.8 -
2 N-ACE <10 1100 +2.3 -
2 N-FLA <10 3494 £54 4.75
3 N-FLA <10 3519+4.6 4.75
1 N-PYR <10 3098 £9.7 4.75
2 N-PYR <10 4638 £ 8.0 -
7 N-BaA <10 5367 +13.5 -
6 N-CHR <10 3093+9.9 5.34
6 N-BaP <10 2458 £5.7 5.93
n-dodecane 31.5
n-hexane 48.2
Isooctyl alcohol 53
butanol 1.6

# Headspace mode;
® Direct immersion mode;
¢ Not Extracted

SPME procedure

(i) For water samples, water sample (10 mL) was added to a
20 mL glass vial equipped with Teflon-coated magnetic stirrer
bar and covered with a cap. Salting out reagent (NaCl) was
added before SPME; (ii) for PM, 5 and soil samples, target
analytes were preliminary extracted using an organic solvent.
Collected extract was evaporated, and solvent was substituted
by deionized water for SPME. For all samples, direct immer-
sion SPME (DI-SPME) model was used to extract analytes
from sample solution. Supplementary information describes
detailed sample collection method, extraction procedures,
and instrumentation.

Results and discussion
Choice of materials

To date, many MOFs are introduced as coating sorbent for
SPME [11-23], which exhibits satisfactory extraction
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performance toward pollutants. Among various MOFs,
PCN-222 possesses the highest thermo-, chemical, and
hydrostability [24]. Despite these properties, as coating mate-
rials in SPME, PCN-222 (Zr) remains unreported.
Accordingly, a sorbent using PCN-222 (Zr) SPME was
developed.

Fig. 1 shows schematic of fabrication of PCN-222
(Zr)-coated SPME fiber. The procedure is a four-step
process, which mainly involves hydrothermal growth
of MOF on stainless steel fibers. The steps are as fol-
lows. Step 1: Metal fiber was etched by hydrofluoric
acid and washed with deionized water. Step 2: Etched
fiber was immersed in a reagent solution in the Teflon
linear for MOF deposition on fiber. Step 3: The MOF-
coated fiber was removed from Teflon linear and
washed with deionized water and methanol. Step 4:
Fiber was mounted carefully into microsyringe device
for SPME.

Adsorbent characterization

Fig. 2 (a) shows SEM image of PCN-222 (Zr) coating
of SPME fiber. PCN-222 (Zr) crystals deposited on the
fiber are rod shaped and approximately 2.4 um long, in
accordance with previous reports [24]. As shown in Fig.
2(b), characteristic diffraction peaks (2.4°, 4.8°, 7.1°,
and 9.8°) in PXRD spectrum of powder peeled off from
the fiber matched well with simulated XRD patterns,
indicating successful crystal synthesis. PXRD patterns
of the powder remained intact upon immersion in water
and aqueous solutions at pH 4-11 for 10 h, indicating
stable MOF and absence of framework collapse or
phase transition. N, adsorption/desorption isotherms are
shown in Fig. 2(c). BET surface area of powder mea-
sured 2015 m? g '. Inset of Fig. 2(c) shows two types
of pores of measuring 1.2 and 3.0 nm; these pores are
assigned to triangular and hexagonal meso-channels of
the framework. TGA images in Fig. 2(d) show that
PCN-222 (Zr)-coated fiber showed minimal weight loss
from 50 °C to 400 °C. Pure phase PCN-222 (Zr) grew
on the fiber probably because of the initially deposited
MOF crystals; these crystals acted as seeds and induced
seed-mediated growth [27].

Optimization of extraction conditions

Experimental conditions, including extraction tempera-
ture, extraction time, stirring rate, and ionic strength,
were optimized to obtain the best extraction perfor-
mance. Box—Behnken design (BBD) was used to iden-
tify optimum extraction parameters through response
surface methodology. Fitness and significance of the
model were evaluated using ANOVA. Fig. S-1 shows
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Table 2 Analytical parameters of

PCN-222 (Zr) as SPME sorbent Analyte Linear Correlation LOD LOQ Repeatability Fiber to fiber
for GC-NCI-MS determination of range (ng coefficient (ng (ng (RSD%, n=6)  reproducibility
the selected analytes L R L LY (RSD%, n =3)

I N-NAP  2-100 0.9939 0.50 2.00 10.1 7.2

2N-NAP  2-250 0.9956 0.50 2.00 12.5 5.2

2N-BiPh  0.4-250 0.9967 0.10 0.40 8.1 12.6

3N-BiPh  0.4-250 0.9986 0.10 0.40 8.7 44

5N-ACE  4-250 0.9970 1.00 4.00 6.4 4.7

2N-FLO  4-250 0.9947 1.00 4.00 5.7 22

9N-ANT  2-400 0.9977 0.50 2.00 6.9 9.2

9N-PHE  4-400 0.9960 1.00 4.00 12.6 5.5

3N-PHE 1-250 0.9973 1.00 4.00 4.6 3.9

2N-ACE  5-400 0.9951 2.00 5.00 48 13.4

2N-FLA  10-400 0.9960 5.00 10.0 33 5.7

3N-FLA  25-400 0.9985 10.0 25.0 5.2 4.1

I N-PYR  25-400 0.9987 10.0 25.0 9.7 9.4

2N-PYR  50-400 0.9920 20.0 50.0 10.7 14.0

7N-BaA  2-400 0.9910 0.50 2.00 12.4 11.0

6 N-CHR 10400 0.9999 5.00 10.0 12.4 12.8

6 N-BaP  50-400 0.9919 20.0 50.0 133 11.0

estimated response surface from the BBD for absolute
mean responses of analytes obtained by plotting (a) ex-
traction time versus temperature; (b) ionic strength ver-
sus temperature; and (c) extraction time versus ionic
strength for optimization of extraction step. Extraction
time, temperature, and stirring rate were significant
model terms because their p-values reached less than
<0.001. Optimal extraction conditions were as follows:
extraction temperature, 45 °C; extraction time, 60 min;
stirring rate, 600 rpm; and ionic strength, 10%.

Analytical figures of merit

Table 1 displays enrichment factors (EFs) of target analytes
obtained from spiked water samples. High EFs of NPAHs
were obtained for all analytes in DI-SPME model, indicating
high affinity of NPAHs toward fiber coating. The open 3D
channels conferred PCN-222 with high NPAH storage capac-
ity and benefited SPME enrichment. Fiber selectivity was
tested by comparing EFs of n-dodecane, n-hexane, isooctyl
alcohol, and butanol along with target analytes in water

11
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Fig. 3 Typical extracted chromatograms of 17 target analytes of water
samples obtained using the method: waste water spiked at (a) 0, (b) 5, (c)
50, and (d) 100 ng-Lﬁl. 1: I-nitronaphthalene; 2: 2-nitronaphthalene; 3: 2-
nitrobiphenyl; 4: 3-nitrobiphenyl; 5: 5-nitroacenaphthene; 6: 2-

nitrofluorene; 7: 9-nitroanthracene; 8: 9-nitrophenanthrene; 9: 3-
nitrophenanthrene; 10: 2-nitroanthracene; 11: 2-nitrofluoranthene; 12:
3-nitrofluoranthene; 13: 1-nitropyrene; 14: 2-nitropyrene; 15: 7-
nitrobenzanthracene; 16: 6-nitrochrysene; and 17: 6-nitrobenz(a) pyrene
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samples. For hydrophilic compounds, including isooctyl alco-
hol and butanol, almost no enrichment effect was observed
using the fiber. EFs of hydrophobic analytes (except n-hexane
and n-hexane) were generally higher than those of hydrophilic
analytes. This result indicates that hydrophobicity possibly
plays an important role in selectivity. logK,, of n-hexane
and n-dodecane were higher than that of NNAP, whereas their
EFs were lower than that of NNAP. Structurally, the selected
alkaline analytes lacked aromatic functional groups.
Therefore, they cannot undergo 7—7t electron stacking inter-
actions with MOF ligands. This performance indicated that
existence of 7t electrons in ligands of sorbents and analytes
determines selectivity of PCN-222 (Zr) fiber.

Table 2 shows analytical parameters obtained from spiked
water samples using the SPME fiber. Limits of detection
(LODs, S/N = 3) and limits of quantification (LOQs,
S/N = 10) of 17 selected analytes ranged from 0.10 ng'L ™" to
20.0 ng'L ™" and from 0.40 ng'L ™" to 50.0 ng'L™", respectively.
Linear range reached 0.4 ng'L ™" to 400 ng'L™". Good linearity
with correlation coefficients (r* > 0.99) were obtained from all
selected analytes. Sensitivity for NPAHs obtained using the
method was higher than those reported using electrochemical
methods [25, 26]. As shown in Table S-3, LODs of NPAHs
using PCN-222 (Zr) SPME fiber were also lower than that
obtained using polydimethylsiloxane (PDMS)/divinylbenzene
(DVB) fiber coating, and miniaturized solvent extraction
methods [28-37]. The EFs of NPAHs obtained using PCN-
222 fiber are generally higher than those of PDMS, carboxen
(CAR)/PDMS, and DVB/CAR/PDMS fibers (Fig. S-2). Intra-
and inter-day reproducibility values using a single fiber (six
replicates) ranged from 2.2%—12.8% and 3.6%—12.1%, respec-
tively. Under the same working conditions, fiber-to-fiber repro-
ducibility for six parallel fibers ranged from 3.3% to 10.3%. In
addition, the fiber can be reused over 80 times in water samples.

Analysis of environmental samples

The method was applied to the determination of selected
nitrated analytes in environmental water, PM, 5, and soil sam-
ples. As shown in Table S-4, recoveries of target analytes
obtained from spiked drinking samples ranged from 81.2%
to 113%. Fig. 3 presents extracted ion chromatogram of 17
analytes from water samples. Nitrated analytes, including
NNAP, NBIPH, NNAT, NFLUA, and NFLUA, were detected
in waste water samples. Detected NPAHs possibly originated
from the wet precipitation around steel mills [38]. Four PM, 5
and two soil samples were further used to test the method.
NPAH recovery values from spiked PM, s filter and soil sam-
ples ranged from 71.2% to 109.7% (Tables S-5 and 6). As
shown in Table S-7, 9 N—ANT is the most dominant NPAHs
among samples. For PM, 5 samples collected from Taian, con-
centrations of low-ring NPAHs are high at daytime, similar to
that of high-ring NPAHs at nighttime. This phenomenon was
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possibly caused by enhanced atmospheric stability in near-
surface layer that facilitated pollutant accumulation during
nighttime [39]. For PM, 5 samples collected from Jinan, total
concentration of selected analytes is higher than those from
Taian. This result may be due to the heavy vehicle exhaust in
the city. This city is also surrounded by mountains on three
sides, which disfavor aerosol diffusion [40]. Only several low
ring NPAHs were detected in soil samples. Concentrations of
selected analytes in topsoil samples were higher than those
from subsurface soil. These results demonstrated that the
method is applicable for NPAH analysis in environmental
samples.

Conclusion

In summary, PCN-222 (Zr)-based SPME fibers were success-
fully fabricated using in situ growth method. Benefiting from
unique adsorption and stability, these fibers were first applied
to enrich NPAHs from water, soil, and atmospheric particulate
matter samples. High EFs, high sensitivity, and good repro-
ducibility of the analytical method highlight significance of
PCN-222 (Zr) in SPME; such properties endow the material
with significant applicability potentials for environmental
sample treatment. Although MOF-based SPME fibers exhibit
excellent extraction performance, bulk production of fibers
with uniform coating remains a challenge and needs further
investigation.
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