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Amine-functionalized MIL-53(Al)-coated stainless steel fiber
for efficient solid-phase microextraction of synthetic musks
and organochlorine pesticides in water samples
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Abstract The fiber coating is the key part of the solid-phase
microextraction (SPME) technique, and it determines the sen-
sitivity, selectivity, and repeatability of the analytical method.
In this work, amine (NH2)-functionalized material of Institute
Lavoisier (MIL)-53(Al) nanoparticles were successfully syn-
thesized, characterized, and applied as the SPME fiber coating
for efficient sample pretreatment owing to their unique struc-
tures and excellent adsorption properties. Under optimized
conditions, the NH2-MIL-53(Al)-coated fiber showed good
precision, low limits of detection (LODs) [0.025–0.83 ng L-1

for synthetic musks (SMs) and 0.051–0.97 ng L-1 for organo-
chlorine pesticides (OCPs)], and good linearity. Experimental
results showed that the NH2-MIL-53(Al) SPME coating was
solvent resistant and thermostable. In addition, the extraction
efficiencies of the NH2-MIL-53(Al) coating for SMs and
OCPs were higher than those of commercially available
SPME fiber coatings such as polydimethylsiloxane, polydi-
methylsiloxane–divinylbenzene, and polyacrylate. The rea-
sons may be that the analytes are adsorbed on NH2-MIL-

53(Al) primarily through π–π interactions, electron donor–
electron acceptor interactions, and hydrogen bonds between
the analytes and organic linkers of the material. Direct immer-
sion (DI) SPME–gas chromatography–mass spectrometry
methods based onNH2-MIL-53(Al) were successfully applied
for the analysis of tap and river water samples. The recoveries
were 80.3–115% for SMs and 77.4–117% for OCPs. These
results indicate that the NH2-MIL-53(Al) coating may be a
promising alternative to SPME coatings for the enrichment
of SMs and OCPs.
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Introduction

Since its invention by Arthur and Pawliszyn [1] in the early
1990s, solid-phase microextraction (SPME) has been widely ac-
cepted and applied in different fields, such as food analysis [2],
environmental analysis [3], forensic analysis [4], drugmonitoring
[5], and in vivo sampling [6]. The coating material of the SPME
fiber is the key factor that affects the sensitivity, selectivity, and
reproducibility of the technique. However, commercial fibers are
expensive and are limited in the available types. Increasing re-
search work has been focused on the development of coating
materials [7, 8], including ionic liquids [9], carbonaceous mate-
rials [10], molecularly imprinted polymers and so on [11].

Metal–organic frameworks (MOFs), crystalline solids
combining metal ions with organic linkers resulting in a high-
ly porous framework, are emerging as a new family of molec-
ular sieve materials [12]. They have versatile applications in
gas separation and storage, drug delivery, and catalysis
[13–15]. In addition, their unique properties, including uni-
form adjustable pore sizes, high surface areas, and specific
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adsorption affinities, make MOFs attractive for assembly as
superior adsorbents for sample pretreatment and chromato-
graphic separation [16, 17]. Moreover, a few MOF materials
have been fabricated as SPME fiber coatings for versatile
analyte analysis [18]. Among the various MOFs, material of
Institute Lavoisier (MIL)-53(M) (M is Fe, Al, or Cr) is of
special interest. MIL-53(Al) is built of infinite chains of octa-
hedrons formed by coordination of Al(III) by terephthalate
and OH groups with pore walls consisting mainly of aromatic
rings [19]. The structure of MIL-53(Al) has remarkable flex-
ibility, adjusting its cell volume in a reversible manner to
optimize interactions between the guest molecules and the
framework. On the basis of these merits, this MOF material
and its derivates have been intensively investigated, including
for use in liquid–liquid separation, gas sorption, thin film
growth, and drug delivery [20, 21]. Besides, Chen et al. [22]
have used MIL-53(Al, Cr, Fe) materials as the SPME fiber
coating by an adhesive method and reported that the coating
showed the highest extraction efficiency toward polycyclic
aromatic hydrocarbons. Some research has demonstrated that
functionalization of the MIL-53(Al) MOF with amino groups
increases its selectivity in CO2/CH4 separations by orders of
magnitude while a very high capacity for CO2 capture is main-
tained [23]. Very recently, a monolithic column based on
amine (NH2)-functionalized MIL-53(Al) was prepared and
efficiently applied to in-tube SPME for online coupling with
high-performance liquid chromatography to the direct deter-
mination of five estrogens in human urine samples [24]. Thus,
NH2-MIL-53(Al) may be a good choice for use as a coating
material for the SPME fiber. To our knowledge, NH2-MIL-
53(Al) has not been used as SPME fiber coating material.

Synthetic musks (SMs) are widely used as fragrances in a
range of personal care products, and mainly comprise three cat-
egories: nitro musks, polycyclic musks, and macrocyclic musks
[25, 26]. SMs have gained increasing interest in recent years
because of their huge consumption, low rates of biological and
chemical degradation, and potentially harmful concentrations in
the air and aqueous environment [27, 28]. Organochlorine pesti-
cides (OCPs) are a type of chlorinated hydrocarbons previously
widely used to kill insects in the planting of farm crops [29].
Because of their high persistence, OCPs can still be found in
the environment. Considering that SMs and OCPs are usually
found in samples at very low concentrations, their direct deter-
mination is not feasible, and extraction steps, typically involving
preconcentration of the analytes, are applied to achieve adequate
sensitivity. Because of their inherent physicochemical properties,
they can be easily analyzed by gas chromatography (GC), and
methods based on GC coupled with mass spectrometry (MS) are
the main approaches for the identification and quantification of
these compounds [30, 31]. In this work, we applied NH2-
MIL-53(Al) to fabricate an SPME fiber for the determi-
nation of five SMs and eight OCPs in environmental wa-
ter samples by GC–MS.

Experimental

Chemicals and reagents

Aluminum nitrate nonahydrate (Aladdin Industrial, Shanghai,
China) and 2-aminoterephthalic acid (Aladdin Industrial,
Shanghai, China) were used to prepare NH2-MIL-53(Al).
N,N-Dimethylformamide, methanol, anhydrous ethanol, ace-
tone, sodium hydroxide, and concentrated hydrochloric acid
of analytical grade were purchased from Guangzhou
Chemical Reagent Company (Guangzhou, China). Methanol
of high-performance liquid chromatography grade was pur-
chased from Sigma-Aldrich (USA). Sikasil-C neutral multi-
functional silicone sealant was purchased from Shanghai
Cheng Shen Decoration Material Company (Shanghai,
China). Ultrapure water was obtained from a water purifica-
tion system (Millipore, Billerica, MA, USA).

Muscone , musk xylene, 6-ace ty l -1 ,1 ,2 ,4 ,4 ,7-
hexamethyltetralin (tonalide), and musk ketone were purchased
from Dr. Ehrenstorfer (Augsburg, Germany). 1,3,4,6,7,8-
Hexahydro-4,6,6,7,8,8,-hexamethylcyclopenta[g]benzopyran
(galaxolide) was obtained from Toronto Research Chemicals
(North York, ON, Canada). Hexachlorobenzene, heptachlor, al-
drin, trans-chlordane, cis-chlordane, endrin, o,p′-DDT, and p,p′-
DDT were purchased from Dr. Ehrenstorfer (Augsburg,
Germany).

Instruments

Scanning electron microscopy (SEM) images were obtained
with a Quanta 400 thermal field emission environmental scan-
ning electron microscope (FEI, Eindhoven, Netherlands). The
surface images of the NH2-MIL-53(Al) coating were obtained
at 20 kV. Transmission electron microscopy images were ob-
tained with a JEM-2010HR transmission electron microscope
(JEOL, Tokyo, Japan). Powder X-ray diffraction peaks were
obtained with a Bruker D8 ADVANCE X-ray powder diffrac-
tometer (Cu Kα). Thermal stability was evaluated with a ther-
mogravimetric analyzer (model 209, Netzsch, Selb, Germany)
from room temperature to 800 °C at a rate of 10 °C min-1

under N2.
A GC–MS system (6890 N gas chromatograph and 5975

mass spectrometer) from Agilent Technologies (Palo Alto,
CA, USA) was used for all the experiments. The gas chro-
matograph was equipped with an Agilent Technologies HP-
5 ms capillary column (30 m × 0.32-mm inner diameter,
0.25-μm film thickness). Helium (99.999%) was used as the
carrier gas, and the gas flow rate was 1.2 mLmin-1 in constant
flow mode. The temperature of the transfer line was main-
tained at 300 °C, and the mass spectrometer ion source and
quadrupole temperatures were 230 and 150 °C respectively.
The mass spectrometer was operated with an electron ioniza-
tion source (electron energy of 70 eV), and the mass-to-charge
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ratio scanned ranged from 50 to 500 to determine appropriate
masses for selected-ion monitoring (Table S1). All SPME
procedures were conducted with an MPS 2 multipurpose
autosampler (Gerstel, Mülheim an der Ruhr, Germany).

Commercial polydimethylsiloxane (PDMS; 30 and
100 μm), polyacrylate (PA; 85 μm), and PDMS–
divinylbenzene (DVB; 65 μm) SPME fibers were obtained
from Supelco (Bellefonte, PA, USA), and stainless steel wire
was bought from Small Parts (Miami, FL, USA).

Preparation of NH2-MIL-53(Al)-coated fiber

NH2-MIL-53(Al) was prepared following the synthesis proce-
dure reported by Couck et al. [23]. Aluminum nitrate
nonahydrate (0.878 g, 2.10 mmol) and 2-amino-1,4-
benzenedicarboxylic acid (0.564 g, 3.12 mmol) were dis-
solved in 30 mLN,N-dimethylformamide, after which the so-
lution was transferred in a Teflon insert and placed in an au-
toclave. The autoclave was heated in an oven at 130 °C for
3 days. The yellow gel product was filtered off and washed
with acetone. After removal of the acetone under reduced
pressure, the product was washed overnight with methanol
under reflux and dried at 110 °C under a vacuum for 10 h.

The fabrication of the NH2-MIL-53(Al)-coated SPME fi-
ber is similar to that in our previous work [32], just by a simple
direct layer-by-layer coating method. The fiber coating is ro-
bust and stable, and has a thickness of approximately 30 μm,
obtained by approximately three dipping cycles. Before use,
1 cm of coating is left and the other coating is scratched off.
After that, the coated wire is inserted into the inside needle of
the fiber assembly for use.

Preparation of sample solutions

The stock solutions for two types of analytes, SMs and OCPs,
were individually prepared in methanol and a mixed solvent
(100: 1 v/v n-hexane–isopropyl alcohol) at a concentration of
1 mg mL-1 for each of the analytes and stored in the dark at
4 °C for further use. The working standard solutions were
prepared weekly by dilution of the standard solution with
methanol, and more dilute working solutions were prepared
daily by dilution of this standard solution with pure water.

SPME procedure and GC analysis

The SPME procedures were based on procedures presented in
two articles [33, 34]. Before use, the prepared fiber was

Fig. 1 Scanning electron
micrographs of amine (NH2)-
functionalized material of
Institute Lavoisier (MIL)-53(Al)-
coated fiber. The magnifications
are × 250 (a), ×5000 (b), ×3000
(c), and × 20,000 (d)
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conditioned at 250 °C for 60 min in the gas chromatograph
injection port under a N2 atmosphere to avoid any contamina-
tion or carryover. Sample solutions were prepared by dilution
of working standard solutions with pure water. The extraction
was conducted with anMPS 2 multipurpose autosampler with
the use of 10-mL glass vials. DI-SPME parameters such as the
extraction or desorption temperature and time were optimized
with use of the MPS 2 autosampler. After a certain extraction
time, the fiber was directly transferred into the gas chromato-
graph injector for desorption and analysis.

For the SMs, the column temperature program was as fol-
lows: the initial oven temperature of 100 °C (held for 1 min)
was increased to 180 °C at a rate of 10 °C min-1 (held for
2 min), then raised to 190 °C at 2 °C min-1 (held for 2 min),
and finally ramped to 250 °C at 30 °C min-1 (held for 3 min).
The total run time was 23 min. The gas chromatograph injec-
tor port temperature was 280 °C in splitless mode. The gas
chromatograph column temperature program for the OCPs
was as follows: the initial oven temperature of 60 °C (held
for 1 min) was increased to 180 °C (held for 1 min) at a rate of
10 °C min-1, then raised to 250 °C at 10 °C min-1 (held for
2 min), and finally ramped to 280 °C at 10 °C min-1 (held for
1 min). The total run time was 32min. The gas chromatograph
injector port temperature was 270 °C in splitless mode.

Real water samples

The water samples were freshly collected from the Pearl River
and the tap water samples were from Sun Yat-sen University
in Guangzhou, and they were stored at room temperature be-
fore use.

Results and discussion

Characterization of NH2-MIL-53(Al)

A Bruker D8 ADVANCE X-ray powder diffractometer
(Cu Kα) was used to confirm the structure of synthesized
NH2-MIL-53(Al). The powder X-ray diffraction patterns
in the 2θ range from 5° to 40° are shown in Fig. S1. The
peaks of NH2-MIL-53(Al) totally corresponded with those
reported by Couck et al. [23], which indicated that NH2-
MIL-53(Al) had been successfully synthesized. Elemental
analysis of NH2-MIL-53(Al) powder (Table S2) revealed
the presence of nitrogen. NH2-MIL-53(Al) particles are
small crystals with sizes on the nanoscale (see Fig. S2).
Figure S3 shows the N2 adsorption–desorption isotherms
of NH2-MIL-53(Al), indicating a pore volume of
1.36 mL g-1 and a specific Brunauer–Emmett–Teller sur-
face area of 1025.8 m2 g-1.

Morphological structure of NH2-MIL-53(Al) coating

The NH2-MIL-53(Al)-coated fiber was fabricated by our se-
quentially coating the stainless steel wire with silicone sealant
film and mesoporous NH2-MIL-53(Al) powder. Different
numbers of coating layers may affect the extraction efficien-
cies for the target analytes, and we finally chose three coating
layers for the proposed fiber. Figure 1 shows the SEM images
of the NH2-MIL-53(Al) coating. Figure 1a shows that the fiber
possessed a homogeneous surface and a coating thickness of
nearly 30μm, whereas the high-magnification SEM images in
Fig. 1b–d show that the fiber’s surface was covered with well-
distributed particles, which was beneficial for the extraction
performance. Besides, according to Fig. 1, the coating tightly
adhered to the stainless steel wire and the NH2-MIL-53(Al)
particles had been linked together layer-by-layer, strongly
avoiding peeling off.

Thermal and chemical stability of NH2-MIL-53(Al)
-coated fiber

The thermogravimetric analysis profile is shown in Fig. 2. The
results indicated that NH2-MIL-53(Al) powder is stable up to
450 °C, with weight loss of less than 10%. The high thermo-
stability makes NH2-MIL-53(Al) a favorable material for pre-
paring an SPME fiber coating. Besides, the thermal stability of
the NH2-MIL-53(Al) coating was tested by aging at high tem-
perature. The fiber was inserted into the gas chromatograph
injector port and kept there for 1 h; the injector temperature
was set at 250, 270, 290, and 300 °C in turn. Comparison of
the extraction efficiencies of treated SPME fibers for OCPs
(see Fig. S4) indicated that the extraction efficiencies of the
NH2-MIL-53(Al) coating remained constant after treatment at
high temperature, which demonstrates the good thermal sta-
bility of the NH2-MIL-53(Al) coating.

Fig. 2 Thermogravimetric (TG) curves of the synthesized NH2-MIL-
53(Al) and NH2-MIL-53(Al) on glue coating
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The pH of the solution and that of the solvent used affect
the coating stability and adsorption process, possibly leading
to decreased extraction efficiency and fiber life span. The
chemical stability of the NH2-MIL-53(Al)-coated fiber was
tested by sequential immersion of the fiber in 0.1 M hydro-
chloric acid, 0.01M sodium hydroxide, hexane, and methanol
for 1 h, before it was subjected to further experiments. The
extraction efficiencies of treated and untreated fibers are com-
pared in Fig. 3. There were no significant effects through these
treatments. The results indicate that the fiber was stable within
the pH range from 2 to 12 and tolerated some polar and non-
polar solvents. In addition, Fig. S5 shows that the fiber can be
reused more than 200 times without significant changes,
which illustrates the long life span of the NH2-MIL-53(Al)-
coated fiber.

Comparison of NH2-MIL-53(Al)-coated fiber
with commercial fibers

To evaluate the adsorption ability of the 30-μm NH2-
MIL-53(Al)-coated fiber toward target analytes, three
commercial fibers (30 or 100-μm PDMS, 65-μm
PDMS–DVB, and 85-μm PA) were selected for compari-
son. Extraction of the 10 μg L-1 SM and 10 μg L-1 OCP
solutions was conducted under optimized conditions. The
results illustrated in Fig. 4 show that the extraction abili-
ties of the NH2-MIL-53(Al)-coated fiber for the SMs and
OCPs were much better than those of commercial fibers.
According to some articles [22, 24], three main reasons
could account for the superior performance: (1) π–π in-
teractions between the analytes and the organic linker of

Fig. 3 Extraction efficiencies of
organochlorine pesticides in pure
water for NH2-MIL-53(Al)-
coated fiber as originally made
(untreated) and after each se-
quential immersion in 0.1 M hy-
drochloric acid, 0.01 M sodium
hydroxide, hexane, and methanol.
Sample volume 10 mL, concen-
tration of the analytes 10 μg L−1.
Error bars show the standard de-
viation for triplicate determina-
tions with one fiber. HCB
hexachlorobenzene

Fig. 4 Comparisons of the extraction performance of NH2-MIL-53(Al)-
coated fiber with commercial fibers. AHTN 6-acetyl-1,1,2,4,4,7-
hexamethyltetralin (tonalide), DVB divinylbenzene, HHCB 1,3,4,6,7,8-

hexahydro-4,6,6,7,8,8,-hexamethylcyclopenta[g]benzopyran
(galaxolide),MKmusk ketone,MXmusk xylene, PA polyacrylate, PDMS
polydimethylsiloxane
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the coating material; (2) hydrogen bonding between the
NO2 and COR groups of SMs and –OH, –NH2, and –
COOH groups of the NH2-MIL-53(Al) coating, and (3)
electron donor–electron acceptor interactions between

electron-withdrawing regions of SMs (NO2 and COR) or
OCPs (Cl and C = C) and the electron donor of the NH2-
MIL-53(Al) coating, which has abundant π–π conjugated
structures.

Fig. 5 The extraction time and temperature profiles of synthetic musks
and organochlorine pesticides obtained with NH2-MIL-53(Al)-coated
fiber. Sample volume 10 mL, concentration 10 μg L−1, extraction time,

60 min. Error bars show the standard deviation for triplicate
determinations with one fiber

Table 1 Analytical performance of the amine (NH2)-functionalized material of Institute Lavoisier (MIL)-53(Al)-coated fiber for the solid-phase
microextraction (SPME) of the synthetic musks and the organochlorine pesticides under optimized conditions

Compounds EF Linear range
(ng · L-1)

R2 LOD
(ng · L-1)

LOQ
(ng · L-1)

One-fiber RSD
(%) (n = 6)

Fiber-to-fiber RSD
(%) (n = 3)

Muscone 8678 ± 159 10–1000 0.9981 0.83 2.77 7.6 9.8
HHCB 31,035 ± 1279 1–1000 0.9991 0.025 0.083 1.5 4.8
MX 24,485 ± 870 10–1000 0.9979 0.23 0.77 8.8 9.3
AHTN 24,912 ± 1254 1–1000 0.9997 0.057 0.19 3.5 3.8
MK 8108 ± 522 10–1000 0.9991 0.45 1.50 5.1 11
HCB 15,235 ± 1236 1–500 0.9978 0.070 0.23 5.7 3.0
Heptachlor 6210 ± 580 10–500 0.9975 0.65 0.22 6.2 8.6
Aldrin 15,846 ± 633 5–500 0.9961 0.23 0.77 5.1 12
trans-Chlordane 26,149 ± 1799 1–500 0.9981 0.17 0.57 4.6 3.3
cis-Chlordane 23,770 ± 933 1–500 0.9993 0.15 0.50 5.6 4.4
Endrin 5427 ± 93 20–500 0.9995 0.97 3.23 8.9 7.1
o,p′-DDT 17,544 ± 233 1–500 0.9989 0.051 0.17 7.8 9.7
p,p′-DDT 15,394 ± 477 1–500 0.9984 0.066 0.22 9.7 11

Sample volume 10 mL, concentration 10 μg L-1

AHTN 6-acetyl-1,1,2,4,4,7-hexamethyltetralin (tonalide), EF enrichment factor, HCB hexachlorobenzene, HHCB 1,3,4,6,7,8-hexahydro-4,6,6,7,8,8,-
hexamethylcyclopenta[g]benzopyran (galaxolide), LOD limit of determination, LOQ limit of quantification, MK musk ketone, MX musk xylene, RSD
relative standard deviation
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Optimization of the extraction conditions

SMs and OCPs were chosen as the target analytes to evaluate the
extraction performance of the NH2-MIL-53(Al)-coated fiber.
Various factors affect the extraction performance of the coated
fiber, such as the extraction time and temperature and the desorp-
tion time and temperature. To achieve greater extraction efficien-
cy, these factors were investigated and optimized.

The effects of extraction time on the extraction efficiency
for SMs and OCPs were investigated from 20 to 120 min
(Fig. 5a) and from 20 to 90 min (Fig. 5b). Extraction time
selection is always a compromise between the time, cost, sen-
sitivity, and repeatability of the analytical method. For the
SMs, the peak areas of five analytes were all increased with
increasing extraction time. Considering good extraction effi-
ciencies could be obtained in 60min, to save time, 60min was
chosen as the optimal extraction time. For OCPs, the extrac-
tion equilibrium occurred at 60 min for most of the analytes;
thus, 60 min was chosen as the extraction time.

The extraction temperature has a twofold effect on the ex-
perimental results. Increasing temperature could accelerate the
diffusion rate in the liquid sample matrix, whereas high tem-
perature would lower the partition coefficients of analytes be-
tween the coating and the water sample. The effects of extrac-
tion temperature in the same range from 30 to 70 °C on the
extraction efficiencies were investigated. From the results il-
lustrated in Fig. 5c and d, the optimal extraction temperature
was chosen to be 50 °C for the SMs and 60 °C for the OCPs.

Proper desorption time and temperature are both important
parameters, which can not only eliminate the carryover but at
the same time can also increase the sensitivity of the fiber. In
this work, the desorption time and temperature were investi-
gated from 3 to 7 min (Fig. S6a, b) and from 250 to 290 °C
(Fig. S6c, d). On the basis of the effects mentioned above and
the results reflected in Fig. S6, 4 min for the SMs and 5 min
for the OCPs were selected as optimal desorption times,
whereas the optimized desorption temperature was 280 °C
for the SMs and 270 °C for the OCPs.

As mentioned already, the final extraction conditions were as
follows: for SMs, extraction time 60 min, extraction temperature
50 °C, desorption time 4 min, and desorption temperature
280 °C; for OCPs, extraction time 60min, extraction temperature
60 °C; desorption time 5 min, and desorption temperature
270 °C. Considering the commercial PDMS, PA, and PDMS–
DVB fibers had good extraction efficiencies under the final ex-
traction conditions, to save time and cost, all the fibers were used
and compared under the optimized conditions.

Method evaluation and real sample analysis

The analytical performances of proposed methods for deter-
mination of SMs and OCPs, including linear ranges, coeffi-
cient of determination (R2), LODs, limits of quantification
(LOQs), repeatability, and reproducibility, were investigated
under the optimal conditions. Table 1 summarizes the figures
of merit of the optimized DI-SPME–GC–MS analysis method

Table 2 Comparison of LODs of
the developed extraction method
for synthetic musks with those of
reported work

Muscone LOD (ng L-1) Extraction
method

Analytical
method

Coating Reference

HHCB MX AHTN MK

- 0.4 - 0.5 - DI-SPME GC–MS 30-μm PDMS [29]

- - 0.25 - 1.05 HS-SPME GC–μECD CAR–PDMS [36]

5 - - - - HS-SPME GC–MS PDMS–DVB [26]

5.8 0.46 1.3 0.71 2.8 DI-SPME GC–MS Amino-modified
graphene

[34]

0.83 0.025 0.23 0.057 0.45 DI-SPME GC–MS NH2-MIL-53(Al) This
work

CARCarboxen,DI direct immersion,DVB divinylbenzeneGC gas chromatography,HS head space, μECDmicro
electron capture detection, MS mass spectrometry, PDMS polydimethylsiloxane

Table 3 Comparison of LODs of
the developed extraction method
for organochlorine pesticides with
those of reported work

Compounds LOD Extraction
method

Analytical
method

Coating Reference
(ng L-1)

Organochlorine
pesticides

2.3–6.9 HS-SPME GC–ECD MOF-199/GO [37]

0.19–18.3 DI-SPME GC–MS Graphene [31]

0.059–0.151 DI-SPME GC–MS C18 composite [38]

0.051–0.97 DI-SPME GC–MS NH2-MIL53(Al) This
work

ECD electron capture detection, GO graphite oxide, MOF metal–organic framework
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using the NH2-MIL-53(Al)-coated fiber. The enhancement
factor was defined as the ratio of the sensitivity of an analyte
after extraction to that before extraction (i.e., by direct injec-
tion of 1 μL of standard solution) with use of the chromato-
graphic peak area for quantification [35]. The NH2-MIL-
53(Al)-coated fiber offered large enhancement factors from
8108 (musk ketone) to 24,912 (tonalide) for the SMs and from
5427 (endrin) to 26,149 (trans-chlordane) for the OCPs.

For the analysis of SMs using the NH2-MIL-53(Al) coat-
ing, two analytes exhibited good linearity in the concentration
range from 1 to 1000 ng L−1, and R2 ranged from 0.9979 to
0.9997. The LODs calculated on the basis of a signal-to-noise
ratio of 3 were between 0.025 and 0.83 ng L−1. The LOQs
(signal-to-noise ratio of 10) of the method were in the 0.083–
2.77 ng L−1 range. Under the optimized conditions, the rela-
tive standard deviations (RSDs) for six replicate extractions
using one NH2-MIL-53(Al)-coated fiber ranged from 1.5% to
8.8%, and the fiber-to-fiber reproducibility, which was deter-
mined with three different fibers with three replicates for each
fiber, ranged from 3.8% to 11%.

For the analysis of OCPs using the NH2-MIL-53(Al) coat-
ing, eight OCPs exhibited good linearity in the concentration
range from 1 to 500 ng L−1, and R2 ranged from 0.9961 to
0.9995. The LODs and LOQs of the method were 0.051–
0.97 ng L−1 and 0.17–3.23 ng L−1 respectively. In addition,
the RSDs of one fiber toward the OCPs ranged from 4.6% to
9.7%, and the fiber-to-fiber reproducibility ranged from 3.0%
to 12%. In summary, both of the proposed methods possessed
wide linear ranges, low LODs, and good repeatability.
Besides, the LODs for the SMs and OCPs obtained by the
DI-SPME–GC–MS method using NH2-MIL-53(Al)-coated
fiber were lower than or close to those recently reported
(Tables 2 and 3)

A DI-SPME–GC–MS method based on NH2-MIL-53(Al)
was successfully applied for the analysis of tap and river water
samples. As shown in Table S3, two SMs were detected in
lake water and river water, whereas no OCPs were found in
tap water and four OCPs were found in river water. To esti-
mate the accuracy of the results, the water samples were
spiked with different concentrations of the analytes. The re-
coveries were 80.3–115% with RSDs of 2.5–7.7% for the
SMs and 77.4–117% with RSDs of 2.5–7.4% for the OCPs,
indicating the accuracy and precision of the proposed method.

Conclusion

NH2-MIL-53(Al) nanoparticles were successfully synthesized,
characterized, and applied as the SPME fiber coating for effi-
cient sample pretreatment owing to their unique structure and
excellent adsorption properties. Compared with commercial
SPME coatings, the NH2-MIL-53(Al)-coated fiber exhibited
excellent characteristics, such as good thermal stability and

solvent resistance, long lifetime, large enhancement factors,
and good reproducibility for the SPME of SMs and OCPs in
environmental water samples. In addition, the proposed
autosampler-assisted DI-SPME–GC–MS method was success-
fully used to determine trace SMs and OCPs in water samples
with low LODs and a wide linear range and satisfactory recov-
eries. It is suggested that the NH2-MIL-53(Al)-coated fiber
might be a promising alternative to commercial fibers for the
determination of SMs and OCPs in water samples.
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