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Abstract
Polycyclic aromatic hydrocarbons are a low content, but highly toxic organic pollutant in the environment. Because of their 
great threat to the health and survival of humans and other creatures, it is necessary to have a very simple and convenient 
as well as highly sensitive method to detect them. Based on previous studies, a nanospherical metal–organic framework 
UiO-66 was re-applied as the solid-phase microextraction coating and the extraction performance of polycyclic aromatic 
hydrocarbons was investigated. Scanning electron microscope and X-ray diffraction were used to characterize the extraction 
material. The extraction conditions were optimized factor by factor, and the analytical method was established with broad 
linear ranges (0.03–50 and 0.10–50 µg L−1), excellent correlation coefficients (0.9955–0.9993) and low limits of detection 
(0.01–0.03 µg L−1). The analytical method was applied to detect polycyclic aromatic hydrocarbons in rainwater and lake 
water, and satisfactory results were obtained. Compared with previous reports, this method had wider linear range, lower 
limit of detection and longer service life.

Keywords Solid-phase microextraction · Polycyclic aromatic hydrocarbons · Metal–organic frameworks · Nanospherical 
UiO-66 · Environmental analysis

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are produced 
mostly due to the incomplete combustion of carbon-con-
taining substance [1], and some of them are a class of car-
cinogens. They had been listed as priority pollutants by the 
US Environmental Protection Agency [2]. Human beings 
are exposed to PAHs primarily through contact with air and 
intake of water and food [3], and high toxicity makes PAHs 
a serious threat. PAHs are widely distributed in the envi-
ronment, but it is difficult to detect them due to the very 
low content and the complexity of the sample matrix [4]. 
Therefore, effective separation and enrichment are essen-
tial in the analysis of the actual sample. Sample preparation 
technology has become the most critical issue in the analysis 
process. Conventional methods have shortcomings including 

cumbersome operation, low sensitivity and poor selectiv-
ity [5]. Solid-phase microextraction (SPME), introduced by 
Pawliszyn in the 1990s [6], is replacing traditional technol-
ogy, due to its advantages of simple operation, solvent-free 
nature, sensitivity and quickness [7]. It has been widely 
applied in environmental testing [8–10], food analysis [11, 
12], biological analysis [13, 14], pesticide residues [15, 16], 
drug monitoring [17] and other fields. Fluorinated polyani-
line was used as an SPME coating for PAHs by Li’s group 
[18]. A variety of PAHs have been successfully detected in 
the analysis of rainwater and lake water. Titanium dioxide 
nanosheet coating functionalized with phenyl group was 
fabricated on a titanium wire as an SPME fiber for PAHs 
by Guo et al. [19]. It was used for the detection of PAHs in 
rainwater and poly-river water, and multiple analytes were 
quantified. Yang et al. used the electrodeposition method 
to self-assemble poly(3,4-ethylenedioxythiophene)@gold 
nanoparticles on stainless steel wires as the SPME fiber for 
PAHs [20]. The analytical method was built for the detec-
tion of PAHs in real samples of lakes, rain and soil, and 
some analytes were detected successfully. These results 
again prove the persistency of PAHs. Therefore, it is evident 
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that the pollution in rainwater and lakes caused by PAHs 
deserves more attention.

The extractive coating is the most critical component of 
the SPME fiber. The extraction performance depends on the 
coating material, and different physical structure can also 
improve its extraction property, for example, nanomaterials 
provide larger specific surface area [21]. The material with 
excellent adsorptive properties and a large surface area is the 
best choice for SPME coating. Metal–organic frameworks 
(MOFs), in which metal ions are linked together by organic 
bridging ligands [22], have been widely researched in cataly-
sis [23, 24], gas storage [25, 26], drug delivery [27, 28] and 
separation [29, 30] due to their intriguing properties such 
as a highly ordered three-dimensional framework structure, 
large accessible surface area, controlled porosity, and tun-
able chemical properties [31, 32]. These specific properties 
allow MOFs to be employed as an SPME coating, and they 
have broad development potential.

UiO-66 is an MOF formed by the combination of tereph-
thalic acid and zirconium, and some studies have reported 
that it has good adsorption properties [33, 34]. Shang’s 
group introduced UiO-66 into the SPME field by the physi-
cal coating method, and phenols were used as the targets 
to investigate the extraction performance [33]. A few years 
later, Gao’s group synthesized UiO-66 on silica fiber in situ 
and used it for the extraction of PAHs [34]. The results 
showed that the extraction performance of the latter study 
was better. However, the silica fiber is fragile and not con-
ducive to long-term use. In this work, the stainless steel wire 
instead of silica fiber has been used as a substrate to improve 
the mechanical strength. Nanospherical UiO-66 has been 
synthesized with increased specific surface area and hydro-
phobicity, which can be more conducive to extract hydro-
phobic PAHs. MOFs can provide more sites for adsorption, 
and the state of nanospheres can also change the hydropho-
bicity of the material, which makes it easier to extract the 
hydrophobic analytes.

Experimental

Materials and Reagents

The stainless steel wire (Φ = 0.3 mm) was purchased from 
Shanghai Gaoge Industry and Trade Co., Ltd (Shanghai, 
China). Hydrochloric acid (36%) was obtained from Laiyang 
City Kant Chemical Co., Ltd (Laiyang, Shandong, China). 
Terephthalic acid was available from Alfa Aesar (Ward Hill, 
USA). Zirconium tetrachloride was obtained from Tianjin 
Ke Miou Chemical Reagent Co., Ltd (Tianjin, China). Ace-
tic acid as well as potassium chloride was from the National 
Pharmaceutical Group Chemical Reagent Co., Ltd (Shang-
hai, China). N,N-Dimethylformamide (DMF) was obtained 

from Guangzhou Guanghua Chemical Co., Ltd (Guanghua, 
Guangzhou, China). The silicone sealant was purchased 
from American Car Co., Ltd (Indiana, USA). Methanol was 
bought from Tianjin Fuxu Fine Chemical Co., Ltd (Tianjin, 
China). Naphthalene (Nap), acenaphthylene (Acy), acenaph-
thene (Ace), fluorene (Flu), phenanthrene (Phe), anthracene 
(Ant), fluoranthene (Flour), pyrene (Py) and chrysene (Chr) 
were available from Shanghai Pure Reagent Co., Ltd (Shang-
hai, China).

Apparatus

An Agilent 7890A GC system (Agilent Technologies, USA) 
equipped with a flame ionization detector (FID) and a split/
splitless inlet was employed to analyze samples. HP-5 capil-
lary column (30 m × 0.32 mm i.d. × 0.25 µm film thickness) 
was applied for the separation. The carrier and make-up 
gas were all ultrapure nitrogen (> 99.999%) and were set 
at 3 and 25 mL  min−1, respectively. The inlet was kept at 
300 °C to allow the analyte to fully vaporize and used with 
the splitless injection mode. The detector temperature was 
fixed at 300 °C. To achieve rapid and simultaneous detec-
tion, the oven temperature was programmed as follows: the 
initial temperature was set at 100 °C and programmed at 
10 °C min−1 to 300 °C, and the process needed 20 min.

Scanning electron microscope (SEM) (SUPRATM55, 
Carl Zeiss AG, Oberkochen, Germany) was used to char-
acterize the surface morphology of the SPME fiber. X-ray 
diffraction (XRD) was performed using a D8 FOCUS dif-
fractometer (Bruker-AXS, Germany) with Cu Kα radiation.

Preparation of SPME Fiber

One end (4 cm length) of the stainless steel wire was etched 
in hydrochloric acid (36%) for 2.5 h, then it was ultrasoni-
cally cleaned for 5 min with ultrapure water. After that, the 
stainless steel wire with a rough surface and smaller diam-
eter was obtained, which was easy to be coated and not eas-
ily scratched.

Nanospherical UiO-66 was prepared by a modified syn-
thesis method according to the previous literature [35], and 
some steps were changed to obtain uniform nanoparticles. 
Briefly, zirconium tetrachloride (0.400 g, 1.70 mmol) and 
0.6 mL of the templating agent (acetic acid) were dissolved 
in 40 mL of DMF. After mixing evenly, 0.285 g terephthalic 
acid was added. Ultrasound was carried out for 5 min to 
make the solution uniform. The reaction solution was put 
in an autoclave and heated at 120 °C for 24 h. The reaction 
solution was centrifuged and the precipitate was washed 
three times with DMF solvent to obtain a white crystalline 
product. Then, the product was washed three times with 
methanol and lyophilized for 20 h. The obtained solid pow-
der was ground and was then adhered to the treated end of 
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the stainless steel wire with silicone sealant. The length of 
the coating was controlled at about 3.5 cm.

Sample Preparation

A PAHs (Nap, Acy, Ace, Flu, Phe, Ant, Flour, Py and Chr) 
solution with a concentration of 100 mg L−1 was prepared 
with methanol and stored in a refrigerator at 4 °C. The work-
ing solution was prepared daily by diluting the above solu-
tion with ultrapure water to 10 µg L−1. Rainwater and lake 
water were collected as the actual samples.

Solid‑Phase Microextraction Procedure

The prepared fiber was inserted into a 5 µL micro-syringe to 
assemble into an SPME device. Before extraction, the fiber 
was inserted into an inlet at 300 °C for 15 min to treat the 
coating, which made the coating indurated. All extractions 
were carried out in a 10 mL sample solution through a direct 
immersion mode. After the extraction, the fiber was pulled 
back into the syringe, which can reduce the loss of analytes 
during the transfer process. Subsequently, the syringe was 
quickly inserted into a GC inlet of 300 °C, the fiber was 

pushed out and the analytes were desorbed. About 4 min 
later, the syringe was pulled out. To prevent the residual 
effect on the next test, the syringe was desorbed for another 
5 min in the inlet. Each data point in this experiment was 
repeated three times.

Results and Discussion

Characterization of Extraction Coating

The morphology of the coating was characterized by SEM. 
As shown in Fig. 1a, the coating is evenly covered on the 
surface of the stainless steel wire. Figure 1b is an SEM 
image observed at a higher magnification, and the coat-
ing material is presented as a nanoscale ball with uniform 
particle size. These nanospheres can greatly increase the 
specific surface area and thus effectively enhance the extrac-
tion efficiency. As can be seen from the cross section of the 
fiber in Fig. 1c, the coating thickness can be measured to 
about 8.5 µm. The coating material was characterized by 
XRD, and the spectrum is shown in Fig. 1d. The spectrum 
is in good agreement with the standard XRD spectrum of 

Fig. 1  SEM images and XRD spectrum of coating materials and fibers. a, b The fiber surface, c the cross section of fiber and d the XRD spec-
trum of the coating material
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UiO-66, which proves that the synthesized nanospheres are 
the metal organic skeleton of zirconium.

Optimization of Extraction Conditions

The perfect extraction procedure needs to be carried out 
under optimal extraction conditions. The most important 
factors affecting the extraction efficiency were investigated 
and these are extraction temperature, extraction time, ionic 
strength of sample solutions and stirring rate.

Extraction Temperature

It is well known that the increase in temperature promotes 
the movement of molecules and is beneficial for the rapid 
completion of the extraction process. However, since most 
of the adsorption is exothermic, the temperature rise will be 
detrimental to the distribution equilibrium according to Le 
Chatelier’s principle. That is to say that the effect of tem-
perature rise on the extraction efficiency is both negative and 
positive, so there will be an optimal temperature.

The effect of temperature on extraction efficiency starts at 
an ambient temperature of 25 °C. As shown in Fig. 2a, the 
peak areas which represent the extraction efficiency increase 
significantly from 25 to 30 °C. However, when the tempera-
ture exceeds 30 °C, the peak areas decrease to a different 
degree as the temperature increases. The increase in peak 
areas results from the effect of temperature on molecular 
motion over the effect of temperature on the distribution 
equilibrium, so the positive effect is greater than the nega-
tive effect and vice versa. In summary, the largest peak areas 
are obtained at 30 °C, and this was selected as the opti-
mum extraction temperature to get the maximum extraction 
efficiency.

Extraction Time

Extraction time is one of the key factors affecting the 
extraction efficiency. The distribution equilibrium can be 
achieved if the extraction time is sufficient. If the extraction 
time is too short, low extraction efficiency will be obtained 
on account of the extraction not being balanced. When the 
extraction time is sufficient, the extraction equilibrium can 

Fig. 2  The influence of different factors on the extraction efficiency. a 
Extraction temperature, b extraction time, c ionic strength of sample 
solutions and d stirring rate. Conditions: the concentration of analytes 

in the working solution, 10 µg L−1; each data point was average value 
of parallel determination three times
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be achieved and the coating will not continue to extract the 
analytes. Hence, when the peak areas no longer increase 
exactly, the distribution equilibrium has been reached and 
the time is the optimum extraction time.

From 10 to 60 min, the effect of extraction time on extrac-
tion efficiency was investigated. It can be seen from Fig. 2b 
that the peak area of each analyte increases from 10 to 
40 min. When the extraction time exceeds 40 min, the peak 
areas no longer increase. To achieve maximum extraction 
efficiency while saving time, 40 min was selected as the 
optimal extraction time.

Ionic Strength of Sample Solutions

After the addition of the electrolyte to the aqueous solu-
tion, the solubility of other electrolytes and non-electrolytes 
in the solution decreases and increases accordingly, known 
as the salting-out and salt-soluble effects. PAHs are non-
electrolytes. When the electrolyte is added to the solution, 
it competes with solvent molecules. Electrolyte ions com-
pete with solvent molecules strongly, which will lead to the 
solvent molecules migrating from the non-electrolyte to the 
electrolyte ion, thereby reducing the non-electrolyte hydra-
tion and solubility. So, the addition of electrolyte in solu-
tion can decrease the solubility of PAHs and increase their 
concentration in the coating.

The effect of ionic strength on the extraction efficiency 
was studied by dissolving different contents of KCl in the 
solution. Due to the limited solubility of KCl, the effect of 
ionic strength on extraction efficiency was investigated from 
5% (g mL−1) to 28% KCl. As shown in Fig. 2c, all peak areas 
increase to varying degrees with the increase in salt content. 
To obtain the highest extraction efficiency, 28% KCl was 
added to every solution.

Stirring Rate

Effective agitation to the extraction solution accelerates the 
movement of the molecule, thereby promoting the adsorp-
tion of the analytes. However, if the stirring speed increases 
sharply, bubbles and vortices that appear inside the solution 
greatly shrink the contact area between the solution and the 
coating, eventually leading to a sharp decline of the extrac-
tion efficiency. The increase in the stirring rate has both ben-
eficial and detrimental effects on the extraction efficiency, 
and so optimization of the stirring rate is very necessary.

The stirring rate was optimized from 300 to 1800 rpm, 
and a rate point was determined every 300 rpm. As shown 
in Fig. 2d, the peak areas increase to varying degrees with 
increase in the rate from 300 to 900 rpm. When the agitation 
rate exceeds 900 rpm, all of the peak areas except for Ace 
start decreasing. Combined with the previous description, 
900 rpm was selected as the optimal stirring rate.

Optimization of Desorption Time

A sufficient desorption time allows the analytes to be des-
orbed completely and all the analytes can be accurately 
detected. Too short a desorption time not only fails to pro-
vide accurate results, but also affects the next test due to the 
residual effect. It is worth noting that a long period of high 
temperature may cause damage to the coating, so it is neces-
sary to study and get the best desorption time.

The effect of desorption time on the extraction efficiency 
was researched from 1 to 5 min. It can be seen obviously 
from Fig. 3 that the peak areas increase with the increase 
of desorption time before 3 min. When the desorption time 
increases from 3 to 4 min, the peak areas of most analytes 
no longer increase except for Acy, Ace and Chr. All peak 
areas achieve a balance after 4 min, which means all the 
analytes have been completely desorbed. In summary, 4 min 
was selected as the optimum desorption time.

Method Evaluation

Under optimal conditions, the analytical method was estab-
lished by extracting a series of standard solutions with dif-
ferent concentrations. The results of the analytical method, 
including linear range, correlation coefficient, limit of quan-
titation (LOQ), limit of detection (LOD) and repeatability 
are listed in Table 1. The linear ranges are 0.10–50 µg L−1 
for Nap and Chr, and the linear ranges for others analytes are 
0.03–50 µg L−1. The correlation coefficients are in the range 
of 0.9955–0.9993. The LOQs for analytes range from 0.03 
to 0.10 µg L−1. The LODs were investigated by extracting 
distilled water that spiked at various grades to obtain a signal 
based on three times signal-to-noise ratios. The LODs of the 
analytes are in the range of 0.01–0.03 µg L−1. The intra-fiber 

Fig. 3  The optimization of desorption time. Conditions: extraction 
temperature, 30  °C; extraction time, 40  min; content of KCl, 28% 
(w/v); stirring rate 900  rpm; the concentration of analytes in the 
working solution, 10  µg  L−1; each data point was average value of 
parallel determination three times
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repeatability was researched under the same conditions, and 
RSD was less than 4.7%. The inter-fiber repeatability was 
investigated with five fibers, and the RSD was less than 
5.6%. The values of RSD obtained by this method are much 
better than those obtained by solid-phase extraction or liq-
uid–liquid extraction. It also demonstrated that SPME was 
better than traditional extraction methods.

The proposed method is compared with the related 
reports and the results are shown in Table 2. Shang’s group 
used the UiO-66 coating for extracting phenols. Phenols are 
hydrophilic and the extraction sensitivity is low; relatively 
speaking, nanospherical UiO-66 has higher sensitivity for 
PAHs. The enhancement factor was based on the ratio of the 
concentration of the analyte extracted by the coating to the 
concentration of the analyte in the working solution. They 
are in the range of 1051–3966, higher than that of a previous 
study, 152–3819. Gao’s group synthesized UiO-66 in situ on 
the surface of silica fiber; however, the silica fiber is fragile 
and is not conducive for use. Stainless steel wire was used as 
a carrier to replace the silica fiber, and excellent extraction 
performance was obtained while the service life was also 
improved. From the overall results, nanospherical UiO-66 
as SPME coating shows excellent performance for PAHs.

Application to Real Samples

To evaluate the performance of the established analytical 
method for PAHs in real samples, rainwater and lake water 
were analyzed. The chromatograms for detecting rainwater 
and lake water are presented in Fig. 4a, b, respectively. As 
listed in Table 3, the concentrations of Ace, Ant, Py and 
Chr are detected to be 1.34, 0.87, 1.28 and 3.36 µg L−1 in 
rainwater. Nap and Flour are also detected, but they are not 
quantified because the contents are very low and not within 
the limit of quantitation. Acy, Flu and Phe are not detected 
in rainwater. The recoveries of the analytes range from 81.4 
to 118% when the spiked level in rainwater is 5 µg L−l, and 
range from 84.4 to 108% when the spiked level is 10 µg L−l. 
In lake water, the concentrations of Nap, Py and Chr are 
detected to be 0.56, 2.25 and 3.18 µg L−1. Phe and Flour are 
also successfully detected, but are not quantified. The other 
analytes are not detected. The recoveries range from 80.2 to 
115% when the spiked level in the lake water is 5 µg L−l, and 
from 85.1 to 109% when the spiked level is 10 µg L−l. Limits 
for the PAH concentration from the National Recommended 
Water Quality Criteria of the USEPA [36], the European 
Council Directive [37] and the Canadian environmental 

Table 1  Analytical 
performances of the SPME–GC 
method

a Calibration level: n = 10
b Spiked level: 10 µg L−1

Analytes Linear range 
(µg L−1)

Correlation 
coefficient (R)a

LOQs (µg L−1) LODs (µg L−1) Repeatability (n = 5, 
RSD%)b

Intra-fiber Inter-fiber

Nap 0.10–50 0.9977 0.10 0.03 0.4 0.9
Acy 0.03–50 0.9983 0.03 0.01 1.8 2.1
Ace 0.03–50 0.9961 0.03 0.01 2.7 2.7
Flu 0.03–50 0.9993 0.03 0.01 0.6 0.7
Phe 0.03–50 0.9991 0.03 0.01 1.3 1.5
Ant 0.03–50 0.9961 0.03 0.01 0.1 0.4
Flour 0.03–50 0.9986 0.03 0.01 3.3 4.0
Py 0.03–50 0.9982 0.03 0.01 4.7 5.6
Chr 0.10–50 0.9955 0.10 0.03 3.9 4.1

Table 2  Comparison of the extraction performance of different fibers made by UiO-66

Coating Analytical method Coating preparation method Analytes Life-
time 
(times)

Linear 
range 
(µg L−1)

LOD (ng L−1) EFs References

UiO-66 GC Glued to stainless steel wire with 
epoxy resin glue

Phenols – 1–1000 110–1230 152–3819 [30]

UiO-66 GC–MS Synthesized in situ on fused-silica 
fibers

PAHs 90 0.001–5 0.28–0.60 – [31]

Nano-
spherical 
UiO-66

GC Glued to stainless steel wire with 
silicone sealant

PAHs 120 0.03–50 10–30 1051–3966 This work
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quality guidelines [38] are specified in Table 4. On compar-
ing the data in Tables 3 and 4, most of the analytes did not 
exceed the specified levels, but very few analytes exceeded 
the specified levels.

Conclusion

A nanospherical metal–organic framework UiO-66 was 
prepared as the coating for SPME fiber. Series PAHs were 
employed as simulate analytes to study the extraction perfor-
mance of the fiber. The extraction conditions were optimized 
and the analytical method was established coupled with GC. 
Although the results shown in Table 3 and Fig. 4 are quite 
satisfactory, there are two analytes (Py, Chr) in the real sam-
ple that are over the limits of the concentration standards 

Fig. 4  The chromatograms for rainwater (a) and lake water (b). (1) Nap, (2) Acy, (3) Ace, (4) Flu, (5) Phe, (6) Ant, (7) Flour, (8) Py, (9) Chr. 
Conditions: extractin temperature, 30 °C; extraction time, 40 min; content of KCl, 28% (w/v); stirring rate, 900 rpm; desorption time, 4 min

Table 3  The detected results and recoveries for PAHs in the actual samples

N.D not detected, N.Q detected, but not quantified
a Spiked level: 5 µg  L−1

b Spiked level: 10 µg  L−1

Analytes Rainwater (µg 
 L−1, n = 3)

Recovery (n = 3, %)a Recovery (n = 3, %)b Lake water (µg 
 L−1, n = 3)

Recovery (n = 3, %)a Recovery (n = 3, %)b

Nap N.Q 91.2 ± 1.92 86.4 ± 2.01 0.56 97.4 ± 5.16 87.7 ± 2.65
Acy N.D 87.8 ± 3.08 95.6 ± 7.51 N.D 104.3 ± 7.65 93.6 ± 1.61
Ace 1.34 93.8 ± 0.56 93.9 ± 1.10 N.D 86.2 ± 4.08 96.8 ± 4.91
Flu N.D 81.7 ± 0.28 96.0 ± 6.49 N.D 87.3 ± 0.08 96.0 ± 2.16
Phe N.D 85.4 ± 4.31 95.5 ± 5.68 N.Q 92.4 ± 2.66 91.2 ± 2.13
Ant 0.87 96.1 ± 2.56 87.6 ± 0.18 N.D 113 ± 1.52 98.1 ± 1.16
Flour N.Q 97.5 ± 9.22 99.7 ± 4.27 N.Q 83.8 ± 3.56 101 ± 6.17
Py 1.28 92.1 ± 2.02 92.3 ± 1.86 2.25 86.7 ± 3.12 93.1 ± 6.05
Chr 3.36 112 ± 6.16 105 ± 3.42 3.18 107 ± 0.82 108 ± 1.14

Table 4  Surface water PAH 
concentration standards 
(µg L−1)

Country/organization Nap Acy Ace Flu Phe Ant Flour Py Chr

USA – 70 70 50 – 300 20 20 0.12
European Union 2.4 – – – – 0.1 0.1 – –
Canada 1.1 5.8 5.8 3 0.4 0.01 0.04 0.03 –
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(0.03 µg L−1, 0.12 µg L−1); their study could be interesting 
for further research. The fibers have a good extraction per-
formance for PAHs due to the hydrophobic and π–π interac-
tions between PAHs and the UiO-66 framework.
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