
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Analyst

www.rsc.org/analyst

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Two novel zeolitic imidazolate frameworks (ZIFs) as sorbents for 

solid-phase extraction (SPE) of polycyclic aromatic hydrocarbons 

(PAHs) in environmental water samples 

Huiping Hu, Shengquan Liu*, Chunyan Chen, Jianping Wang, Ying Zou, 

Lihua Lin and Shouzhuo Yao*
 

State Key Laboratory of Chemo/Biosensing & Chemometrics, College of Chemistry 

& Chemical Engineering, Hunan University, Changsha 410082, China 

E-mail: szyao@hnu.edu.cn; shengquanliu7068@163.com；；；；Tel: +86-731-88821968 

Abstract 

In this work, two novel zeolitic imidazolate framework (ZIF) materials, ZIF-7 

and ZIF-11 were firstly introduced as solid-phase extraction (SPE) sorbents for PAHs 

efficient extraction and highly sensitive analysis in environmental water samples with 

high performance liquid chromatography (HPLC) coupled with fluorescence detection. 

ZIF-7 and ZIF-11 were successfully synthesized and characterized with SEM, FTIR, 

XRD and water contact angels, exhibiting unique and excellent stability, spatial 

structure and chemical composition promising for environmental PAHs efficient 

enrichment through hydrophobic, π–π and π–complexation interactions. Topology 

effect on PAHs extraction was compared between ZIF-7 and ZIF-11, considering they 

have the same composition in metal ion (Zn2+) and organic linker, but differing in 

spatial structure with ZIF-7 in cube, while ZIF-11 in rhombic dodecahedron. At last, 

ZIF-11 with markedly better extraction efficiencies was selected for subsequent 

analysis. Under optimum extraction conditions such as sample volume, extraction 

time, desorption conditions, volume of organic modifier and salt concentration, a 

robust and high efficient method based on ZIF-11 as novel SPE sorbent has been 

successfully developed for environmental PAHs analysis. Satisfactory precision and 

accuracy ranging from 1-2.4×103 ng L-1 as well as ultrasensitive detection limits of 

0.08-1.6 ng L-1 have been successfully achieved. Moreover, ZIF-11 extraction also 

exhibited high recoveries of 82.4% to 112.7% with relative standard deviations (RSDs) 
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being less than 9% for PAHs in environmental water samples. Thereby, our novel, 

convenient and efficient extraction method based on ZIF-11 as sorbent is promising 

for a good application in future trace-level environmental PAHs analysis.          

1.  Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are a class of compounds composed 

of two or more fused aromatic rings.1 They mainly arise from incomplete combustion 

or pyrolysis of organic matters such as oil, coal, petrol, wood, garbage, tobacco, meats 

or other organic materials.2 Thereby, PAHs exist widely in our surrounding 

environment nowadays, with long-term persistence due to stable molecular structures. 

3, 4 Importantly, they are bio-accumulative in organisms and can be metabolically 

activated to generate reactive oxygen species (ROS), leading to DNA damage and 

consequent carcinogenic, mutagenic, and teratogenic effects on living beings.5, 6 

Therefore, PAHs have gained wide attentions and been recognized as one of the most 

important persistent organic pollutants (POPs).7 Moreover, 16 PAHs with high 

toxicity have been listed by American Environmental Protection Agency (EPA) as 

priority pollutants.8  

Notably, PAHs analysis of environmental waters is important due to their 

serious contamination and drinking water is frequently used in everyday life of human 

being.9 However, high hydrophobic PAHs are at trace amount in environmental waters 

due to their little solubility. Moreover, environmental water samples are containing 

multiple interferent substances. Therefore, PAHs direct analysis is very difficult and 

pre-concentration of real water samples becomes rather necessary. Nowadays, various 

pre-concentration techniques have been developed, such as solvent extraction,10 solid 

phase extraction (SPE),11 solid-phase microextraction (SPME),12-14 pressurized liquid 

extraction,15 and supercritical fluid extraction.16 In particular, SPE has generated wide 

applications considering its high recovery, low consumption of organic solvents as 

well as convenience for operation. Apparently, adsorbent plays a key role for highly 

efficient sample enrichment and subsequent ultrasensitive analysis. Thereby, multiple 

materials have been synthesized for PAHs analysis, with C18-functionalized materials 
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being most commonly utilized nowadays.17, 18 However, they suffered from poor 

selectivity for PAHs due to non-specific hydrophobic interaction with other 

substances. Recently, molecular imprinted polymers (MIP)19 and magnetic 

nanoparticles3, 20 have also been explored as novel sorbents and exhibited high 

efficiency for PAHs enrichment. However, their synthesis processes were fussy and 

solvent-consuming. Therefore, novel materials with excellent properties of powerful 

extraction ability, ease for synthesis and usage with sufficient stability are still highly 

desired. 

Metal-organic frameworks (MOFs) are a fascinating class of zeolite-like 

materials constructed by metal ions or clusters chelating with organic ligands.21, 22 

Based on availability of diverse metal ion, organic ligands as well as chelating ratio 

difference, MOFs have shown excellent properties of numerous structures, tunable 

pore sizes as well as high surface areas; thereby, MOFs have already been widely 

applied in various fields, such as gas adsorption, gas separation, catalysis as well as 

sensors.23-28 Recently, MOFs have also exhibited unique and excellent performance in 

sample pre-concentration techniques for gaseous and solution samples analysis, 

through their unique structures as well as proper composition of metal or organic 

ligands.11, 29-35 For example, most utilized organic ligands in MOFs such as carboxylic 

acids or imidazoles, could efficiently absorb analytes with aromatic rings group 

through strong hydrophobic and π–π interaction.11, 35 Relative reports for 

environmental PAHs extraction with MOFs are also gradually increasing.11, 31, 33, 35, 36 

For example, with high hydrophobicc opper (II) isonicotinate (Cu (4-C5H4N-COO)2 

(H2O)4) coordination polymer, up to 200 to 2337 fold enrichment was achieved for 

PAHs in environmental water.31 Thereafter, MOF-5 with great porosity structure was 

utilized for PAHs pre-concentration by taking advantage of both hydrophobic and π–π 

interaction.11 However, MOF-5 instability in water greatly limited its application. 

Recently, Ge et al. utilized zeolitic imidazolate frameworks-8 (ZIF-8) for PAHs 

extraction, considering its better stability in water and organic solvent.35, 36 ZIF-8 

exhibited more efficient extraction performance for PAHs than commercial sorbents 

C8 and C18, due to strong π–π interaction and π–complexation from numerous Zn2+ 
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sites and organic linkers with PAHs. However, small sample volume available for 

pre-concentration greatly hampered its application.  

To overcome above disadvantages, herein, we selected ZIF-7 and ZIF-11 as 

sorbent for SPE disk extraction of PAHs in aid of filter membrane, with 7 kinds of 

representative PAHs as model compounds, including fluorene (Flu), anthracene (Ant), 

fluoranthene (FlA), pyrene (Pyr), 1,2-benzanthracene (BaA), benzo(b)fluoranthene 

(BbF) and benzo(k)fluoranthene (BkF) considering their similar structures and 

characteristics. Topology effect on PAHs adsorption was firstly investigated with 

ZIF-7 and ZIF-11 considering their same metal ion (Zn2+) and organic ligand 

(benzimidazole) but differing in spatial structure with ZIF-7 in cube, while ZIF-11 in 

rhombic dodecahedron.37, 38 At last, ZIF-11 was selected for subsequent extraction due 

to its larger cages and better thermal and chemical stability. Under optimum extraction 

conditions, including sample volume, extraction time, desorption conditions, volume 

of organic modifier and salt concentration, an efficient and convenient SPE method 

for PAHs pretreatment based on ZIF-11 as sorbent have been successfully developed 

with ultrahigh-sensitivity, high recoveries and precision.  

2. Experimental section 

2.1. Reagents and materials 

Ammonium hydroxide (25-28%), toluene, methanol and ethanol were purchased 

from Sinopharm Chemical (Tianjin, China). Zinc acetate dihydrate (99%), 

benzimidazole (bIm, 98%) and acetonitrile (HPLC grade) were obtained from J&K 

Chemical (Beijing, China). All other solvents and reagents of analytical grade were 

from Kermel (Tianjin, China). Ultrapure water purified from a Milli-Q system 

(Millipore, USA) was utilized throughout our experiments. PAH reference standards 

of Flu, Ant, FlA, Pyr, BaA, BbF and BkF were purchased from Acros Organics (NJ, 

USA). Stock solution of PAHs at 100 or 50 µg mL-1 each was prepared with MeOH 

dissolution. Working solution mixture composed of Flu (750µg L-1), Ant (2000 µg L-1), 

FlA (4000 µg L-1), Pyr (2000 µg L-1), BaA(750 µg L-1), BbF (750µg L-1) and BkF 
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(200 µg L-1) was freshly prepared with methanol dilution, too. All solutions were 

stored in the dark at 4 ℃. 

Environmental water samples were collected from spring water in Yuelu 

Mountain (Changsha, China), tap water in our laboratory and Xiangjiang River 

(Changsha, China), correspondingly. Thereafter, water samples were filtered through 

0.22 µm cellulose acetate membrane and stored at 4 ℃ before use. 

2.2. Instrumentations 

The size and morphology of ZIF crystals as-synthesized were observed with 

scanning electron microscopy (SEM) (JSM-6360LV, JEOL, Japan). Fourier transform 

infrared spectra (FTIR) were recorded on a WQF-410 FTIR spectrometer (Braic Corp., 

China). The X-ray diffraction (XRD) spectra were acquired on D8-advance X-ray 

diffract meter (Bruker, Germany). Nitrogen adsorption/desorption isotherms were 

estimated with N2 adsorption at 77 K using Autosorb-1C/TCD automatic 

chemisorption & physisorption analyzer (Quantachrome, USA). The static water 

contact angles were measured at 25 ℃ on a DSA100 contact angle measurement 

instrument (KRUSS, Germany). 

The liquid chromatographic (LC) analysis was carried out on a Shimadzu LC 

system equipped with two LC-20AT pumps, a CTO-10AS VP column oven and a 

RF-10A XL FLD detector and controlled by a Shimadzu LC solution workstation 

(Shimadzu, Kyoto, Japan). 

2.3. Preparation of ZIF-7 and ZIF-11 crystals 

 ZIF-7 and ZIF-11 crystals with different topologies as illustrated in Scheme.1, 

were synthesized by zinc acetate dihydrate reacting with benzimidazole but in 

different solvents. The synthesis processes of ZIF-7 and ZIF-11 were according to 

procedures previously reported.37, 39 In brief, benzimidazole dissolved in ethanol or 

methanol/toluene mixture, was mixed with ammonium hydroxide at room temperature. 

Then zinc acetate was added and stirred for 3 h, a milk-like suspension was gradually 

formed. After filtration collection and washing with ethanol for three times, the ZIF 

white crystals as-synthesized were dried at 60 ℃ in oven overnight. 
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2.4. Extraction procedure 

 The whole extraction procedure with ZIF materials is illustrated in Scheme 2. 

Briefly, ZIF-7 or ZIF-11 crystals at 100 mg were ultrasonically dispersed in 3 mL 

methanol (as organic modifier). Then the prepared ZIF suspension was added into 200 

mL of sample solution spiked with 50 µL PAHs working solution for extraction . After 

sonic extraction for 3 minutes, the aqueous solution was filtered through cellulose 

acetate membrane with a filtration device, leaving ZIF crystals on the membrane. 

Subsequently, the crystals were eluted with acetonitrile. Thereby, PAHs could be 

efficiently desorbed from ZIF materials. The collected eluent passed through a 0.22 

µm filter, then was subjected to nitrogen gas drying to about 300 µL under a gentle 

nitrogen flow at 30 ℃. Finally, the solution was filled with acetonitrile to 400 µL, 

with 20 µL injected for HPLC-FLD analysis. 

2.5. HPLC analysis 

The chromatographic separation and analysis of PAHs was conducted on a 

Diamonsil C18 column (250 mm× 4.6 mm, particle size 5 µm, Dikma Technologies, 

China). The mobile phase was consisted of water (solvent A) and acetonitrile (solvent 

B) with a flow rate set at 1 mL min-1. The gradient elution program was as follows: 

0-15 min, maintaining solvent B at 75 %; 15-18 min, increasing solvent B from 75 % 

to 90 %; 18-26 min, maintaining solvent B at 90 %; 26-27 min, decreasing solvent B 

to 75 %; 27-32 min, with solvent B constant at 75 % to equilibrate the column. The 

time program of fluorescence detection is given in Table S1.        

3.  Results and discussion 

3.1. Characterization of ZIFs  

ZIF-7 and ZIF-11 possess the same metal ion and organic linker but with 

different topologies as reported.37, 38 Firstly, the size and shape of ZIF crystals before 

and after extraction were observed with scanning electron microscopy (SEM). 

Obviously, ZIF crystals at micrometer level have been successfully synthesized, with 

ZIF-7 crystals in cube while ZIF-11 crystals in rhombic dodecahedron structure 

clearly observed in SEM graphs, as shown in Fig. 1 A and C. Moreover, ZIF-7 and 
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ZIF-11 crystals after extraction showed the same shape and size, as shown in Fig. 1 B 

and D, indicating their excellent stability to water and organic solvents as reported,37, 

40 being suitable for environmental water sample analysis. 

Subsequently, XRD spectra of ZIF-7 and ZIF-11 were collected from 5 to 40 

degree and 2 to 40 degree, respectively. Obviously, characteristic peaks of ZIF-7 

(7.12°, 7.60°, triangles) and ZIF-11 (4.31°, 6.03°, 7.52°, asterisks) matched well with 

those previously reported,37, 39, 40 as shown in Fig. 2, indicating ZIF-7 and ZIF-11 

crystals with ideal inner structures had been successfully constructed.  

Thereafter, chemical compositions of ZIF-7 and ZIF-11 crystals as-synthesized 

were confirmed by FTIR analysis. Considering the same metal ion and organic 

ligands of the two crystals, their FTIR spectra were similar to each other, as Fig. S1 

shows. The bands in the region of 600–1500 cm-1 were associated with the entire ring 

stretching or bending.39 Peaks at 3068 and 3032 cm-1 were attributed to the =C–H 

stretching of aromatics, while peaks at 1611 and 1465 cm-1 were assigned to the C–C 

stretching of the aromatic ring.37 Meanwhile, the band at 421 cm-1 corresponded to 

Zn-N stretching.41 Thereby, the above results confirmed the successful chelation of 

Zn2+ and benzimidazole in ZIF-7 and ZIF-11 crystals. Therefore, ZIF-7 and ZIF-11 

crystals with ideal size, shape, inner structure and chemical composition have been 

successfully synthesized. 

Furthermore, surface hydrophobicity of ZIF-7 and ZIF-11 crystals were further 

investigated with the contact angle experiments, since higher hydrophobic material 

may induce greater contact angle.31, 33, 42 As shown in Fig. S2, the contact angles of 

ZIF-7 and ZIF-11 were measured as 142 ± 0.09° and 141 ± 0.11°, respectively, 

indicating high and similar hydrophobicity of ZIF-7 and ZIF-11 as-synthesized. 

Therefore, environmental PAHs extraction could be effectively achieved.  

3.2. Topology effect on PAHs extraction   

Thereafter, ZIF-7 and ZIF-11 crystals were compared on solid phase extraction 

(SPE) efficiency for target PAHs from water samples. Obviously, ZIF-11 exhibited 

higher extraction efficiency for all analytes, especially for FlA and Pyr, comparing 

with ZIF-7, as shown in Fig. 3.  
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PAHs probably interacted with ZIF materials through both surface binding and 

entry into ZIF inner pores.33, 43 However, PAHs with dimensions of width and length 

both above 4.99 Å43 are much bigger than pore apertures of ZIF-7 and -11 (~3.0 Å)  

(section 3.1.1, Supporting Information). Therefore, PAHs would prefer to interact 

with organic ligands and metal ions on the outside surface through π–π interaction and 

π-complexation interaction, respectively, similar to phenomenon as previously 

reported.44, 45 Notably, ZIF-11 with RHO topology possesses larger cages than ZIF-7 

with SOD topology.37 Thereby, topologies of ZIF materials probably played key roles 

in PAHs extraction efficiency difference, considering that ZIF-7 and ZIF-11 have 

similar size exclusion effect and hydrophobic interaction as described above. The 

RHO topology is composed of truncated cuboctahedron cages with 8, 6, and 4 

membered ring windows and 48 Zn (II) ions within a unit cell, however, there are 

only 24 Zn (II) ions and 6 and 4 membered ring windows in the cages of SOD 

topology, according to the previous reports.37, 38 Therefore, greater interaction with 

PAHs due to more organic ligands and metal ions probably existed on the outside 

surface of the larger cages in ZIF-11, thereby, resulting in higher PAHs adsorption and 

extraction efficiency. Consequently, ZIF-11 was chosen as sorbent for the subsequent 

extraction and analysis for target PAHs.  

3.3. Extraction optimization 

Working aqueous solution composed of Flu (187.5 ng L-1), Ant (500 ng L-1), FlA 

(1000 ng L-1), Pyr (500 ng L-1), BaA (187.5 ng L-1), BbF(187.5 ng L-1) and BkF (50 

ng L-1) were prepared with PAHs stock solution dilution, and utilized for extraction 

optimization. To achieve maximum recoveries of target PAHs, main factors affecting 

extraction efficiency, including sample volume, extraction time, desorption conditions, 

volume of organic modifier and salt concentration have been taken into account.  

3.3.1. Optimization of sample volume 

In SPE, sample volume probably affects concentration factors and satisfactory 

recoveries for target analytes. Thereby, aqueous solutions ranging from 100 to 300 

mL were investigated for PAHs extraction. As shown in Fig. 4, PAHs recoveries 

could reach up to above 75% and changed little with sample volume increasing from 
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100 to 200 mL. However, samples exceeding 200 mL severely undermined PAHs 

recoveries. Obviously, larger sample volume induces higher concentration factor and 

detection sensitivity for target analytes under similar recoveries.3 Thereby, sample 

volume at 200 mL was utilized for subsequent extraction analysis. 

3.3.2. Optimization of extraction time 

 Extraction time plays a key role for highly efficient extraction and ultrasensitive 

analysis in SPE process. Thereby, PAHs spiked solution was ultrasonically extracted 

with ZIF-11 for 0-12 min. As shown in Fig. S3, recoveries of seven PAHs reached 

highest value after extraction for 3 min. However, prolonged extraction decreased 

PAHs recoveries, probably due to re-dissolution of PAHs absorbed on sorbents into 

sample solution. Hence, ultrasonic extraction with ZIF-11 was set at 3 min in 

subsequent experiments.  

3.3.3. Optimization of desorption conditions  

For PAHs complete desorption from ZIF-11 and subsequent sensitive analysis, 

proper desorption conditions have been investigated after ZIF-11 extraction. Thereby, 

six kinds of desorption solvent were compared for PAHs efficient desorption, 

including methanol, acetonitrile, ethyl acetate, acetone, dichloromethane and 

n-hexane. Obviously, acetonitrile was more preferable than other solvents, as shown 

in Fig. S4. Thereby, acetonitrile was selected for subsequent desorption. 

 Thereafter, solvent volume utilized in PAHs desorption was also taken into 

account ranging from 2 to 5×2 mL. As shown in Fig. S5, the recoveries improved 

rapidly with desorption solvent usage increasing from 2 to 5×2 mL. Thereby, for 

convenient analysis, acetonitrile at 10 mL (2 mL each time) was selected for 

subsequent elution. 

3.3.4. Optimization of organic modifier volume  

 In extraction process, irreversible adsorption of PAHs onto glassware surface 

would probably happen due to their low solubility in water, resulted in low PAHs 

recoveries.20 To effectively prevent above limitation, organic solvent was normally 

added into water samples. Moreover, organic solvent can also improve ZIF-11 

hydrophilic surface, making it more liable for dispersion in water. In such case, 

Page 9 of 26 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



methanol is generally utilized as organic modifier considering its good solubility in 

water.2, 11 To achieve efficient extraction, sample solution added with methanol 

ranging from 3 to 30 mL was investigated in this work. As shown in Fig. 5A, 

methanol addition at 3 mL yielded the best recoveries, while exceeding 3mL 

obviously lowered PAHs recoveries, probably because excessive organic modifier  

may increase analyte solubility in water. Consequently, sample solution with 3 mL 

methanol addition was utilized for further extraction.   

3.3.5. Optimization of salt concentration 

The salt effect on extraction was also investigated in this work, with salt 

concentration ranging from 0 to 0.2 M. Apparently, the maximum recoveries for seven 

PAHs were achieved with 0.05 M NaCl addition in sample solution, as shown in Fig. 

5B. The results were probably due to “salt out” effect, that is, salt ion driving PAHs 

molecules into the sorbent from aqueous solution. However, salt concentration over 

0.05 M would decrease PAHs extraction efficiency, probably due to the metal cation 

in salt competing with PAHs in occupation with ZIF-11 organic linker through 

cation-π interaction. Meanwhile, exceeded salt addition might increase sample 

solution, causing viscosity as previously reported,35 PAHs withdrawn into the solution. 

Therefore, 0.05 M NaCl was added in sample solution in following extraction process.  

     Thereby, the optimum conditions for PAHs extraction were achieved as follows: 

ZIF-11 crystals at 100 mg dissolved in 3mL methanol were firstly ultrasonically to 

dispersed. Thereafter, the ZIF-11 suspension was further ultrasonically dispersed for 3 

min into 200 mL water sample with 0.05 M NaCl addition. The crystals were then 

separated from sample solution with suction filtration, followed by centrifugal elution 

with 2 mL acetonitrile for 5 times. At last, the acetonitrile eluent was collected and 

concentrated under nitrogen flow at 30 ºC for HPLC-FLD analysis.  

3.4. Method validation 

 Under optimum extraction conditions, our proposed method based on ZIF-11 

was validated through 200 mL ultrapure water samples spiked with PAHs standard at 

a series of concentrations. Our established method exhibited good linearity throughout 

the concentration range of 1 to 2.4×103 ng L-1, with excellent correlation coefficients 
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(R2) ranging from 0.9994 to 0.9998, accompanying with high detection sensitivity 

with LODs (S/N=3) at 0.08 to 1.6 ng L-1, as listed in Table 1. Moreover, good 

precisions have also been achieved for target PAHs with relative standard deviations 

(RSDs) for five replicate experiments ranging from 2.7 to 3.9%. According to the 

Drinking Water Direction of the European Union (98/83/EC) and the Standards for 

Drinking Water Quality of China (GB 5749—2006), the total contaminant levels of 

PAHs must be under 100 ng L-1.46 Therefore, the present method was sufficient for 

highly sensitive analysis of trace PAHs in environmental water samples.  

3.5. Application in real water samples analysis  

 Thereafter, our SPE method based on ZIF-11 as sorbent was utilized for PAHs 

extraction and analysis in environmental water samples to test its practical 

applicability, including spring water from Yuelu Mountain, tap water and Xiangjiang 

river water. Only Flu, FlA, Pyr and BkF have been detected in Xiangjiang river water 

at 45.7 ng L-1, 56.8 ng L-1, 54.1 ng L-1, and 5.3 ng L-1, correspondingly, while no 

target PAHs were detectable in tap and spring water samples probably below LODs, 

as shown in Table S2 and Fig. S6.  

The accuracy of our method was further evaluated with PAHs recoveries after 

standard spiked into above water samples for five replicate experiments. Although 

recoveries of Ant and BaA spiked in tap water were low, probably due to ClO2 

degradation as previously described,3, 47, 48 other PAHs were not influenced and 

satisfactory recoveries for all target PAHs in spring water, and Xiangjiang river water 

have been achieved at 82.4% to 112.7% with RSDs below 9% for both intra-day and 

inter-day experiments, as shown in Table 2. Therefore, our SPE method based on 

ZIF-11 as sorbent for PAHs in environmental water samples was robust to resist 

interferent substances in complex in-field water samples, exhibiting excellent 

extraction and analytical performance.  

3.5. Comparison with other methods 

In this work, a fast, efficient and sensitive method based on ZIF-11 materials for 

environmental PAHs extraction has been successfully developed, by taking advantage 

of ZIF-11 unique spatial structure with large cages as well as molecular composition 
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composed of abundant benzyl groups and metal sites on the surface. Moreover, our 

ZIF-11 based method was compared with other MOF-based PAHs extraction 

techniques previously reported.11, 31, 33, 35, 49 The comparison is summarized in Table 3. 

Obviously, ZIF-11 synthesized at room temperature for only 3 h was more simple and 

time-saving, comparing with other MOF materials synthesized with high temperatures 

(~ 140℃) for more than 10 h.33, 35, 49 Moreover, ZIF-11 with good water stability was 

superior to MOF-5 for environmental PAHs extraction.11 Furthermore, our ZIF-11 

based method also exhibited excellent extraction efficiency and analytical 

performance comparing with other methods.11, 31, 33, 35, 49 Specifically, ZIF-11 sorbent 

could treat exceeding 200 mL environmental water samples in no more than 3 min 

with satisfactory detection limits, while, other methods could treat no more than 50 

mL samples but requiring 20 min extraction, as shown in Table 3. Thereby, our SPE 

method based on ZIF-11 as sorbent proved to be excellent with convenient operation, 

good stability, high extraction efficiency and low LODs for PAHs pre-concentration 

and analysis in environmental water samples. 

4.  Conclusions 

 In this study, ZIF-7 and ZIF-11 crystals were first and successfully utilized in 

SPE analysis of PAHs in environmental water samples. ZIF-7 and ZIF-11 possess the 

same metal ion and organic linker, but their topologies are different with ZIF-7 in 

cube while ZIF-11 in rhombic dodecahedron. Thereby, the two crystals were first 

compared for their PAHs extraction efficiency. ZIF-11 with its larger cages with more 

metal ions and organic linkers in topologies exhibited better extraction efficiency and 

was selected for subsequent analysis. Good analytical performances with higher 

extraction efficiency, satisfactory LODs and good RSD values have been successfully 

achieved, by which ultrasensitive and robust analysis of environmental water have 

been realized. Thereby, this work sheds a light on ZIF spatial structure effect on SPE 

extraction ability and future application of ZIF materials in chromatographic analysis.  

 

 

Page 12 of 26Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



Acknowledgements 

     This work was supported by the National Science Foundation of China (NSFC, 

Grants No. 21175038, 21235002) and the Foundation for Innovative Research Groups 

of NSFC (Grant No. 21221003).  

References 

1. S. Vichi, L. Pizzale, L. S. Conte, S. Buxaderas and E. López Tamames, J. Chromatogr., A, 2005, 

1090, 146-154. 

2. D. Pan, J. Wang, C. Chen, C. a. Huang, Q. Cai and S. Yao, Talanta, 2013, 108, 117-122. 

3. Y. Zou, Y. Chen, Z. Yan, C. Chen, J. Wang and S. Yao, Analyst, 2013, 138, 5904-5912. 

4. Y. Wan, X. Jin, J. Hu and F. Jin, Environ. Sci. Technol. , 2007, 41, 3109-3114. 

5. P. J. Tsai, H. Y. Shieh, W. J. Lee and S. O. Lai, J. Hazard. Mater., 2002, 91, 25-42. 

6. H. Nakata, Y. Sakai, T. Miyawaki and A. Takemura, Environ. Sci. Technol. , 2003, 37, 3513-3521. 

7. M. T. Jonker, S. A. van der Heijden, J. P. Kreitinger and S. B. Hawthorne, Environ. Sci. Technol. , 

2007, 41, 7472-7478. 

8. T. Wenzl, R. Simon, E. Anklam and J. Kleiner, TrAC, Trends Anal. Chem., 2006, 25, 716-725. 

9. S. H. Loh, M. M. Sanagi, W. A. Wan Ibrahim and M. N. Hasan, J. Chromatogr., A, 2013, 1302, 

14-19. 

10. V. Camel, TrAC, Trends Anal. Chem., 2000, 19, 229-248. 

11. S. Yang, C. Chen, Z. Yan, Q. Cai and S. Yao, J. Sep. Sci., 2013, 36, 1283-1290. 

12. C. Chen, X. Liang, J. Wang, S. Yang, Z. Yan, Q. Cai and S. Yao, Anal. Chim. Acta, 2013, 792, 

45-51. 

13. C. Chen, J. Wang, S. Yang, Z. Yan, Q. Cai and S. Yao, Talanta, 2013, 114, 11-16. 

14. C. Chen, S. Yang, D. Pan, Y. Long, Z. Yan, Q. Cai and S. Yao, Analyst, 2013, 138, 569-575. 

15. M. Lund, L. Duedahl Olesen and J. H. Christensen, Talanta, 2009, 79, 10-15. 

16. M. Amezcua Allieri, M. Ávila Chávez, A. Trejo and J. Meléndez Estrada, Chemosphere, 2012, 

86, 985-993. 

17. F. Yang, Y. Long, R. Shen, C. Chen, D. Pan, Q. Zhang, Q. Cai and S. Yao, J. Sep. Sci., 2011, 34, 

716-723. 

18. Y. Liu, H. Li and J. M. Lin, Talanta, 2009, 77, 1037-1042. 

19. F. L. Dickert, M. Tortschanoff, W. E. Bulst and G. Fischerauer, Anal. Chem., 1999, 71, 

4559-4563. 

20. Y. Long, Y. Chen, F. Yang, C. Chen, D. Pan, Q. Cai and S. Yao, Analyst, 2012, 137, 2716-2722. 

21. M. Eddaoudi, D. B. Moler, H. Li, B. Chen, T. M. Reineke, M. O'keeffe and O. M. Yaghi, Acc. 

Chem. Res., 2001, 34, 319-330. 

22. G. Férey, C. Mellot Draznieks, C. Serre and F. Millange, Acc. Chem. Res., 2005, 38, 217-225. 

23. J. R. Li, R. J. Kuppler and H. C. Zhou, Chem. Soc. Rev. , 2009, 38, 1477-1504. 

24. N. Chang, Z. Y. Gu and X. P. Yan, J Am. Chem. Soc., 2010, 132, 13645-13647. 

25. S. R. Venna and M. A. Carreon, J Am. Chem. Soc., 2009, 132, 76-78. 

26. Z. Y. Gu, C. X. Yang, N. Chang and X. P. Yan, Acc. Chem. Res., 2012, 45, 734-745. 

27. J. Lee, O. K. Farha, J. Roberts, K. A. Scheidt, S. T. Nguyen and J. T. Hupp, Chem. Soc. Rev. , 2009, 

38, 1450-1459. 

Page 13 of 26 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



28. J. Della Rocca, D. Liu and W. Lin, Acc. Chem. Res., 2011, 44, 957-968. 

29. Z. Y. Gu, G. Wang and X. P. Yan, Anal. Chem., 2010, 82, 1365-1370. 

30. X. Y. Cui, Z. Y. Gu, D. Q. Jiang, Y. Li, H. F. Wang and X. P. Yan, Anal. Chem., 2009, 81, 9771-9777. 

31. Y. Y. Zhou, X. P. Yan, K. N. Kim, S. W. Wang and M. G. Liu, J. Chromatogr., A, 2006, 1116, 

172-178. 

32. A. Aquino, K. A. Wanderley, C. d. O. Paiva Santos, G. F. De Sa, M. d. R. Alexandre, S. A. Júnior 

and S. Navickiene, Talanta, 2010, 83, 631-636. 

33. X. F. Chen, H. Zang, X. Wang, J. G. Cheng, R. S. Zhao, C. G. Cheng and X. Q. Lu, Analyst, 2012, 

137, 5411-5419. 

34. C. Hu, M. He, B. Chen, C. Zhong and B. Hu, J. Chromatogr., A, 2013, 1310, 21-30. 

35. D. Ge and H. K. Lee, J. Chromatogr., A, 2011, 1218, 8490-8495. 

36. D. Ge and H. K. Lee, J. Chromatogr., A, 2012, 1263, 1-6. 

37. M. He, J. Yao, Q. Liu, Z. Zhong and H. Wang, Dalton Trans., 2013, 42, 16608-16613. 

38. W. Morris, N. He, K. G. Ray, P. Klonowski, H. Furukawa, I. N. Daniels, Y. A. Houndonougbo, M. 

Asta, O. M. Yaghi and B. B. Laird, J. Phys. Chem. C, 2012, 116, 24084-24090. 

39. M. He, J. Yao, L. Li, K. Wang, F. Chen and H. Wang, ChemPlusChem, 2013, 78, 1222-1225. 

40. K. S. Park, Z. Ni, A. P. Côté, J. Y. Choi, R. Huang, F. J. Uribe Romo, H. K. Chae, M. O’Keeffe and O. 

M. Yaghi, Proc Natl. Acad. Sci., 2006, 103, 10186-10191. 

41. Y. Hu, H. Kazemian, S. Rohani, Y. Huang and Y. Song, Chem. Commun., 2011, 47, 12694-12696. 

42. J. Q. Jiang, C. X. Yang and X. P. Yan, ACS Appl. Mater. Interfaces, 2013, 5, 9837-9842. 

43. C. S. Hawes, Y. Nolvachai, C. Kulsing, G. P. Knowles, A. L. Chaffee, P. J. Marriott, S. R. Batten 

and D. R. Turner, Chem. Commun., 2014, 50, 3735-3737. 

44. L. Q. Yu and X. P. Yan, Chem. Commun., 2013, 49, 2142-2144. 

45. C. T. He, J. Y. Tian, S. Y. Liu, G. Ouyang, J. P. Zhang and X. M. Chen, Chemical Science, 2013, 4, 

351-356. 

46. J. Wang, S. Liu, C. Chen, Y. Zou, H. Hu, Q. Cai and S. Yao, Analyst, 2014. 

47. J. Liu, J. Huang, L. Su, X. Cao and Y. Ji, Sci. China, Ser. B: Chem., 2006, 49, 565-572. 

48. J. Huang, New Water Treatment Reagent: technique and Application of Chlorine Dioxide (in 

Chinese), Chemistry Industry Press, Beijing, 2002, pp. 69-71, 2002. 

49. S. H. Huo and X. P. Yan, Analyst, 2012, 137, 3445-3451. 

 

 

 

 

Tables: 

Table 1 Analytical performance data of the proposed method for the determination of 

PAHs. 

Table 2 Recoveries and RSDs of spiked real water samples (n=5) 

Table 3 Comparison of the proposed method with reported literatures. 

Page 14 of 26Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



Figure Legends: 

Scheme 1  Preparation scheme of ZIF-7 and ZIF-11 crystals. 

Scheme 2  Scheme of the extraction process. 

Figure 1  SEM images of ZIF-7 crystals before adsorption (A) and after adsorption 

(B), ZIF-11 crystals before adsorption (C) and after adsorption (D). 

Figure 2  XRD patterns of (A) ZIF-7 crystals and (B) ZIF-11 crystals. 

Figure 3  Comparison of ZIF-7 and ZIF-11 as sorbents for the SPE of PAHs. 

Extraction condition: sorbents, 100 mg; sample volume, 200 mL; extraction time, 3 

min; desorption conditions, 3×2 mL acetonitrile; organic modifier, 3 mL methanol; no 

salt addition.  

Figure 4  Effect of sample volume on recoveries of PAHs. Extraction conditions: 

sorbent, 100 mg; extraction time, 3 min; desorption conditions, 3×2 mL acetonitrile; 

organic modifier, 3 mL methanol; no salt addition. 

Figure 5  Effect of (A) the volume of organic modifier and (B) the concentration of 

NaCl on the recoveries of PAHs. Extraction conditions: sorbent, 100 mg; sample 

volume, 200 mL; extraction time, 3 min; desorption conditions, 5×2 mL acetonitrile.  
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Table 1  Analytical performance data of the proposed method 

for the determination of PAHs. 

PAHs Linear range  

(ng L-1) 

Calibration curve R2 LOD  

(ng L-1) 

RSD (%) 

(n=5) 

Flu 3.75-450 Y=8160.0X＋39013 0.9997 0.3 3.2 

Ant 10-1200 Y=3054.6X＋30856 0.9994 0.8 3.0 

FlA 20-2400 Y=2691.6X＋63103 0.9996 1.6 3.1 

Pyr 10-1000 Y=6204.0X＋87749 0.9996 0.8 3.9 

BaA 3.75-450 Y=9034.0X＋45618 0.9996 0.3 2.9 

BbF 3.75-450 Y=9233.1X＋38918 0.9996 0.3 3.3 

BkF 1-120 Y=72092X＋63612 0.9998 0.08 2.7 
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Table 2  Recoveries and RSDs of spiked real water samples (n=5) 

 Spring water Tap water River water 

PAHs 
Spiked 

(ng L-1) 

Intra-day Inter-day Intra-day Inter-day Intra-day Inter-day 

Re (%) RSD (%) Re (%) RSD (%) Re (%) RSD (%) Re (%) RSD (%) Re (%) RSD (%) Re (%) RSD (%) 

 15 88.3 2.2 85.5 3.3 95.1 1.5 95.5 5.4 95.2 3.4 94.8 2.6 

Flu 187.5 89.9 2.0 84.3 3.2 104.1 1.2 103.7 4.2 98.6 3.2 97.4 1.4 

 375 112.7 1.9 109.7 1.4 96.6 1.3 96.9 3.7 92.0 5.5 86.7 2.0 

 40 98.5 1.3 96.2 2.4 low - low - 100.6 8.4 104.7 4.0 

Ant 500 93.9 4.6 91.9 3.4 low - low - 111.2 1.8 109.8 1.2 

 1000 96.2 1.6 94.6 2.6 low - low - 99.0 1.9 97.6 1.9 

 80 91.4 8.8 91.6 1.3 85.5 3.9 86.6 1.1 82.5 1.8 82.4 4.4 

FlA 1000 85.6 1.2 84.9 1.2 85.8 5.8 86.5 1.0 83.5 6.9 83.1 5.7 

 2000 86.9 1.2 87.2 3.7 98.7 1.7 88.7 2.3 85.1 2.6 84.6 7.1 

 40 93.5 1.2 96.2 3.1 95.5 2.9 91.0 6.8 91.1 1.9 91.5 5.6 

Pyr 500 90.1 1.3 97.0 4.9 93.1 4.9 92.7 1.7 94.5 1.0 95.3 2.2 

 1000 92.9 1.0 91.9 1.5 90.9 1.7 91.2 4.5 92.9 1.1 92.6 5.5 
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 15 87.7 5.5 83.9 4.3 low - low - 85.5 6.8 86.1 4.8 

BaA 187.5 88.3 3.0 87.4 1.5 low - low - 86.2 7.1 85.2 4.2 

 375 87.8 1.0 87.8 1.8 low - low - 89.8 6.6 90.1 2.7 

 15 95.0 2.8 98.4 8.4 92.9 3.2 91.5 1.8 96.7 4.3 95.4 6.5 

BbF 187.5 93.7 1.5 95.6 6.6 92.9 1.4 93.2 5.3 98.1 3.6 97.6 4.3 

 375 97.7 2.4 97.9 3.1 92.0 1.5 92.0 1.3 93.8 1.5 93.5 5.4 

 4 99.8 3.6 98.0 2.1 97.1 2.8 96.9 2.3 95.4 4.9 95.2 2.0 

BkF 50 93.0 2.4 96.0 4.8 98.0 1.5 97.9 1.7 93.8 3.4 93.2 1.2 

 100 96.7 2.8 96.7 1.9 95.3 1.5 95.4 1.6 97.6 2.3 97.4 1.3 
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Table 3 The comparison of the proposed method with reported literatures. 

Method Material Analytical 

method 

Loading 

volume  

(mL) 

Extraction 

time 

(min) 

LOD 

(ng L-1) 

References 

On-line SPE Cu(4-C5H4N-COO)2(H2O)4 HPLC-PAD 50 20 2-14 [31] 

µ-SPE ZIF-8 GC-MS 8 20 2-12 [35] 

MSPE Fe3O4@SiO2/MIL-101 HPLC-PAD 20 20 2.8-27.2 [49] 

SPE MOF-5 LC-FLD 40 80 0.4-4 [11] 

SPME MOF-53(Al) GC-MS/MS 10 30 0.1-0.73 [33] 

SPE ZIF-11 LC-FLD 200 3 0.08-1.6 Proposed 

method 
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Scheme 1  Preparation scheme of ZIF-7 and ZIF-11 crystals.  

208x124mm (300 x 300 DPI)  
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Scheme 2  Scheme of the extraction process.  

177x183mm (300 x 300 DPI)  
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Figure 1  SEM images of ZIF-7 crystals before adsorption (A) and after adsorption (B), ZIF-11 crystals 
before adsorption (C) and after adsorption (D).  

225x175mm (300 x 300 DPI)  
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Figure 2  XRD patterns of (A) ZIF-7 crystals and (B) ZIF-11 crystals.  
228x167mm (300 x 300 DPI)  
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Figure 3  Comparison of ZIF-7 and ZIF-11 as sorbents for the SPE of PAHs. Extraction condition: sorbents, 
100 mg; sample volume, 200 mL; extraction time, 3 min; desorption conditions, 3×2 mL acetonitrile; 

organic modifier, 3 mL methanol; no salt addition.  
109x80mm (300 x 300 DPI)  

 

 

Page 24 of 26Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



  

 

 

Figure 4  Effect of sample volume on recoveries of PAHs. Extraction conditions: sorbent, 100 mg; extraction 
time, 3 min; desorption conditions, 3×2 mL acetonitrile; organic modifier, 3 mL methanol; no salt addition.  

109x80mm (300 x 300 DPI)  

 

 

Page 25 of 26 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



  

 

 

Figure 5  Effect of (A) the volume of organic modifier and (B) the concentration of NaCl on the recoveries of 
PAHs. Extraction conditions: sorbent, 100 mg; sample volume, 200 mL; extraction time, 3 min; desorption 

conditions, 5×2 mL acetonitrile.  

91x33mm (300 x 300 DPI)  
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