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a b s t r a c t
A hybrid coating material composed of the metal-organic framework-199 and graphene oxide has 
been synthesized and coated on stainless steel fiber in a simple manner, characterized, and used 
in a fiber headspace solid-phase microextraction (HS-SPME) method in combination with gas 
chromatography-flame ionization detection. The synthesized fiber exhibited high sensitivity toward 
microextraction of polycyclic aromatic hydrocarbons (PAHs). The fibers were characterized using 
Fourier transform infrared spectrometer, scanning electron microscopy, and X-ray diffraction. 
Optimization of the microextraction conditions for the HS-SPME method was accomplished using a 
response surface design of Box–Behnken. Under optimized conditions, good linearity for the analytes 
was obtained in the range of 0.1–200.0 µgL−1, with the limits of detection (S/N = 3) ranging from 0.027 to 
0.041 µgL−1. The interday and intraday relative standard deviations for various PAHs at three different 
concentration levels (n = 5) using a single fiber were 1.6%–2.3%. The method was successfully applied 
for quantification of naphthalene, phenanthrene, anthracene, and chrysene in industrial wastewater 
and environmental water samples with the recoveries between 93% and 103%.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a vast class 
of ubiquitous and toxic compounds, including two or more 
aromatic rings, originated through incomplete combustion 
or pyrolysis of organic matters such as oil, fossil fuels, wood, 
or coal [1]. Therefore, they belong to the group of common 
environmental pollutants of both natural and anthropogenic 
origins [2]. The monitoring of PAHs has become a serious 
problem due to their well-known carcinogenic and muta-
genic effects [3]. Moreover, it has recently been observed that 
PAHs interfere with the hormone system of the human body 
and may have effects on reproduction [4]. These substances 

can be found in a number of different types of samples, both 
biological and environmental. Water can contain substantial 
amounts of PAHs that have leached from the soil or they can 
also enter into water from industrial effluents and accidental 
spills during oil transfer by sea.

However, testing the aquatic toxicity of PAHs and their 
mixtures at well-defined exposure concentrations can be 
difficult because PAHs are poorly soluble in water and are 
easily lost by volatilization and sorption [5]. As PAHs were 
monitored in the environment, especially in aqueous media 
at trace and ultra trace levels, more effective preconcentra-
tion methods are required, and the development of effective 
extraction and enrichment techniques for PAHs to be applied 
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prior to an analytical procedure is, therefore, necessary [6]. 
In this regard, various analytical methodologies have been 
applied for the sample pretreatment and preconcentration 
of PAHs including solid-phase extraction [7], liquid-liquid 
extraction [8], dispersive liquid-liquid microextraction [9], 
and solid-phase microextraction (SPME) [10].

At the present time, SPME is perhaps the most effective 
technique employed for the extraction and enrichment of 
volatile and semivolatile compounds at trace and ultra 
trace amounts in different matrices. The SPME technique is 
extremely attractive because it is easy to operate. It combines 
the extraction and preconcentration steps of analytes into a 
single process and enables direct elution at chromatographic 
system for analysis. Further advantages of SPME com-
pared with other methods of sample pretreatment are the 
reusability of the fiber, the portability of the system, minimal 
contamination and loss of the sample at transport and stor-
age, and, finally, the existence of numerous extraction phases 
in the literature [11]. SPME is indeed an equilibrium micro-
extraction technique rather than an exhaustive extraction 
method; that is, the extraction efficiency is measured using 
the distribution of the target compounds between the sample 
matrix and the fiber coating. Therefore, the most critical part 
of the SPME device is the coating itself [12].

However, currently, the number and variety of commer-
cially available SPME coatings are still limited [13]. To solve 
this problem, various novel homemade SPME coating 
materials, including carboxylated solid carbon spheres [14], 
polymeric ionic liquids [15], multiwalled carbon nanotube 
(MWCNT) composite [16], graphene and graphene-based 
materials [17], periodic mesoporous organosilica materials 
[18], and molecular imprinted monolithic fibers [19], have 
been synthesized as SPME fiber coatings.

In recent years, fragile commercial fused silica fiber has 
been replaced by stainless steel wire because of its lower 
price and greater mechanical stability [20]. Furthermore, the 
growth of coating materials has also been extensive.

Metal-organic frameworks (MOFs) are a fascinating 
group of zeolite-like compounds synthesized by metal ions 
or clusters chelating with organic ligands. On the basis of the 
availability of diverse metal ions, organic ligands, and the 
chelating ratio difference, MOFs of numerous structures have 
demonstrated excellent properties of different structures, 
such as tunable pore sizes and large surface areas [21,22].

However, most MOFs have some drawbacks, including 
poor chemical stability, which must be overcome if they 
are to find practical utility under industrial conditions [23]. 
Recently, considerable body of research has indicated that 
combining MOFs with different functional materials such 
as carbon nanotubes, graphene oxide (GO), graphite oxide, 
and carbon nanofibers to prepare different composites can 
significantly and remarkably enhance the performance of 
MOFs [24]. GO, prepared by oxidation of graphite with strong 
oxidizing agents, consists of distorted graphene layers bear-
ing carbonyl, hydroxyl, and epoxy groups on the basal planes 
and carboxylic functionality on the edges of the carbon sheets 
[25,26]. Owing to its chemical structure, GO has been utilized 
in the preparation of various kinds of composite materials 
with better electronic and adsorptive properties [27].

In this study, we used MOF-199/GO composite coating on 
the surface of stainless steel wire as a fiber coating in SPME 
for the microextraction of PAHs with a gas chromatograph 

equipped with a flame ionization detector. Recently, che-
mometrics method has been frequently used for analytical 
technique optimization problems [28]. Among the advan-
tages of applying the mentioned methods is the reduction in 
the number of experiments, resulting in lower reagent con-
sumption and considerably less laboratory work [29]. These 
methods provide the simultaneous study of multiple control 
factors and the development of mathematical models that 
permit the assessment of the relevance and statistical signif-
icance of the factors being studied. They also simplify the 
evaluation of interaction effects between factors [30].

In the present study, a SPME method based on headspace 
SPME (HS-SPME) followed by gas chromatography-flame 
ionization detection (GC-FID) was used for the analysis of 
PAHs at microgram per liter levels in samples. The effects of 
several factors on the microextraction efficiency of analytes 
were studied based on a Box–Behnken design (BBD) [31].

In HS-SPME, the loaded fiber can be directly analyzed 
by GC, thus minimizing any potential analyte losses due 
to multistep processes. The prepared fiber exhibits many 
advantages over commercial SPME fibers, including high 
coating stability, a long service life, high adsorption capabil-
ity, good selectivity for PAHs, a wide linear range, and low 
limits of detection (LODs), for the extraction of the studied 
PAHs, simple preparation, and cost effectiveness.

2. Experimental

2.1. Instruments

The analysis was performed with a gas chromatograph 
(model GC-17, Shimadzu, Japan) equipped with a GC-FID 
and a BP21 capillary column (25 m × 0.32 mm inner diameter, 
film thickness 0.5 µm). The GC conditions were as follows: 
the injector temperature was 280°C, and the detector tempera-
ture was 300°C. The column temperature was maintained at 
80°C for 1 min then increased to 200°C at the rate of 10°C min–

1, and finally increased to 260°C at a rate of 20°C min–1. 
Splitless injections were applied throughout. The high- purity 
nitrogen (99.999%) was applied as a carrier gas with the 
flow rate of 1 mL min–1. Fourier transform infrared (FTIR) 
spectroscopy was carried out using a Nicolet Avatar 330 spec-
trometer. X-ray diffraction (XRD) measurements were per-
formed on a D-Max 2200 VPC diffractometer (Japan) using 
Cu Kα radiation. Scanning electron microscopy (SEM) images 
were recorded on a JSM-6300 FSEM instrument (Japan). 
Thermogravimetric plots were obtained by a Netzsch-209 
thermal gravimetric analyzer (Bavaria, Germany). Brunauer–
Emmett–Teller (BET) analyses were carried out using an ASAP 
2010 physisorption analyzer (Micromeritics Instrument 
Corporation, Norcross, USA). Samples were heat treated at 
200°C under vacuum before measurement. An ultrasonic 
bath of type SONOREX DIGIPLUS DL 102 H (Bandelin elec-
tronic, Berlin, Germany) at 35 kHz of frequency and 120 W of 
power with power control from 20% to 100% was used for the 
preparation of GO dispersions.

2.2. Materials and reagents

Naphthalene (Naph), phenanthrene (Phen), anthracene 
(Anth), and chrysene (Chry), with the purity >99%, were sup-
plied from Merck (Darmstadt, Germany). All organic solvents 
(chloroform, ethanol (EtOH), acetone, and acetonitrile) and 



101F. Kardani et al. / Desalination and Water Treatment 144 (2019) 99–115

water with high-performance liquid chromatography grade 
were also purchased from Merck (Darmstadt, Germany). 
Graphite powder (99.95%) was purchased from Alfa Aesar 
(Tokyo, Japan). 1,3,5-Benzenetricarboxylic acid (H3BTC) and 
3-aminopropyltriethoxysilane (APTES) were purchased from 
Sigma–Aldrich (St. Louis, MO, USA). The stainless steel wire 
(316, 200 µm outer diameter) was obtained from an ironware 
factory. All real samples used for this study were filtered 
through a nylon 0.45 µm filter before use. Standard stock 
solutions containing 1,000 mg L–1 concentration of PAH com-
pounds were prepared by dissolution of appropriate amount 
of each target analyte in methanol and then stored at 4°C prior 
to use.

2.3. Surface treatment of stainless steel fiber

The stainless steel fibers were cut into a length of 5.0 cm. 
The fibers were washed with acetone, methanol, and doubly 
distilled water, respectively, prior to use in order to remove 
the organic compounds. Subsequently, the cleaned wires 
were dried at room temperature. To oxidize the fiber surface, 
some oxidation solutions were trialed: hydrogen peroxide, 
sodium hydroxide, potassium dichromate, and sulfuric acid. 
The results demonstrated that the best compactness and coat-
ing uniformity were obtained only with sulfuric acid as oxidiz-
ing agent; therefore, the fibers were immersed in 0.1 mol L–1 
solution of sulfuric acid for 120 min and then cleaned with pure 
water. Oxidation step was applied to bring –OH groups to the 
surface of the stainless steel fibers and also to give chemical 
anchorage for the following reactions. Next, the fiber silyla-
tion was carried out by using various ratios of methanol and 
tetraethoxysilane. In this process, the fibers were immersed 
into a tetraethoxysilane-water-methanol (2:1:8, v/v) solution 
for 30 min and then dried in an oven at 150°C for 120 min. 
Finally, the fibers were rinsed 3 times with EtOH and dried 
with a stream of nitrogen.

2.4. Synthesis of GO

In this work, GO has been synthesized according to the 
method described in ref. [32]. Graphite powder (3.0 g) was 
added to the concentrated H2SO4 (70 mL, 98%) under agita-
tion in an ice bath. Under vigorous shaking, KMnO4 (9.0 g) 
was added slowly with the temperature of the suspension 
maintained lower than 20°C. The reaction pot was trans-
ferred to a 40°C oil bath and agitated vigorously for about 
0.5 h. After this, 150 mL of water was added, and the solution 
was stirred at 95°C for 15 min. Then, 500 mL of water was 
added, and this was followed by the slow addition of H2O2 
(15 mL, 30%), during which the color of the solution changed 
from dark brown to yellow-brown. Finally, the reaction 
mixture was filtered and washed with 1:10 HCl aqueous 
solution (250 mL) to remove metal ions. The solid product 
was then dried and diluted to 600 mL to make a graphite 
oxide aqueous suspension.

2.5. Fiber fabrication

The MOF-199/GO composite-coated fiber was prepared 
using a modified version of a previously reported method 
(Fig. 1) [33]. First, MOF-199 was prepared by adding H3BTC 
(250 mg, 1.19 mmol) to dimethylformamide (DMF)/EtOH 
solution (40 mL, v/v, 1:1). Cu(OAc)2·H2O (430 mg, 2.16 mmol) 

was dissolved in water (20 mL). Then, GO (38.8 mg) that 
had been previously prepared was exfoliated for 30 min by 
ultrasonication in water (10 mL) to form a stable aqueous 
dispersion. The GO dispersion and Cu(OAc)2·H2O solution 
were added sequentially to the H3BTC solution with stirring. 
Triethylamine (250 µL) was then added to the mixture, which 
was agitated for 3 h. The solid product was collected and 
washed with DMF and finally dried. In the next step, to gen-
erate the silylated stainless steel fiber, the fiber was immersed 
into the APTES solution as a cross-linking agent for 12 h at 
room temperature, which mainly led to the formation of 
Si–O–Si bonds and amino-functionalized fiber. Then, the fibers 
were removed and immediately placed into an oven at 70°C to 
complete the silanization reaction. To coat the fiber with MOF-
199/GO composites, the silylated fiber was inserted into a 0.2 
wt.% aqueous composite dispersion for 2 h in a 70°C water 
bath. Then, it was removed and dried in air to give a thin layer 
of MOF-199/GO composites. Subsequently, it was transferred 
to an oven and heated at 70°C for 1 h. The coating process was 
repeated for 10 times. When the coating was prepared under 
the optimum conditions and coating on the stainless steel fiber 
was completed, the obtained thickness of coated composite 
was about 50 µm. Following this, the fibers were conditioned 
in the GC injection port under nitrogen gas at 280°C for 2 h and 
then used to extract target compounds.

2.6. Analytical procedures

The prepared MOF-199/GO composite-coated fiber was 
installed into a homemade SPME device. Prior to the SPME 
experiment, the fiber was conditioned at 260°C for 3 h under 
nitrogen to eliminate any transfer of impurities from the 
preparation process. Direct immersion of SPME is suscepti-
ble to contamination from the complex matrices in samples, 
leading to decrease in the life span, whereas HS-SPME can 
prevent the adsorption of other nonvolatile matrices and thus 
avoid damage to the fiber [34]. We adopted the HS extraction 
mode for the analytes. The HS extraction was conducted by 
placing the fiber into the extraction vial and suspending it 
above the sample solution. The sample volume and extraction 
space were kept consistent in every experiment. The microex-
traction step was performed under the optimum conditions, 
and the fiber was then withdrawn into the needle, removed 
from the microextraction vial, and then immediately inserted 
into the GC injection port at 280°C for thermal desorption. 
One background experiment of the fiber was performed 
after each extraction in order to eliminate or minimize the 
“carryover” effects. For HS-SPME, analyte sample solution 
(10.0 mL) was introduced to a 20.0 mL glass vial containing 
2% (w/v) sodium chloride and then rapidly capped with 
a polytetrafluoroethylene-coated septum. A Teflon-coated 
stirring bar was applied to the agitated solution at 600 rpm, 
and the MOF-199/GO composite-coated fiber was exposed to 
the HS over the analyte sample solution at 65°C for 20 min 
for extraction. After extraction, the fiber was removed and 
immediately inserted into the GC inlet at 280°C for 4 min for 
analysis.

2.7. Sample preparation

Water samples were collected from the River Dez, Dezful, 
Iran; tap water and industrial wastewater samples were 
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collected from our laboratory and petrochemical industry 
(Mahshahr, Iran), respectively. The samples were filtered 
through a Whatman No. 40 filter paper. Before analysis, 
200 mL of sample was poured in a beaker and 2 mL of 
1 mol L–1 HCl was added. The samples, while stirring, were 
heated for 15 min. The solution was filtered and diluted 
to 250 mL with distilled water after adjusting the pH at 
optimum value (pH = 7).

3. Results and discussion

3.1. Characterization of MOF-199/GO composite coatings

The FTIR spectra of synthesized GO, Cu3(BTC)2, and 
Cu3(BTC)2/GO (MOF-199/GO) composite can be observed 
in Fig. S1. For GO, the characteristic features were the 
following: the absorption bands corresponding to the C=O 
group stretching at 1,737 cm−1, the C–OH stretching of the 
epoxide group at 1,050 cm−1, the O–H stretching vibrations 
of GO and the broad systemic adsorbed water peak at 
3,428 cm−1. The absorption bands at 1,560 cm−1 can be ascribed 
to benzene rings. The sharp intense peak at 1,400 cm−1 can be 
related to carboxylic CO group.

The spectra of the composites and that of MOF-199 look 
rather alike. In the region of 700–1,300 cm–1, the bands at 
about 1,738 and 1,442 cm–1 were assigned to the asymmetric 
stretching of carboxyl groups in H3BDC, whereas the band 
at about 1,371 cm−1 was assigned to the symmetric stretch-
ing of carboxyl groups in H3BDC [33,35]. The peak existed 

at 1,442 cm–1 is dependent upon a combination of benzene 
ring stretching and deformation modes, and the peak around 
700 cm–1 is related to the bending vibration of C–H ben-
zene ring of H3BDC. The FTIR absorption band observed at 
507cm–1 is assigned to a vibrational mode directly involving 
the Cu center. After GO incorporation, the characteristic GO 
peaks are swamped by the high-intensity Cu3(BTC)2 peak 
owing to the rather small content of GO. Hence, the FTIR 
spectrum of Cu3(BTC)2/GO is similar to that of Cu3(BTC)2. 
These results are in good accordance with the earlier reported 
data [33]. Fig. S2 shows the XRD patterns of the samples GO, 
Cu3(BTC)2, and Cu3(BTC)2/GO composite. The XRD pattern 
of sample GO exhibited a strong peak at 2θ = 11.6, which can 
introduce an interlayer spacing of about 7.6 Å indicating the 
presence of oxygen functionalities, which aided the hydra-
tion and exfoliation of GO layers in aqueous media. The XRD 
pattern of Cu3(BTC)2 is in agreement with those found for 
well-defined Cu3(BTC)2 crystals, indicating that the current 
material has the expected structure [33]. The XRD patterns 
of GO-incorporated Cu3(BTC)2 showed the same diffraction 
patterns as of Cu3(BTC)2, confirming that GO incorporation 
did not disturb or destroy the Cu3(BTC)2 crystal structure. 
This phenomenon is attributed to the exfoliation/disper-
sion of GO in the polar solvents used during the material 
preparation [35,36].

SEM pictures of GO, Cu3(BTC)2, and Cu3(BTC)2/GO 
composites are shown in Figs. 2(a)–(c). Fig. 2(a) displays 
the SEM image of the prepared GO that represents a lay-
ered and sheet-like structure with the large surface and 

Fig. 1. Schematic fabrication process of MOF-199/GO composite-coated SPME fiber.
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wrinkled edge. A comparison between Figs. 2(b) and (c) 
revealed that Cu3(BTC)2/GO composite showed uniform 
structure with more porosity than Cu3(BTC)2. SEM picture 
of fiber, after coating with Cu3(BTC)2/GO MOF composite, 
is presented in Fig. 2(d). The resulting pictures of fibers 
present highly cross-linked and porous morphological 
structure and indicates that the coating possessed a com-
pact and homogeneous structure. However, in particular, 
the porous structure would be helpful for quick adsorption 
and desorption of target compounds for the microextraction 
in complex samples. The thermal stability of the prepared 
polymer was examined by TGA in the range 50°C–600°C 
at a heating rate of 10°C min−1 and in a stream of nitrogen 
gas (Fig. S3). The results indicate that a mass loss occurred 
at about 300°C and the fastest mass loss occurred at 400°C. 
The weight loss of the polymer was quite small at tempera-
tures below 300°C, but above this temperature, the weight 
loss was significant due to the decomposition of the com-
posite. A surface area value of 204.56 m2g−1 was determined 
by BET analysis for the synthesized MOF-199/GO hybrid 
composite fiber.

3.2. Optimization of conditions

In order to investigate and accomplish the work, the peak 
areas of the compounds under study were considered as the 
experimental response. Experiments were managed to opti-
mize the chromatographic analysis of the analytes. Tests were 
then carried out to select the factors and the factor levels to 
be considered in the design of experiment (DOE) approach. 
In the development and application of the HS-SPME method, 
some conditions must be considered because of the different 
physicochemical properties of the compounds that will be 
extracted. Based on preliminary experiments carried out in 
our laboratory, at least 5 factors may affect the experimental 
response. These factors are extraction temperature (T), sample 
salt concentration (SC), sample pH, extraction time (ET), and 
stirring rate (SR). However, some of these parameters were not 
considered when designing the present experiments. In this 
extraction procedure, the effects of pH were investigated by a 
one-variable-at-a-time method. The sample pH was evaluated 
in the range of pH 3–12. The results indicated that the peak 
areas of the PAHs did not remarkably change in different pH 

(a)

(b)

(c)

(d)

Fig. 2. Scanning electron micrographs of (a) GO, (b) Cu3(BTC)2 MOF, (c) Cu3(BTC)2/GO composites, (d) SPME fibers coated with 
Cu3(BTC)2/GO composite.
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environments. This is perhaps owing to the fact that the PAHs 
were stable and not disassociated over a wide pH range because 
they had no ionizable groups [37]. In light of this, the sample 
pH was adjusted to be neutral in the experiments. The desorp-
tion time was evaluated at a temperature of 280°C in the range 
of 0.5–4 min. The results clearly indicated that increasing the 
desorption time up to 2 min enhances the extraction perfor-
mance, and the maximum extraction efficiency of PAHs was 
achieved in 2 min and then remains approximately constant 
with longer ETs up to 4 min; therefore, 2 min was chosen as 
the optimum desorption time for HS-SPME of target analytes.

Other variables that are important in this microextraction 
were the effect of SC, T, and ET. It is obvious from the lit-
erature that increasing the ionic strength of solutions by 
adding salt is a more effective method of extracting analytes 
onto the solid phase of fiber because it minimizes the solu-
bility of less polar compounds by forcing them to pass to the 
vapor phase (this is often termed ‘the salting out effect’) [38]. 
Therefore, SC could be a significant factor with an affirma-
tive effect on extraction efficiency. Based on the results of 
the experiments, temperature values less than 30°C could 
not be maintained over a long period, and temperature val-
ues higher than 80°C could favor the loss of low molar mass 
PAHs. In addition, ET is another significant factor which can 
affect SPME extraction. Our results demonstrated that when 
the microextraction time was less than 5 min, the peak areas 
of the PAHs would decrease, while ETs of more than 60 min 
would lead to long analysis times. Therefore, according to 
the primary experiments, four process variables, namely, T, 
ET, SR, and SC, were considered for the next optimization 
step using the BBD approach to investigate their effect on the 
microextraction efficiency of PAHs by HS-SPME analysis.

3.2.1. Experimental design and optimization of HS-SPME 
by BBD

After performing some preliminary experiments, opti-
mization of the microextraction conditions for the HS-SPME 
method was accomplished using a response surface design 
of BBD [39]. Response surface methodology was applied to 
optimize the extraction efficiency of PAHs on the MOF-199/
GO composite-coated fiber and to investigate the correlation 
between response and factors. BBD was used to investigate 
the main effects, interaction effects, and quadratic effects of 
T, ET, SR, and SC. Extraction temperature (30°C–80°C), ET 
(5–25 min), SR (300–800 rpm), and SC (NaCl, 0%–25% w/v) 
are all variable input parameters, while a PAH concentra-
tion of 10 µg L−1 was kept as a constant input parameter, 
and the peak areas for the compounds under study were 
considered as the experimental response. The four-factor 
three-level design was managed to get the second-order 
polynomial models using Minitab®16.2 statistical software. 
In case of four–three variables, a BBD is selected because it 
needs a fewer number of experiments than a central com-
posite design. A design comprising 27 runs was developed, 
for which the nonlinear quadratic model can be expressed 
as Eq. (1):

Y X X X X X X X X
X

= + + + + + + + + +β β β β β β β β β
β
0 1 1 2 2 3 3 4 4 11 1

2
22 2

2
33 3

2
44 4

2

12 1XX X X X X X X X X X X2 13 1 3 14 1 4 23 2 3 24 2 4 34 3 4+ + + + +β β β β β  (1)

where in this equation, Y is the estimated response, β0 is a 
constant, β1, β2, β3, and β4 are linear coefficients computed 
from the observed values of Y from experiments, and X1, X2, 
X3, and X4 are independent variables. The terms (X1X2, X1X3, 
X1X4, X2X3, X2X4, and X3X4) and (X1

2, X2
2, X3

2, and X4
2) represent 

the interaction and quadratic terms, respectively [18,19]. β12, 
β13, β23, and β14 are interaction coefficients between the factors 
and β11, β22β33, and β44 are quadratic coefficients of β [39,40]. 
The T, ET, SR, and SC are the independent factors selected to 
investigate their influence on the microextraction efficiency. 
The number of runs (N) required to perform this design is 
defined as N = 2k(k − 1) + C0, where k is the factor number 
and C0 is the replicate number of the central point [38]. Thus, 
a total of 27 runs were performed to optimize these four 
variables in the current BBD.

For statistical calculations, the test factors were coded 
based on Eq. (2) [41]:

x
X X
Xj

j=
−

∂
0  (2)

where xj is the coded value of the jth independent variable, 
Xj is the natural value of the jth independent variable, X0 is 
the value of Xj at the center point, and ∂X presents the step 
change value. Thus, each independent variable was investi-
gated at three different levels (low, medium, and high coded 
as −1, 0, and +1, respectively) as presented in Table 1.

The center point of this design was replicated three times 
and used to estimate the error. The values of the peak areas 
as response, Y, under the different experimental conditions 
are given in Table 2.

After fitting the obtained response variables using dif-
ferent models, the quadratic model was found to be the 
best-fitted model. In the equations for response, a positive 
value indicates a synergistic effect on the optimization, while 
a negative value demonstrates an antagonistic effect between 
the variables and the responses [42]. The results were ana-
lyzed based on the coefficient of determination (R2), statistical 
residuals, and response surface plots.

3.2.2. Optimization of effective variables of HS-SPME 
by BBD

Twenty-seven experiments for the optimization were per-
formed based on the BBD, and their responses are presented 
in Table 2. The main, interaction, and quadratic factor inter-
acts were investigated in this design. To find the most essential 

Table 1
The experimental variables and levels of the Box–Behnken 
design (BBD)

LevelsAbbreviation 
factors

Factors

High 
(+1)

Central 
(0)

Low 
(–1)

805530T: X1Temperature (°C)
25155ET: X2Extraction time (min)
800550300SR: X3Stirring rate (rpm)
2512.50SC: X4Salt concentration (%, w/v)
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effects and interactions, analysis of variance (ANOVA) was 
calculated using Minitab®16.2 statistical software. Tables 
3–6 summarize the results obtained for the ANOVA study 
for all target compounds. A p-value of lower than 0.05 in the 
ANOVA table indicates the statistical significance of an effect 
at the 95% confidence level. An F-test was applied to eval-
uate the statistical significance of each term in the equation 
within a 95% confidence interval. However, according to this 
ANOVA and the results in Tables 3–6, the parameters (T: X1), 
(ET: X2), (SC: X3), and (SR: X4) had significant (p < 0.05) linear 
and positive outcome on the microextraction efficiency and 
peak area for the PAHs. The value of coefficients indicates 
that the effects of ET and SR factors on the responses were the 
most significant parameters. The response was also shown to 
be affected quadratically by the four factors (X1

2, X2
2, X3

2, and 
X4

2). The interactions between T and SR (X14: T × SR) and also 
SC and SR (X34: SC × SR) for the extraction efficiency of all 
target PAHs are significant.

Therefore, the following response surface reduced qua-
dratic equation was finally obtained for the surface area of 
target analytes:

Peak area Chrysene( ) = + + + +109 610 9 803 23 410 8 163

17 347
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1 4
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Peak area Naphthalene( ) = + + + +138 193 11 658 29 798 5 626
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Table 2
The design matrix and the responses related to four analytes

ResponsesVariablesRun no.

PA4PA3PA2PA1SC (% w/v)SR (rpm)ET (min)T (°C)

98,84993,288103,58475,289+–001
60,58654,60662,38641,2950–0–2
64,22246,13266,53244,34000––3
114,84297,197122,86088,44300+–4
129,233123,984147,942106,716–+005
66,58249,73768,53345,8830+0–6
58,62241,93661,58039,2950–0+7
133,17212,173145,534109,32200++8
48,22131,56351,13640,9950––09
71,51359,79273,60250,205––0010
105,332110,821128,16291,743+00+11
141,123122,975150,890106,073000012
98,83893,936114,39179,9630+–013
132,213133,156141,922116,659000014
139,963124,992156,274107,8620+0+15
141,242122,945152,858106,099000016
79,67287,73293,94775,125+0–017
76,94278,72489,59768,934+00–18
67,59268,03478,54248,62300–+19
135,983122,384149,953102,271+0+020
119,967105,272136,541195,7370–+021
81,986107,38083,54255,623–00+22
122,163107,892138,46898,567–0+023
108,761107,892119,94688,286++0024
63,59451,79369,76745,936–00–25
159,533142,869174,731122,2710++026
69,53465,93976,75746,642–0–027

PA1: Peak area (Chrysene), PA2: Peak area (Anthracene), PA3: Peak area (Naphthalene), PA4: Peak area (Phenanthrene).
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Table 3
ANOVA and model statistical summary and quality of the quadratic model for the microextraction and determination of Chrysene

PFMean squaresSum of squareDFaSource
0.00018.481,371,149,60919,196,094,52214Regression
0.0028.25611,635,54412,140,402,3844Linear
0.00022.401,661,517,6471,153,205,3141T
0.0109.45700,888,0226,576,477,6611ET
0.00214.881,103,627,981799,663,8071SC
0.00512.06894,727,5003,611,055,6021SR
0.00017.711,313,735,6645,254,942,6554Square
0.00065.214,837,312,2303,163,893,6431T × T
0.0266.48480,459,73013,454,8401ET × ET
0.00116.971,258,557,454571,574,8801SC × SC
0.00120.30 1,506,019,2911,506,019,2911SR × SR
0.0194.05300,124,9141,800,749,4846Interaction
0.3540.9368,856,80468,856,8041T × ET
0.4610.58 43,046,72143,046,7211T × SC
0.00313.801,023,328,1101,023,328,1101T × SR
0.1762.07 153,499,710153,499,7101ET × SC
0.4840.52 38,651,08938,651,0891ET × SR
0.0276.38473,367,049473,367,0491SC × SR

74,179,302890,151,61812Residual error
0.3542.1981,562,573815,625,72810Lack-of-fit

37,262,94574,525,8912Pure error
20,086,246,14026Total

a: Degree of freedom.

Table 4
ANOVA and model statistical summary and quality of the quadratic model for the microextraction and determination of Anthracene

PFMean squaresSum of squareDFaSource
0.00024.052,443,033,39534,202,467,528143
0.0028.50863,772,74122,895,843,3064Linear
0.00024.742,513,054,1272,521,811,1401T
0.00511.711,189,502,78412,466,692,9601ET
0.00511.791,197,018,466753,841,8601SC
0.00313.461,366,554,6407,153,497,3451SR
0.00020.082039,713,1848,158,852,7384Square
0.00073.377,451,080,0334,981,512,1781T × T
0.0355.64573,212,1641,056,7381ET × ET
0.00120.242,055,705,987997,834,4481SC × SC
0.00121.452,178,449,3742,178,449,3741SR × SR
0.0085.17524,628,5813,147,771,4856Interaction
0.6060.2828,430,22428,430,2241T × ET
0.2421.51153,636,025153,636,0251T × SC
0.00119.301,960,142,8021,960,142,8021T × SR
0.7820.088,136,7568,136,7561ET × SC
0.2371.55157,063,556157,063,5561ET × SR
0.0148.27840,362,121840,362,1211SC × SR

101,560,8431,218,730,12012Residual error
0.2493.39115,076,5411,150,765,40610Lack-of-fit

33,982,35767,964,7152Pure error
35,421,197,64926Total

a: Degree of freedom.
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Table 5
ANOVA and model statistical summary and quality of the quadratic model for the microextraction and determination of Naphthalene

PFMean squaresSum of squareDFaSource
0.00022.001,860,774,17526,050,838,45414Regression
0.0019.30786,901,09816,517,001,7904Linear
0.00026.182,214,231,2952,136,107,5681T
0.00216.031,356,006,1947,647,518,3411ET
0.00611.34958,769,0151,218,450,3801SC
0.00214.531,228,489,4025,514,925,5011SR
0.00020.08 1,698,044,0586,792,176,2314Square
0.00074.806,326,352,4874,194,780,5981T × T
0.00810.21863,552,434113,414,0331ET × ET
0.00512.061,020,137,680301,353,4141SC × SC
0.00025.812,182,628,1872,182,628,1871SR × SR
0.0065.40456,943,4052,741,660,4336Interaction
0.9120.011,078,4821,078,4821T × ET
0.4980.49 41,319,18441,319,1841T × SC
0.00022.701,919,535,1561,919,535,1561T × SR
0.7180.1411,522,63011,522,6301ET × SC
0.2031.01153,462,544153,462,5441ET × SR
0.0197.27614,742,436614,742,4361SC × SR

84,573,3301,014,879,96612Residual error
0.2982.7394,558,073945,580,73210Lack-of-fit

34,649,61769,299,2342Pure Error
27,065,718,42026Total

a: Degree of freedom.

Table 6
ANOVA and model statistical summary and quality of the quadratic model for the microextraction and determination of Phenanthrene

PFMean squaresSum of squareDFaSource
0.00028.331,924,865,63126,948,118,83614Regression
0.00011.33769,930,4643,079,721,8564Linear
0.00033.912,303,902,6242,303,902,6241T
0.00313.29903,070,114903,070,1141ET
0.00217.311,175,890,2961,175,890,2961SC
0.00015.591,059,455,2251,059,455,2251SR
0.00026.381,792,038,7347,168,154,9384Square
0.00594.736,435,839,7846,435,839,7841T × T
0.00011.68793,797,067793,797,0671ET × ET
0.00034.532,345,732,1812,345,732,1811SC × SC
0.00827.841,891,787,4081,891,787,4081SR × SR
0.0065.16350,913,2172,105,479,3056Interaction
0.3820.8255,950,40055,950,4001T × ET
0.5550.3724,990,00124,990,0011T × SC
0.00120.891,419,217,2561,419,217,2561T × SR
0.8270.053,389,2813,389,2811ET × SC
0.5150.4530,531,15030,531,1501ET × SR
0.0138.41571,401,216571,401,2161SC × SR

67,941,130815,293,55612Residual error
0.2882.8476,165,186761,651,85610Lack-of-fit

26,820,85053,641,7012Pure error
26Total

a: Degree of freedom.
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The statistical significance of the quadratic model was 
predicted by ANOVA based on PA1–PA4, peak areas of 
Chry, Naph, Phen, and Anth, respectively, as the responses 
(Table 2). The result revealed that the F-value of the fitted 
models for the Chry, Naph, Phen, and Anth peak areas were 
18.48, 24.02, 22.00, and 28.33, respectively. A p-value less 
than 0.05 proved the ability and suitability of the model for 
good and practical prediction of the behavior of all analytes 
during the microextraction process. The lack of fit test, which 
determines the failure of the fitted model to represent exper-
imental data in the experimental domain at points not used 
in the regression equation [43], was applied. The lack of fit 
F-values of model for the simultaneous microextraction of 
Chry, Naph, Phen, and Anth were 2.19, 3.39, 2.73, and 2.84, 
respectively. The “lack of fit F-value” responses pointed out 
that the F-values are not significant relative to the pure error. 
The p-values for the “lack of fit” test for Chry, Naph, Phen, 
and Anth were 0.354, 0.249, 0.298, and 0.288, respectively; 
thus, a nonsignificant “lack of fit” is good, and the regression 
model was strongly significant.

The values of the R2 (0.956, 0.966, 0.9706, and 0.957) and the 
adjusted R2 (0.910, 0.920, 0.936, and 0.910) for the simultaneous 
microextraction of all target PAHs indicated very good agree-
ment between the experimental data and the predicted val-
ues of responses and demonstrated that the response surface 
quadratic model is the most adequate for predicting the effi-
ciency of simultaneous microextraction of Chry, Naph, Phen, 
and Anth onto the MOF-199/GO composite-coated fibers. 
This means that the calculated models could explain more 
than 90% of the results (or of the variability of the response).

The results indicated that the model applied to fit the 
response variables was significant and appropriate to represent 
the relation between the response and the independent vari-
ables. Another convenient expression of this model is demon-
strated using the actual and model predicted data. Fig. 3 
shows the plot of the predicted values versus actual values 
to check the capability of the models to fit the simultaneous 
microextraction of analytes. The good fitting corresponds to 
the plots of experimental peak area versus calculated values, 
which shows the high potency of the model for prediction of 
the behavior of the system.

3.2.3. Effects of interactive variables

The best way to represent the influence of the independent 
variables on the dependent variables is to draw response 

surface curves for the model, which were done by varying 
two variables through the experimental range and keeping 
the other two constant at the central point.

In this study, to evaluate the interactive effect of each pair 
of variables on the PAH microextraction and response, the use 
of three-dimensional (3D) graphs of the model is suggested. 
The interactions between the three significant variables and 
the relationship between four responses and experimental lev-
els for different variables were demonstrated by the 3D plots 
in Figs. 4(a) and (b). The combined effects of the SC and SR on 
the peak area of all analytes, with other factors fixed at their 
center points, are shown in these Figs. 4(a)–(c) in which the 
curvature indicates a strong interaction between these two fac-
tors. The maximum response was reached when the SR was 
close to 550 rpm and the SC was slightly higher than 12.5% 
(w/v). However, the saturation problems appeared when the 
SC was higher, and the higher values of SC were observed to 
show a negative effect on the response.

Figs. 4(a), (b), and (d) represent the interaction of T and 
SR on the peak areas of all analytes. The microextraction effi-
ciency and peak area increase with rising temperature, and 
the maximum peak areas of analytes were achieved at the 
T of ~55°C and an SR of ~550 rpm. It was also found that 
at more than 55°C, a significant decrease in the peak area 
was observed. This is most probably due to a decrease in the 
partition coefficient of analytes between the HS phase and 
the fiber because adsorption process is an equilibrium phe-
nomena [18]. However, higher temperatures are not prac-
tical since the target analytes do not remain adsorbed onto 
the fiber and tend to be desorbed to the HS. Fig. 4(b) also 
reveals the remarkable contribution of the SR to increasing 
mass transfer that makes possible the rapid uptake and fast 
establishment of equilibrium. As can be seen in Fig. 4(b), par-
allel with the increase in the SR, the peak area of the corre-
sponding compound increased, and the maximum response 
for all analytes was achieved at an SR of ~550 to 600. This may 
be because of the fact that an increase in the stirrer speed of 
the sample solution raises the mass transfer in the aqueous 
phase, which enhances convection in the HS, and accord-
ingly, the microextraction efficiency between the aqueous 
phase and HS can be obtained more rapidly. Namely, sample 
agitation reduces the time required to reach the equilibrium 
by increasing the diffusion of the analytes toward the fiber. 
Indeed, this parameter was one of the most positive signifi-
cant factors on the extraction [44,45].

The optimization plot (Fig. 5) demonstrates the predicted 
conditions for the optimum point and the desirability of the 
prediction. Each individual plot in the figure shows the way 
each factor influences the response (peak area). According 
to the whole results of the optimization study, the following 
experimental conditions were selected: T, 55°C; ET, 15 min; 
SR, 550 rpm; and SC (NaCl, w/v, %), 12.5%.

3.2.4. Optimization of BBD by desirability function for 
the preconcentration of analytes

The next step was to find the optimum condition of each 
factor to obtain the maximum response. The desirability pro-
file for predicted values was achieved using the Minitab®16.2 
statistical software for the optimization of the process and to 
optimize variables including T, ET, SC, and SR. The minimum, 

Fig. 3. Predicted vs. actual data for the analytes under the 
experimental conditions.
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middle, and maximum values of desirability were configured 
as 0.0, 0.5, and 1.0, respectively. A desirability value close to 1 
indicates the most desired conditions and the corresponding 
responses.

Optimum values of 60.8°C, 25 min, 694 rpm and 12.5% 
(w/v) were obtained for the T, ET, SR, and SC, respectively,  
with a composite desirability of 0.9674 (Fig. 5). As a general 
result, it was realized that the low molecular weight PAHs 

 

 

(A)

(B)

Fig. 4. (A) Response surface graphs for the 24 BBD: Effect of interaction between extraction salt concentration-stirring rate and 
temperature-stirring rate (a and b) for Chrysene and (c and d) for Anthracene, (B) Response surfaces for the 24 BBD: Effect of 
interaction between extraction salt concentration-stirring rate and temperature-stirring rate (a and b) for Naphthalene and (c and d) 
for Phenanthrene.
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represented single desirability values lower than those 
obtained for the other compounds; this behavior could be 
explained by considering the higher volatility of these ana-
lytes, thus requiring different extraction conditions than 
those applied for the other compounds [46]. After optimiza-
tion of the process, some experiments were performed at the 
optimum conditions from which the reliability of the model 
prediction was approved. The results were in good accor-
dance with the predicted values.

3.3. Method validation

To assess the proposed method, the linearity, matrix 
effect, sensitivity, recovery, precision, and stability were 
investigated under the optimum conditions for two types 
of industrial wastewater, river water, mineral water, and 
tap water using an MOF-199/GO composite-coated fiber. 
Figures of merit for this method, including dynamic linear 
ranges, correlation coefficients, relative standard deviations 
(RSD), LODs, and enrichment factors (EFs), are presented 

in Table 7. Calibration curves were plotted using aqueous 
solutions spiked with a series of PAHs of different concentra-
tions. Calibration curves (average of five injections and based 
on peak areas) were obtained over the concentration range of 
interest (0.1–200 µg L−1) for all compounds. Calibration curve 
correlation coefficients were higher than 0.997 in all cases.

The LODs and limits of quantification (LOQs) were defined 
as a response equivalent to three times or ten times the aver-
age height of the blank baseline noise, respectively, and were 
obtained by analyzing the PAH mixture at the lowest sample 
concentration divided by the slope of the calibration curves. 
LODs ranged from 0.027–0.041 µg L−1. The good detectability 
obtained in this range is appropriate for all targets proposed 
in this work. The LOQ values were calculated for ten replicate 
runs in the range of 0.09–0.136 µg L−1.

The EFs, defined as the ratio of PAH concentrations after 
extraction and that before extraction, were in the range from 
163.6 to 193.7.

In order to find the extraction recovery and the accuracy 
of this method, standard addition tests were applied. 
The extraction recoveries (R) of PAHs were calculated from 
Eq. (3) [47]:

R
C C
C

%( ) = −( )
×found real

added

100  (3)

where Cfound, Creal, and Cadded are the concentrations of PAHs 
after spike of a known amount of standard in the real sam-
ples, the actual amount of PAHs in the real sample, and 
the concentration of the known amount of standard that 
has been added to the real sample, respectively. As shown 
in Table 8, the recoveries were in the range of 93%–103.0%. 
This approach performed well in the environmental sam-
ples and showed satisfactory recovery, implying that it can 
perform well in samples with an environmental matrix. 
The above results confirmed a small influence of the matrix 
composition on the extraction process.

A precision study, characterized in terms of %RSD for 
intraday precision (repeatability) and interday precision 
(reproducibility), was made by analyzing industrial waste-
water, river water, mineral water, and tap water at three 
concentration levels on the same day (n = 5) and then for 5 
days for all samples. The precision results of the analysis were 
acceptable, and low RSD values were obtained; single-fiber 
repeatability for five replicate analyses at the spiking level 

Fig. 5. Profiles for predicted values and desirability function for 
the four analytes under the experimental conditions. The vertical 
red line indicated current values after optimization.

Table 7
Quantitative results from extraction of polycyclic aromatic hydrocarbons (PAHs)

RSDa (%)IntradayRSDa (%)InterdayEFLOQ (µg L–1)LOD (µg L–1)L.R (µg L–1)Analyte

2.301.60168.60.0900.0270.1–200Chrysene
2.231.77193.70.1100.0310.1–200Phenanthrene
2.32.13188.50.1240.0400.1–200Anthracene
2.101.73163.60.1360. 0410.1–200Naphthalene

L.R: Linear range.
LOD: Limit of detection.
LOQ: Limit of quantification.
EF: Enrichment factor, defined as the ratio of PAH concentrations after extraction and that before extraction.
a: Concentration of PAHs = 5 µg L−1
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of 5 µg L−1 of each target analyte varied from 1.60%–2.13% 
and from 2.10%–2.30% (Table 7) for the intraday and interday 
HS-SPME-GC-FID methods, respectively. The fiber-to-fiber 
reproducibility evaluated using three fibers ranged from 
5.2% to 12.8% under the same conditions.

3.4. Assay of real samples

Some PAHs are recognized as potential carcinogens and 
show tumorigenic activity and endocrine-disrupting activity 
in mammals [48]. Generally, their concentration levels are 
very low in different real water samples, and thereby, pre-
concentration is usually necessary before they can be effi-
ciently determined. Therefore, this method was employed 
for preconcentration and determination of target analytes in 
different water and wastewater samples. The results of anal-
yses (n = 5) are presented in Table 8 for real samples spiked 
with 1, 50, and 150 µg L−1 levels of target analytes. Some of 
the compounds included in this study were found at trace 
levels in the water samples, and their concentration was 
evaluated using the proposed method. Recovery studies of 
real samples were performed by five different spiked real 

samples; as it is obvious from Table 8, the recoveries were 
between 93.03% and 103% in all cases, and the RSD values 
were lower than 3%. These recoveries demonstrated that the 
complex real sample matrix had insignificant effects on the 
extraction efficiency of the MOF-199/GO fiber. The quan-
titative analysis of PAHs in a low concentration even in a 
complex waste and wastewater and natural water sample 
showed that the proposed method can meet the conditions of 
trace analysis of mentioned PAHs in complex real matrices. 
In addition, convenient operation, simple setup, low cost, 
and good sensitivity are further advantages of the proposed 
method. Fig. 6 shows the typical chromatograms of analytes 
in standard solution (10 µgL–1 of each PAHs) and unspiked 
and spiked real samples. The results indicate that there are 
no additional or interfering peaks in the chromatograms of 
the real samples, thus demonstrating the performance of this 
method as a clean-up technique.

3.5. Comparison of this adsorbent and method with other methods

Table 9 compares the results of the proposed method 
with those of other reported fiber coating, such as monolithic 

Table 8
Results from recovery of polycyclic aromatic hydrocarbons (PAHs) in industrial wastewater, river water, tap water, and drinking 
water samples (n = 5)

Recovery spiked sample (found)aOriginal contents 
Found (µgL−1)

AnalyteSample

150 (µgL−1)50 (µgL−1)1 (µgL−1)

97.3 (145.95)95.4 (47.70)99.0 (0.99)NDbChryIndustrial wastewater (1)
95.8 (144.04)97.0 (48.84)96.0 (1.30)0.34Phen
98.5 (148.35)98.5 (49.90)98.0 (1.63)0.65Anth
99.4 (149.55)97.8 (49.35)96.0(1.41)0.45Naph

95.6 (143.40)98.2 (49.10)100.0 (1.00)NDChryIndustrial wastewater (2)
99.5 (149.73)98.5 (50.21)95.0 (1.43)0.48Phen
101.0 (152.16)101.5 (51.41)100.0 (1.66)0.66Anth
97.7 (147.62)93.8 (47.97)102.0 (2.09)1.07Naph

103.0 (154.50)98.2 (49.10)101.3 (1.01)NDChryIndustrial wastewater (3)
99.1 (149.83)100.1 (51.23)98.0 (2.16)1.18Phen
100.1 (150.99)98.7 (50.19)100.0 (1.84)0.84Anth
99.1 (148.65)101.2 (50.60)99.0 (0.99)NDNaph

99.3 (148.95)98.7 (49.35)96.0 (0.96)NDChryRiver water
99.7 (49.85)102.0 (51.00)100.0 (1.00)NDPhen
98.4 (147.60)99.8 (49.90)95.0 (0.95)NDAnth
101.2 (151.80)97.1 (48.55)97.0 (0.97)NDNaph

100.3 (150.45)98.6 (49.30)93.0 (0.93)NDChryTap water
97.7 (146.55)103.0 (51.50)93.0 (0.93)NDPhen
97.5 (146.25)99.2 (49.60)96.0 (0.96)NDAnth
98.5 (147.75)98.0 (49.00)99.0 (0.99)NDNaph

99.2 (148.80)100.3 (50.15)97.0 (0.97)NDChryDrinking water
96.7 (145.05)101.0 (50.50)99.0 (0.99)NDPhen
100.4 (150.60)97.5 (48.75)97.0 (0.97)NDAnth
102.2 (153.30)98.5 (49.25)99.0 (0.99)NDNaph

a: Relative standard deviations for all measurements for five replicates were less than 3%.
b: ND: Not detected.
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(A) (B)

Fig. 6. (A) Chromatograms of (a) standard solution of chrysene, anthracene, naphthalene, and phenanthrene (10 µgL–1 of each 
PAHs); (b) unspiked industrial wastewater (1) (c) spiked industrial wastewater (1) (spiked with 50 ng L–1); (e) river water after 
extraction using MOF-199/GO composite-coated SPME fiber. Conditions: extraction temperature: 55°C; extraction time: 15 min; 
stirring rate: 550 rpm; salt concentration: 12.5%. (B) Chromatograms of unspiked (d) river water and (e) drinking water after 
extraction using MOF-199/GO composite-coated SPME fiber. Conditions: extraction temperature: 55°C; extraction time: 15 min; 
stirring rate: 550 rpm; salt concentration: 12.5%.

Table 9
Comparative study of performance method with previously reported methods for determination of PAHs in different water samples

Ref.RSD (%)R (%)LOD (µgL–1)Linear range (µgL–1)Fiber type

[2]≤883–1080.05–0.160.5–10Sol- gel ENPFa

[10]8.80–16.882–1110.1–60.02–10 pgmL–1PANIb

[13]9.378–110.30.0040.01–2.0 PDMS/MOF-199c

[48]≤5.2386.2–1120.008–0.0430.05–300TiO2NS-Tid

[49]9.379–1160.004–0.050.05–200 Monolithic-GRFe

[50]≤584–118.20.080.05–200GO/fused silicaf

[51]0.6–3.686.2–1150.001–0.010.05–100Copper fiberg

[52]≤1069.8–114.40.07–1.67 ng L−110–1000 ng L−1Yb–MOF coatingh

[53]≤3–0.009–0.0130.02–100MWCNTs-HFi

This work≤393–1030.027–0.0410.1–200MOF-199/GOk

a: Sol-gel ethoxylated nonylphenol fiber; b: Polyaniline-based fiber; c: Polydimethyl siloxane/metal-organic-framework-coated fiber; 
d: Titanium dioxide nanosheet coating on a titanium wire; e: Monolithic graphene fiber; f: Graphene oxide/fused silica; g: Copper fiber-in-
tube SPME; h: Porous ytterbium-based metal-organic framework (Yb–MOF) coating; i: Multiwalled carbon-nanotube-loaded hollow fiber; k: 
Metal-organic framework-199@graphene oxide fiber.
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graphene, PDMS/MOF-199, GO/fused silica, titanium 
dioxide nanosheet coating, and MWCNTs. The abovemen-
tioned method exhibits very low LOD values for target 
analytes. These data clearly indicate that the established 
HS-SPME-GC-FID procedure with MOF-199/GO fiber is sim-
ple, rapid, environment friendly, and reliable for selective 
preconcentration and sensitive analysis of target compounds 
in industrial waste and real natural water samples. Also, it 
can be seen from the results that the analytical figures of 
merit for our proposed method are comparable or better than 
those previously reported (Table 9). This method gives com-
parable analytical results to previously reported techniques 
and can present good quantification extraction efficiency, a 
wide linear range, and better reproducibility wit respect to 
the other techniques.

In addition, the method based on MOF-199/GO 
composite-coated fiber HS-SPME-GC-FID detection has 
advantages over some previously reported methods of 
no solvent consumption, reduced operation procedure, and no 
requirement to add further purification procedure for remov-
ing co-extractant; this method brings the possibility to obtain 
analysis of target compounds in the presence of known and/or 
unknown interferences in different complex matrices.

4. Conclusions

In the present study, a new SPME fiber coating based 
on MOF-199/GO hybrid nanocomposite was fabricated. 
Statistical DOE was successfully utilized for the optimization 
of this method for the determination of four PAH compounds 
in different industrial wastewater and natural water samples, 
using HS-SPME. The advantage of HS-SPME was combined 
with GC-FID to minimize matrix interferences and provide 
a selective procedure for trace analysis of Chry, Naph, Phen, 
and Anth in different wastewater and water samples. Good 
average percentage recoveries and repeatability in spiked 
samples were obtained for all studied compounds.

In the present work, silica fiber was displaced with stain-
less steel wire with the characteristics of good mechanical 
properties and easy acquirement, flexible, and nonfragile. 
By selection of stainless steel as a substrate material of SPME 
fibers and using MOF-199/GO nanocomposites as a coating 
material, the mechanical stability and extraction perfor-
mances were improved. No significant change was observed 
in the extraction performance of the proposed SPME fiber 
over at least 20 extractions.
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